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INTRODUCCIO GENERAL

L’abando dels cultius i la colonitzacié de la vegetacié natural en el marc del

canvi climatic

Els ecosistemes forestals a nivell mundial presenten un balan¢ negatiu amb una
pérdua neta d’uns 5 milions ha any™ segons dades recollides durant la década
2000-2010. Malgrat tot, aquesta xifra ha estat un 37 % menor respecte la década
anterior (1990-2000) (FAO 2010). L'aforestacid, que consisteix en I'establiment
de sistemes forestals a terres tradicionalment dedicades a un altre Us,
generalment agricola o pastoral, ha estat un dels fenomens que ha contribuit
positivament a reduir aquest balan¢. Mentre que els processos de desforestacio

continuen donant-se, principalment a I'hemisferi sud, I'aforestacio va guanyant

Annual change in forest area by country, 2005-2010
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Fig. 1.1 Canvis anuals de les zones forestals en funcié del pais. Extret de (FAO 2010) Global
Forest Resources Assessment 2010 (FAO)
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terreny a I'’hemisferi nord com a consequéencia de I'abandonament de les zones
cultivades degut a processos d'industrialitzacié i exode de les zones rurals
(European Environment Agency 1999) (Fig. 1.1). L'abandonament de les zones
agricoles i el procés daforestacio6 han provocat un clar augment en el
recobriment vegetal provocant un continu d’arees forestals (Prieto-Fernandez et
al. 2004) i ha estat la principal causa de I'augment dels incendis forestals a la
. conca mediterrania (Moreno et al. 1998; Pausas et al. 1999). Malgrat que el
nombre de focs forestals és elevat a la zona mediterrania no és massa diferent a

d’altres regions d’Europa amb clima atlantic. De tota manera, la climatologia

Average forest fire density and average burned forest fraction in Europe, 1998-2007
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Fig. 1.2 Freqliéncia de focs a Europa i total d'area cremada degut als focs per pais i per
superficie de bosc. Extret de (FAO 2010) Global Forest Resources Assessment 2010 (FAO)



mediterrania fa que la propagacio dels incendis i el seu efecte sobre el territori
sigui molt major (Fig. 1.2). A més, les dades meteorologiques recollides durant
les ultimes cinc déecades han demostrat que els periodes estivals a la regi6
mediterrania s’han anat extremant tornant-se més secs i calorosos (Esteban-
Parra et al. 2003; Pausas 2004), incrementant aixi la duracio i la severitat dels
periodes de sequera al llarg de les ultimes décades (World Bank 2003). Segons
dades de I'tltim informe de I'PCC (2007) es preveu que aquesta tendéencia
augmenti en els propers anys a resultes del canvi climatic. Concretament, es diu
gue els ecosistemes mediterranis patiran un augment encara major dels
periodes de sequera i, amb aquests, incrementara el risc d’incendis forestals aixi

com l'estrés hidric de les comunitats vegetals.(FAO 2010)

Dinamica de la materia organica i el nitrogen a cultius abandonats

La materia organica del sol (MOS) té un paper fonamental en els ecosistemes
terrestres. La MOS és imprescindible pel manteniment de I'estructura del sol, la
reduccio de l'erosid, la retencié d’aigua i, a més, és font de nutrients pels
organismes del sol i per les plantes. Tanmateix, en els uUltims anys I'estudi de la
MOS ha anat prenent importancia degut al seu paper com a embornal de C, ja
gue, a escala global, el C emmagatzemat als soOls constitueix una reserva
dinamica de magnitud major que la que es troba a I'atmosfera i a la biomassa
vegetal juntes. Els canvis en I'Gs del territori afecten aquestes reserves de C al
sol, de manera que, durant els dos ultims segles, s’han detectat pérdues netes
de C del sol cap a l'atmosfera degut a processos de desforestacio o
d’intensificacio de la llaurada als camps. Per altra banda, l'augment de la
conversioé de les zones de conreu a zones forestals a I'hemisferi nord ha fet que
'estoc de C al sol torni a augmentar parcialment. Als anys 90 es va descriure
que aproximadament entre 2 i 4 Gt C any™' (Schimel et al. 2001) que sén
alliberades a I'atmosfera queden retingudes als ecosistemes terrestres. De tota
manera, malgrat els esfor¢cos de la comunitat cientifica, el balanc global de C no
s’ha arribat a tancar. En un intent de tancar aquest cicle s’ha encunyat el terme
d*embornal perdut’ definit com un embornal de C del que no se’n coneix el
parador. Alguns autors van descriure que el misteri sobre el parador de

I'embornal perdut podria ser explicat per 'augment de I'aforestacié sorgida des

~5~
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dels anys 50 a I'hemisferi nord (Johnson i Sharpe 1983). Contrariament, altres
autors com Post i Kwon (2000) han estimat que només una petita fraccioé (5 -
10%) d’aquest embornal perdut podria ser explicat en termes d’acumulacio de C
organic als sols durant processos d’aforestacié. Aixi doncs el terme embornal

perdut segueix vigent avui en dia.

Els canvis que hi pugui haver en la materia organica durant I'abandd de zones
cultivades depén basicament de 3 parametres: la historia dels cultius prévia a
I'abando, la climatologia i el tipus de vegetacié forestal que s’estableix després
de I'abandé. Aixi, per exemple, Post i Kwon (2000) van trobar que els canvis en
el C organic del sol durant I'aforestacio podien variar des de petites perdues en
arees temperades fredes dominades per pins fins a augments de 'orde de 300 g
C m? any! a plantacions forestals subtropicals humides. En el context
mediterrani, les explotacions agricoles mil-lenaries, en alguns casos, han portat
els sOls a un estat de degradacié important en el moment de I'aband6. De
manera que la capacitat de regeneracié de les comunitats originaries per
processos de successié natural, la recuperacidé de la qualitat dels sols i el
restabliment dels nivells de matéria organica originals és molt baixa, sobretot en
sols amb continguts rellevants de carbonats (Romanya i Rovira 2011; Rovira et
al. 2007). Aquest fenomen i l'efecte d’altres pertorbacions com el foc han
dificultat la regeneracié de boscos (als llocs on hi eren originaris) i facilitat
I'establiment de prats i matollars, actualment vegetacié dominant de la Peninsula
Ibérica (Masalles i Vigo 1987).

L’aforestacio afecta també a la dinamica dels macronutrients implicats en el
creixement de les plantes, com seria el cas del N. L’aforestacié pot promoure la
redistribucié d’aquests macronutrients des del sol cap a la formacioé de biomassa
vegetal (Farley et al. 2008; Jobbagy i Jackson 2003). EI N és un dels elements
essencials que més influéncia té sobre els ecosistemes i sovint limita la
produccio primaria neta (PPN). A la figura 1.3 es pot veure un esquema
comparatiu del cicle del N en cultius tradicionals i en cultius abandonats. La
major part de la reserva de N al soOl es troba estabilitzat a la materia organica.
Les capes de sol que poden ser explotades per les arrels contenen entre 5000 i
15000 kg N/ha, pero d’aquest només un 1-2% és mineralitzat i queda disponible

per les plantes altra vegada (Christensen 2004). EI N mineral al sol es comporta

~6~



de diferent manera depenent de la forma que adquireixi. Mentre que el nitrat
(NO3) és soluble en aigua i subjecte a rentat i desnitrificacio, el N en forma
d’amoni (NH4") és retingut al sol mitjangant adsorcié a col-loides del sol o fixacié

a les argiles .

El cicle del N es veu modificat durant el procés d’abandonament. Quan el cultiu
€s en actiu el subministrament de N té lloc mitjancant la fertilitzacio o a través del
conreu de plantes fixadores de N, que puguin compensar les pérdues de N en la
collita. Si aixd no es duu a terme, es produeix una pérdua gradual de N
mineralitzable i, per tant, potencialment disponible per les plantes. A ecosistemes
naturals, en canvi, les sortides del sistema sén molt petites i el N es recicla
internament directament per deposicié de fullaraca i arrels o a través de les

femtes dels herbivors salvatges.

El tipus de vegetaciéo que apareix durant I'abandonament d’'una zona cultivada
també tindra un paper fonamental en la dinamica del N. Les plantes
d’ecosistemes mediterranis es caracteritzen per tenir un sistema radicular molt
ben desenvolupat, de manera que la biomassa radicular pot representar més del
50% de la biomassa total (Caturla et al. 2000; Sanchez-Blanco et al. 2004).
Aquest sistema radicular més profund, permet d’una banda, I'absorcié de N a
meés profunditat i d’altra banda, I'aport de matéria organica i exsudats de les
arrels a major fondaria. D’aquesta manera, el cicle del N no es limita a les capes
més superficials del sol sind que s’amplia el rang de profunditats incrementant
també la distribucié de C més labil en profunditat. D’altra banda, aquest fet pot
estimular la mineralitzacié de la matéria organica més antiga que ha quedat
enterrada en profunditat (Fontaine et al. 2003). L’aparicié de plantes fixadores de
N atmosferic després de I'abandd, pot proporcionar entrades addicionals de N a
sistemes agricoles degradats i millorar la qualitat de la MOS. A més, alguns
estudis han observat que la incorporacio d’espécies fixadores durant un procés
d’aforestacio o reforestacio podia contribuir no nomeés en una entrada extra de N
al sol si no també en un augment del segrest de C al sol d’entre un 20 i un 100 %
(Cole et al. 1995; Johnson 1992; Rhoades et al. 1998).
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Cultiu en actiu

Deposicions .
atm.

o - Volatilitzacio
Ferilitzacio ™

Desnitrificacio

Fig 1.3a Cicle del N en un cultiu en actiu tradicional amb les diferents reserves de N i les
principals entrades i sortides de N. La mida de les caixes i dels cercles mostren la relativa
importancia de les reserves de N i de les entrades i les sortides d’aquest element.
L’esquema és una adaptacio de (Christensen 2004)



Cultiu abandonat

Deposicions s

Fig 1.3b Cicle del N en un cultiu abandonat amb les diferents reserves de N i les
principals entrades i sortides de N. La mida de les caixes i dels cercles mostren la
relativa importancia de les reserves de N i de les entrades i les sortides d'aquest
element. L’esquema és una adaptacio de (Christensen 2004).
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Estabilitzacié de la materia organica al sol en ecosistemes naturals
Factors que afecten I'estabilitzacio de la materia organica al sol

L’estabilitzacié de la MOS esta determinada per un conjunt de factors organitzats
jerarquicament que operen a diferents escales temporals i espacials (Anderson i
Flanagan 1989; Lavelle et al. 1992). Tradicionalment, al primer nivell de la
jerarquia apareixia el clima (i.e., régims de precipitacié i temperatura) considerat
el major causant de variacio en la descomposicié a gran escala (Heal et al. 1981;
Meentemeyer 1978). Al segon nivell, les caracteristiques del material parental
gue influencien fortament en la textura del sol, el pH i la riguesa de nutrients i,
per ultim, la qualitat de la matéria organica entrant que segons la seva qualitat
pot dificultar o afavorir I'activitat microbiana. Sembla ser, pero, que aquest
sistema jerarquic no esta exempt de controversia. Durant la decada dels 90,
alguns estudis realitzats a partir de llargs transectes climatics i diferents qualitats
de materia organica van questionar I'opinié general revaloritzant la composicio
de la materia organica com principal factor regulador de la descomposicié (Berg
et al. 1998; Johansson et al. 1995). Actualment, la preocupacio recent davant el
canvi climatic previst per les properes decades i el possible efecte d’aquest sobre
la descomposicio de part de I'embornal de C del sol ha fet que creixés també
l'interés i, amb ell la controversia, entre els diferents sistemes de proteccié del
sol (fisica i bioquimica) (Dungait et al. 2012; Krull et al. 2003). Els estudis més
recents, pero, aposten per una nova visio de la dinamica del C organic del sol
(COS) i defensen la persisténcia de la MOS no tant com a consequéncia de les
propietats intrinseques d’aquesta si no a les influencies bioldgiques i fisico-
guimiques de I'entorn edafic que poden reduir les probabilitats de descomposicio

de la matéria organica (Dungait et al. 2012; Schmidt et al. 2011).

CONDICIONS CLIMATIQUES | EcosisTEMIQUES. Els canvis en l'estoc de C al sol
depenen del balang entre les entrades provinents de la producci6é primaria neta
(PPN) i les sortides de C organic mitjancant la descomposicié del COS.
Geograficament, s’ha observat que els estocs MOS estan inversament
relacionats amb els gradients latitudinals de PPN, de manera que, a mesura que

ens acostem a llocs més freds, les reserves de MOS augmenten i disminueixen
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les entrades de matéria organica (Bird et al. 1996; Jones et al. 2005; Post et al.
1982). En canvi, altres regions, com per exemple les de clima mediterrani on
condicions ambientals extremes s’alternen al llarg de I'any, hi s6n més favorables
els processos de mineralitzacié (Gonzalez-Pérez et al. 2004). Aixi, en la majoria
de models, el clima apareix com una de les eines més importants de control de la
descomposicid/estabilitzacié de la matéria organica, essent la temperatura i la
precipitacio els parametres més freqlientment utilitzats a la majoria de models
(Palosuo et al. 2012).

Les especies vegetals que conformen una comunitat (com per exemple
I'abundancia relativa de plantes herbacies o la presencia de plantes fixadores de
N), aixi com també del conjunt de canvis en l'estructura de la comunitat (cultiu,
prat, matollar o bosc) sén els factors que definiran la quantitat, la qualitat i la
freqiencia de les entrades de matéria organica al sol. S’ha observat que un
augment en la diversitat vegetal pot augmentar la MOS (Tilman et al. 2006), de
manera que, per exemple, alguns estudis fets amb lleguminoses (fixadores de N
atmosferic) han demostrat que lI'augment de la disponibilitat de N al sol potencia
'augment del segrest de C organic al sol (Kaye et al. 2000; Resh et al. 2002). A
meés, altres estudis van observar que tant l'aport directe de N al sol com
indirectament mitjancant I'entrada de restes vegetals riques amb N podien
incrementar la descomposicié de materia organica recent (Berg 2000; Melillo et
al. 1982) pero, a la vegada, podien inhibir la descomposicié del C humificat del
sol (Arnebrant et al. 1996; Berg 2000). Aixi Christopher i Lal (2007) va subratllar
la gran importancia del N com a component limitant dels processos d’humificacié

per la retencio de C estable al sol.

FACTORS Fisics | BloQuimics. La materia organica al sol pot estar protegida a la
matriu del sol mitjancant la recalcitrancia quimica inherent en la composicié
bioquimica de la propia matéria organica o bé mitjangant factors d’estabilitzacio
fisics. Segons descriu (Lutzow et al. 2006) aquests dos factors venen regulats

mitjancant 3 processos diferents:

Preservacido selectiva: Aquest procés de preservacio selectiva és el que

condueix a la relativa acumulacié de molécules recalcitrants al sol. Alguns autors
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han definit I'existéncia de dos tipus de recalcitrancia, la primaria relacionada amb
la recalcitrancia de les restes vegetals i de les rizodeposicions i la secundaria
que es troba a productes formats fruit de transformacions biologiques o fisiques
de la materia organica entrant. La materia organica provinent de restes vegetals
aeries o subterranies que entra a formar part d’un ecosistema edafic és rica en
polisacarids (midd, cel-lulosa, hemicel-lulosa i pectina; 50-60%) i lignina (15-
20%) pero també en proteines, polifenols, clorofil-la, cutina i suberina, lipids i
ceres (10-20%). El grau de biodegradabilitat d’aquests compostos varia en funcio
de la seva composici6é estructural. A la vegada, la proporcié relativa d’aquests
components dins la planta varia en funcié de I'especie vegetal (Kogel-Knabner
2002). A mesura que aquesta matéria organica es va descomposant va perdent
aguesta estructura simple, dificultant aixi la mineralitzacio enzimatica i convertint-
se en meés recalcitrant (Kemmitt et al. 2008). Aixi doncs, la recalcitrancia primaria
és rellevant principalment durant les primeres fases de la descomposicié que, en
alguns casos, pot durar bastants anys. En general, la recalcitrancia secundaria
esta formada per materials que provenen de restes microbianes (e.g. mureina,
quitina i alguns lipids), restes molt aromatiques provinents d’incendis com és el
carbd (‘black carbon’) amb temps de residéncia al sol molt elevats o polimers
hamics molt dificils de degradar. La qualitat de la matéria organica d’entrada i,
per tant, la recalcitrancia primaria pot condicionar en gran mesura la
recalcitrancia secundaria, de manera que (Berg 2000) va observar que, durant
les ultimes fases de descomposicio de la matéria organica, la taxa de
descomposicid de residus dificils de degradar com les lignines era menor quan
les restes vegetals d’entrada eren riques en N i, per tant, tenien una major

gualitat.

Inaccessibilitat espaial: la localitzacid o naturalesa de la matéria organica
sovint pot fer que microorganismes i enzims no puguin accedir a la matéria
organica degut a la inclusié d’aguesta en agregats. Aixi doncs, I'oclusio té lloc,
principalment, de forma biotica de manera que la matéria organica particulada
(MOP) queda agregada mitjancant agents cimentadors (com per exemple
cél-lules microbianes, secrecions, exsudats d’arrels, mucus de fauna) formant
macroagregats (Elliott 1986; Oades 1984). L'oclusié de materia organica pot ser

també abiodtica, a nivell de microagregat (<20 um), mitjancant la formacié de
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xarxes d'oxids de Fe i Al o hidroxids (Mayer et al. 2004). La innaccessibilitat
d'organismes o0 enzims a la materia organica també pot ser deguda a la
hidrofobicitat. Aquesta pot ser causada bé per la naturalesa propia d'alguns
compostos organics (lipids) o bé deguda a la unié materia organica-argiles. La
hidrofobicitat  restringeix les condicions vitals pels microorganismes
descomponedors degut a l'abséncia d’aigua i, consequentment, disminueix la

descomposibilitat de la matéria organica.

Interacci6 amb superficies minerals i ions: la matéria organica interacciona
amb superficies minerals (principalment llims fins i argiles) dificultant-ne la
mineralitzacié i augmentant el temps de residéncia al sol (Balesdent et al. 1987;
Ludwig et al. 2003). Aquestes interaccions venen definides per la naturalesa
guimica del material organic (com per exemple la concentracio del grup funcional
i la mida molecular) i el tipus de mineral de l'argila. Les associacions organo-
minerals proporcionen protecciéo degut a l'afinitat que aquestes tenen per la
matéria organica és molt major que la que tenen pels enzims (Dungait et al.
2012) dificultant-ne aixi la seva degradacio. Nombrosos estudis han descrit que
existeix una correlacio positiva entre el contingut d’argiles (Ladd et al. 1985;
Schimel et al. 1985a; Schimel et al. 1985b) i la preservacié de COS, és per
aguest motiu que la majoria de models inclouen la textura (%d’argiles o capacitat
d’intercanvi cationic (CIC)) com a un dels seus parametres que fa retardar la
descomposicio de la materia organica, augmentant-ne el TMR de al sol (Krull et
al. 2003).

Descomposicié i estabilitzacié de la materia organica al sol. Conceptes basics

del seu modelat

S’estima que, a nivell mundial, aproximadament unes 2344 Gt de C organic son
emmagatzemades en els 3 primers metres de sol. De tot aquest carboni un 54%
es troba al primer metre de profunditat (Guo i Gifford 2002; Jobbagy i Jackson
2000). Aixo implica, que si es descomposés només un 10% del I'estoc de COS,
les emissions de CO, a l'atmosfera equivaldrien a 30 anys d’emissions
antropogeniques com les que tenim actualment i la concentraci6 de CO;
atmosféric quedaria greument afectada (Kirschbaum 2000). Es per aquest motiu
que al llarg de les ultimes decades s’ha donat una especial importancia a I'estudi
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de I'estabilitzacié de la materia organica i en concret al segrest de C al sol per
contribuir a la mitigacié de l'increment de CO, atmosferic, principal causant del
canvi climatic mundial. La necessitat d'estudiar la dinamica de la matéria
organica i el segrest potencial de C al sol a escala de paisatge ha portat
precisament a 'aparici6 de nombrosos models que descriuen la descomposicid
de la fullaraca i la matéria organica del sol (com per exemple el RothC, el Q,
ROMUL i el Yasso07) i altres més complexos que inclouen també la produccié
vegetal i les seves interaccions amb el sol (com per exemple el CENTURY, el
CoupModel i el Forest-DNDC). La materia organica del sol esta formada per un
conjunt de restes organiques d’origen molt divers i amb taxes de renovacio
contrastades. Cada un d’aquest conjunts de restes organiques se I'anomena un
reservori i esta basicament caracteritzat per la seva taxa de descomposicio.
Precisament, la creaci6 de models ha de servir per proporcionar prediccions
fiables sobre la mida dels diferents reservoris de C en funcié del tipus de sal,
vegetacio, la gestio (com poden ser la llaurada, la rotacié de cultius, I'aport de
MOS o l'aplicacié de fertilitzants) i els regims climatics. Aquesta classe de
models tenen com a finalitat predir la dinamica de la MOS basant-se en diferents
reservoris de C conceptuals diferenciats segons la seva taxa de descomposici6
(rapid-actiu, lent-intermedi i molt lent/passiu/inert). Cada reservori constitueix una
fraccio de la MOS amb diferent estabilitat bioldogica o bioquimica i temps de

renovacio (curt, llarg, molt llarg) (Fig. 1.4). Les caracteristiques més destacades

Fig. 1.4 Reservoris i fluxos
conceptuals utilitzats normalment
en models de MOS. Esquema
extret de Stockmann et al. (2013)

Microbes C
(6 months)

Slow C
(20 years)

Passive/Inert C
(1000 years)
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gue descriuen dos dels models més populars —RothC (Jenkinson i Coleman
1994) i CENTURY (Parton 1996)— es descriuen a la taula 1.1. Ambdos models
divideixen la MOS en reservoris que varien intrinsecament les seves taxes de
descomposicié assumint que aquestes son regulades per la combinacio de
propietats fisiques i bioquimiques. Cadascun dels reservoris té una taxa
especifica de descomposicio i un temps mig de residencia (TMR) que es veuen
modificats per les condicions climatiques. La taxa de descomposicié global de la
MOS és fruit de la seva distribucié en fraccions i de les condicions climatiques.
Aquesta manera de fraccionar els processos de descomposicio reflecteix les
propietats biomoleculars i fisiques concretes de cada reservori i caracteritza el
seu grau d’accessibilitat a organismes descomponedors o enzims catalitics. La
inclusié en els models d’aquests aspectes relacionats amb la qualitat de la
materia organica i la seva conjugacio amb I'efecte del clima els ha conferit un
potencial important tant pel que fa a la prediccié dels canvis relacionats amb

canvis en I's del territori com en la prediccio dels efectes del canvi climatic.

Aixi doncs, aquests models han estat aplicats amb exit tant en ecosistemes
agroforestals com en ecosistemes naturals i han estat validats en una gran
varietat de climes. El seu Us a més ha permeés estudiar el detall els balancos de

C que tenen lloc a escala d’ecosistema.

Residue type Century RothC Residence time (years) C:N Compounds
Litter Metabolic DPM : 0.1-05 10-25 Simple sugars
Amino acids
) Starch
Structural 24 100-200 Polysaccharides
SOM Active BIO 1-2 15-30 Living biomass
. DPM POM
Polysaccharides
Slow RPM 15-100 10-25 Lignified tissues
Waxes
Polyphenols
Passive HUM 500-5000 7-10 Humic substances
IOM Clay: OM complexes
Biochar

DPM, decomposable plant material; BIO, microbial biomass; RPM, resistant plant material; HUM, humified organic matter; IOM,
inert organic matter; POM, particulate organic matter; OM, organic matter.

Taula 1.1 Reservoris de MOS (SOM en l'acronim anglés) segons els models CENTURY i
RothC definits d'acord amb el tipus de residu, el seu temps mig de residéencia (anys), la relacié
C:Nila classe de compostos que la formen. Taula extreta de Dungait et al. (2012)
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Processos d’estabilitzacio del nitrogen al sol

La major part del N del sol (95-99%) es troba formant compostos organics.
Aquest N organic és poc soluble i, per tant, queda for¢a retingut a la matriu del
sol fora de I'abast de les plantes. La majoria d’aquest N es troba en grups amino
(R-NH) formant part de proteines (34-50%), en acids nucleics (3-10%), en
aminosucres (5-10%) o en compostos humics la resta. EI N organic pot ser
transformat per microorganismes heterotrofs (bactéries i fongs) i convertit en
amoni (NH4") (Fig. 1.5). D’aquest procés se’n diu amonificacio i és el primer pas
del procés de mineralitzacio. L’'NH," produit, si no és absorbit per les arrels o
altres microorganismes pot ser utilitzat per bactéries autotrofes que el convertiran
a nitrat (NOg3") convertint-lo préviament en nitrit (NO,"). Aquest doble procés és
anomenat nitrificacio. Els processos d’'estabilitzacio de N mineral al sol poden ser
mitjancant: (1) la retenci6 d’NH," a les argiles (per adsorcid6 al complex
d’intercanvi cationic i/o per retrogradacid) ; (2) la immobilitzaci6 de N mineral
(NH4" 0 NO>) a la matéria organica mitjancant processos biologics o no biologics

(abiotica).

RETENCIO D'AMONI A LES ARGILES. L'NH4" pot ser atret per les carregues negatives
de les argiles, on pot quedar adsorbit al complex d’intercanvi cationic. Aquest
fenomen li permet estar disponible per les plantes pero parcialment protegit del
rentat. També, degut a la seva petita mida, pot ser retingut dins de cavitats a
estructures cristal-lines de certes argiles on queda immobilitzat i fora de I'abast

de la vegetacié mitjancant un procés anomenat retrogradacio.

IMMOBILITZACIO DEL NITROGEN MINERAL A LA MATERIA ORGANICA. La immobilitzacio del
nitrogen mineral a la materia organica del sol pot tenir lloc tant per processos
bidtics com per abidtics. La immobilitzacié biotica es realitza mitjancant la
incorporacid6 de N mineral als microorganismes amb la finalitat de formar
components cel-lulars. Els mateixos microorganismes heterotrofs encarregats de
la mineralitzaci6 del N organic necessiten N pel seu propi metabolisme i
creixement, de manera que part del N mineral produit sera utilitzat per ells
mateixos. Finalment, quan els organismes moren, part del N organic passa a
formar part del complex humic del sol. La immobilitzacié abiotica té lloc

mitjancant una serie de reaccions quimiques i, tal com es mostra a la figura 4,
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pot tenir lloc a partir del NO,™ en sols de pH acid (<5.0) o a partir del NHz en sols
de pH elevat (>7.0). Rarament es troben grans quantitats de NO,™ al sol ja que la
conversio a NO3 acostuma a ser un procés rapid, perd quan aixo passa, el NOy
pot reaccionar amb lignines i substancies humiques. Un cop el NO, queda
retingut a la materia organica una part pot quedar fixat en aquests compostos i
una altra pot evolucionar cap a la formaciéo de N gasos (NO, N,O o Ny). En la
majoria de sols mediterranis, de caracter basic, la immobilitzacié abiotica de N

sera mitjancant NHs i pot donar-se amb una gran varietat de compostos organics,
incloent fins i tot alguns compostos de naturalesa refractaria, tals com la lignina.
Aquesta incorporacié de NH3 a la materia organica augmenta amb

Amonificacio

Nrtrosomonas N:trobacter

N organic

Bactérles
desnitrificadores

Fixacio
Desnitrificacié

Immobilitzacié
Immobilitzacié

Complexes
estables de
N organic

Immobilitzacid
Immobilitzacié

Sol

E3
%

mmm) Transformacié biologica

%

Qanlsn'\eg"
=) Transformacié no bioldgica

Fig.1.5 Processos biologics i no biologics d’estabilitzacio del N al sol. L'esquema és
una adaptacié de Stevenson (1982)

valors alts de pH, amb augments de MO al sol i amb altes concentracions de
NH5 i/o NH4+.
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Consequencies del foc i la sequera en la reserva de C i N del sol

A algunes zones del mon com a les regions mediterranies on els periodes humits
coincideixen amb temperatures moderades o altes, l'activitat biologica no és
especialment favorable als processos d’humificacié sind a processos de
mineralitzacié. Dins aquest escenari de perdua progressiva de MOS, existeixen
pero, alguns processos que poden afavorir la formacid de matéria organica
estable al sol com soén: els incendis forestals i I'entrada de materia organica
degut a la deshidratacié vegetal afavorida per la intensa radiacid solar i drastics

cicles de sequera (Gonzéalez-Pérez et al. 2004).

El foc aporta grans quantitats de C i N a I'atmosfera procedents de la biomassa
cremada, pero també part de la necromassa s’incorpora al sol. A més, 'augment
de temperatura del sol durant i després del foc pot provocar canvis a la MOS
augmentant la presencia de formes quimicament més recalcitrants (Sanchez i
Lazzari 1999). La combustié incompleta de la matéria organica pot originar
l'aparici6 de matéria organica pirogenica (MOPi) formada per estructures
organiques altament condensades que li confereixen una gran resisténcia a la
degradacio. Aquesta MOPI esta formada en gran part per carbé (‘black carbon’),
estructures aromatiques que inclouen un ampli rang de formes: des de restes
vegetals fruit de la combustié incompleta fins a carboni grafitic inert (Gélinas et
al. 2001). Recentment s’ha incorporat un nou terme anomenat ‘black N’ (Knicker
et al. 1996; Knicker 2010), fent referencia a formes pirogeniques de N

heterociclic que formen part del reservori de N més recalcitrant.

Una part important del N alliberat després del foc pot quedar en forma de N
mineral, principalment si es tracta de focs de baixa intensitat (Christensen 1973;
Prieto-Fernandez et al. 2004; Weston i Attiwill 1990). El desti d’aquest N mineral
pot ser divers, de manera que pot ser rentat, assimilat per les comunitats
microbianes i, per tant, immobilitzat a la reserva de N organic del sol, associat a
argiles o matéria organica per adsorcio ionica o bé, utilitzat per la nova vegetacio
quan torni a créixer. La capacitat de retenci6 d’aquest N mineral al sol és limitada
i el risc de rentat i, per tant, la possible pérdua d’aquest N soluble en cas
d’episodis de fortes pluges augmenta just després de l'incendi. D’altra banda, la

rapida recuperacié de l'estrat vegetal després de I'incendi també tindra un paper
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fonamental en la retencié d’aquest N mineral al sol. L'estratégia de regeneracio
defineix I'Us de nutrients tan a curt com a llarg termini i, mentre que les plantes
germinadores presenten una gran dependencia nutricional i una rapida eficiencia
en I'ds de nutrients en ecosistemes amb baixa competencia, les plantes
rebrotadores poden utilitzar les seves propies reserves de nutrients per colonitzar
rapidament nous espais (Bell i Ojeda 1999; Verdaguer i Ojeda 2002). Per altra
banda, després dels focs, la preséncia de plantes lleguminoses pot alterar també
la disponibilitat de N al sol i millorar-ne la seva fertilitat, contribuint parcialment a
compensar les perdues de N ocasionades pel foc (Binkley et al. 1982; Johnson
et al. 2004).

Per altra banda, fenomens meteorologics extrems, com la sequera i les onades
de calor sén, cada vegada més, els responsables de la mort de biomassa
vegetal en ecosistemes forestals arreu del mén (Fensham i Holman 1999; Lloret
et al. 2004). La regio mediterrania és una de les més afectades i alguns estudis
ja han mostrat els efectes negatius que la sequera provoca sobre la vegetacio
com l'augment en la caiguda de fullaraca (Ogaya i Pefiuelas 2006; Oliveira i
Pefiuelas 2002) i, fins i tot, la mortalitat d’algunes espécies d’arbres quan les
condicions climatiques son extremes (Allen et al. 2010; Sarris et al. 2011). A
meés, les peculiars condicions climatiques en ecosistemes mediterranis sén
critiques per la descomposicié de la matéria organica, de manera que poden
limitar fortament el creixement i I'activitat microbiana (Criquet et al. 2004; Fioretto
et al. 2005), provocant una acumulaci6 de materia organica al sol.
Paral-lelament, el cicle del N també es veu alterat amb llargs periodes de
sequera. Larsen et al. (2011) va observar en experiments de camp amb
condicions climatiques simulades segons prediccions de canvi climatic, que la
sequera era el principal factor que afectava el cicle del N, provocant una reduccio

de la mineralitzacié del N atribuit a una reduccié de I'activitat microbiana.

Aixi doncs, les projeccions realitzades al llarg del proper segle segons I'lPCC
(2007) a la regid mediterrania prediuen un augment tant en els periodes de
sequera com en el risc d'incendis, aixi com major frequéncia de periodes
climatics extrems. Els efectes d’aquests dos factors ja s’estan fent patents en
I'actualitat, pero els pronostics realitzats fins ara, fan pensar que probablement

els efectes sobre la biodiversitat i la dinamica de la MOS seran importants.
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OBJECTIUS

En aquesta tesis s’ha estudiat el cicle del C i del N al llarg de 12 anys després
del foc en tres comunitats vegetals tipiques d’ecosistemes mediterranies resultat

de la successié que té lloc després de I'abandd de zones cultivades.

S’ha estudiat I'evolucio i la recuperacio del sol post incendi en tres comunitats
vegetals tipicament mediterranies que creixien en uns bancals abandonats a
principis dels anys 60 del segle XX: prat de llistd, prat de llist6 amb argelaga i
brolla de romani. En una primera part s’ha estudiat el C organic i la seva evolucié
al llarg de 12 anys després de lincendi i en una segona part i, gracies a
I'aplicaci6 de marcatge amb '°N després del foc, s’ha realitzat un seguiment
exhaustiu del reciclatge i estabilitzacié del N a llarg termini en el sistema sol

planta.
Els objectius especifics d’aquesta tesi han estat els seguents:

e Avaluar els canvis en la reserva de C organic del sol a resultes del foc i de
la capacitat de resposta de la vegetacié durant 12 anys en prats secs i

brolles mediterranies. (Article 1)

e Determinar el desti del N mineral alliberat pel foc en el sistema sol-planta
de prats secs i brolles durant els 12 anys posteriors al foc. Es pretén veure
I'efecte de la intensitat del foc, del tipus de comunitat vegetal, la preséncia

de lleguminoses i la sequera en el cicle del N. (Article II)

e Estudiar la retencié del N alliberat després del foc al sol i la distribucid
d’aquest N en diferents fraccions de materia organica en funcio de la mida
de la particula i la seva estabilitzacio al llarg de 12 anys després del foc.
(Article 11T)

e Avaluar els canvis quimics ocasionats en la matéria organica d’origen
pirogenic després del foc, determinar-ne el desti i estabilitzacié d’aquesta
al llarg de 12 anys després dels incendis i estudiar la incorporacio del N

mineral alliberat pel foc en aquestes fraccions. (Article 1V)
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Tipus vegetacio

Herbacia, llenyosa,

Deposicid
cendres
Absorcio
radicular

. lleguminosa
Article 2 J'
N mineral <«— | Restes organiques
4
Article 1
/ Materia organica (MO) del sol \
> N de la MO labil <€

Article 3 J, T

Fig. 2.1 Esquema basic de la dinamica del N mineral i la matéria organica després
del foc i els processos estudiats en aquesta tesi.
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El Dr. Joan Romanya i Socor6 com a director de la Tesi titulada “Dinamica del
nitrogen en brolles i prats secs mediterranis després del foc” que ha dut a terme

la doctoranda Mireia Marti Roura.

INFORMA sobre el factor dimpacte i la participacid de la doctoranda en

cadascun dels articles inclosos en la memoria d’aquesta Tesi Doctoral

Capitol 1. Article “Temporal changes in soil organic C under Mediterranean
shublands and grasslands: impact of fire and drought”, publicat a la revista
Plant and Soil amb un index d'impacte (2011) de 2.733. Aquest treball del que la
Mireia Marti és la primera autora es basa en un estudi diacronic sobre la matéria
organica del sol en parts secs i brolles mediterranies després del foc. El
seguiment es prolonga durant 12 anys de manera que la doctoranda només ha
pogut participat fisicament en els ultims mostratges de camp. Per millorar la
gualitat dels resultats els ha normalitzat reanalitzant les mostres de tots els sols.
A més ha calgut també fer un esfor¢ d'organitzacié de la base de dades ja que
no en tots els mostratges es disposava del mateix patr6 de mostratge. Aquests
aspectes han estat tinguts en compte en el tractament estadistic de les dades.
La redaccio de l'article ha anat també al seu carrec. De manera embrionaria
aguest article va ser presentat com a poster al congrés de internacional de ‘Soil
Organic Matter Dynamics: Land Use, Management and Global Change’ que
tingué lloc a Colorado Srpings (EEUU) el juliol de 2009. Es de destacar que en la
realitzacio d’aquest treball la Mireia s’ha familiaritzat amb I'is del model de
descomposici6 de materia organica Roth-C i en la seva adaptacio als
ecosistemes mediterranis. Els resultats de larticle han posat de manifest la
importancia de l'impacte de periodes prologats de sequera i del foc sobre la
dinamica de la matéria organica del sol. Aquest son aspectes de rellevancia per
la recerca actual en biogeoquimica de sols en el marc del canvi climatic. De fet

en els seus dos anys de vida l'article ja ha estat citat en 5 ocasions.
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Capitol 2. Article “Long-term retention of post-fire mineral nitrogen pools in
Mediterranean shurbland and grassland” publicat a la revista Plant and Soil
amb un index d’impacte (2012) de 2.638. En aquest treball la Mireia ha estat la
primera autora, ha realitzat les analisis de sol i de planta i ha redactat I'article. El
disseny de I'estudi segueix basicament el mateix patré6 que I'anterior només que
en aguest cas ens centrem només en l'estudi de les parcel-les cremades. En
aguestes parcel-les s’hi ha fet un seguiment del nitrogen mineral després del foc
a partir d’'un marcatge amb *°N. El marcatge tingué lloc 3 dies després del foc en
el mateixos prats secs i brolles del capitol anterior. Per la realitzacio del treball ha
calgut familiaritzar-se amb els métodes de calcul per quantificar el seguiment del
marcatge. En aquest treball s’ha vist que una bona part del nitrogen procedent
de la reserva mineral de després del foc ha romas en el sol durant més d’'una
decada, sobretot en les vegetacions sense mates fixadores de nitrogen. Aquest
fet posa de manifest el grau d’adaptacié de la vegetacié mediterrania al foc
consistent en un estalvi de I'is del N malgrat ser uns ecosistemes de baixa
productivitat. També posa de manifest el fet que la vegetacié amb lleguminoses
no utilitza el nitrogen del sol d’'una manera tant eficient. De moment l'article s’ha
publicat a una revista de gran difusio pero a hores d’ara només s’ha publicat on

line i per tant encara no ha estat citat.

Capitol 3. Article “Post-fire mineral nitrogen allocation and stabilisation into
soil particle size fractions in Mediterranean grassland and shrubland” No
publicat. La versi6 presentada a la tesi constitueix la versio revisada i
consensuada pels diversos autors per ser presentada ala revista Soil Biology and
Biochemistry. La Mireia ha seleccionat i analitzat totes les mostres, ha fet el
tractament de dades i ha redactat i corregit el manuscrit incloent els comentaris
dels diversos autors. En aquest treball es pretén estudiar en quines fraccions
granulometriques s’estabilitza el N procedent de la reserva mineral de després
del foc i veure fins a quin punt aquesta estabilitzacié és diferent segons la mida
de les particules a les que s’associa la matéria organica del sol. A partir

d'aquesta base de dades s’ha pogut discutir sobre els mecanismes
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d’estabilitzacié del N al sol i també sobre el seu grau d’estabilitat posant un
emfasi especial a les diferencies observades segons el tipus de vegetacio. Hem
vist que el N retingut als sols sota mates lleguminoses s’ha estabilitzat més que
en els altres casos. Pensem que aquest tema té importancia a I’hora de predir
els efectes de la qualitat inicial del substrat en la acumulacié de nitrogen i de

materia organica al sol a llarg termini.

Capitol 4. Article “Black C and black N dynamics after fire in Mediterranean
grassland and shubland” No publicat. La versio presentada a la tesi constitueix
una versio revisada y consensuada pels seus autors per ser presentada a la
revista Soil Biology and Biochemistry. La Mireia ha seleccionat i analitzat totes
les mostres, ha fet el tractament de dades i ha redactat i corregit el manuscrit.
També s’ha familiaritzat amb I'is de la ressonancia magnetica nuclear (RMN) per
determinar la composicié del C residual després d'un atac prolongat amb
dicromat i amb acid sulfaric a temperatura ambient. Aquest carboni residual es
creu que representa la fraccié carbonitzada o pirogénica de la matéria organica
(black carbon) que es forma com a resultat dels focs que hi puguin haver hagut
en un sol determinat al llarg del anys. En aquest article hem volgut estudiar la
dinamica d’aquesta fraccié carbonitzada en el marc experimental que ja hem
explicat en els altres capitols. Per l'estudi d’aquesta fracci6 no hi ha una
metodologia ben establerta. D’entre els métodes existents a la bibliografia n’hem
seleccionat un amb criteri d’evitar canvis en la configuracio de la matéria
organica associats a l'escalfament. A partir d’aguest métode hem estudiat els
canvis d’aquesta fraccié com a resultat del foc i al llarg del temps. També hem
pogut fer un seguiment de la incorporacid i de la dinamica del N en aquesta
fraccio. Hem vist que aquesta fraccidé altament resistent a l'oxidacié estava
formada sobretot per compostos alifatics hidrofobics i que el N que s’hi incorpora
pot ser remobilitzat a taxes baixes. Els nostres resultats posen de manifest que
aguesta fraccié no es correspon gaire amb la fraccio pirogenica resultant del foc
sind que la seva dinamica es veu afectada també per I'entrada de matéria

organica que es dona en condicions fisiologiques de I'ecosistema. Aquests
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resultats poden tenir una rellevancia especial a I'hora d’encarar futurs estudis
sobre canvis en la matéria organica molt recalcitrant i sobre la materia pirogénica

al sol.
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Resum del capitol 1

Les zones forestals han augmentat a la conca mediterrania al llarg de les ultimes
dues decades degut a I'abandonament de I'agricultura. Aixo i I'aparicié d’intensos
periodes de sequera han conduit a un increment en la freqtiéncia i intensitat dels
focs. Incendis i episodis de sequera poden augmentar 'acumulacio a curt termini
de C organic al sol com a resultat de I'augment de residus de plantes. En aquest
estudi, vam examinar els canvis en el C organic del sol i els efectes del foc i la
sequera durant un periode de 12 anys en dos prats i un matollar mediterranis.
D’aquesta manera, vam establir 6 parcel-les per cadascuna dels tres tipus de
vegetacid i vam realitzar 18 focs experimentals. Els sols van ser mostrejats 3
dies, 9 mesos, 6 anys i 12 anys després dels focs i s’hi va analitzar el C organic.
Vam utilitzar el model RothC-26.3 per ajudar-nos a interpretar els canvis
observats. Tres dies després del foc, la quantitat de C organic va ser major a les
parcel-les cremades que a les no cremades en els primers 5 cm de sol. Aixo va
ser aixi a les comunitats vegetals estudiades i va ser probablement degut a la
deposicio de plantes cremades després del foc. En canvi, aquestes diferencies
van desaparéixer als seguients anys. En alguns casos, el C organic de les
parcel-les cremades i no cremades van mostrar un gran increment entre els anys
6 i 12, que coincidia amb un extens periode de sequera que va durar 4 anys. Els
nostres resultats van indicar que a matollars i prats emmatats mediterranis la
influencia de la sequera la influencia de periodes de sequera podria produir pics
transitoris de C que sén molt més grans que els pics produits pel foc. Els pics de
C causats per la sequera haurien de ser considerats durant l'estudi de la

dinamica del C organic del sol en el marc del canvi climatic global.

~ 35 ~

Articles






Plant Soil (2011) 338:289-300
DOI 10.1007/s11104-010-0485-0

REGULAR ARTICLE

Temporal changes in soil organic C under Mediterranean
shrublands and grasslands: impact of fire and drought

Mireia Marti-Roura - Pere Casals - Joan Romanya

Received: 10 November 2009 / Accepted: 30 June 2010 /Published online: 18 July 2010

© Springer Science+Business Media B.V. 2010

Abstract Forest areas have increased in the Mediter-
ranean basin over the last two decades, due to the
abandonment of agriculture. This and the occurrence
of intense drought periods have led to an increase in
the frequency and intensity of fires. Fire and drought
can increase short-term soil organic C accumulation
as a result of increased plant residues. In this study,
we examined the changes in the soil organic C and
the effects of fire and drought during a 12-year period
in two Mediterranean grasslands and a shrubland.
Thus, we established 6 plots for each of the three
vegetation type and we set 18 experimental fires.
Soils were sampled 3 days, 9 months, 6 years and
12 years after the fires and were analyzed for organic
C. We used the RothC-26.3 model to help interpret
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the changes we observed. Three days after the fire, the
amount of organic C was higher in burned plots than
in unburned plots down to a depth of 5 cm. This was
true in all plant communities under study and was
probably due to burned plant deposition after the
fires. However, these differences disappeared in the
following years. In some cases, organic C from
burned and unburned plots showed a large increase
between years 6 and 12, which coincided with an
extended 4-year drought period. Our results indicate
that in Mediterranean shrublands and mixed shrub-
grasslands the influence of drought periods could
produce transient pulses of C that are much larger
than the pulses produced by fire. The pulses of C
caused by drought should be considered when
studying the soil organic C dynamics in the frame of
global warming.

Keywords Abandonment of agricultural land -
Soil organic C stocks and stock changes -
Model RothC-26.3

Introduction

During recent decades, the Mediterranean basin has
undergone major changes in land use and landscape. The
abandonment of agriculture has promoted increases in
forest cover, leading to large continuous areas of
vegetation (Moreira et al. 2001; Prieto-Fernandez et al.
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2004). Thus, changes in land use since the 1960s are
considered the main factor in the exponential increase
in the number and extension of fires (Moreno et al.
1998; Pausas and Vallejo 1999). At the same time, there
is evidence that summers in the Mediterranean region
have become warmer and drier over the last five
decades (Esteban-Parra et al. 2003; Lebourgeois et al.
2001; Pausas 2004; Pifiol et al. 1998). Consequently,
the IPCC report (2007) predicts an increase in the
wildfire risk and drought incidence in Mediterranean
ecosystems.

There are many studies on how fire affects the total
amount of organic matter in forest ecosystems. Fires
release large amounts of carbon (as CO,, CO and
CHy) and nitrogen (as NOy and N,) to the atmosphere
whereas considerable amounts of partly charred
necromass incorporates into the soil. Soil properties
can experience short-term, long-term or permanent
fire-induced changes, depending on the severity and
frequency of fires, and the post-fire climatic con-
ditions (Certini 2005). Plant regeneration dynamics
can also affect post-fire soil properties. Several factors
such as fire type, intensity, and even slope position
influence the fate of the organic matter immediately
after fires (Gonzalez-Pérez et al. 2004). Thus, fire can
cause losses of organic matter, as observed by
Fernandez et al. (1997), higher than 50% in the upper
10 cm of a burned pine forest or increases in organic
matter due to deposition of dry leaves and charred
plant materials (Almendros et al. 1990; Chandler et al.
1983; Knicker et al. 2005). In some cases, fire-
induced organic C increases in the A horizon have
persisted for more than 10 years after fire (Johnson
and Curtis 2001). The recovery of soil organic matter
in the burned areas starts with the regrowth of
vegetation and is generally fast, thanks to the high
net primary productivity of secondary ecological
successions (Certini 2005). Indeed, net primary
productivity of the secondary succession may deter-
mine the long-term changes in soil organic C after fire
(Duguy et al. 2007).

In addition to fire, drought is an important factor in
Mediterranean ecosystems and it can also have
relevant effects on soil organic C. As water stress is
one of the main constraints in Mediterranean ecosys-
tems, drought will probably be one of the consequen-
ces of climate change with the greatest impact on this
area (IPCC 2007). Drought leads to limited plant
growth (Bréda et al. 2006; Pefiuelas et al. 2007).

@ Springer

Furthermore, it often enhances litter fall (Harley et al.
1987; Ogaya and Pefuelas 2006; Oliveira and
Peniuelas 2002; Pesoli et al. 2003) as a result of
increased senescence. In contrast, litter fall decreases
as a result of drought have also been suggested
(Pefuelas et al. 2007). Low soil water availability
promotes changes in plant physiology and, in cases of
extreme soil water depletion, individual survival may
also become critical (Bréda et al. 2006). Although
root studies are scarce, extensive root mortality as a
consequence of severe drought has been documented
in various ecosystems (Bloomfield et al. 1996; Lloret
et al. 1999; Lopez et al. 1998; Padilla and Puignaire
2007). In dry climates, plants may allocate resources
to deep roots in the search for water. In the long term,
this should increase root biomass and turnover in
deep layers.

In this study, we hypothesize that drought and fire
will produce significant changes in the soil organic
matter content of Mediterranean ecosystems. Plant
communities with low above-ground biomass are
expected to be less sensitive to drought and produce
low intensity fires, while communities with higher
biomass will produce fires of higher intensity and
may be more sensitive to drought. The reduced
biomass of plants that regrow after fire may be
viewed as a trade off to cope with water stress during
drought.

The aim of this study was to determine over a 12-
year period the changes in soil organic C stocks and
the effects of fire and drought on three burned and
unburned plant communities growing on abandoned
fields in the Mediterranean region.

Material and methods
Study site

The study was carried out in a set of abandoned fields
located in the northeastern Iberian Peninsula (41° 56’ N,
0°37"E, 460 m a.s.l.). The climate is dry Mediterranean
continental, the mean annual temperature is 13.5°C and
the mean annual precipitation is 516.9 mm (observation
period: 1996-2008; Monestir de les Avellanes, 41°
52'N, 0° 45" E, 580 m a.s.l.). The rainfall distribution is
markedly seasonal, with maximum values in spring and
autumn and a dry season that usually lasts from June to
September.
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The soils are Calcaric Cambisol (FAO-UNESCO
1988), developed from a fine textured Eocenic
limestone and marl colluvium, with a pH (H,O) of
8.2 and 60% calcium carbonate content. The slope
was modified by terracing and the fields were
abandoned in the early 1960s. At present, the old
fields are formed by three plant communities that are
widely distributed in the Mediterranean basin:
grassland, mixed shrub-grassland and shrubland.
The grassland is dominated by the perennial
resprouting grass Brachypodium retusum (Pers.)
Beauv. In mixed shrub-grassland, the leguminous
shrub, Genista scorpius L. in Lam et DC is scattered
over a grassy sward of B. retusum. The shrubland is
dominated by the evergreen obligate seeder, Ros-
marinus officinalis L. The study areas had been free
of fire and grazing by domestic animals for at least
10 years before the beginning of the study.

Climate

During the experiment period (1996-2008), we
obtained annual rainfall and mean annual temperature
data from the nearest meteorological station, which is
around 10 km from the plots (Table 1). The lowest
rainfall values were found from 2004 to 2007, and the
warmest year studied was 2008. Average monthly and
annual potential evapotranspiration (PET) was calcu-
lated with the Thornthwaite formula (Thornthwaite
and Mather 1957):

per —16(1212) 0

a=(67.5x10"% 1)~ (77.1 x 107¢ I?)
+(0.0179 1) + (0.492) (3)

PET is the potential evapotranspiration in mm, 7,
is the average monthly temperature (°C) and «a is an
exponent derived from the heat index (/).

Annual water deficit (WD) was calculated using
the equations described by Thornthwaite and Mather
(1957). WD values were estimated assuming 100 mm
of available water-holding capacity and using the
Thornthwaite PET estimates.

Experimental design and soil sampling

Six pairs of plots (from 20 to 60 m?) of each plant
community were established. Each pair of plots was
distributed in different terraces. In 1996, one random-
ly selected plot of each pair was burned. The other
pair remains as unburned control plot and represented
vegetation and soil in an undisturbed state. Thus, 12
experimental fires were set in the grassland and mixed
shrub-grassland plots in October 1996; and 21 days
later, in November, six shrubland plots were burned
after cutting all the shrubs and letting them dry for a
week. Fire intensity was low to medium, with
temperatures at ground level from 300 to 526°C.
See Romanya et al. (2001) for more details.

A soil sample from each plot was collected 3 days
(1996), 9 months (1997), 6 years (2002) and 12 years
(2008) after the fires. In 2009, soil samples from four
cultivated fields close to the old fields were also taken
to represent the initial conditions before the abandon-
ment. At all times, we took soil samples in a limited
area (about 2x2 m) inside each plot with a volumetric
prismatic soil auger (5x5x30 cm). The cores
(030 cm depth) were divided into four layers:
0-2.5; 2.5-5; 5-15 and 15-30 cm for soil samples

Table 1 Annual rainfall (mm), mean annual temperature (°C), annual potential evapotranspiration (mm) and annual water deficit
(mm) for 1996-2008. Meteorological station: Os de Balaguer-Monestir d’Avellanes (41° 52" N, 0° 45" E, 580 m a.s.l.)

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008
Rainfall (mm) 7954 633.6 386.8 5172 5324 500.6 561.7 710.6 376.6 366.4 353 3504 6344
Temp (°C) 12.7 13.8 13.0 12.9 13.2 13.0 13.1 13.6 12.7 12.3 13.4 13.0 18.7
ETP (mm) 641.2 675.0 652.1 650.2 660.5 6582 651.7 680.6 643.4 638.1 6741 651.5 1046.5
Water deficit (mm) 169.4 240.8 3294 217.1 2992 3014 131.0 290.5 3849 3504 356.7 370.8 5249

@ Springer



292

Plant Soil (2011) 338:289-300

from 2002 and 2008. In 1996 and 1997, soils were
only sampled to a depth of 5 cm.

Soil measurements

Soil samples were air-dried and sieved (2 mm) before
analyses. Bulk density and stoniness were only
measured in 2002 and 2008 by a volumetric auger
of 5x5 cm section. As we did not measure the bulk
density and stoniness in all samples we obtained the
following regression (4) from soils of 2002 and 2008
and we used it to calculate bulk density of the fine
earth Bdfe in g fine earth cm > fine earth:

Bdfe = 0.6180 (0.2167)

+0.7517 (0.1782) exp 03124 (0:1748) SOCeonc
(4)

p<0.0001
R?=0.1515

where SOC,, is the soil organic C concentration (%).
The stone content of each soil was calculated from
the mean of 2002 and 2008 samples and assumed
constant per soil layer and vegetation type. The
percentage of stoniness was transformed to the
volume of stones by Eq. 5 (Cabidoche 1979):

S 100

"Dy DA 41

Vs 00—S
Bdfe

(5)

where Bdfe is the bulk density of the fine earth (g fine
earth cm ™ fine earth), Vg is the stone volume (%), S is
the Stoniness (%) and Dg is the particle density (2.65 g
cm ). Then, soil organic C content (Mg C ha ') was
calculated by Eqgs. 6 and 7:

SOCC(mc er Bdf ed

SOCoont = 00 (6)

Vie = 100 — ¥ (7)

where SOC.q, is soil organic C content (Mg C ha ™),
Vi the volume of fine earth (%) and d is the soil
depth (cm).

A subsample of the fine earth of each sample was
finely ground in an agatha mortar to analyze total
organic C by dichromate oxidation (Moebius 1960)
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adapted to a colorimetric method (Soon and Abboud
1991). To reduce the analytical variability among
sampling periods, all samples from 1996, 1997 and
2002 were recovered from storage and analyzed in the
same batch as the samples from 2008. Soil samples
from 1997 were only analyzed for the burned plots, as
the soils from the unburned plots were not available.

Modeling

We selected the RothC-26.3 model (Coleman and
Jenkinson 1996) to simulate the changes over time of
soil organic matter in the abandoned fields. The
model was used as a tool to interpret the mechanisms
that induce the changes in soil organic C that we
observed in the first 5 cm of soil. The RothC model
uses monthly input data and is sensitive to climate,
plant productivity, plant cover, plant litter quality and
soil clay content. For the meteorological data, we
used a monthly series from the meteorological station
in Monestir de les Avellanes.

To run the RothC model, we calculated the pool of
inert organic matter (IOM) for each soil using the
equation of Falloon et al. (1998). Then, we ran the
model to equilibrium with the average climate data
for the study area, and we fitted it to the measured
values of C in cultivated fields. We assumed a steady
state at the time of abandonment (1960) for all sites.
Then, we simulated the accretion process that oc-
curred once the agricultural practices had ceased. We
considered that the implantation of new vegetation
had different rates depending on the plant community.
Grasslands would be established during the first year
after abandonment and mixed shrub-grasslands and
shrublands would take from 4 to 6 years to develop.
During this period, shrublands would go through a
grassy period with plant residue inputs equivalent to
grasslands. They would gradually incorporate the
inputs of the respective shrubs. To decide which plant
quality factors (DPM/RPM ratio) to use, we consid-
ered the N content of each type of vegetation. Then,
plant residue inputs per plant community during
aggradation were obtained by fitting the model to
the three sample dates (1996, 2002 and 2008) for the
grassland community. For the other two communities,
the model was fitted to the two first sample dates
(1996 and 2002) while the increase observed between
2002 and 2008 was fitted separately, as explained
below. To simulate the drought period from 2004 to
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2008, we applied a correction factor to the organic
matter inputs, as we considered that drought caused a
decrease in shrub biomass. Thus, in each of the
drought years, an increasing proportion the standing
shrub biomass would be incorporated into the soil as
plant derived inputs.

To simulate the effect of fires on the burned plots,
we introduced organic matter inputs of C due to fire
into the model. The organic C inputs were calculated
by the difference in soil organic C between burned
and unburned plots just after the fires since we
considered that this was the part of the organic carbon
that was incorporated to the soil after the fires. To
account for the lower decomposability of the organic
matter pool deposited after fire we slightly reduced
the DPM/RPM ratio just after the fire. We observed
that after the fires, plant recolonisation of resprouting
grassland and mixed shrub-grassland were faster than
that of seeder shrubland (Casals 2002). The list of
parameters that were used for the simulations can be
found in Tables A, B and C in Online Resources 1.

Above-ground plant biomass was measured in 2009
in each plant community. Grassland biomass (mainly
B. retusum) was measured by using four squares of
33%33 cm within each plot and clipping all the above-
ground biomass. All clipped material was oven-dried at
60°C for 48 h and weighed. For the shrubs, above-
ground biomass (G. scorpius from mixed shrub-
grassland plots and R. officinalis from shrubland plots),
we cut 40 individuals of R. officinalis and 40 of
G. scorpius and we measured the basal diameter and the
dry weight (60°C for 48 h). With these values, we
calculated the allometries for the total and the green
biomass of both species (see Table D in Online
Resources 1). Then, to calculate the biomass, we
measured the basal diameters of all shrubs located
inside a square of 1x1 m in each of the burned plots.

Statistical analysis

We used general linear model (GLM)-repeated meas-
ures analysis to test the effects of time, fire and plant
community on soil organic C stocks. A GLM-
repeated measures analysis was also used to test the
effects of time and soil depth in each plant commu-
nity. Time was used as a within-factor and fire, plant
community and soil depth were considered between-
factors in their respective analyses. Our data was
normally distributed. Prior to analyses, all data was

tested for homogeneity of variances by using Levene’s
test. Original data was log-normal transformed when
variances were unequal. The data did not fail the
sphericity test, so the assumed sphericity option was
used. When significant, multiple comparisons were
performed using the Bonferroni method. The probability
threshold used to determine significance was p<0.05.

The fit between Roth-C simulations and meas-
urements was tested by the mean difference test
(root mean square error, RMSE, Smith et al. 1996).
We also tested the consistent over- or under-
prediction errors of the model (bias), by calculating
the mean difference (MD) between measurements
and simulations. The significance of this difference
was evaluated by the Student’s #-test (Smith et al.
1996). All statistical analyses were performed with
PASW Statistics 17.

Results
Temporal changes of soil organic C

For the first 36 years after the abandonment of
agricultural practices, and assuming initial stocks
similar to those of actual neighbour agricultural
fields, there was an increase in soil carbon stocks
(0-5 cm) in all plant communities (Table 2 and
Fig. 2). C sequestration rates ranged from 0.113 to
0.153 Mg C ha ' yr . In 1996, before experimental
fires, there were no differences in organic C stocks in
the unburned soils among plant communities and no
changes were observed in any of the plant commu-
nities in the following 6 years (Table 2). In contrast,
in 2008, soil organic C increased in both mixed
shrub-grasslands and shrublands, while no changes
were observed in pure grasslands.

The observed C sequestration rates between 1996
and 2002 for all the unburned communities and
between 2002 and 2008 for the pure grassland were
not calculated because the differences between obser-
vations were not significant. Simulated sequestration
rates after 1996, which used the same plant material
inputs, were much lower than those that occurred
during the first 36 years after abandonment. However,
for the period between 2002 and 2008, observed
sequestration rates and those simulated with increased
C inputs showed much higher values in mixed-shrub
grasslands and shrublands (Table 2). The RothC
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Table 2 Soil organic C content (SOC cont) in the first 5 cm of
soil in 1996, 2002 and 2008 and C sequestration rate in
different periods (1960-1996; 1996-2002 and 2002-2008)
calculated with the observed values and the simulated values

(using constant C inputs or increasing C inputs over time) in
unburned and burned plots for each plant community. C content
of soil in 1960 derived from measurements of cultivated fields
in 2009. Mean and S.E. in brackets (n=5-6)

Plant community SOC cont. (Mg C ha™ ")

C sequestration rate (Mg C ha ' yr ")

1996 2002 2008 1960— 19962002 2002-2008
1996
Observed Observed Simulated Observed Sim. Sim.
increased constant
inputs inputs
Unburned
Grassland 8.99 (0.61) 8.42 (0.92) 8.88 (0.91) 0.148 n.s. 0.053 n.s. - 0.050
Mixed shrub-grassland ~ 7.73 (0.90) 8.89 (0.71) 13.74 (1.52) 0.113 n.s. 0.057 0.808 0.923 0.053
Shrubland 9.20 (0.60) 7.16 (0.93) 12.48 (1.32) 0.153 n.s. 0.043 0.886 0.557 0.042
Burned
Grassland 10.11 (0.41) 8.01 (0.61) 10.26 (0.70) 0.179 —0.351 0.023 0.376 0.005 -
Mixed shrub- 10.98 (0.51) 7.73 (0.60) 11.27 (0.71) 0.203 -0.541 —0.133 0.590 0.205 -
grassland
Shrubland 11.41 (1.00) 8.18 (0.67) 11.87 (0.60) 0.215 -0.540 —0.208 0.616 0.362 -

n.s. referred to non significant

model was able to simulate this increase only after
including increased C inputs (Table 2).

The effects of fire were only significant in 1996,
just after the fires (Fig. 1), and consisted of organic C
increases in the burned plots. These increases were
greater in soils from mixed shrub-grasslands and
shrublands than in soils from the pure grasslands.
Although we were not able to reanalyse unburned
soils from 1997, no differences were found at that
time between burned and unburned plots in the first
2.5 cm of soil (Casals 2002).

Burned plots showed decreases in organic C
between 1996 and 2002 in all plant communities
(Fig. 2). Similarly to the unburned plots, between
2002 and 2008 there was a significant soil organic C
increase in the first 5 cm, which in this case affected
all vegetation types—including pure grasslands—but
of lower magnitude than in unburned soils (Table 2).

Soil organic C in the first 30 cm

In all the soils, organic C was higher at the soil
surface than in subsurface layers (Fig. 1). We did not
find significant differences between burned and
unburned plots in 2002 or in 2008. However, when
we compared the results from 2002 and 2008, we
observed that the surface accumulation of organic
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matter in 2008 was greater than in 2002, mainly in the
plant communities with shrubs (Fig. 1 C-F). Al-
though the main differences in organic C were in the
first layers, the mixed shrub-grasslands and the
shrublands showed significant differences, even in
deeper layers. The highest organic C accumulation in
the soil surface occurred in 2008 in the plant
communities with shrubs (shrublands and mixed
shrub-grasslands), in which organic C reached values
of up to 5% in the first 2.5 cm of soil (Fig. 1 C,E).

Simulation of soil organic C using the RothC model

Assuming steady state, we obtained a mean annual input
of necromass for the crops of about 0.22 Mg C ha ' yr !
(Table 3). This value included cereal residues and
roots. The Roth C model was able to simulate the
measured C increases due to the abandonment of
agriculture by using annual inputs of organic C that
ranged from 0.68 to 0.84 Mg C ha ' yr ', depending
on the community (Table 3). These values were in all
cases much lower than the standing above-ground
biomass. In the burned plots, from 1996 onwards, the
model was able to predict the increases observed in all
vegetation types, as well as the first year decline
observed in mixed-shrub grasslands and in shrublands
(Fig. 2). When we ran the model with constant C input
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values, soil C stocks showed a slight increasing trend in
all unburned plant communities for the period from
2002 to 2008 (Table 2). However, we only got a
reasonable fit to the observed values in the pure
grassland community (Fig. 2).

To fit the simulations to the high values of soil organic
C that were observed in 2008 in the woody plant
communities (shrubland and mixed shrub-grassland),
we increased the organic C inputs in the simulations for
both unburned and burned plots. The increases in organic
C inputs were gradually introduced into the model, as we
assumed that the effects of drought increasingly affected
the standing biomass of shrubs. Thus, we ran the model
with a linear and cumulative organic C input increase.

After fitting the model to the observed C stocks, we
observed that the simulated inputs for 2008 were much
lower than the observed sequestration values, except in
unburned mixed shrub-grasslands in which the model
slightly overestimated the observed values (Table 2).

Discussion
Soil organic C content
The plant communities that we studied were the result

of a secondary ecological succession process after the
abandonment of the cultivated fields. The experiment
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Fig. 2 Fits of the RothC model simulations to the measured
soil organic C content (Mg C ha™') in the uppermost 5 cm of
soil. Black circles (unburned plots) and grey circles (burned
plots) show the measured organic C (Mg C ha '). Dashed lines
show the fits of the RothC simulations in the unburned
treatment with no variation in the C inputs over time. Solid
lines (unburned sites) and dotted lines (burned sites) show the
fits of the RothC simulations with increasing C inputs from
2004 to 2008. Mean +SE (n=5-6)

began in 1996, 36 years after the abandonment of
agriculture. Various plant communities coexisted in the
same study area at that time. About 30 years after
abandonment, the organic C content in our soils ranged
from 1.7% in grasslands and 2.2% in shrublands. Duguy
et al. (2007) observed similar C content values in early
abandoned areas dominated by similar shrubland
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ecosystems. However, these values were much lower
than those in forest ecosystems in the same climatic
area, which showed an average of 5.6% of organic C in
the first 20 cm of soil (see Romanya et al. 2007).

Fire effects

The intensity of our experimental fires ranged from
low to moderate (Romanya et al. 2001). The differ-
ences in soil organic C between burned and unburned
plots were only detected in the very short term after
the fire (Fig. 2), and were due to depositions of
partially burned plant material. Other authors found
increases in soil organic matter after moderate
intensity fires (Almendros et al. 1988, 1990; Knicker
et al. 2005), which were as high as a 30% increase in
crown fires (Chandler et al. 1983). In contrast to other
authors who found that soil organic C remain higher
in burned areas for 10 years after fire (Johnson and
Curtis 2001), we only detected differences between
burned and unburned plots during the first year after
the fire. Our results suggest that post-fire increased
soil organic C may have decayed quickly, as there
were no significant differences between burned and
unburned plots from 2002 (6 years after the fire)
onwards. This suggests that the post-fire deposition of
C in our fires would have been moderate and quite
labile as it decomposed quickly after the fire. As
burned and unburned plots practically followed the
same trend over time, we suggest that, after the first
year, fires did not cause any major change in the
balance between plant production and decomposition.
Other studies about fire in Mediterranean shrublands
did not find any differences in soil organic C in the
midterm (9 years after fire) (Duguy et al. 2007).

Drought effect

Litter fall has often been related with climate (Bray
and Gorham 1964; Kouki and Hokkanen 1992;
Meentemeyer et al. 1982; Pausas 1997). Hence, it
has widely been accepted that drought periods
promote higher litter fall than wet periods. On the
other hand, drought periods have been shown to
decrease microbial biomass (Bottner 1985), enzyme
activities (Zornoza et al. 2006) and can modify
functional diversity of soil microbes (Zak et al.
1994). Indeed, some studies have described that
drought periods can cause decreases in microbial
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Table 3 Organic C content in the above-ground biomass in unburned plots in 1996 and C in the above-ground biomass and green
biomass in burned plots in 2009 and fitted C inputs used in the simulations for each plant community

Unburned plots (1996)

Burned plots (2009)

Fitted C inputs prior

C in above-ground

C in above-ground

to fire (Mg C ha ' year ")
C in green biomass

biomass (Mg C ha ") biomass (Mg C ha ') (Mg C ha™")
Crops - - - 0.22
Grassland 1.08 - - 0.80
Mixed shrub-grassland 6.34 1.56 0.69 0.84
Shrubland 8.87 6.13 225 0.68

activity due to the low soil moisture (Sardans et al.
2006). These decreases in microbial activity can in
turn reduce soil organic matter decomposition. The
water deficit values that we calculated in our study
area showed a major drought period from 2004 to
2008 (Table 1) that occurred after a wet period ending
in 2003. By the end of the drought period we
observed that a relevant proportion of the shrubs
were completely dried. This increase in shrub senes-
cence coincided with large increases in soil organic C
in the first 5 cm of depth mainly in plant communities
with shrubs. As these increases occurred mainly in
soils of shrublands with high aboveground biomass
we suggest that they may be mainly driven by the
high transient input of organic matter coming from
senescent shrubs. Decreases in microbial biomass
associated to drought may have also favoured soil
organic matter increases, however according to the
Roth-C simulations the changes in microbial biomass
associated to climate are of much lower magnitude that
changes associated to the increased inputs. Although
during drought soil microbial activity can be reduced, it
may quickly increase to extremely high values as a
result of rewetting the soil (Casals et al. 2000). Low
microbial activity occurring during most of the drought
period may be counteracted by increased microbial
activity during rewetting episodes.

Root systems are usually well-developed in Mediter-
ranean plants, in which below-ground biomass can
represent more than 50% of the total biomass in
grasslands dominated by Brachypodium retusum
(Caturla et al. 2000) or in shrublands dominated by
Rosmarinus officinalis (Sanchez-Blanco et al. 2004).
Thus, the incorporation of root dead biomass in

shrublands could account for the increases in soil C
as a result of drought. This pool of C may produce
transient large increases in soil C at the soil surface
layer, and it may also be a relevant source of C in
subsurface layers. The low magnitude increases in soil
organic C, that have been observed at a depth of 30 cm
especially in the shrublands, suggests differential root
patterns between grasslands and shrublands. Indeed, it
has been claimed that shrublands show deeper rooting
patterns than grasslands (Jackson et al. 1996).

The C sequestration rate during drought in the
shrublands was higher in unburned than in burned
plots (see Table 2), which suggests that the effects of
drought were greater in older plants than in plants that
regenerated after the fires (from 7 to 11 years old).
This lower sensitivity to drought may be due to lower
above-ground biomass or higher physiological resis-
tance to water stress. A recent study with the
Mediterranean shrub (Cistus clusii Dunal), indicates
that drought periods cause higher oxidative stress in
old plants than in younger ones (Munné-Bosch and
Lalueza 2007).

The C sequestration rate during drought in un-
burned shrublands was very high (Table 2) and
amounted to 12.7% and 9.9% of the 1996 standing
above-ground biomass for the mixed shrub-grassland
and shrubland respectively. During the four year
drought, this would represent a 50.8 % of the standing
biomass for the pure shrublands and a 39.6% for the
mixed shrub grassland. On the other hand, the burned
plots biomass in 2009 showed a much higher
recovery for the pure shrubland than for the mixed
shrub-grassland (Table 3). These differences in recov-
ery may be due to different regrowth rates and to the
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effects of drought itself on plant biomass survival.
Post-fire regrowth of the resprouter G. scorpius is
expected to be faster than that of the seeder R.
officinalis. Besides, the fitted C inputs post-fire
(necromass production) were much higher in the
mixed-shubland than in the pure shrubland
(Tables B and C in Online Resources 1). Thus, the
reduced biomass in the mixed shrub-grasslands
suggests that drought may have had a stronger effect
on Genista scorpius than on Rosmarinus officinalis.
Indeed, unlike the resprouter Genista scorpius, the
geographic distribution of the seeder Rosmarinus
officinalis includes semiarid regions. A study in
young shrubs from the Californian chaparral showed
high mortality (up to 80% of standing biomass)
during the driest months (from July to October),
when the plants were grown with high insolation
(Pratt et al. 2008). This study also showed greater
mortality of facultative resprouter species than seeder
species, as resprouters have lower tolerance to water
stress. Another study that compared 33 Mediterranean
woody species (Paula and Pausas 2006) also found
higher potential for structural resistance to drought
and higher water-use efficiency in non-resprouters
than in resprouters. Among other Mediterranean
seeder species, Rosmarinus officinalis has a mixed
or dual root system that seems to confer some
advantages in the seasonal Mediterranean droughts
(Guerrero-Campo et al. 2006; Palacio et al. 2007).
In shrubland plant communities, the increase in
organic C pools associated with drought showed a
much higher rate of C sequestration than the rate
observed during the first decades after the cease of
agricultural practices (Table 2). C sequestration rate
was also higher than the increases in soil organic C
observed soon after the fire (see Fig. 2). The increases
in soil C occurring after the fire did not last for more
than six years, as burned soils showed similar values
to unburned soils after this time. In contrast, we do
not know whether the large pools of organic C
entering the soil as a result of drought will remain in
the soil for a long time or will quickly decompose.
The rate of plant regrowth after drought and the soil
organic C stabilization capacity associated with clay
and carbonates may be relevant issues to consider in
the study of C pool balances in the long term in
Mediterranean shrublands affected by intense drought
periods. As the effects of drought will not enhance
NPP in any case, we expect that the consequent
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increased inputs of C in soil will be transient and thus
will not be sustained under a prolonged drought.

Conclusions

Forest fires in Mediterranean grasslands and shrub-
lands have caused short-term increases in the soil
organic C resulting from partially burned plant
material. These changes quickly decreased after the
fire.

In plant communities with shrubs, climatic vari-
ability has greatly influenced soil organic C. In these
systems, drought periods can transiently increase
organic C inputs in soils. The magnitude of the
drought effects will primarily depend on the maturity
of the shrubland and secondarily on the drought
sensitivity of each shrub species. Organic C in
Mediterranean pure grasslands was less sensitive to
drought.

Soil organic C stocks in woody plant communities
were more sensitive to climatic variability than to a
single fire event. In the frame of global warming,
more studies need to be done to find out the long-term
relevance of the pulses of C entering the soil that are
associated with drought periods.
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Supplementary material
Table A. List of parameters used in the grassland community to run the RothC-26.3 model from 1960 to 2008. Meteorological data are not included in the table.

Until 1960 1961-1996 1996 (fire) 1997 1998 1999 2000 2001 2002-2008
Unburned plots
Plant community cultivated fields  grassland grassland grassland  grassland grassland  grassland grassland grassland
Clay content (%) 271 18.6 18.6 18.6 18.6 18.6 18.6 18.6 18.6
DPM/RPM ratio* 1.44 0.67 0.67 0.67 0.67 0.67 0.67 0.67 0.67
Soil cover vegetated except  vegetated vegetated vegetated  vegetated vegetated — vegetated vegetated vegetated
July, Aug., Sept.
Depth (cm) 5 5 5 5 5 5 5 5 5
Plant residue inputs? 0.22 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80
Burned plots
Plant community cultivated fields  grasdand  grasdand/fire early early early early early grassland
grassland  grassland grassand  grassland grassland
Clay content (%) 271 18.6 18.6 18.6 18.6 18.6 18.6 18.6 18.6
DPM/RPM ratio" 1.44 0.67 0.67 0.50 0.67 0.67 0.67 0.67 0.67
Soil cover vegetated except  vegetated vegetated vegetated  vegetated vegetated — vegetated vegetated vegetated
July, Aug., Sept. except Oct.
Depth (cm) 5 5 5 5 5 5 5 5 5
Plant residue inputs® 0.22 0.80 1.89 1.08 1.03 0.97 0.91 0.86 0.80

'DPM: Decomposable plant material
RPM: Resistant plant material
DPM/RPM: Decomposability of incoming material

%Plant residues inputs are expressed as TmC ha’ year™



TableB. List of parameters used in the mixed shrub-grassland (mixed s-g) community to run the RothC-26.3 model from 1960 to 2008. Meteorological data

are not included in the table.

Until 1960 1961-1964  1965-1995 1996 (fire) 1997 1998 1999
Unburned plots with constant inputs
Plant community cultivated fields  grassand mixed s-g mixed s-g mixed s-g mixed s-g mixed s-g
Clay content (%) 271 20.3 20.3 20.3 20.3 20.3 20.3
DPM/RPM* 1.44 0.67 1.40 1.40 1.40 1.40 1.40
Soil cover vegetated except  vegetated vegetated vegetated vegetated vegetated vegetated
July, Aug., Sept.
Depth (cm) 5 5 5 5 5 5 5
Plant residue inputs?® 0.22 0.80 0.84 0.84 0.84 0.84 0.84
Unburned plots with fitted inputs
Plant community cultivated fields  grasdand mixed s-g mixed s-g mixed s-g mixed s-g mixed s-g
Clay content (%) 271 20.3 20.3 20.3 20.3 20.3 20.3
DPM/RPM* 1.44 0.67 1.40 1.40 1.40 1.40 1.40
Soil cover vegetated except  vegetated vegetated vegetated vegetated vegetated vegetated
July, Aug., Sept.
Depth (cm) 5 5 5 5 5 5 5
Plant residue inputs” 0.22 0.80 0.84 0.84 0.84 0.84 0.84
Burned plots with fitted inputs
Plant community cultivated fields  grasdand mixedsg mixed s-gffire early mixeds-g early mixeds-g early mixed s-g
Clay content (%) 271 20.3 20.3 20.3 20.3 20.3 20.3
DPM/RPM* 1.44 0.67 1.40 1.40 1.00 1.40 1.40
Soil cover vegetated except  vegetated vegetated vegetated vegetated vegetated vegetated
July, Aug., Sept. except Oct.
Depth (cm) 5 5 5 5 5 5 5
Plant residue inputs” 0.22 0.80 0.84 4.05 0.96 0.94 0.91




2000 2001 2002-2003 2004 2005 2006 2007 2008
Unburned plots with constant inputs
Plant community mixed s-g mixed s-g mixedssg mixedssg mixedssg mixedsg mixedsg mixedsg
Clay content (%) 20.3 20.3 20.3 20.3 20.3 20.3 20.3 20.3
DPM/RPM* 1.40 1.40 1.40 1.40 1.40 1.40 1.40 1.40
Soil cover vegetated vegetated vegetated  vegetated vegetated — vegetated — vegetated vegetated
Depth (cm) 5 5 5 5 5 5 5 5
Plant residues inputs’ 0.84 0.84 0.84 0.84 0.84 0.84 0.84 0.84
Unburned plots with fitted inputs
Plant community mixed s-g mixed s-g mixedssg mixedssg mixedssg mixedssg mixedsg mixedsg
Clay content (%) 20.3 20.3 20.3 20.3 20.3 20.3 20.3 20.3
DPM/RPM* 1.40 1.40 1.40 0.67 0.67 0.67 0.67 1.40
Soil cover vegetated vegetated vegetated  vegetated vegetated — vegetated — vegetated vegetated
Depth (cm) 5 5 5 5 5 5 5 5
Plant residues inputs” 0.84 0.84 0.84 147 211 274 3.38 4.02
Burned plots with fitted inputs
Plant community early mixedsg earlymixedssg mixedssg mixedsg mixedsg mixedssg mixedsg mixedsg
Clay content (%) 20.3 20.3 20.3 20.3 20.3 20.3 20.3 20.3
DPM/RPM* 1.40 1.40 1.40 0.67 0.67 0.67 0.67 1.40
Soil cover vegetated vegetated vegetated  vegetated vegetated — vegetated — vegetated vegetated
Depth (cm) 5 5 5 5 5 5 5 5
Plant residue inputs® 0.89 0.86 0.84 0.99 114 1.30 1.46 1.62

'DPM: Decomposable plant material
RPM: Resistant plant material

DPM/RPM: Decomposability of incoming material

%Plant residues inputs are expressed as TmC ha’ year™



Table C. List of parameters used in the shrubland community to run the RothC-26.3 model from 1960 to 2008. Meteorological data are not included in the table.

Until 1960 1961-1968 1969-1995 1996 (fire) 1997 1998 1999
Unburned plots with constant inputs
Plant community cultivated fields  grassland  shrubland shrubland shrubland shrubland shrubland
Clay content (%) 27.1 21.3 21.3 21.3 21.3 21.3 21.3
DPM/RPM* 1.44 0.67 0.25 0.25 0.25 0.25 0.25
Soil cover vegetated except  vegetated  vegetated vegetated vegetated vegetated vegetated
July, Aug., Sept.
Depth (cm) 5 5 5 5 5 5 5
Plant residue inputs® 0.22 0.80 0.68 0.68 0.68 0.68 0.68
Unburned plots with fitted inputs
Plant community cultivated fields  grassland  shrubland shrubland shrubland shrubland shrubland
Clay content (%) 27.1 21.3 21.3 21.3 21.3 21.3 21.3
DPM/RPM* 144 0.67 0.25 0.25 0.25 0.25 0.25
Soil cover vegetated except  vegetated  vegetated vegetated vegetated vegetated vegetated
July, Aug., Sept.
Depth (cm) 5 5 5 5 5 5 5
Plant residue inputs® 0.22 0.80 0.68 0.68 0.68 0.68 0.68
Burned plots with fitted inputs
Plant community Cultivated fields  Grassland  shrubland shrubland/fire  early shrubland early shrubland  early shrubland
Clay content (%) 27.1 20.3 20.3 20.3 20.3 20.3 20.3
DPM/RPM* 1.44 0.67 0.25 0.25 0.20 0.25 0.25
Soil cover vegetated except  vegetated  vegetated V egetated vegetated vegetated vegetated
July, Aug., Sept. except Nov., Dec. except Jan., Feb.
Depth (cm) 5 5 5 5 5 5 5
Plant residue inputs® 0.22 0.80 0.68 2.85 0.46 0.50 0.54




2000 2001 2002-2003 2004 2005 2006 2007 2008
Unburned plots with constant inputs
Plant community shrubland shrubland shrubland  shrubland  shrubland shrubland shrubland  shrubland
Clay content (%) 21.3 21.3 21.3 21.3 21.3 21.3 21.3 21.3
DPM/RPM* 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Soil cover vegetated vegetated vegetated vegetated vegetated vegetated vegetated vegetated
Depth (cm) 5 5 5 5 5 5 5 5
Plant residue inputs® 0.68 0.68 0.68 0.68 0.68 0.68 0.68 0.68
Unburned plots with fitted inputs
Plant community shrubland shrubland shrubland  shrubland  shrubland shrubland shrubland  shrubland
Clay content (%) 21.3 21.3 21.3 21.3 21.3 21.3 21.3 21.3
DPM/RPM* 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Soil cover vegetated vegetated vegetated vegetated vegetated vegetated vegetated vegetated
Depth (cm) 5 5 5 5 5 5 5 5
Plant residues inputs’ 0.68 0.68 0.68 0.98 1.29 1.60 191 221
Burned plots with fitted inputs
Plant community early shrubland  early shrubland  shrubland  shrubland  shrubland shrubland shrubland  shrubland
Clay content (%) 20.3 20.3 20.3 20.3 20.3 20.3 20.3 20.3
DPM/RPM* 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Soil cover vegetated vegetated vegetated vegetated vegetated vegetated vegetated vegetated
Depth (cm) 5 5 5 5 5 5 5 5
Plant residues inputs’ 0.59 0.63 0.68 0.88 1.09 1.30 151 171

'DPM: Decomposable plant material

RPM: Resistant plant material

DPM/RPM: Decomposability of incoming material
%Plant residues inputs are expressed as TmC ha’ year™



Table D. Allometric equations relating dry weight (DW) and basal diameter (BD) for
the shrub plants Rosmarinus officinalis and Genista scorpius. Biomass equation:
DW=a*BDP. Standard errors in brackets, number of plants (N) and significance of
equation (adjR? and p-value).

Species a b N adR® p-vaue
Gamts bomes (0276 (i O 09U <00
Total biomass (ggg;% (31(8333) 40 09570  <0.05
oo bomes  (0z2y  (ozsy 0 08I <008
Total biomass 0.5386 2.0876 40 0.9443 <0.05

(0.1864)  (0.1569)
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Resum del capitol 2

La reserva de N mineral després del foc és rellevant pel posterior creixement
vegetal. Depenent de les estrategies de regeneracio vegetal, aquesta reserva pot
ser immediatament utilitzada pel sistema sol-planta o bé perduda. En aquest
treball nosaltres hem estudiat la retencié en el sistema de la reserva mineral de
N després del foc al llarg d’'un periode de 12 anys en tres comunitats vegetals
mediterranies contrastades. Aixi doncs, tres tipus de vegetacio (prat, prat
emmatat i brolla) van ser sotmesos a focs experimentals. Després es va aplicar
un tracador (**N) al reservori de N mineral i se’n va monitoritzar el seu desti en
sOls i planta al llarg de 12 anys. La comunitat vegetal amb lleguminoses (prat
emmatat) va mostrar la menor retencié de *°N al sol durant els primers 9 mesos
després del foc. Entre els 6 i 12 anys després del foc una forta sequera va
promoure la deposicié de restes vegetals. Coincidint amb aquest periode, la
recuperacié de °N durant en els primers 15 cm de sol va incrementar en tots els
casos excepte en els prats emmatats. Aguesta manca d’increment pot ser
atribuible a I'entrada de residus vegetals pobre en °N i a 'augment del rentat i la
desnitrificacid, possiblement provocat per les mates fixadores de N,. Després de
la sequera, les capes més profundes de sol van mostrar grans disminucions de N
total i recuperacié de *°N al sol, els quals van ser possiblement causats per
processos de mineralitzacio de N. Dotze anys després dels focs, les comunitats
vegetals sense mates fixadores de N, van reciclar una significativa part del N
derivat del N mineral alliberat després del foc i aquest reservori va continuar

interaccionant amb el sistema sol-planta.
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Abstract

Background and Aims The post-fire mineral N pool is
relevant for plant regrowth. Depending on the plant re-
generation strategies, this pool can be readily used or lost
from the plant—soil system. Here we studied the retention
of the post-fire mineral N pool in the system over a period
of 12 years in three contrasted Mediterranean plant
communities.

Methods Three types of vegetation (grassland, mixed
shrub-grassland and shrubland) were subjected to ex-
perimental fires. We then monitored the fate of '>N-
tracer applied to the mineral N pool in soils and in
plants over 12 years.

Results The plant community with legumes (mixed
shrub-grasslands) showed the lowest soil retention of
">N-tracer during the first 9 months after fire. Between
years 6 and 12 post-fire, a drought promoted plant and
litter deposition. Coinciding with this period, '>N-
recovery in the first 15 cm of the soil increased in all
cases, except in mixed shrub-grassland. This lack of
increase may be attributable to the input of impoverished
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SN plant residues and enhanced leaching and denitrifi-
cation, possibly by N,-fixing shrubs. After the drought,
the deepest soil layer showed large decreases in total N
and '’N-recovery, which were possibly caused by N
mineralization.

Conclusions Twelve years after the fires, plant commu-
nities without N,-fixing shrubs recycled a significant
part of the N derived from the post-fire mineral N and
this pool continued to interact in the plant-soil system.

Keywords '*N-recovery - Drought - Soil organic C -
Soil N - Legume - N,-fixing plant

Introduction

Fire is a natural or anthropogenic disturbance that causes
short- and long-term changes in soil nutrient stocks and
dynamics (MacKenzie and DeLuca 2006). The main
changes in the N cycle in fire-affected ecosystems are
detected either during or shortly after fires. Significant
amounts of N are lost during fires, as N volatilization
occurs at relatively low temperatures (200 °C) (Castro et
al. 20006; Fisher and Binkley 2000; Gonzalez-Pérez et al.
2004). Mineral nitrogen (N) increases in soil immedi-
ately after fire, mainly as ammonium (NH, ") released as
a result of ash deposition and soil heating (Raison 1979;
Rapp 1990). Vegetation mortality or damage after fire
will reduce plant nutrient uptake and increase the poten-
tial for the loss of N by leaching. However, the N cycle
is also vulnerable mid-term after fires since erosion,
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leaching, and N,O emission may also contribute to the
loss of this mineral N from the ecosystem (Levine et al.
1988; Neary et al. 1999).

Studies on the long-term effects of fires on soil have
enhanced our understanding of N dynamics after these
disturbances. Soil total N and organic C may decrease in
the long-term (Duguy et al. 2007; Ojima et al. 1994),
and N mineralization may also slow down in the long-
term after fires, starting at 6-15 years after fires (Grady
and Hart 2006) and continuing until at least 250 years
after the fire (Polglase et al. 1992). While the low
biochemical quality of the organic matter resulting from
fire may favour long-term accrual of soil organic C and
N (Rovira et al. 2012), post-fire changes in vegetation
structure may slow down the long-term recovery of soil
N stocks (Raison et al. 2009).

Changes in N forms occurring during or shortly
after fires may have a strong influence on the long-
term N cycle. Fire intensity and the onset of plant
regeneration can be crucial processes for initial N
dynamics. The high temperatures reached during
high-intensity fires may chemically transform part of
the N residues into highly recalcitrant organic N prod-
ucts, such as “Black Nitrogen” (Knicker 2007;
Knicker 2010), which are stabilized into the most
recalcitrant soil organic matter (SOM) pool (Knicker
2011). In contrast, low-intensity fires enhance the
transformation of organic N forms into more available
forms of this mineral N forms (Christensen 1973;
Prieto-Fernandez et al. 2004; Weston and Attiwill
1990), as well as increase labile and dissolved organic
matter (Prieto-Fernandez et al. 2004). Thus, N pools
from low-intensity forest fires can be either leached to
deep soil layers, recycled through microbial commu-
nities and incorporated into the soil organic N reserve,
or used to build up new plant biomass.

The post-fire regeneration strategies of plants and their
use of nutrients may have long-term effects on the
resulting ecosystem. While seeders are nutrient-
dependent and can readily use nutrients in freshly
enriched ecosystems, resprouters can regrow faster after
fires, as they can rely on their nutrient reserves and
extensive rooting systems (Bell and Ojeda 1999;
Verdaguer and Ojeda 2002). In contrast, a high abun-
dance of legumes with a high rate of atmospheric N
fixation has been reported shortly after fire in temperate
ecosystems (Arianoutsou and Thanos 1996), at least in
the short-term after fires (Casals et al. 2005). Thus, le-
gumes improve soil fertility by increasing the availability
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of soil N (Vandermeer 1989; Vandermeer 1990). Post-
fire N, fixation can fully replace lost N and prevent post-
fire N limitation (Binkley et al. 1982; Johnson et al.
2004). However, other studies suggest that the regrowth
of N,-fixing vegetation after fires is insufficient to com-
pensate the N loss caused by fires, although it may
partially contribute to long-term N accretion in ecosys-
tems with low fire frequency (Johnson and Curtis 2001;
Perakis et al. 2011; Wells 1971).

In this context, here we studied the fate of the post-
fire mineral N pool on the plant and soil system over
12 years in three contrasted plant communities grow-
ing in abandoned fields in the Mediterranean region.
The first community was dominated by resprouting
grassy sward (Brachypodium retusum), the second
combined the grassy sward with a resprouting N,-
fixing shrub (Genista scorpius), and the third was
dominated by an obligate seeder shrub (Rosmarinus
officinalis). We hypothesized that the fate of the N-
NH," released after fires differs depending on the
plant community and the presence of N,-fixing plants,
which are able to incorporate atmospheric N into the
soil N cycle. Other parameters, such as fire intensity or
drought, may also affect the long-term fate of N in
these plant—soil systems.

Material and methods
Study site

The study was carried out in a set of abandoned fields
located in the NE Iberian Peninsula (41° 56’ N, 0°37'E,
460 m.a.s.l.). The climate is dry Mediterranean conti-
nental, with a mean annual temperature of 13.5 °C and
mean annual precipitation of 516.9 mm (observation
period: 1996-2008; Monestir de les Avellanes, 41° 52'
N, 0° 45" E, 580 m.a.s.l.). The rainfall distribution is
markedly seasonal, with maximum values occurring in
spring and autumn, broken by a dry season that usually
lasts from June to September. Monthly climatic data
were obtained from the meteorological station men-
tioned previously above (10 km away from the experi-
mental area), and the monthly water deficit was
calculated using Thornthwaite and Mather’s (1957)
equations, assuming 100 mm of available water-
holding capacity (Table 1).

The fields were on terraces that were abandoned in
the early 1960s. At the beginning of the study, in 1996,
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Table 1 Mean Temperature (°C), rainfall (mm) and water def-
icit (mm). Values are annual mean for the periods between
sampling dates: first 9 months after fire, from month 9 to year

6 after fire, from year 6 to year 12 after fire; and for the 4-year
drought (2004-2008). Meteorological station: Os de Balaguer-
Monestir d’Avellanes (41° 52’ N, 0° 45° E, 580 m a.s.l.)

Period between samplings

Drought

Oct. 1996—-Jun. 1997
(To 9th month)

Jul. 1997-Feb. 2002
(9th month to 6th year)

Mar. 2002—Feb. 2008
(6th to 12th year)

Jan. 2004—Feb. 2008

Mean Temp. (°C) 11.1 13.1
Rainfall (mm) 566 450
Water deficit (mm) 6.5 281.0

13.1 12.6
451 349
311.4 352.5

the fields were colonized by three plant communities
that are widely distributed in the Mediterranean basin,
namely grassland, mixed shrub-grassland, and shrub-
land. The grassland was dominated by the perennial
resprouting grass Brachypodium retusum (Pers.)
Beauv. In the mixed shrub-grassland, the N,-fixing
shrub Genista scorpius L. in Lam et DC. was scattered
over a grassy sward of B. retusum. Finally, the shrub-
land was dominated by the evergreen obligate seeder
Rosmarinus officinalis L. The study areas had been
free of fire and grazing by domestic animals for at
least 10 years before the study. The soils are Calcaric
Cambisol (FAO-UNESCO 1988), developed from a
fine-texture Eocenic limestone and marl colluviums,
with a pH (H,O) of 8.2 and containing 60 % of
calcium carbonate.

Experimental design

For each community, six pairs of plots (from 20 to
60 m?) were selected and distributed in various ter-
races. In October 1996, 12 experimental fires were set
in the grassland and mixed shrub-grassland plots;
21 days later (November) six shrubland plots were
burned after cutting all shrubs and letting them dry
for a week. For each burned plot there was a paired
unburned control plot, which represented vegetation
and soil in an undisturbed state. During fires, temper-
ature was measured at ground level (surface) every
30 s with four thermocouples per plot. The time-
temperature curve for each type of vegetation was
obtained as the mean of the four thermocouples per
plot and the six plots per vegetation type (24 measure-
ments per vegetation type). Fire intensity was low to
medium, with temperatures at ground level from 300
to 526 °C. A detailed description on the initial soil N
forms and fire intensity can be found in Romanya et al.

(2001). After the fires, a homogenously burned area of
2x2 m within each burned plot was selected for iso-
topic labelling. In all cases this area was covered by
ashes.

Soil ">N-NH," labelling and plant and soil sampling

Given that NH,4" is a direct product of combustion
(Covington and Sackett 1992), we applied '>N-NH,"
tracer on the soil surface of each 22 m subplot to label
the post-fire pool of NH," in the surface soil layer,
which holds the ashes. To prevent the volatilization of
ammonia, labelling was applied 3 days after the fires by
adding 1 kg N ha™' of high 'N-enrichment '*NH,Cl,
99 atom % excess. The amount of N added to the soil
surface was considered negligible compared to the N
changes occurring in the soil during the days after the
fires. To achieve the maximum homogeneity in the
labelling, we divided the subplot into 64 squares of
25%25 cm and sprinkled each area with 18.75 ml of
>NH,CI solution (1 I m? of 0.333 mg "N I'") (see
Casals et al. (2005) for more details).

Soil samples were taken from burned plots in la-
belled and unlabelled subplots with a volumetric pris-
matic auger (5%5x30 cm) at the following times:
3 days (10 min after the labelling), 9 months, 6 years
and 12 years after the fires. Soil cores were divided
into four layers: 0-2.5; 2.5-5; 5-15 and 15-30 cm for
the samples taken in 2002 and 2008. In 1996 and
1997, soils were sampled only to a depth of 5 cm
and split into the two first layers. Bulk density was
measured per each sampling date and layer by a vol-
umetric auger with a 5X5 cm cross section.

Plant samples were collected 9 months and 12 years
after the fires. We sampled only the aboveground
biomass; belowground biomass was not considered.
B. retusum aboveground biomass was sampled using
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four squares of 33x33 cm and all the biomass was
collected. For G. scorpius and R. officinalis, we cal-
culated allometries with 40 individuals of each species
using the basal diameter and the dry weight, and then
we measured the basal diameter of all the shrubs
located in a 1x1 m square. See Marti-Roura et al.
(2011) for more details.

Soil and plant measurements

Soil samples were air-dried and sieved (2 mm) before
analysis. Soil NH," and NO;~ were extracted with
2 M KCI (1:5 w:v) and determined colorimetrically
using a Technicon Autoanalyzer (Technicon
Instruments Corp. New York, USA). A subsample of
the fine earth of each sample was finely ground in an
agate mortar to analyse '>N-enrichment and total N.
Aboveground plant samples were dried (60 °C for
48 h) and also finely ground. Soil and plant samples
were then encapsulated and analysed for total N and
>N-enrichment. The content (as a percentage of dry
mass) and the stable isotope ratios of N were measured
by an elemental analyser (PDZ Europa ANCA-GSL)
interfaced to a continuous flow isotope ratio mass
spectrometer (IRMS) (2020 isotope ratio mass spec-
trometer; PDZ Europa, Sercon Ltd., Cheshire, UK).

'SN-recovery calculations

To estimate the proportion of '*N-tracer recovered in
soils and plants, we used a calculation based on N
mass, amount of >N in soil at the initial level, and
'>N- enrichments in soils and plants. We considered
the first sampling date (10 min after the labelling) as
the initial level (#=0). At this moment, the recovery of
the >N in the soil from the theoretically applied >N
was between 74 and 87 %. The loss of '°N during the
labelling application was not further considered. To
calculate the atom % >N excess in each sampling, we
used the following formula:

atom% >N excess = atom% "N — atom% "N¢ = (1)

where atom% '°N; is the concentration of '°N in the
labelled plots, and atom% >N is the concentration of
>N in the unlabelled (control) plots.

To calculate the ' N-recovery in soils, we used the
following mass-balance equation, which relates the
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initial >N concentration (+=0) to the >N concentra-
tion at each sampling date (t):

% 15N recovery in soils

atom% "N excess; * N;
atom% °N excessg * Ny

% 100 (2)

N, and N are the total amount of N in soils (kg N m?)
at time t and time 0. Similarly, to calculate the '>N-recov-
ery in plants, we used the following equation:

% SN—recovery in plants

_atom% "N excess plant + Nplant
o atom% SN excessg * No

% 100 (3)

where atom% >N excess plant is the concentration of >N
in plants, which grew in labelled burned plots, corrected by
reference samples. As reference samples we used the same
plant species but grown in non-labelled burned plots. N
plant is the total amount of N (kg N'm™?) in plants and N,
the total amount of N in soils (kg N m?) at time 0.

Statistical analysis

We used a General Linear Model (GLM)-Repeated
Measures analysis to test the effects of time on N total,
'SN-enrichment and '*N-recovery in soil and plant material
for each community. Our data were normally distributed,
and we used Levene’s test to check homogeneity of vari-
ances before statistical analysis. When variances were un-
equal, original data were log-normal transformed. As the
data did not fail the sphericity test, the assumed sphericity
correction was used. We used the Bonferroni method to test
the significance of multiple comparisons. The probability
threshold used to determine significance was p<0.05.

We also used a One-Way Analysis of Variance
(ANOVA) to test differences in '>N-enrichment, bio-
mass and %'> N-recovery between vegetation types.
The same method was used to test the differences in
organic C, total N and C:N ratio between burned and
unburned plots. Duncan multiple range comparisons
were applied for each significant factor.

Results
Changes in C and N stocks of soil

Bulk density was not altered by fire (data not shown).
Three days after the fires, organic C and total N
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contents in the first 5 cm of soil in grassland and
shrubland showed no changes compared with
unburned plots (Table 2). In contrast, soil organic C
increased about 42 % in burned mixed shrub-
grassland. While no changes were observed in total
N, mineral N increased after fire in the mixed shrub-
grassland and shrubland. This increase was mainly to

changes in N-NH,", which largely increased (Table 3).

From day 3 to month 9 post-fire, organic C decreased in
burned mixed shrub-grassland in the top 5 cm of soil,
while no changes were found in the grassland (Fig. 1).
Soil organic C in shrubland was also depleted during this
period but only in the 0-2.5 cm layer (from 710 to 550 g C
m 2 on day 3 and in month 9 post-fire, respectively).
Similarly, during that time total N in mixed shrub-
grassland also decreased 15 % in the top 5 cm of soil,
while the other plant communities showed no changes
(Fig. 1).

From month 9 to year 6 post-fire, organic C de-
creased slightly in the top 5 cm of soil in the grassland
and shrubland, while no change was detected in total N
(Fig. 1). In contrast, in the mixed shrub-grassland, or-
ganic C did not change while total N increased slightly.

From 6 to 12 years post-fire, the soil organic C content
increased in the top 5 cm of soil in all three plant commu-
nities (28 % in grassland and 45 % in mixed shrub-
grassland and shrubland) (Fig. 1). However, this increase
occurred in both burned and unburned plots. Thus 12 years
after the fires, no differences were found between burned

and unburned plots (Table 2). For all plant communities,
total N in top 5 cm of soils showed a mild increasing trend
from month 9 to year 12 post-fire (Fig. 1). In the mixed
shrub-grassland, this trend was already significant at year 6.

In the deeper layers (5-15 cm and 15-30 cm), soil
organic C increased from year 6 to 12 post-fire in
mixed shrub-grassland ecosystems (from 1100 to
1300 g C m? in year 6 and 12, respectively) and in
shrubland (from 800 to 1100 g C m 2 in year 6 and 12,
respectively) (Fig. 1). In contrast, the behaviour of
total N during this period differed for each layer. For
all the ecosystems, total N in the 5—15 cm layer was
similar for years 6 and 12. In contrast, this parameter
decreased significantly from year 6 to 12 in the 15—
30 cm layer (Fig. 1).

Changes in soil '*N-enrichment

Overall, "’ N-enrichment decreased in the 0-2.5 c¢m
soil layer of the three communities, mostly in the first
year after fire. In contrast, the 2.5-5 cm layer showed
an increasing trend only in the mixed shrub-grassland
and shrubland (Fig. 2).

The recovery of '*N-tracer in soil largely de-
creased, mostly during the first year (Fig. 2). Mixed
shrub-grassland showed the greatest decrease, with
less than half the recovery of >N compared to the
other plant communities, and this low value persisted
until the end of the experiment. Thus, at 9 months

Table 2 Organic C, total N and
C:N ratio in the top 5 cm of soil.

Time after fires

Different letters indicate signifi-

cant differences between burned 3 days 12 years
and unburned plots per time
point (p<0.05). Values are Unburned Burned Unburned Burned
means (£SE) (n=5-6)
Grassland
Organic C (gm %) 899.6 (61.0) 1010.9 (42.5) 887.6 (91.2) 1026.4 (70.2)
Total N (g m™?) 98.6 (5.3) 102.1 (8.9) 119.8 (11.4) 105.6 (7.9)
CN 9.1 (0.4) 10.2 (0.7) 7.5 a(0.4) 9.8 b (0.4)

Mixed shrub-grassland
Organic C (g m ?)

Total N (g m™?)
C:N
Shrubland

Organic C (g m™?)

Total N (g m ?)
C:N

772.7 a (90.0)

1098.2 b (51.4)

1373.8 (151.9)

1127.4 (70.9)

742 (6.1) 88.3 (4.3) 123.3 (10.9) 104.3 (5.0)
9.8 (1.1) 12.4 (0.5) 10.7 (0.5) 10.8 (0.5)
919.7 (60.5) 1141.4 (99.6) 1248.0 (131.9)  1187.4 (60.0)
74.8 (7.3) 86.0 (6.4) 111.0 (12.1) 101.3 (5.0)
127 a (L.1) 13.1 b (0.7) 11.1 (0.5) 11.6 (0.6)
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Table 3 N-NH,4", N-NO;™ and N mineral in the top 5 cm of soil in unburned and burned unlabelled plots 3 days after fire. Different letters
indicate significant differences between unburned and burned plots (p<0.05). Values are means (+SE) (n=6)

N-NH,;" (ug g soilfl)

N-NO;~ (ug g soil ")

N mineral (ug g soil ')

Unburned Burned Unburned Burned Unburned Burned
Grassland 2.79 (0.37) 3.85(0.62) 1.16 (0.46) 2.56 (0.53) 3.95 (0.75) 6.41 (1.07)
Mixed shrub-grassland 2.44 a (0.32) 8.30 b (1.24) 1.44 (0.43) 2.59 (0.57) 3.89 a (0.60) 10.89 b (1.17)
Shrubland 0.18 a (0.04) 3.28 b (0.90) 0.36 (0.16) 0.36 (0.10) 0.55 a (0.18) 3.64 b (0.98)

post-fire, '*N-recovery in the top 2.5 cm of soil was
23 % in grassland, 9 % in mixed shrub-grassland and
17 % in shrubland. At 6 years post-fire, between 10
and 17 % of the '"N-recovery (depending on the
vegetation) remained in the uppermost layer while
between 22 and 34 % was recovered from the deeper
layers (2.5-5; 5-15 and 15-30 cm). In the deepest
layers, we observed slight decreases in '>N-recovery
between years 6 and 12 post-fire in grassland (15—
30 cm layer) and in mixed shrub-grassland (5-30 cm
layer) (Fig. 2). For grassland and shrubland, pooling
of the top three layers (0—15 cm soil) showed a sig-
nificant increase in '*N-recovery from year 6 to 12
post-fire (p=0.039 and p=0.027 respectively) while
for mixed shrub-grassland this parameter remained
unchanged (p=0.205).

'SN-enrichment in aboveground plant biomass

Twelve years after the fires, '>N-enrichment was still
high in plants in the labelled subplots. R. officinalis
(the main shrub of the shrubland community) showed
the highest values of '*N-enrichment at 9 months and
12 years post-fire, followed closely by B. retusum (the
main grass of grassland and mixed shrub-grassland
communities) (Table 4). The N,-fixing plant G. scor-
pius (the main shrub of mixed shrub-grassland)
showed the lowest '>N values, which, at the end of
the experiment, were close to natural abundance. B.
retusum growing in the same plots as G. scorpius
(mixed shrub-grassland communities) showed slightly
lower '°N-enrichment and higher N content than B.
retusum grown without the legume shrub.

Long-term '°N-recovery in aboveground plant
biomass and soils

Twelve years after fires, large amounts of SN-tracer,
between 27 % and 63 %, were still retained in the first
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30 cm of the soil profile (Table 5), whereas the recov-
ery in aboveground plant was very low (<2 %;
Table 5). Aboveground plant in shrubland showed
the highest '>N-recovery (1.7 %; Table 5), while the
other plant species registered negligible recovery
values (<0.1 %). The poor recovery values are attrib-
uted to either low '’ N-enrichment, as in G. scorpius in
the mixed shrub-grassland, or low biomass values, as
in B. retusum in the mixed shrub-grassland and also
the pure grassland.

Discussion
Post-fire responses

As expected after fires of low to medium intensity
(Almendros et al. 1988; Almendros et al. 1990;
Knicker et al. 2005), the short-term changes in organic
C and total N in the upper 5 cm of soil were negligible
(Table 2). However, N-NH," in the top 5 cm of soil
increased by 340 % in the mixed shrub-grassland and
by 1784 % in the shrubland 3 days post-fire compared
with unburned plots. These increases could be
explained by the deposition of ashes and the increases
in soil temperature (Raison 1979; Rapp 1990). No
changes were detected in the grassland. This finding
could be attributed to the lower fire intensity in this
community and its higher initial NH, " content. A
considerable amount of this pool remained in the first
30 cm of the soil 12 years after fire, with differences
related to plant community, while the amount
remaining in aboveground biomass was considerably
lower (Table 5).

Most of the changes in N occurred in the first
months after fire, possibly because of the loss of this
mineral N by volatilization or leaching (Chorover et
al. 1994; Guillon and Rapp 1989; Mackensen et al.
1996; Murphy et al. 2006) or plant uptake. Between
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Fig. 1 Organic C and total N in soil at various depths and for
each plant community (grassland, mixed shrub-grassland and
shrubland) 3 days, 9 months, 6 years and 12 years after the fires.
Capital letters indicate significant differences over time,

74 and 87 % of the labelled pool of N was lost from
the top 5 cm soil layer during the first 9 months. Other
studies on soil N retention after '°N labelling have
also reported large losses (up to 40 %) during the first
days of the experiment (Seely and Lajtha 1997). In our
study, nitrification processes readily occurred during
the first weeks after fire, followed by N-NO; ™ leaching
(Romanya et al. 2001), as heavy rains (376 mm) fell
during the 3 months after labelling.

Post-fire plant regrowth can also partly account for
decreases in the soil pools of '*N-tracer. However,
given that at 9 months post-fire the grassland and
mixed shrub-grassland showed similar plant cover
(Casals et al. 2005), it would appear that the highest
'SN-tracer losses in soils of mixed shrub-grassland are
not attributable to differences in plant regrowth and

@ 0-25cm
O 25-5cm

¥ 5-15cm
- 15-30cm

including the two layers shown in each graph, and lower case
letters indicate significant differences in each layer over time.
Values are means (£SE) (n=5-6)

the consequent nutrient uptake. In contrast, these dif-
ferences may be explained by soil processes. N-rich
plant litter and burned residues of G. scorpius could
increase N mineralization and nitrification. Increased
N mineralization as a result of the addition of N-rich
substrates has been widely reported (e.g. Madritch and
Cardinale 2007; Kuzyakov et al. 2000). Furthermore,
it has been proposed that N-enriched residues of N,-
fixing plants promote N loss in soil by denitrification
(Baggs et al. 2000; Huang et al. 2004; Millar et al.
2004; Zhong et al. 2011). Romanya et al. (2001) did
not find a short-term increase in nitrification in a
mixed shrub-grassland community after fire, but this
plant community showed much higher values of min-
eral N (Table 3) after fires than the others. Thus
leaching and denitrification processes could be
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Fig.2 '’N-enrichment (Atom% '’N excess) and recovery of
SN (%) of the surface soil 3 days after fire, at various depths and
for each plant community (grassland, mixed shrub-grassland
and shrubland) 3 days, 9 months, 6 years and 12 years after

involved in '*N-tracer (as '>N-NH," or '’N-NO;")
loss, as high amounts of available mineral N were in
the soil during the first months after fire when no plant
uptake was possible.

Long-term changes in soil C and N pools and
recycling of '*N-tracer: effects of drought periods

The organic C in the top soil increased in all plant
communities between years 6 and 12 post-fire; how-
ever, similar increases for total N were not observed
(Fig. 1). As suggested in Marti-Roura et al. (2011),
large amounts of organic matter might have been
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fire. Capital letters indicate significant differences over time,
including the two layers shown in each graph, and lower case
letters indicate significant differences in each layer over time.
Values are means (£SE) (n=5-6)

deposited in this time as a result of a severe drought
period (Table 1), which affected mainly plant commu-
nities with shrubs. These changes might be the result
of an increase in belowground deposition, thus affect-
ing the various soil layers. In the pure grassland, the
increases in organic C affected only the top 5 cm of
soil, where the rhizomes of this resprouting species
occur. We therefore suggest that the drought-induced
belowground deposition includes coarse roots in plant
communities with woody plants and rhizomes of the
B. retusum grassland. Coarse belowground plant ma-
terial is generally rich in cellulose, hemicellulose or
lignin and has a high C:N ratio (Birouste et al. 2012;
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Table 4 Aboveground plant >N enrichment 9 months after the
fires and biomass, total N and '>N enrichment 12 years after the
fires in plants growing in labelled plots. Values are from the

dominant plants per each plant community. Within a column,

values with different letter are significantly different (p<0.05).
Values are means (£SE) (n=5-6)

Time after fires

9 months 12 years
5"N (%o) Biomass Total N 5"N (%o)
(gm?) (mg N g plant™")

Grassland
B. retusum 381.3 b (49.0) 76 a (14) 7.8 a(0.1) 34.0b (5.0)
Mixed shrub-grassland
G. scorpius 24.7 a (7.3) 334 b (53) 8.2 b (0.2) 2.82a(0.2)
B. retusum 326.5b (22.2) 121 a (50) 8.5b(0.2) 23.1b (4.4)
Shrubland
R. officinalis 916.7 ¢ (142.0) 1361 ¢ (284) 6.6 a (0.4) 47.6 ¢ (4.1)

Goebel et al. 2011; Pregitzer et al. 2002). Thus, coarse
roots and rhizome deposition contribute little to the
soil N pool. Moreover, new inputs of labile organic
matter may promote microbial activity and minerali-
zation of the soil N reserve. This mineralized N can be
immobilized in the soil organic matter, lost by
leaching or denitrification or taken up by plants. Net
N mineralization will be especially high in soils with
the lowest C:N ratio, as is the case of the 15-30 cm
layer. In this case, increased N mineralization could
account for the large decreases in N pools detected
in the 15-30 cm layer in all the vegetation types.
These decreases barely affected the '*N-tracer pool,
which showed minor or no decreases in the deepest
layer. In contrast, in the top 15 cm of soil, we did not
observe any effect of drought on total N but '*N-
recovery increased during the drought in shrubland
and grassland communities (Fig. 2). This increase in
>N indicates the incorporation of >N pulses from
plant necromass in soil organic matter and points to
immobilization processes occurring in the first 15 cm
of the soil. Furthermore, these observations support
our hypothesis to explain soil organic C increases
during this period (Marti-Roura et al. 2011). This
increase in '’ N-recovery occurred only in plant com-
munities without legume shrubs. Although the inputs
of "’ N-impoverished plant litter of the N,-fixing G.
scorpius could partly explain these low values, it must
be considered that the B. refusum sward growing in
these mixed shrub-grassland community showed high
5'°N values, close to those of the pure grassland, and a

similar biomass and '>N-recovery in plants at 12 years
post-fire (Table 4). Thus, we could expect that '>N-
recycling in the mixed shrub-grassland through B.
retusum litter would behave similarly to that of the
pure grassland. As this was not the case, we
propose that the low retention of the '’N-tracer
in this N,-fixing community is caused by the
enhancement of >N loss during the decomposition
of plant debris.

Legumes are an important component of post-fire
successional communities (Crews 1999). These plants
are able to use the increased mineral N pools caused
by fire (Vitousek and Howarth 1991), but they can
also provide a post-fire net N input by introducing
fixed atmospheric N, (Hendricks and Boring 1999).
The enhanced loss of N in the N-fixing plant commu-
nity post-fire was negligible (less than 0.2 kg m ?) in
terms of plant-soil N-recycling rate. Net N input

Table 5 Recovery of >N (%) in soil and plants 12 years after
fire. Values are means (£SE) (n=5-6)

Soil Aboveground plant
0-30cm R G. B.
officinalis  scorpius retusum
Grassland  48.4 (7.8) — - 0.09 (0.01)
Mixed- 26.6 (1.5) — 0.07 (0.01) 0.10 (0.03)
Shrub-
grassland
Shrubland  62.7 (7.8) 1.70 (0.32) - -
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provided by legumes post-fire will far exceed this loss
(Casals et al. 2005). Indeed, no loss of total N was
observed in this plant community, and 12 years after
fire the non-N-fixing plant B. retusum in this commu-
nity had a higher N content than that found in pure
grassland. This observation supports the notion that
legumes enhance the regeneration of the whole
community.

In conclusion, 12 years after the fires, more than
half of the initial '>N-tracer was still retained in the
soils in communities with no legume shrubs. At that
time, plants still contained part of the labelled '>N-
NH," released after fires, with the exception of N,-
fixing shrubs. The presence of legume shrubs
favoured loss of the '°N-tracer during the first year
after fire and during the drought period, which took
place several years post-fire. In Mediterranean grass-
land and shrubland without N,-fixing shrubs, extreme
climatic conditions, such as drought, favours the soil
incorporation of plant N pools that were taken up from
soils shortly after fire. The accumulation of below-
ground necromass under these conditions may favour
the accrual of soil organic C to a greater extent than
that of N.
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Resum del capitol 3

A la regié mediterrania, la dinamica del N del sol a llarg termini després d’un
incendi pot ser rellevant per I'estabilitzacio de la materia organica després del foc
i pel reciclatge de N en el sistema sol-planta. El reciclatge de N després del foc
pot ser retardat per la retencié de N en fraccions de matéria organica fisica i/o
guimicament protegides. En el nostre cas, vam estudiar la distribuci6 del tracador
>N entre les diferents fraccions de matéria organica (sorra grollera, sorra fina,
llim groller i llim fi i argila) i la dinamica del tracador al llarg de 12 anys després
d’'unes cremes controlades realitzades en tres comunitats vegetals mediterranies
diferents. Per aix0, vam seleccionar 6 parcel-les per cada comunitat i vam
realitzar una serie de cremes experimentals. Després dels focs vam aplicar
>NH,4*-N i vam monitoritzar el desti del tracador N al llarg d’un periode de 12
anys. A continuacié, es va dur a terme un fraccionament fisic en funcié de la
grandaria de la particula i un analisi de la recalcitrancia bioquimica del N i del **N
mitjancant una hidrolisi acida. El reservori més important de N total va ser
localitzat a les particules més fines de sol (llim fi i argila) en ambdues parcel-les,
cremades i no cremades. El foc va promoure augments del N total a les fraccions
de mida mitjana mentre que les reserves de N total en fraccions més fines i més
grolleres no van canviar després del foc. El tracador °N va ser rapidament
incorporat a les fraccions fines des d'on, en el cas concret de les comunitats
vegetals sense lleguminoses, aquest va ser remobilitzat al llarg dels segtients
anys. EI N recalcitrant no va canviar com a consequéncia del foc, pero les brolles
van mostrar un marcat descens d’aquest N 6 anys després del foc. Tot i que els
principals efectes a les diferents fraccions de sol van ser detectades just després
del foc, aquests van persistir fins 12 anys després dels focs. El N novament
incorporat va resultar ser menys recalcitrant que el N total i, sorprenentment, les
fraccions fines van tenir uns valors molt baixos de recalcitrancia del N, similars
als que van mostrar les fraccions grolleres. Aparentment, les transformacions del
N a les fraccions meés fines (<20 um) van se principalment regulades per la

qualitat dels compostos de >N que van quedar retinguts en aquesta fraccié.
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Post-fire mineral N allocation and stabilisation into soil particle
size fractions in Mediterranean grassland and shrubland

Mireia Marti-Roura « Pere Rovira » Pere Casals *Joan Romanya

Abstract fractions did not change after the fires.
In the Mediterranean region, the long-term posinterestingly, ~— **N-tracer was quickly

fire soil N dynamics may be relevant for soifncorporated in fine fractions from where, in the
organic matter stabilization and N CyCIing in thQ;ase of p|ant communities free of |egume5, it
plant-soil system. The post-fire recycling of Nyas remobilised in the following years.
can be hold back by the retention of N irRecalcitrant N did not change due to the fire, but
physically and/or chemically protected fractionghrubland showed marked decreases 6 years
of soil organic matter. We studied the allocatio@fter the fires. Despite the main effects in soil
of the post-fire"N-tracer among different soil fractions were detected just after the fires, they
organic matter fractions (coarse sand, fine sangersisted after 12 years post-fire. Newly
coarse silt and fine silt and clay) and 8-  incorporated™N-tracer was less recalcitrant than
tracer dynamics during 12 years after prescribegtal N and, surprisingly, fine fractions had very
fires in three different Mediterranean planiow recalcitrant'®N values, similar to the coarse
communities. We selected 6 plots for eacfactions. Apparently, the N transformations in
community and we set experimental fires. Jughe finest fraction (<20m) were mainly
after the fires, we applied™NH,-N and we regulated by the quality of the 15N compounds
monitored the fate ofN-tracer over a period of retained in the fraction.

12 years. To this end, we carried out a physical

size  fractionation and we analyzed thg ey\ords Physical size fractionationSoil N -
biochemical recalcitrance of N arfetN by acid 15 Biochemical i

hydrolysis in the obtained size fraction. In both “recovery- Biochemical recaicitrance
burned and unburned plots the finest soil
particles (<20um) accounted for the most of Soilntro duction
N. Fire promoted N increases in the medium size

Fire may cause complex alterations on physical

M. Marti-Roura(*) « J. Romanya and chemical properties of soil. Fires immediately
Dept. Productes Naturals, Biologia Vegetal i decrease the amount of labile organic matter
Edafologia,Universitat de Barcelona, (either by direct combustion or thermal

‘S],%a” XX breakdown) and enhance both the plant N
08028 Barcelona, availability and the recalcitrance of organic matter
Spaine-mail: pools (Almendros et al. 1992; Fernandez et al.
mmarti@ub.edu 1999). Although N volatilization is produced at

. relatively low temperatures (200°C) and large
P. Rovira e P. Casals h . .
Centre Tecnologic Forestal de amounts of N can be lost during fires, mineral N
Caalunya,Ctra. St. Llorenc de pools, mainly ammonium, increase in the

Morunys, uppermost soil layers as a consequence of
Km 2, 25280 Solsona, Spain



temperature induced mineralization and adbe retained in the soil over the short and the-long
deposition. On the other hand, during fires soterm. The interactions between plant litter and
heating can promote changes on soil N-forms ®OM pools of different nutrient richness or
chemically more recalcitrant forms (Sanchez anthemical recalcitrance can shape the microbial
Lazzari 1999) by increasing heterocyclic angrocesses transforming the pools of soil organic
aromatic N (Knicker et al. 2005). The highmatter and nutrients (Madritch and Cardinale
biochemical stability of these fire-induced2007). These interactions will likely occur in
recalcitrant N-forms can render them difficult tadiverse plant communities with contrasted litter
mobilize by microbial processes, and thereforguality such as in those with a relevant presefce o
able to remain in soils over years (Rovira et alegumes or combining woody and green plant
2012). This effect may hold back primarymaterial. The quality of the soil organic matter
production over the long-term (Knicker andpools and of the new plant litter produced pog-fir
Skjemstad 2000). in the regrowing plant communities can regulate
Post-fire soil mineral N, if not lost by leachingthe post-fire allocation and stabilisation of mailer
or volatilization, can be assimilated by regrowing\ into SOM (Zhu and Wang 2011).
plants or associated to soil organic matter (SOM) We hypothesise that the stabilization of the N
and stabilized. SOM stabilisation can be byool existing short-term after fire on the soil
physical protection or by chemical recalcitranceparticle size fractions will depend on both the
Physical protection can be due to the SOMhysical protection of each fraction and on the
incorporation within aggregates in nanopores tochemical recalcitrance of the SOM pools of each
small for organisms or enzymes to enter anfdaction. While N allocated to coarse fractiond wil
function (Mayer 1994; Skjemstad et al. 1993) bpe mainly stabilized by its biochemical
encapsulation into hydrophobic macromolecule®calcitrance, N hold in the fine fractions will be
(Knicker and Hatcher 1997), or by the formatiomostly physically protected with little influencé o
of organo-mineral-associates (Baldock ands biochemical quality. Different plant
Skjemstad 2000). This latter mechanism has beeammunities and especially those with the
considered as the most important for the physicatesence of legumes can also influence the quality
protection of organic matter (Kogel-Knabner et abf the organic sources and SOM pools and,
2008). The chemical recalcitrance of the&onsequently, the N stabilization processes.
decomposition residues can also hold up SOM Our aim was to study the allocation and
decomposition.  Aromatic  and/or  O-alkylphysical and chemical stabilization of the N pool
compounds can be difficult to be metabolized bgxisting shortly after fire among different pamticl
soil microbia (Almendros et al. 1984; Kalbitz et alsize fractions over a 12-year period in three
2003). The prevalent view is that chemicatlifferent Mediterranean plant communities
recalcitrance plays a secondary role in SONgrassland, mixed shrub-grassland, shrubland). For
stabilisation (Dungait et al. 2012; Marschner et athat purpose we appli€dN isotopic labelling on
2008; Mikutta et al. 2006; Rovira et al. 2010)ashes just after fire and we assessed changes in
However, in a recent field study it has been showntal N and™N-tracer in different physical size
that N-rich labile organic matter from anfractions and in the recalcitrant pool of each
incubation of labelled roots within the soil wadraction in the following 12 years post-fire.
mainly recovered in the protected fractions while
the more recalcitrant fraction remained mostly
unprotected (Garcia-Pausas et al. 2012Material and methods
Therefore, physical protection and chemical
recalcitrance may work simultaneously andtudy site
sometimes in a complex manner, because labile
and recalcitrant organic pools are not eveniYhe study was carried out at three different plant
distributed among the physical fractions (Roviraommunities located in abandoned fields in the
and Vallejo 2007; Rovira et al. 2010). NE of Iberian Peninsula (41° 56!, 0° 37 E,
Quick plant regeneration and N use post-fird60 m a.s.l.). The abandonment of the terraced
can largely reduce N losses from the systerfields was in early 1960s. The three different
After, N will return to the soil through plant &t plant communities now occupying the old fields
deposition and, depending on SOM quality, wilare representative of the Mediterranean land set



aside: grassland dominated by the perenniBarticle size fractionation of soil organic matter
grass Brachypodium retusum(Pers.) Beauv;
mixed shrub-grassland dominated by the legungize fractionation was carried out as described in
shrubGenista scorpiug.. in Lam et DC and the Rovira and Vallejo (2002a), simplified to
grassB. retusumand the shrubland dominated byrecover all particles <20 um as a single fraction.
Rosmarinus officinalisL. The climate is dry Briefly, 10 g of air dried soil 2 mm sieved were
Mediterranean continental, the mean annuabftly shaken for 1 hour with 50 ml water and
temperature is 13.5°C and the mean annualo glass beads. After, the soil-water mixture
precipitation is 516.9 mm (observation periodwas placed in an ice bath and dispersed with a
1996-2008; Monestir de les Avellanes, 41° 52onifier (100 W output, 5 minutes). The
N, 0° 48 E, 580 m a.s.l). The rainfall dispersed mixture was then passed through a
distribution is markedly seasonal, withcolumn of meshes (200, 50 and 20 pm) under
maximum values in spring and autumn and a dirpagnetic agitation and extensive water fush, thus
season that usually lasts from June to Septembebtaining the 2000-200, 200-50, and 50-20 um
The soils are Calcaric Cambisol (FAO-UNESCGize fractions. Each of these fractions was
1988), developed from a fine textured Eocenicollected in a 20 ml flask; water was removed by
limestone and marl colluvium, with a pH {B) siphonation with a filter coupled to a syringe in
of 8.2, 60% calcium carbonate content and therder to avoid losses of the light fraction and the
soil texture is loam. The study areas had beevhole fraction was finally dried at 60 °C. The
free of fire and grazing by domestic animals fok20 um fraction (clay plus fine silt) was
at least 10 years before the beginning of theollected in 1-1 jar and was recovered by
study. flocculation with a minimum amount of a
saturated solution of AIK(S{)p and later
Experimental design, soffNH," labelling and siphonation of the water phase. Finally, this
soil sampling fraction was recovered by centrifugation and
dried at 60°C.
Six pairs of plots (from 20 to 60 3nof each After particle size fractionation a subsample of
vegetation type were selected in differenéach fraction was finely ground to analyze total
terraces (18 pairs of plots in total). In 1996 @t pl organic C (TOC), total N andPN enrichment.
of each pair was experimentally burned while thEOC was analyzed by dichromate oxidation
other remained as a control plot, representing tii®loebius 1960) adapted to a colorimetric
undisturbed state. Fire intensity was low tenethod (Soon and Abboud 1991). Total N and
medium, with maximum temperatures at grount!N enrichment were analyzed by an elemental
level from 300 to 526°C. See Romanya et aanalyzer (PDZ Europa ANCA-GSL) interfaced
(2001) for more details. to a continuous flow isotope ratio mass
Three days after the fires, subplots of 2 x 2 repectrometer (IRMS) (20-20 isotope ratio mass
were bordered in each burned plot and a soluti@pectrometer; PDZ Europa, Sercon Ltd.,
highly **N-enriched 'NH,CI, 99 atom%, 1 kg N Cheshire, UK).
ha') was applied on the ashes of these subplots
to label the post-fire mineral pool of N. SubplotfRecovery of°N calculations
were divided in 64 squares (25x25 cm); each
square was sprinkled with 18.75 ml BNH,CI To calculate total recovery dfN in each soil
solution (1 | nf of 0.333 mg 15N1) in order to fraction we considered as the initial level the
homogenize N labelling on the subplots first sampling date (10 minutes after the
surface. See Casals et al. (2005) for more detailabelling). To calculate the atom ¥ excess in
From each plot, three soil cores (5x5 cm) froreach sampling we used the following equation:
0 to 5 cm depth were taken and bulked to one

sample. Samplings were carried out 3 days (justom9%°N excess atom96°N, —atom%°N
after labelling), 6 years and 12 years post-fire in

"*N-labelled and burned plots and 3 days pOSf;here atom9%SN, is the concentration GfN-

fire in unburned plots. Then soil samples Wergocer in the labelled burned plots and atom%
air-dried and sieved (2 mm) before fractionatiomsNC is the concentration oPN-tracer in the

unlabelled burned (control) plots.



To calculate the percentage'dfl-recovery in SOM in each soil fraction we applied the two-
soils at each fraction)(we used the following step acid hydrolysis with sulphuric acid of

mass-balance equation that relates the irfiih
tracer concentration (t=0) to thé&N-tracer
concentration at each sampling date (t):

% Recovery of*N at thei fraction
_atom%°N excess* N,

~ atom%°N excess* N,

N;is the total amount of N (g N Ky in the soili

Rovira and Vallejo (2002b). Briefly, 200 mg of
dry ground soil material was refluxed with 10 ml
of 2.5M H,SO, for 30 min at 105°C in an
aluminium heating block. The liquid was
decanted after centrifugation; the unhydrolyzed
residue was washed with 10 ml of water,
recovered by centrifugation and dried at 60°C.
This residue was gently soaked overnight with 1
ml of H,SO, 70-72%, at room temperature.
Then, 9 ml of water were added and the residue

fraction soil at time t and Nis the total amount Was refluxed again, for 3 h at 105°C. After

of N in soils (g N kg) at time 0.

Biochemical recalcitrance

centrifugation, the liquid phase was decanted
again. The unhydrolyzed residue was recovered
and washed with 10 ml of water to eliminate the
residual acid, the centrifugation plus decantation

For analysing the biochemical recalcitrance dprocess was repeated. The unhydrolyzed residue
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Fig. 1 Total N distribution (% of total N) in fractior{soarse sand (CSa), fine sand (FSa), coarse 8ij (C
and fine silt+clay (FSi+C)) from unburned and butrswils (day 3, year 6 and year 12 post fire) ireeh
different plant communities (grassland, mixed shyudissland and shrubland). Differences betweeneolurn
and unburned plots 3 days post-fire are labelleith Wwip<0.1 and * p<0.05. Within a given graph, time
differences are labelled with a different lowercbeter, ap<0.05. Values are means + SEE5-6)



was finally dried at 60°C, weighed and waRI"™N (%) = (Recovery of unhydrolyzetfN /

taken as the recalcitrant fraction. ThisRecovery of total’N) x 100

recalcitrant fraction was analyzed for total C, N

and®N with an elemental analyzer (PDZ Europ&tatistical analysis

ANCA-GSL) interfaced to a continuous flow

isotope ratio mass spectrometer (IRMS) (20-24ll statistical analyses were run by using PASW

isotope ratio mass spectrometer; PDZ Europatatistics 17. All data were checked for normal

Sercon Ltd., Cheshire, UK). From the obtainedistribution (Kolmogorov-Smirnov test) and

values, the recalcitrance indices for N (RIN) antiomogeneity of variances (Levene’s test) before

®N-tracer (RPN) were calculated for eachstatistical analysis and, when any of both

fraction: assumptions were rejected, Box-cox
transformation was applied. Analysis of variance

RIN (%) = (Unhydrolyzed N/Total N) x 100 (ANOVA) was performed to test the differences

Table 1. Values ofRIN (Recalcitrant Index for N) in fractions from unburned and burned soils (day 3, year 6
and year 12 post fire) and N (Recalcitrant Index for®N) from burned soils in three different plant
communities (grassland, mixed shrub-grassland and shrubland). Differences between burned and unburned
plots 3 days post-fire are labelled withp$0.1 and* p<0.05. Time differences are labelled with a different
lowercase letter, g8<0.05. Values are means *+ SE (n=5-6)

RIN (%) RIEN (%)
Unburned Day 3 Year 6 Year 12 Day 3 Year 6 Year 12
Grassland
CSa 37.97 32.16 28.49 28.54 26.97 20.67 25.53
(2.22) (2.31) (0.92) (1.39) (2.46) (2.30) (1.08)
FSa 38.83 34.33 35.35 32.97 30.88 25.69 29.14
(2.04) (1.93) (1.33) (1.52) (3.06) (2.48) (1.51)
CSi 1t 42.50 38.50 40.85 39.27 35.57 27.17 32.62
(1.49) (1.28) (1.12) (0.95) (3.24) (2.62) (0.78)
FSi+C 41.89 40.87 42.39 40.53 26.02 26.91 29.39
(2.00) (1.46) (2.73) (2.69) (1.20) (1.20) (1.59)
Mixed
shrub-grassland
CSa 1 39.53 33.25 30.77 30.72 32.93 27.59 32.32
(2.06) (1.70) (1.66) (1.02) (3.32) (1.86) (0.37)
FSa 36.30 35.54 36.90 33.62 37.24 33.38 34.46
(1.60) (0.65) (1.84) (0.91) (3.17) (2.72) (1.40)
CSi *48.85 41.75 45.37 43.63 45.49 40.16 42.64
(1.85) (2.15) (1.60) (2.28) (6.18) (3.45) (1.54)
FSi+C 45.26 44.10 43.48 40.65 32.78 31.00 34.90
(2.96) (2.44) (3.68) (1.64) (4.30) (2.57) (1.47)
Shrubland
CSa 36.01 b31.53 a27.18 b31.40 b 29.03 a2299 b29.16
(2.59) (0.67) (1.80) (0.63) (1.59) (1.16) (0.92)
FSa 35.11 b39.34 a3256 a33.26 b 36.00 a26.63 a29.72
(2.56) (1.97) (0.70) (0.83) (1.91) (0.96) (1.35)
CSi 44.56 b48.06 a39.89 a38.94 b 42.62 a30.59 a33.61
(4.71) (2.94) (1.10) (1.26) (2.29) (1.42) (1.08)
Fsi+C 47.54 b45.01 a39.89 a37.54 29.07 25.28 27.83

(3.33) (1.13)  (1.27)  (1.01) (1.67) (1.52)  (0.66)




among fractions, time (day 3, year 6 and year 18wer in burned plots immediately after the fires
post-fires) and also between burned (day 3 postempared with the unburned plots in all three
fire) and unburned plots (day 3 post-fire) icommunities. After fires, C:N ratio of coarse
distribution of N in fractions, N content®™N fractions did not change over time in shrubland
recovery, RIN RI*®N, C:N ratio and recalcitrant whereas it increased in grassland and mixed
C:N ratio. Duncan multiple range comparisorshrub-grassland communities.
test was applied when the significance level Recalcitrant C:N ratios were much higher than
reache<0.05. C:N ratio of the respective fraction (Fig. 2). This
difference was especially large in coarse
fractions. Just after fires, recalcitrant C:N ratio

Results CSa fraction was lower in mixed shrub-grassland
and in shrubland in burned plots compared with
Total N and RIN in fractions control ones while no differences were detected

in grassland. In the time after fire, recalcitrant

Soil N was mostly located in the finest fractiorC:N ratio increased in coarse fractions in
—fine silt+clay (FSi+C)— with values betweengrassland and mixed-shrubland (only in the CSa)
50 and 60% of total N in all plant communitieswhile did not change in the shrubland. Only in
without differences all over the experiment (Figthe mixed shrub-grassland these changes over
1). In contrast, the distribution of soil N aftéet time on recalcitrant C:N ratio also occurred in
fires in the other fractions was differentthe finest fraction (FSi+C).
depending on the plant community. In grassland
no effects in total N after fire was observed aRecovery of°N and RN in fractions
any fraction. In contrast, in shrubland and mixed
shrub-grassland total N was higher in fine sandN-tracer recovered in soil particulated fractions
(FSa) and coarse silt (CSi) fractions 3 days pogtist after theN-labelling ranged from 22-53%.
fire and remained until year 12 post-fire. Coars& great part of the®N-NH," in soil was lost
fraction (CSa) behaved in a different way. Naluring the fractionation process most likely in
changes or even a small decrease (shrublanke soluble fraction that was discarded. Just after
p<0.1) in total N were found in coarse sandhe fires, a substantial fraction of the addw@d-
(Csa) fraction just after fires, whereas itracer was located in the finest fraction (FSi+C)
increased from 6 years to 12 years post-fire im grassland and shrubland (25 and 33 %°Nif
the shrubland and mixed shrub-grassland. recovery at day 3 post-fire, respectively). In the

The recalcitrance of N (RIN) was higher in thanixed shrub-grassland the figures were lower
fine fractions (CSi and FSi+C) than in the coarsgl4% at day 3 post-fire) (Fig. 3).
fractions (CSa and FSa) (Tablel). In general, no No significant differences in"°N-recovery
differences existed just after fires betweemwere found over the 12 years in any plant
burned and unburned plots, except the decreasmmmunity after fires. However the behaviour of
observed in CSi fraction of mixed shrub-both legume-free plant communities (grassland
grassland §<0.05) and grasslang<0.1). In the and shrubland) was remarkably similar. Thus we
next 12 years, we did not detect significantepeated the analysis of the evolution with time
changes in the RIN in any fraction, in theof the *N-tracer in both plant communities
grassland and mixed shrub-grassland plots. &ltogether (Table 2): we observed a decrease of
contrast, in the shrubland we observed significant quantities of°N-tracer from day 3 to
decrease in RIN of all fractions from day 3 to/ear 6 post-fire in CSa and in FSi+C fractions
year 6 post-fire; after 12 years only coarse sarfde. from 28 to 10 % and from 37 to 16% in
(CSa) fraction recovered the initial values. FSi+C fraction in grassland and shrubland

C:N ratio in soil fractions ranged from veryrespectively) whereas there was an increase in
low values in FSi+C to quite high ones in thé°N-recovery only in the CSa fraction in the year
coarse fractions (Fig. 2). In general C:N ratio ii2 post-fire.
fine fractions (CSi and FSi+C) did not show any An important proportion of**N-tracer was
change after the fires and only grassland showeetained in the recalcitrant fraction of all
higher C:N ratio in unburned FSi+C than in thdractions immediately after fire (Fig. 3, Table 1),
burned plots. C:N ratio of coarse fractions wakigher in the grassland and shrubland than in the
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Fig. 2 C:N ratio and recalcitrant C:N ratio in fractions (coarse sand (CSa), fine sand (FSa), coarse silt (CSi)
and fine silt+clay (FSi+C)) from unburned and burned soils (day 3, year 6 and year 12 post fire) in three
different plant communities (grassland, mixed shrub-grassland and shrubland). Differences between burned
and unburned plots 3 days post-fire are labelled with<@.1 and * p<0.05. Within a given graph, time
differences are labelled with a different lowercase lettgrs@t05. Values are means + SE (n=5-6)

mixed shrub-grassland (Fig. 3). In contrast, th&). While no differences over time were found in
highest RPN was found in mixed shrub- mixed shrub-grassland, analyzing grassland and
grassland (RPN between 33% and 45% at day 3hrubland together we observed that recovery of
post-fire; Table 1). At day 3 for all plant™N in the recalcitrant fraction decreased from
communities the highest RN occurred in day 3 to year 6 post-fire in all fractions but, after
medium size fractions (FSa and CSi) while th#éhat, the values increased again in CSa and CSi
lowest occurred in the coarsest (CSa) and finefsactions (Table 2). From day 3 to year 6 post-
(FSi+C) fractions. This retention patternfire, only shrubland showed decreases in
contrasted with the total N recalcitrance of thisecalcitrance (RFN) in all fractions except in
fraction (see RIN; Table 1). the finest fraction (FSi+C) (Table 1). Similarly

The changes over time of the recovery ab RIN values, after the year 6 post-fire, the
recalcitrant™N in eachfraction showed different coarse fraction (CSa) was the only fraction
patterns depending on the plant community (Fig.
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which increased RIN to similar values to 3 in the burned plots, indicating large losses of
days post-fire. organic C and therefore changes in organic
matter quality after fire. The lack of net changes
in total N observed right after the fire was likely

Discussion the result for the compensation between losses
by volatilization and the incorporation of new N
Changes in total N in ashes and partly charred plant residues. In the

burned woody communities, the total N in the
Fire promoted a redistribution of N in the soilCSa increased towards the end of sampling
fractions mainly in woody plant communitiesperiod, at the 12 year. This pattern may be
(mixed shrub-grassland and shrubland). Fire haslated with an increase of organic matter
a shredding effect on plant litter (Scharenbroctieposition due to a drought period between the
et al. 2012). Thus, after fires N increased igear 6 and 12, as described previously Marti-
medium size fractions (FSa, CSi) and remaine®oura et al. (2011). Thus, the N originated
over the whole studied period. This effect waduring or shortly post-fire was allocated in
only detectable in woody plant communitiesnedium particles (FSa and Csi) while N
with higher biomass and with higher fireresulting from a severe drought, mostly
intensity (Romanya et al. 2001). In contrast, N iparticulated, was mainly held in the coarsest
the coarsest fraction (CSa) did not changkaction (CSa) and was likely originated from
shortly after fire or even showed lower valueslead coarse root deposition.
compared with unburned plots in the shrubland, In our experiment N recalcitrance did not
which may be related with highest temperatureshange after fire in any of the soil fractions. In
reached at the soil surface in this communitycoarse fractions of burned woody plant
C:N ratio in the coarse fractions was much lowetommunities recalcitrant C:N ratio was lower



than unburned plots, indicating that values off the'N-tracer was also retained in the coarsest
recalcitrant C were lower after fire. Thesdraction. As the coarse organic debris are
findings are in contrast to those of Rovira et abelieved to be the main C source for soil
(2012) that showed increases in N and @icroflora (Hagedorn et al. 2003; Rovira et al.
recalcitrance post-fire in the bulk soil. In the firs2010) we suggest th&N-NH," could be quickly
years following fire N recalcitrance decreasedetained in this fraction through microbial
only in shrubland, the only plant communityprocesses incorporating part of theN-tracer
dominated by seeders. Seedling litter depositidnto this particulate organic matter fraction.
was enriched in non woody plant material as As expected, this newly incorporated\-
compared to that of mature shrubs. This woultlacer was less recalcitrant {f) than the total
have contributed to the increase of the labile N (RIN) suggesting that in case of microbial
fraction in this plant community. accessibility this N pool would be more prone to
As expected, most N was found in the finedbiological transformations than the older N in the
fraction (FSi+C) and, in agreement with Rovirdraction. Knicker and Skjemstad (2000) found
et al. (2010), this fraction and the fine silthe presence of peptide-like structures, N-rich
fraction showed higher recalcitrance than coargmarticles traditionally considered chemically and
fractions (Table 1). Unlike in the coarsephysically labile fractions of soil organic matter,
fractions, the stabilization of organic matter inn residues of fine soil fractions (<53um). The
fine fractions is not only controlled by thepresence of these N-rich compounds in fine
inherent molecular- level resistance to microbidractions could lower the recalcitrance of such
breakdown, but also by the association dfaction that, in our case, was indeed less
organic matter with aggregates or mineraleecalcitrant than FSa and CSi. Garcia-Pausas et
(Christensen 2001; Swanston et al. 2002). al. (2012) found a rapid incorporation of less
recalcitrant compounds in the finest fraction
(FSi+C) that were especially rich in N, likely
coming from microbial resynthesis (Rumpel et
The greatest proportion ofN-tracer applied al. 2010; von Litzow et al. 2006). In our
after the fire was quickly retained in fineexperiment, low recalcitrance of newly
fractions <20 um (FSi+C). Hilscher and Knicketincorporated"N-tracer was found in both the
(2011) also observed that most of tid-tracer finest (FSi+C) and the coarsest fraction (CSa)
applied after a burning process was found in tHmut not in the intermediate fractions.
finest fraction (< 2 um fraction). This could be a Thus, as we could observe in figure 4, during
result of*®N-NH," quick sorption into the cation the first 6 years post-fire, the changes of the
exchange complex. However, an important parecalcitrant ®N-tracer in most particle size

Recovery of >N in soil fractions

Table 2 Changes over time (day 3, year 6 and year 12 post-fire) on the total and recafitraabvery in
grassland and shrubland analyzed together showing the differences on time for each soil fraction (coarse sand
(CSsa), fine sand (FSa), coarse silt (CSi), fine silt+clay (FSi+C)). Time differences are labelled with a different
lowercase letter, gi<0.05.

Time post-fire

3 days 6 years 12 years P-value
Recovery of total’N
CSa 10.40 (2.39) b 4.43 (0.92) a 8.03(1.35) b 0.05
FSa 5.91 (0.96) 3.50 (0.66) 6.15 (1.05) 0.10
CSi 4.42 (0.63) 2.75(0.49) 4.83 (0.73) 0.06
FSi+C 29.21(3.81) b 16.36 (3.67) a 23.17 (2.68) ab 0.04
Recovery of recalcitrarttN
Csa 3.14(0.84) b 1.05(0.24) a 2.24(0.37) b 0.02
FSa 2.06 (0.41) b 0.92 (0.17) a 1.84 (0.36) ab 0.05
CSi 1.74 (0.29) b 0.79(0.14) a 1.60 (0.24) b 0.01
FSi+C 8.14(1.15) b 4.19 (0.87) a 6.72 (0.88) ab 0.03
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fractions negatively related to its initialvegetation types but, unlike the other
recalcitrance (RFN) (day 3 post-fire). The vegetations, mixed shrub-grasslands readily
steepest slopes of these relationships weseemed to incorporatéN-tracer in more N
observed for the finest and coarsest fractiomrecalcitrant pools. These processes may be
(FSi+C and CSa) while the medium sizenfluenced by the specificity of the soil microbial
fractions with higher recalcitrance showed muchommunities occurring in plant communities
lower slopes or non significant relationshipswith mixed legumes (Ladygina and Hedlund
This suggested high sensitivity of changes i8010; Zhou et al. 2012). From our data set we
recalcitrant N pool to the substrate can infer that the retention of th-tracer even
recalcitrance occurring in these two fractions. Am the fine fraction (FSi+C), during the years
mentioned above the finest and coarsest fractiofdlowing fire, was mainly regulated by the
showed the most prominent changes over time mdcalcitrance of the substrate rather than the
total N recovery indicating that recalcitraiN  physical protection. Consequently, differences in
in these fractions was more readily transformesbil organic matter quality i.e. changes in
than in the medium size particle fractions (FSeegetation type seemed to lead the fate of the
and CSi). *N-tracer in soil after fires.
Plant communities free of legume shrubs showed The observed drought-induced total N
over time decreases of tH&N-tracer pool that increases (Marti-Roura et al. 2013), an increase
affected both the coarsest (CSa) and the finest >N-tracer were observed between the year 6
(FSi+C) fractions. It appears therefore that thand 12 post-fire mainly in the coarsest fraction
physical protection by the fine particles did nofCSa) but only in legume-free plant
stop the"N-tracer from being exported from thiscommunities. Increases in finer fractions were
fraction. Interestingly, these over time changesot significant. This indicates that N in root
affected to all soil fractions, when looking at thaleposition during drought periods is partly held
recalcitrant™N. This suggests that tH&N-tracer in coarser debris.
transformations in the medium size fractions
(FSa and CSi) mainly involved the recalcitrant
fraction while in the FSi+C and CSa fractionConclusions
involved the whole pool (labile and recalcitrant)
of **N and coincided with a specially lowN Fire promotes changes in N cycle mainly
recalcitrance at day 3 post-fire (Table 1). affecting two different processes: (1) changes of
In contrast the retention dfN-tracer did not soil N distribution in different size fractions,
show any change over time for the mixed shrulircreasing N associated to medium size fractions
grassland. It is interesting to note that this plamlue to new inputs of particulated charred
community showed the highest'®N for all soil material that will be readily retained in the
fractions only 3 days after labelling. Overall Nfollowing years; (2) fast incorporation of soluble
recalcitrance was quite similar among almineral N in both the fine fraction and the
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coarsest fraction likely as a consequence of &sals P, Ror_nan_yé J, Vallejo VR (2005) Short-term
increased N mineralization after fire. TH#- nitrogen fixation by legume seedlings and
tracer incorporated in these fractions (finest and resprouts after fire in Mediterranean old-fields.

coarsest) resulted to be more labile N than [ Biogeochemistry 76(3): 477-501
hold in r)nedium size fractions. As a result l\Fhristensen BT (2001) Physical fractionation of soil

i f i N th ¢ d_finest and structural and functional complexity in
ranstormations in e coarsest an Ines organic matter turnover. Eur.J.Soil Sci. 52(3)

fractions (CSa and FSi+C) were greater than {§ngait JAJ, Hopkins DW, Gregory AS, Whitmore

medium size fractions (FSa and CSi) and aAp (2012) Soil organic matter turnover is

affected both labile and recalcitraryl forms. governed by accessibility not recalcitrance. Global
Our data suggest that physically protected soil Change Biol. 18(6)

environments hold a relevant part of the NFAO-UNESCO (1988) Soil map of the world. revised

transformations. These transformations can legend. World Soil Resources, Report 60, FAO,

affect both labile and recalcitrant N forms. Roma _
Differences in recalcitrance or on microbiafémandez I, Cabaneiro A, Carballas T (1999) Carbon

: : . mineralization dynamics in soils after wildfires in
contexts associated to the chemical quality of the two Galician forests. Soil Biology & Biochemistry

plant debris may control the mineralisation of N 54 13)
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Resum capitol 4

En els incendis forestals, la combustié incompleta de la materia organica origina
estructures organiques altament condensades generalment anomenades matéria
organica pirogéenica (MOPi). Compostos de C i N refractaris s6n els principals
constituents de la MOPI i una rapida i persistent retencié de N mineral pot tenir
lloc en aquesta fraccid mitjancant interaccions als nuclis aromatics. Els objectius
del present estudi van ser determinar (1) els canvis en la qualitat i la quantitat de
la MOPI induits per focs experimentals que van tenir lloc a matollars i prats
mediterranis, (2) els canvis en aquesta MOPi que van tenir lloc al llarg de 12
anys despreés dels incendis, i (3) quantificar I' incorporacio i I'estabilitzacio de la
reserva de N mineral a la fracci6 més refractaria. Una série de focs
experimentals es van dur a terme a tres comunitats vegetals. Un dia després
dels focs, vam seleccionar una subparcel-la dins de cada parcel-la cremada i
vam marcar la reserva de N mineral amb °N-NH," (99 atm %). Posteriorment, es
va mostrejar de 0-5 cm de sol 3 dies, 6 anys i 12 anys després del foc i els sols
van ser sotmesos a una oxidacié amb dicromat potassic a baixa temperatura per
obtenir el C organic elemental resistent (COER), el N (NOER) i el >N (**NOER).
El COER duna comunitat vegetal representativa va ser analitzada per
espectroscopia de ressonancia magnética nuclear de °C en fase solida. La
combinacié d’aquestes técniques ens va permetre observar que tots els focs van
fer augmentar el COER i el NOER independentment de la intensitat del foc, pero
nomes les brolles van mostrar canvis al llarg del temps coincidint amb un gran
augment de la matéria organica al sol que va ser associat a un periode de
sequera. Aproximadament entre 10-14 % de la recuperacié del °N va ser
rapidament retinguda a la MOPi indicant que una proporcio important del
reservori de N mineral després del foc pot ser immediatament retingut en
estructures de la MOS altament refractaries. A brolles i prats aquest *N retingut
a la fracci6 de MOPiI es va mantenir forca estable durant els seguents 12 anys
despreés del foc pero va disminuir en els prats emmatats a partir del dia 3 fins a

'any 12 després dels focs.
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Black C and black N dynamics after fire in Mediterranean
grassland and shrubland

Mireia Marti-Roura » Pere Rovira * Pere Casals *Joan Romanya

Abstract fires, we selected a subplot inside each burned

In forest fires, incomplete combustion of organi@lot and we labelled the mineral N pool with
matter originates highly condensed organic N-NHa™ (99 atom %). We collected 0-5 cm soil
structures generically called pyrogenic organig@mples 3 days, 6 years and 12 years post-fire
matter (PyOM). Organic C and N of the pyONp_nd soils were Sl_ijected to a low temperature
are defined as black C and black N. A fast arfgfchromate oxidation to get OREC, OREN and
persistent retention of mineral N in thisORE™N. The OREC of a representative plant
refractory fraction of soil organic matter maycommunity was characterized by sphd-stE@
occur through interactions to the aromatic nuclel\MR spectroscopy. The combination of these
In many studies black C and black N have bedRchniques allowed us to observe that all fires
measured as ‘organic resistant elemental i@creased both OREC and OREN irrespective of
(OREC) and N (OREN)’. The objectives of thet_he fire intensity bgt o_nl_y shrgbland shovyed over
present study were to determine (1) the chang@e dynamics coinciding with a large increase
in OREC and OREN composition and quantit)Qf soil organic matter_that was associated to an
induced by experimental fires in Mediterraneafxténded drought period. About 10-14 % of the
shrubland and grassland, (2) to monitor theN-récovery was quickly retained in the PyOM
changes in OREC and OREN occurring over thigdicating that a significant proportion of the
following 12 years post-fire, and (3) to quantifypost-flre_mlneral N pool can be readily retained
the incorporation and the stabilization of thé" the highly refractory structures of SOM. In
post-fire mineral N pool in the PyOM fraction.Shrubland and grassland tHit\-tracer retained

In three Mediterranean plant communities we st the PyOM fraction remained quite stable

a series of experimental fires. One day after theduring the following 12 years post-fire but
decreased in mixed shrub-grassland from day 3

M. Marti-Roura*)  J. Romanya to year 12 post-fire. Thus changes on the
Dept. Productes Naturals, Biologia Vegetal Fefractory organic matter pool are not always
Edafologia,Universitat de Barcelona, associated to fire as they can also respond to
Joan XXIll s/n, large inputs of organic matter occurring several

08028 Barcelona, Spammail: nmarti@ub.edu years after fire. N incorporated into this fraction

P Rovirae P. Casals can be remobilized over a period of few years.

Centre Tecnologic Forestal de Catalunya, ) ) _ .
Ctra. St. Lloreng de Morunys, Km 2, Keywords Prescibed fire « Oxidation resistant

25280 Solsona, Spain elemental carbon*N-recovery



Introduction

Soil organic matter (SOM) in Mediterranearsubsequent fires, slow chemical oxidation and
forest soils is highly subjected to changes due swlubilization of soil black C and black C
the high recurrence of forest fires in that areausceptibility to biological degradation can
Quantity and quality changes of SOM after firesiccount for black C loss over long-time scales
are strongly related to characteristics of fire an@Preston and Schmidt 2006; Rovira et al. 2009).
plant biomass and physical properties of soil Fires can provoke the transformation of N
(Certini  2005; Knicker 2007). After fire, forms into pyrogenic N-heterocyclic structures
inclomplete combustion processes can induce-black N— which are incorporated to the
severe chemical transformations in SOM. Thimicrobiologically less accessible SOM pool
promotes the formation of pyrogenic organi¢Knicker et al. 1996; Knicker 2010). Indeed,
matter (PyOM) that is mainly composed otcharcoal properties such as large surface area,
highly condensed aromatic structures highlpegative surface charge, and high charge density,
resistant to degradation. These structures arenfer to this pyrogenic material high ion
made of a broad continuum of carbon typesorption capacity (Liang et al. 2006). Some
which range from residues derived from thenineral N forms (basically NH) can be readily
incomplete combustion of plant tissues to ineretained in the black N pool by immobilization
graphitic carbon (Gélinas et al. 2001). C retaineid heterocyclic structures (Ding et al. 2010; Yao
in these structures is generally called black €t al. 2012) contributing to N stabilization in
likewise its N is called black N. The chemicakoils and reducing post-fire N leaching. Despite
complexity and variety of black C drove to thadn most black C models black N is neglected,
co-existence of a great variety of methods (e.glack N might also play an important role in the
UV-oxidation, quantification of specific stabilization of SOM and N recycling in fire-
biomarkers like benzene-polycarboxylic acidsaffected regions. The conception of PyOM not
that can considerably vary the results obtainednly as aromatic C-rich compound but as a
One of the most widely used methods for thheterogeneous mixture of thermally altered
detection of black C, is the carbon fractioomacromolecules with N and O substitutions
resistant to chemical oxidation with dichromatéKnicker et al. 2008; Knicker 2007) has also
(Bird and Grocke 1997). This method analysessuggested that, in fact, PyOM may have lower
residue corresponding to the biologically andiological and chemical stability compared to
chemically refractory organic matter. Latelytraditional assumptions usually made in black C
complementary analysis such as H/C and O/@odels (Gardends et al. 2011). Thus, we
ratio and solid—state’>C nuclear magnetic hypothesize that stability of the refractory
resonance {C NMR) spectroscopy have organic matter pool in burned soils can be
revealed that black C fraction includes otheaffected by the soil organic matter quality and N
‘non-black C compounds’ highly resistant todynamics under contrasted vegetation types. In
chemical oxidation (Hammes et al. 2007this context’*N labelling field experiments were
Knicker 2007). In consequence recent studigmerformed using enrichédN-NH," to label the
have adapted the term ‘organic resistamhineral pool after the fires and analyze the
elemental C (OREC)’ for this highly resistantincorporation of this newly deposited N to the
fraction (e.g. Alexis et al. (2012); Rivas et alPyOM fraction and its persistence within the
(2012)). fraction. Thus, we aimed to study (1) the
Black C in soils is generally assumed to behanges in OREC and OREN composition and
one of the most stable SOM compounds with @uantity induced by experimental fires in
high degree of inertness for biological andMediterranean shrubland and grassland, (2) the
chemical reactions. Lately, the understanding @hanges in OREC and OREN occurring over the
stability of black C in soils has been considerefbllowing 12 years post-fire, and (3) quantify the
crucial in order to balance the global C budget iimcorporation and the stabilization of the post-
a climate change context (Czimczik et al. 2005jire mineral N pool in the PyOM fraction.
However, there is increasing evidences that
black C is more susceptible to losses than it was
thought (Bird et al. 1999; Rovira et al. 2009).
Several mechanisms like black C oxidation by
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Fig. 1 Oxidation resistant elemental C (OREC) and N (OREN) in unburned and burned soils (3 days, 6 years
and 12 years post-fire) in three different plant communities (grassland, mixed shrub-grassland and shrubland).
Differences between burned and unburned plots 3 days post-fire are labelled prithliand * p<0.05.

Within a given graph, time differences are labelled with a different lowercase letpet).86. Values are

means + SEn=5-6)

Material and methods representative of the Mediterranean land set
aside dominating the old fields were: grassland
Study site dominated by the perennial graBsachypodium

retusum (Pers.) Beauv; mixed shrub-grassland
We selected three different plant communitiedominated by the shruBenista scorpius L. in
located in abandoned fields in the NE of Iberiaham et DC and the gra€3. retusum and the
Peninsula (41° 56N, 0° 37 E, 460 m a.s.l.). The shrubland dominated bRosmarinus officinalis
abandonment of the terraced fields was in early The climate is dry Mediterranean continental,
1960s. The three different plant communitiethe mean annual temperature is 13.5°C and the

Table 1. C/N and H/C ratio in OREC of unburned and burned plots (3 days, 6 years and 12 years post-fire) in
three different plant communities (grassland, mixed shrub-grassland and shrubland). Differences between
burned and unburned plots 3 days post-fire are labelled o0 05.

C/N ratio H/C ratio
Unburned Burned Unburned Burned
3 days 3 days 6 years 12 years 3 days 3days 6 yearl2
years
Grassland 14.6+0.9 15.5+0.9 14.3x0.9 13.2+1.8 3.5+0.3 2.7+0.4 2.6x0.1 2.5+0.5
Mixed 15.9+3.2 16.5+0.7 16.2+0.2 15.7+1.4 4.9+0.1* 2.5+0.3 2.9+0.3 2.2+04
shrub-
grassland

Shrubland 17.1+2.1 19.7#1.6 17.1+0.7 16.9+1.5 3.8+0.4* 2.2+0.2 3.0+0.4 2.1+0.3




mean annual precipitation is 516.9 mn{2009). Briefly, we carried out a pretreatment
(observation period: 1996—2008; Monestir de lesith 10% HF. So we added 15 ml of 10% HF to
Avellanes, 41° 52N, 0° 453 E, 580 m a.s.l.). The 2 g of 2mm-sieved soil and it was shaken
rainfall distribution is markedly seasonal, withovernight. Then, it was centrifugated (3000 rpm)
maximum values in spring and autumn and a dgnd the liquid was decanted and discarded. This
season that usually lasts from June to Septembproceed was repeated twice and finally the
The soils are Calcaric Cambisol (FAO-UNESCQesidue was washed with deionized water and
1988), developed from a fine textured Eocenidried at 60°C. After this first treatment, the
limestone and marl colluvium, with a pHB) second step with potassium dichromate reaction
of 8.2, 60% calcium carbonate content and th&as carried out. We put 150 mg of HF-treated
soil texture is loam. The study areas had beewil in a Pyrex tube and 20 ml of 0.25 M
free of fire and grazing by domestic animals foK,Cr,O; in 2 M H,SO, solution was added. The
at least 10 years before the beginning of theibe was not hermetically sealed and submitted
study. to a slight shaking for 1 week at room
temperature. Then it was centrifugated and the
Experimental design, SolfNH," labelling and liquid phase was discarded. The residue was
soil sampling washed with deionized water and centrifugated
again to discard the liquid phase. Then, the
Six pairs of plots (from 20 to 603nof each type dichromate oxidation treatment was repeated.
of vegetation distributed in different terracesinally, the residue was washed with deionized
were selected (18 pairs of plots in total). In 199@ater, centrifugated to eliminate the excess of
a plot of each pair was experimentally burnedater and dried at 60°C. This residue was
while the other remained as a control plotanalyzed for total C, N and™N with an
representing the undisturbed state. Fire intensiglemental analyzer (PDZ Europa ANCA-GSL)
was low to medium, with temperatures at grounishterfaced to a continuous flow isotope ratio
level from 300 to 526°C. See Romanya et aimass spectrometer (IRMS) (20-20 isotope ratio
(2001) for more details. mass spectrometer; PDZ Europa, Sercon Ltd.,
Three days after the fires, subplots of 2x2 i@heshire, UK). H was analyzed at Scientific and
were bordered in each burned plot and a solutidrechnological Services of the University of
highly **N-enriched "NH,CI, 99 atom%, 1 kgN Barcelona using an elemental organic analyzer
ha') was applied on the ashes of these subplofhermo EA 1108 (Thermo Scientific, Milan,
Subplots were divided in 64 squares (25x25 cntialy).
and sprinkled with 18.75 ml dPNH,CI solution To calculate the atom %N excess in each
(1 1 m? of 0.333 mg™N I") in order to sampling we used the following formula:
homogenizé*N labelling on the subplots surface
(see Casals et al. (2005) for more details).

From each plot, three soil cores (5x5cm) \where atom%'“N, is the concentration of
from O to 5 cm depth were taken and bulked in8N-tracer in the labelled plots and atont8ic
sample (n=36). Samplings were carried out 8 the concentration of**N-tracer in the
days (just after labelling), 6 years and 12 yeaig|abelled (burned-control) plots.
post-fire at'N-labelled and burned plots and 3 Tg estimate the proportion 8N-tracer that

days postfire in unburned plots. Then soiyas located in the black N pool, we used the
samples were air-dried and sieved (2 mm). follow mass-balance equation:

atom%*°N excess=atom%°N, —atom%**N. (1)

Organic resistant elemental C (OREC) and N

(OREN) analysis % Recovery of°N
0415 *

atom /isN excess* N, %100 ?)

atom% N excesg* N,

The OREC and OREN fractions of SOM were=
guantified to assess the proportion of chemically
resistant C and N after the fires by using a low-
temperature dichromate oxidation (Masiello et
al. 2002; Wolbach and Anders 1989). Th&:and N are the total amount of N in soils (mg
protocol we used was a slight modification olN kg™) at timet and time 0.

Rumpel et al. (2006) performed by Rovira et al.
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Fig. 2 Oxidation resistant elementaN (ORE"N) in burned soils (3 days, 6 years and 12 years post-fire)
in three different plant communities (grassland, mixed shrub-grassland and shrubland). Time differences
are labelled with a different lowercase lettem<.05.Values are means + SE5-6)

Solid-state*C NMR spectroscopy 2.4 ps were used for all spectra. THe-
chemical shifts  were calibrated to
To know about the composition of the resistartetramethylsilane (= 0 ppm) and were calibrated
residue we selected the oxidated samples of théth glycine (176.04 ppm). The total abundances
shurbland soils corresponding to each one of thef the various C-groups were determined by
sampling times before and after the firéntegration of the signal intensity in their
(unburned and 3 days, 6 years and 12 years pastspective chemical regions according to
fire). The 6 replicates per time were bulked to Knicker et al. (1996).
single sample and analyzed by solid-st&t@
NMR spectroscopy using a Bruker Avance 608tatistical analysis
MHz Wideboard operating at a frequency of
150.93 MHz with zirconium rotors of 4 mm ODWe used a General Linear Model (GLM)-
with KEL-F-caps. The cross polarization magidkepeated Measures analysis to test the effects of
angle spinning (CPMAS) technique was applieime on OREC, OREN;™N, **N-recovery, C/N
during magic-angle spinning of the rotor at 14&nd H/C in soil for each community. Our data
kHz. A ramped'H-pulse was used during awere normally distributed and we used Levene’s
contact time of in order to circumvent spintest to check homogeneity of variances before
modulation of Hartmann-Hahn conditions. Astatistical analysis. When variances were
contact time of 1 ms and a 9%4-pulse width of unequal, original data were log-normal
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transformed. As the data did not fail thecharcoal fraction 3 days post-fire (Fig. 2). These
sphericity test, the assumed sphericity correctidindings were also supported by the positive
was used. We used the Bonferroni method to testrrelations observed betweerN-tracer and
the significance of multiple comparisons. Thdéoth OREC (r=0.82) and OREN soil content
probability threshold used to determingr=0.71) just after the fires (Fig. 3). While no
significance wap<0.05. differences were observed neither 'i\-tracer
We also used a One-Way Analysis ofnrichment or'°N-recovery in grassland and
Variance (ANOVA) to test differences OREC,shrubland over time, mixed shrub-grassland
OREN, C/N ratio and H/C ratio between burnedecreased both parameters over 12 years post-
and unburned plots. Duncan multiple rangére (Fig. 2).
comparisons were applied for each significant

factor. Solid-state*C NMR
Soils of shrubland communities showed
Results significant changes in OREC and OREN over-
time (Fig. 1). In order to know whether these
OREC and OREN in soils changes occurred along with the biochemical

composition of these recalcitrant residues we
OREC represented between 9 and 18% of tlmalyzed them for solid-statéC NMR (Fig. 4
total organic C and OREN represented betweemd Table 2). Overall, we could observe that O-
6 and 10% of the total N (Fig. 1). After fires,
OREC and OREN content increased in all plal
communities. These increases ranged from 71
119% in OREC and from 55 to 91% in ORENM
and the largest differences between unburn
and burned plots were found in grassland
These increases were not only associated
increases in OREC and OREN but also to tf
TOC and total N as no significant difference
were observed in OREC and OREN as % ¢
total organic C and % of total N betweer
unburned and burned plots (Fig. 1). The owve
time dynamics depended upon the vegetatio
Grassland and mixed shrub-grassland did n
show any change over the 12-year post-fii
period and only shrubland showed increases
OREC and OREN content between year 6 at
12 post-fire. The percentage of OREC referre
to TOC only showed a high value of OREC ¢
year 6 post-fire in mixed-shrubland tha
coincided with a large decrease in TOC. In tab
1 we can observe that C/N ratio did not chanc
after fire, but this was not the case for H/C rati
that showed a decrease in mixed shrub-grassle
and shrubland. In our study H/C ratio values, i
addition to the pyrogenic materials, included th
mineral matter which contains high quantity o
H and very little or no C. We assumed the 300 b0 200 150 100 58 @ S8 100 -Ts0
mineral background did not change amon PPM
samples and thus the changes in H/C ratio we
attributed to changes in the residual organfdg. 4 Example of solid-state’C nuclear magnetic
material. resonance '{C NMR) spectra of burned shrubland

In the top 5 cm of soil between 2 and 3% cﬁn‘ter demineralization with HF and dichromate

the N-tracer were directly retained in theX'dationat0-5cm depth

3
33

Control

3 days post-fire

6 yearspost-fire

12 years post-fire




Table 2.2%C NMR for chemical shiftassignments for burned shrubland after demineralization with HF
and dichromate oxidation at 0-5 cm depth

Carboxyl C Aryl C O-Alkyl C Alkyl C Total

Control
¥C-intensity (%) 12.0 15.4 39.7 32.4 100
% of Corg 1.2 1.5 4.0 3.2 10
3 days post-fire
¥C-intensity (%) 7.1 13.7 37.0 42.1 100
% of Corg 1.0 2.0 5.5 6.2 15
6 years post-fire
C-intensity (%) 10.8 15.4 40.7 32,5 99
% of Corg 1.8 2.6 6.9 5.5 17
12 years post-fire
¥C-intensity (%) 12.3 12.6 34.5 39.7 99

% of Corg 1.8 1.8 5.0 5.7 14

¢ Carboxyl (160-220 ppm), Aryl C (110-160 pprayalkyl C (45-110ppm) and Alkyl C (0-45ppm)

alkyl C and alkyl C were the most abundanstructures during this disturbance (Almendros et
compounds representing between 72 and 79% aif 2003; Knicker et al. 1996), but surprisingly
the variation in the spectra and amountinthese increases usually are not translated in
between 7 and 12% of the TOC in soils (Fig. 4ncreases of OREC and/or OREN (Rivas et al.
table 2). Furthermore alkyl C showed a larg2012; Rovira et al. 2009). In our case, the clearer
variation over time with higher values 3 daysncreases occurred in the lowest intensity fires,
and 12 years post-fire, coinciding with peaks ofuch as those of grasslands (Romanya et al.
organic matter deposition. Over time changes 2001), in which both OREC and OREN
O-alkyl C were much smaller. On the otheincreased independently of the TOC and total N
hand, a small contribution of carboxyl C and arytontent. On the other hand, Rivas et al. (2012)
C regions were observed and no big changes @fserved that the aromatic region of OREC
these compounds were detected after fire. (COREG;om)—considered an estimation of black
C fraction— only represented a small percentage
of TOC (from 0.5% in unburned forests to 6.9%
Discussion in high severity fires), although they found large
increases of this aromatic region in burned forest
Changes and quality of the OREC fraction soils. Accordingly to these findings, the solid-
state™®C NMR results in our study indicated that
In this study OREC can account for an importathe aromatic region (aryl C) in shrubland
fraction of SOM ranging from 9 to 18%. Othercommunities had also a small contribution to the
studies using similar oxidation methods showe@OC and a slight tendency to increase during the
much lower levels normally below 10%first 6 years post-fire (from 1.5% in unburned
independently of the climate (e.g, subtropicgblots to 2.6% in burned plots 6 years post-fire).
soils, Alexis et al. (2012); Medierranean soilsThe decrease of H/C ratio after fires in shrubland
Rovira et al. (2009); tropical soils, Rumpel et aland mixed shrub-grassland also suggested the
(2006)). Fire can increase refractory C and N dweecumulation of aromatic compounds 3 days
to the neoformation of condensed aromatiafter fire. In contrast, grassland in spite of



showing the highest OREC and OREN increasest al. 2002; Lehmann et al. 2003; Major et al.
doubling the unburned values after the fire2010). Yao et al. (2012) observed that most of
their H/C ratio did not change. This may indicaté¢he biochars they studied had the ability to sorb
even less abundance of aromatic compounds MH," and reduce leaching in biochar-amended
the OREC fraction. It has been stated that theils. N-NH," can be incorporated to aromatic
differences in H/C ratio in PyOM depend on th&uclei through heterocyclic rings in SOM
type of plant material and the intensity of heatingendering this N less available for plants and
(Hammes et al. 2006). microorganisms (Burge and Broadbent 1961). In
While aromatic compounds only representedgreement with these findings, we observed that
a small fraction in OREC after the fires, aliphati@ small part of thé°N-NH," applied in burned
compounds (alkyl C) were the most abundarsoils was quickly incorporated in the most
structures in the resistant residue of shrubland refractory fraction in all vegetations and
the top 5 cm. Lipids and lignin derivates asorrelated positively with  OREC and OREN
suberin and paraffinic structures are frequentlgool immediately after fire.
detected in OREC due to the hidrophobicity of Pyrogenic materials and specially the
these compounds and the resistance to keomatic structures (black C) have a long-term
oxidated (Alexis et al. 2012; Knicker et al. 2007stability and are generally considered highly
Rivas et al. 2012). Moreover, we observedesistant against decomposition. Incubation
higher values of aliphatic C after fire-inducedstudies carried out after applying charred
charred plant deposition (3 days post-fire) imaterials in soils either under laboratory
agreement with several studies that detectednditions (Baldock and Smernik 2002; Shindo
increases of hydrophobic organic compounds it991) or field observations (Major et al. 2010)
the soil surface after fire (Almendros et al. 199Z,onfirmed the low respiration and mineralization
Fernandez et al. 2004; Knicker et al. 2005). losses of black C and the high mean residence
Shrubland was the only plant community thatime (MRT) of this compound calculated to
increased OREC and OREN fractions from ththousands of years (e.g. at mean annual
year 6 to 12 post-fire coinciding with a droughtemperature of 10°C, MRT of 3264 years (Major
period. This plant community showed theet al. 2010); 4035 years (Liang et al. 2008)).
highest necromass inputs during drought (MartConversely, some recent studies found that
Roura et al. 2011). Thus, the drought-inducedromatic structures could be less stable than it
accretion of organic matter observed betweemould be expected compared with some highly
year 6 and 12 post-fire could account for thetable aliphatic structures like cutins or suberins
accumulation of recalcitrant substances. Th@lexis et al. 2012, Derenne and Largeau 2001).
higher values of alkyl C after this drought perioddlthough less is known about fire-induced
could indicate the accumulation of hydrophobicecalcitrant N —estimated as OREN in our
organic compounds in the soil due to death aftudy— and its persistence and turnover rates, it
roots and shoots rich in suberin and waxes. is widely assumed the contribution of this N
Surprisingly, a high proportion of O-alkyl fraction to the refractory N pool. Conversely, our
C—considered labile C compound— was foundesults showed that OREN derived from a fire
in all the samples. This may indicate thatvas not irreversibly retained in the fraction, as
hydrophobic compounds may have encapsulatéiN-NH," in de OREN fraction was remobilised
labile O-alkyl-C into their hydrophobic alkyl-C in the following years as shown in mixed shrub-
network. In this way, this labile hydrophilic Cgrassland (Fig. 2). This remobilisation
may have been out of the reach of theepresented a 10.6 % of thdl-tracer retained in
dichromate oxidation. Indeed, other authors hatbe fraction three days after the fire. The
found a high proportion of O-alkyl C, even afteremobilisation and deposition ¢fN-rich plant
using the dichromate oxidation method at higherecromass during the drought period occurred

temperature (60°C) (Knicker et al. 2007). between year 6 and 12 postfire in plant
communities without legumes could have hidden
N incorporation into the OREC fraction this effect.

The application of biochar in soils can reduce
nutrient leaching as they increase nutrient
sorption by cation exchange mechanisms (Glaser



Conclusions humic substances. Sci.Total Environ. 117-
118(0): 63-74

The most refractory organic matter (OREC anfi@ldock JA, Smernik = RJ ~ (2002) ~ Chemical

OREN) increased after fires, mainly due to composition and bioavailability of thermally,

; - . ; altered Pinus resinosa (red pine) wood.
organic matter deposition after fire. This effect Org.Geochem. 33(9): 1093-1109

was ind_ependgnt from th? inte_nsity of fire a_n%ird MI, Grocke DR (1997) Determination of the
was mainly attributed to aliphatic structures. Fire abundance and carbon isotope composition of

slightly affected aromatic composition of organic elemental carbon in sediments.
matter. Geochim.Cosmochim.Acta 61(16): 3413-3423
Low biomass plant communities (grasslan@ird MI, Moyo C, Veenendaal EM, Lloyd J, Frost P
and mixed shrub-grassland) showed no changes (1999) Stability of elemental carbon in a
in the OREC and OREN over 12 years. On the  savanna soil. Global Biogeochem.Cycles
other hand, in communities with higher biomass ~ 13(4): 923-932 o
(shrubland) the accrual of organic matter on thgur9¢ WD, Broadbent FE (1961) Fixation of

. . : ammonia by organic soils. Soil Sci Soc Amer
top soil during drought periods accounted for the Proc 25(3): 199-204

accumulation of refractory compounds mostly-_..is P, Romanya J, Vallejo VR (2005) Short-term

formed by aliphatic structures. _ nitrogen fixation by legume seedlings and
_Part of the mineral N released after fires was  resprouts after fire in Mediterranean old-fields.
quickly incorporated into the most refractory N Biogeochemistry 76(3): 477-501

structures. However, the over-time variation ofertini G (2005) Effects of fire on properties ofdst
this newly incorporated N —that was observed  soils: A review. Oecologia 143(1): 1-10
in the mixed shrub grassland— questioned tHfezimczik CI, Schmidt MWI, Schulze ED (2005)

stability of those highly resistant N compounds  Effects of increasing fire frequency on black
in soil. carbon and organic matter in Podzols of

Siberian Scots pine forests. Eur.J.Soil Sci.
56(3): 417-428
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1 DiscussiO GENERAL

1.1 Resposta al foc segons el tipus de vegetacio

En un incendi forestal, tant les caracteristiques del foc com les entrades de
matéria organica al sol estaran condicionades pel tipus de vegetacié existent en
un indret determinat. Aixi, comunitats vegetals amb poca biomassa, com és el
cas del nostre estudi, seran escenari d’'incendis de moderada a baixa intensitat i
€s esperable que poc després del foc no hi hagi grans entrades de matéria
organica al sol (Almendros et al. 1988; Almendros et al. 1990; Knicker et al.
2005). Els canvis més importants van tenir lloc a les vegetacions amb un estrat
arbustiu definit —brolla de romani (shrubland) i prat emmatat d’argelaga (mixed
shrub-grassland)— degut, molt probablement, al major aport de necromassa
vegetal al sol en comparacié de la que va poder aportar els prats de llistd
(grassland). Pel que fa a I'estoc de N total, la variacié deguda al foc va ser petita
i més dificil de detectar que els canvis en materia organica (Article 2). De fet, les
pérdues de N per volatilitzacié poden tenir lloc a temperatures relativament més
baixes (200°C) que les de C. De tota manera aquestes perdues es poden veure
compensades per una entrada de N provinent de material vegetal parcialment
cremat. D’altra banda, es va observar que els valors de N mineral després del
foc van ser de 3 a 6 vegades més grans a les parcel-les cremades que a les
parcel-les control (no cremades), probablement degut a la deposicié de cendres i
a l'augment de mineralitzacié de N provinent de I'escalfament del sol (Raison
1979; Rapp 1990). El marcatge del N mineral (**N-NH,") ens va permetre fer el
seguiment de la incorporacié d’aquest N al sol i observar I'evolucié d’aquest dins
'ecosistema al llarg del temps. EI N mineral alliberat després del foc es va
incorporar rapidament al sol, principalment a la capa més superficial (0-2.5 cm)
(Fig. 4.1), pero una gran part d’aquest també, es va perdre durant els primers

mesos despres del foc.

Les diferents estratégies de regeneracido de la vegetacié després de
lincendi també van contribuir en gran part amb els canvis en el N mineral
alliberat després del foc. Els baixos valors de N recuperat al sol 9 mesos

després dels focs en els prats emmatats de llist6 i argelaga (Fig. 4.1), no van
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Fig 4.1 Enriquiment de ®N (Atm% *°N excess) i recuperacié de °N (%) a diferents
profunditats per cadascuna de les comunitats vegetals (prat de llisté, matollar emmatat
de llist6 i argelaga i brolla de romani) 3 dies, 9 mesos, 6 anys i 12 anys després del foc.
Les lletres majuscules indiquen diferéncies significatives al llarg del temps, integrant les
dues profunditats mostrades a cada grafic. Les lletres mindscules indiquen diferéncies
significatives en cadascuna de les profunditats al llarg del temps. Article 2, figura 2.

poder ser explicats per un efecte del recobriment, ja que aquest va ser similar al
dels prats de llistd. En canvi, la diferent qualitat de les restes vegetals i els
residus cremats a les diferents vegetacions van poder tenir a veure amb els
canvis de N recuperat 9 mesos després del foc. L'argelaga, com a planta
fixadora de N atmosferic, té un enriquiment extra de N als seus teixits, de
manera que, deposicions de material vegetal enriquit en N com el provinent
d’aquest tipus de plantes poden promoure processos de mineralitzacio de N i
nitrificacié (Kuzyakov et al. 2009; Madritch i Cardinale 2007) i perdues de N per
desnitrificacié (Baggs et al. 2000; Huang et al. 2004; Millar et al. 2004; Zhong et
al. 2011). Malgrat Romanya et al. (2001), no van observar augments en la

nitrificacié de les parcel-les de llist6 amb argelaga, grans quantitats de N mineral
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(més del doble del dipositat per altres vegetacions) van ser aportats després de
I'incendi amb el consequent risc de rentat durant els primers mesos després del

foc.

1.2 Efectes del foc a llarg termini: Interaccié amb la variabilitat climatica

En un estudi de camp, les condicions climatiques condicionen la resposta de
'ecosistema a una pertorbacié i en poden facilitar la rapida recuperacio. Aixi
doncs, l'evolucié del sol i la recuperacio de les plantes després d'un incendi
forestal estaran totalment condicionats a aquestes condicions climatiques i
ambientals, tan a curt com a llarg termini. En el nostre estudi ens vam trobar amb
diferents episodis climatics que van marcar el reciclatge de nutrients i

'acumulacio de matéria organica al sol.

En primer lloc un periode de pluges molt intenses va marcar els primers

mesos després del foc. L'augment de la reserva de N mineral que s’observa
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Fig. 4.2 Precipitacio i déficit hidric anual durant els anys d’estudi.
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després dels focs, degut a la manca transitoria de vegetacié pot no ser absorbit
per les plantes i, per tant, pot perdre’s rapidament per rentat si les condicions
meteorologiques ho propicien. En el nostre cas les pluges van ser molt
abundants en els primers moments, arribant a precipitacions de fins a 376 mm
durant els 3 primers mesos després dels focs (Fig. 4.2). Paral-lelament a les
pluges, 'augment dels processos de nitrificacié (en el cas de les brolles de
romani i els prats de llistd) o bé els nivells alts de per si del N-NO3™ després dels
focs (en el cas dels prats emmatats de llistd i argelaga) (Romanya et al. 2001)
possiblement van promoure péerdues per rentat de N-NOg3™ del sistema. Aquestes
pérdues no només es van veure traduides en el descens de la recuperacio de
>N durant els primers 9 mesos després del foc (Fig. 4.1), si no que també es va

veure reflectit en una baixada del N total (Fig. 4.3).

Durant el periode 2004-2007 (8-11 anys després dels incendis) la manca
d’aigua va ser un dels factors més limitants per la supervivencia de I'ecosistema
(Fig. 4.2). Tot i la bona adaptacio de les comunitats vegetals estudiades a certes
condicions climatiques extremes, la capacitat de supervivéncia de les plantes es
va veure limitada després d’'un periode de sequera extrem amb una durada de 4
anys consecutius. Els periodes prolongats de sequera no només poden
contribuir en I'aport de matéria organica al sol, si no que també poden fer
disminuir la biomassa microbiana i I'activitat enzimatica (Bottner 1985; Zornoza
et al. 2006), promovent I'acumulacié d’aquesta materia organica al sol. Aquest
periode climatic extrem es va veure traduit amb un augment de C organic al sol,
no nomeés a nivell superficial, si no també en profunditat sobretot en les
comunitats emmatades (Fig. 4.3). El sistema radicular de les plantes de
vegetacié mediterrania esta molt ben desenvolupat i pot arribar a representar el
50% de la biomassa total (Caturla et al. 2000; Sanchez-Blanco et al. 2004).
Consequentment, I'aport de material vegetal en cas de que aquestes es morin
pot ser molt important també a nivell subterrani. La resposta a la sequera del C
organic al sol es va fer evident perd no va ser tan clar amb el cas del N (Fig. 4.3).
Els resultats van suggerir que la mort de part de la vegetacioé induida per la
sequera va provocar la incorporacio de material vegetal i arrels grolleres al sol
rics en cel-lulosa, hemicel-lulosa o lignina i, per tant, amb una relacié C:N alta

donant lloc a una contribucié més aviat pobra del N total a I'ecosistema edafic. A
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Fig. 4.3 C organic i N total al sol a diferents profunditats i per cada comunitat vegetal
(prats de llist6, prats emmatats de llist6 i argelaga, brolla de romani) 3 dies, 9 mesos, 6
anys i 12 anys despreés del foc. Les lletres majuscules indiquen diferéncies significatives
al llarg del temps, integrant les dues profunditats mostrades a cada grafic. Les lletres
minuscules indiquen diferencies significatives en cadascuna de les profunditats al llarg
del temps. Article 2, figura 1 .

més profunditat (15-30 cm) perd es van observar péerdues importants de N
després d’aquest periode de sequera, que van poder ser promoguts per un

augment de la mineralitzacio del N degut a I'entrada de nou material organic.

Les diferencies en I'estoc de C organic entre les parcel-les cremades i les
control van desapareixer 6 anys després del foc, de manera que I'evolucid
posterior d’aquestes va ser en paral-lel. Aixi, durant el periode de sequera, el
gue va marcar clarament I'evolucido del N i el C organic del sol van ser les
diferents vegetacions i l'edat i mida de les plantes, especialment de les
arbustives. També va poder ser rellevant la resistencia de cada espécie a la
manca d’aigua. Per exemple a partir de la corologia del romani i de I'argelaga i
de les propietats malacolifil-les del romani podem inferir que aquesta espécie

sera més resistent a la sequera que l'argelaga. D’altra banda, les diferéncies
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observades en el C organic en profunditat fa pensar que els diferents patrons
radiculars hi van tenir un paper important. Mentre que les brolles de romani i els
prats emmatats de llistd i argelaga van augmentar el C organic fins a 30 cm de
profunditat, els prats purs de llist6 amb una biomassa aéria molt menor i una
biomassa subterrania superficial, no van mostrar grans canvis. Es va observar
gue durant agquesta eépoca l'augment de C organic al sol va ser major a les
parcel-les control, amb una poblacié vegetal més envellida i potencialment més
sensible a I'estrés hidric, que a les parcel-les cremades, amb plantes més joves.
A més, I'estrategia regenerativa de les plantes també va marcar I'evolucio de les
comunitats vegetals a llarg termini, tal com van mostrar les simulacions
realitzades amb el model Roth C (article 1). Malgrat no saber les entrades reals
de materia organica durant el periode de sequera, es va calcular a partir
d’ajustos amb el model Roth C que les entrades de C necessaries per poder
d’obtenir els valors de C que nosaltres vam trobar al sol durant la sequera
haurien d’haver estat molt grans. Aquests aports de necromassa van ser
relativament més destacats a les parcel-les amb arbustos rebrotadors (prats
emmatats de llistdé i argelaga), possiblement com a consequéencia de la seva
menor tolerancia a l'estrés hidric i la menor eficiencia en I'is de l'aigua en
comparacié amb altres espécies germinadores com ara el romani (Paula i
Pausas 2006).

Malgrat no es van observar canvis en el N total del sol, si que es va
observar canvis en el *>N del sol, provinent de I'assimilacié del N mineral alliberat
després del foc durant el restabliment de la vegetaci6 després de I'incendi. El *°N
recuperat va augmentar al sol fruit del periode de sequera mitjancant la
deposicié de material vegetal amb un alt contingut de *°N en els seus teixits.
Aquests augments van afectar principalment els primers 15 cm de sol, pero
nomeés a les comunitats vegetals lliures de lleguminoses (brolles de romani i
prats de llistd). En el cas de els prats de llist6 amb argelaga, no s’observa cap
canvi en el *°N del sol. Tot i que, la contribucié en el marcatge de l'argelaga va
ser practicament nul degut I'empobriment en *°N dels seus teixits, la biomassa i
marcatge de °N del llist6 va ser similar que en els prats de llisté sense argelaga,
de manera que es podia esperar un augment durant la sequera encara que mes

moderat. Aix0 no va ser aixi, de manera que un augment en la descomposicié de
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les restes vegetals com a consequéncia d’'un aport extra de N al sol, facilitat per
les lleguminoses, podria ser el causant de la manca de resposta del *°N davant

la sequera en aquestes comunitats.

1.3 Mecanismes de retencié de N al sol

Bona part del N alliberat després del foc, va quedar retingut al sol tal com es va
observar a larticle 2. La rapida retencié d’aquest N al sol va permetre que una
part del N quedés distribuit en les diferents fraccions granulomeétriques del sol,
impedint-ne la perdua neta de l'ecosistema i, permetent-ne, en part, la seva
assimilacio posterior per part de les plantes que van tornar a créixer despres del
foc. Els mecanismes de retencid d’aquest N al sol poden ser diversos i
dependran de les propietats intrinseques del sol, de la quantitat i qualitat de la
materia organica del sol i dels processos bioldgics associats. Aixi doncs,
I'estabilitzaci6 del N al sol va poder tenir lloc mitjancant dos mecanismes
principals: (1) proteccié del N a la matriu del sol mitjancant processos fisics (0
fisicoquimics) (Article 3); (2) incorporacio del N a la matéeria organica recalcitrant

per processos quimics i bioquimics (Articles 3 i 4).

La incorporacié de matéria organica a particules fines permet protegir-la
fisicament de la degradacio ja sigui per la dificultat que tenen els organismes
d’accedir a aquesta per descomposar-la o bé per la formacioé d’enllagcos organo-
minerals molt estables (Mayer 1994; Skjemstad et al. 1993; Skjemstad et al.
2002). Aixi, el fraccionament granulométric de la materia organica ens va
permetre observar la distribucio de la MOS entre fraccions granulométriques amb
diferent grau de proteccio fisica i la incorporacié del N alliberat després del foc
dins de cada fraccio. Després del foc un dels efectes observats va ser la
redistribucié del N en diferents fraccions de sol. A les vegetacions amb arbustos
on la biomassa era major, el foc va tenir un efecte esmicolador de les restes
vegetals que va ser traduit en el nostre estudi amb I'aparicié de valors de N total
mes elevats a fraccions de mida intermédia (sorra fina i llim groller) just després
del foc (Fig. 4.4).

En el nostre estudi, tot i els augments detectats en el N a les fraccions de sorra

fina i llim groller, els canvis en la recalcitrancia després del foc van ser nuls o fins
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i tot van disminuir en els prats de llisté (p<0.1) i llisté amb argelaga (p<0.05). Pel
que fa al N mineral marcat va ser incorporat rapidament després del foc quedant
retingut principalment a les fraccions més fines. L’alta solubilitat del marcatge
(**N-NH,4CI) va fer que quedés incorporat rapidament a les fraccions més
protegides (aprox. 29% de la recuperacié de °N). Les argiles no només poden
afectar I'estabilitzacié del N organic mitjancant la proteccio d’agregats, si no que
el N també hi pot ser estabilitzat mitjangant la fixaci6 de I'NH;" a l'estructura
cristal-lina de les argiles. Nannipieri et al. (1999) va observar que sols rics en
argiles fixadores d’amoni podien retenir fins un 30 % de la urea marcada amb *°N
aplicada en conreus. Una part important del N mineral va ser també incorporat a
la fracci6 grollera (aprox. 10% de la recuperacié6 de '°N) degut a la possible
contribucio de processos microbians incorporant aquest N a la matéria organica
d’aquesta fraccio. A més, aquesta nova entrada de compostos rics en N mineral,
tant a les fraccions grolleres com fines, va promoure també una disminucié de la
recalcitrancia d’aquestes fraccions. El comportament de les diferents comunitats
vegetals, també va tenir un paper molt important en la incorporacié d’aquest N
mineral tant en els moments inicials, com amb la seva deteccio al llarg del temps.
Aixi, es va observar que mentre que les comunitats de rebrotadores (prat de Ilistd
i prat emmatat de llist6 i argelaga) el N incorporat a la part recalcitrant de les
diferents fraccions es va mantenir després de l'incendi, a les comunitats de
germinadores (brolla de romani) el *N de la fraccié recalcitrant va disminuir
després dels focs. En aquesta comunitat de mates germinadores hi ha una
manca d’'aports llenyosos durant els primers anys després del foc. Aquest fet
suggereix, que a la brolla de romani I'aport de material vegetal durant els primers
anys post incendi va ser pobre en materials lignificats i/o suberificats que poden
aportar recalcitrancia al sistema. L'estabilitzacié del N en les diferents particules
de sol també es va veure afectada pel periode de sequera extrema que van patir
les parcel-les sobretot on la biomassa va ser major. Les parcel-les amb
vegetacié arbustiva van tenir un augment del N total a les fraccions més grolleres
com a resultat de la incorporacio de material vegetal groller durant aquesta
epoca. Paral-lelament al que es va observar en el total del sol (Fig. 4.1), els
augments de °N durant aquest periode només van tenir lloc a les comunitats
vegetals lliures de lleguminoses. Concretament, les fraccions més grolleres i més

fines sén les que van tenir major incorporacié de °>N al sol després de la sequera
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Fig. 4.4 Distibuci6 del N total (%de N total) en les diferents fraccions granulométriques
(sorra grollera (CSa), sorra fina (FSa), llim groller (FSi) i llim fi+argila (FSi+C)) de sols
cremats i no cremats (3 dies, 6 anys i 12 anys després del foc) a les diferents
vegetacions (prats de llistd, prats emmatats de llist6 i argelaga i brolles de romani). Les
diferéncies entre les parcel-les cremades i no cremades 3 dies després del foc sén
marcats amb T p<0.1 i * p<0.05. En un mateix grafic, les diferéncies entre diferents
temps estan indicades amb diferent lletra a p<0.05. Article 3, figura 1

pero, en canvi, totes les fraccions van tenir un augment en la recalcitrancia

després d’aquest periode, incloses les fraccions fines més protegides.

Una petita part del N marcat es va recuperar a la fracci6 més refractaria
de la matéria organica (article 4). Aquesta fraccid, molt estable, es correspondria
amb la matéria organica inerta i, tradicionalment, s’ha associat a grups aromatics
policondensats derivats en bona part de processos pirogénics resultants del foc i
de I'escalfament del sol. En el nostre estudi la matéria organica més refractaria
es va obtenir mitjancant I'analisi de COER i NOER (en anglés OREC i OREN) —
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Carboni organic elemental recalcitrant i N organic elemental recalcitrant,
respectivament—. Es va observar que els canvis en el COER i el NOER després
del foc van anar intimament relacionats amb els canvis en el C organic i en el N
total del sol i només els prats de llisto, que van patir I'incendi de menys intensitat,
van tenir una acumulacié neta de COER i NOER després del foc. Els nostres
resultats coincideixen amb altres estudis realitzats on es va observar que els focs
forestals no necessariament han d’anar associats amb canvis en la quantitat de
la matéria organica refractaria (Rivas et al. 2012; Rovira et al. 2009). Només una
petita fraccio del N mineral alliberat després del foc va unir-se als residus més
refractaris de la matéria organica (2-3% del *°N recuperat) perd d’una forma no
irreversible. El *®N-NH," incorporat en el NOER va ser mobilitzat al cap dels anys
en vegetacions sense lleguminoses. En el cas dels prats emmatats de Ilisto i
argelaga, les deposicions de material empobrit en N podrien haver emmascarat
aquesta remobilitzacié. Per tal d’estudiar més en detall la composicié de la
materia refractaria es van analitzar els residus dels sols de les brolles de romani
per C-NMR. Els resultats obtinguts van mostrar una major abundancia de
compostos de caracter hidrofob (C alquil) en comparaci6 amb els compostos
aromatics, que nomeés van representar un 2 % del C organic. A més, el canvi
més destacat després del foc va ser precisament amb I'augment de I'abundancia
de compostos hidrofobs i és que, freqientment s’han detectat augments en la
hidrofobicitat en la superficie dels sols després d’incendis forestals degut a la
deposicié de derivats de lignines i lipids com suberines i parafines, molt
resistents a I'oxidacié (Almendros et al. 1992; Fernandez et al. 2004; Knicker et
al. 2005). Certes estructures alifatigues estables com cutines i suberines han
demostrat tenir una gran estabilitat al sol, fins i tot major que els compostos
aromatics (Alexis et al. 2012; Derenne i Largeau 2001). A més la dinamica
d’aquests productes no té perque anar lligada al foc ni a I'escalfament del sol a

temperatures no fisiologiques.
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Conclusions

1. La baixa intensitat dels focs forestals en brolles i prats secs mediterranis va
provocar que els canvis quantitatius en el C organic i en el N total del sol no
fossin gaire destacats després del foc i que la recuperacié davant d’aguests

canvis fos molt rapida.

2. Un periode prolongat de sequera va provocar I'augment d’aports de matéria
organica al sol provinents de 'augment de la necromassa a I'ecosistema. Aquest
fet tingué lloc tant a les parcel-les cremades com a les control i va augmentar els
continguts de C organic i, en menor grau de N del sol, principalment a les
comunitats vegetals amb especies arbustives on la biomassa era major que als
prats. La magnitud dels aports de materia organica al sol durant el periode de
sequera va ser determinada per la I'edat i la mida dels arbustos i la sensibilitat de

les espécies vegetals a les condicions de sequera.

3. Els estocs de C organic i N total al sol a llarg termini van demostrar ser més

sensibles al canvi davant la variabilitat climatica que a un incendi forestal aillat.

4. Una bona part del marcatge amb *°N aplicat pel seguiment del N mineral
alliberat just després del foc, al cap de 12 anys, encara estava retingut al sol a
les comunitats vegetals sense plantes lleguminoses. En canvi, la preséncia de
lleguminoses va afavorir les pérdues de *°N des del primer any després del foc i

també durant el periode de sequera.

5. Després del foc es va observar un augment de N a les fraccions
granulométriques intermedies com a consequéncia de l'entrada de material
cremat particulat. Aquest efecte es va mantenir al llarg de 12 anys després del

foc.

6. EI N mineral alliberat després del foc es va incorporar principalment a la
fraccid6 més grollera (>200 um) i a la fracci6 més fina del sol (<20 uym). EI N
mineral incorporat a les fraccions fines va associar-se a la matéria organica més

labil tot i la protecci6 fisica que presenten aquestes particules.

7. La materia organica més refractaria (COER i NOER) va augmentar després
dels focs, principalment degut a un augment en la deposicié de matéria organica
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no cremada. Aquest efecte va ser independent de la intensitat dels focs i va ser
principalment atribuit a la preséncia d’estructures alifatiques hidrofobiques i no

pas d’aromatiques, que van ser poc importants.

8. A les comunitats vegetals amb més biomassa, cas de les brolles de romani, la
sequera va promoure també I'acumulacio de materia organica refractaria amb

dominancia d’estructures alifatiques hidrofobiques.

9. Part del N mineral alliberat després del foc va ser rapidament incorporat a les
estructures més refractaries de la matéria organica del sol. La variacio al llarg del
temps d’aquest N nhovament incorporat permet questionar la gran permanéncia al

sol d’aquest tipus de compostos organics.
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ANNEX

A study on ‘Soil organic matter stabilisation in acid and alkaline soils of the
Mediterranean area across different land uses’ was performed under the
supervision of Dr. Frank Hagedorn at the department of Forest soils and
Biogeochemistry at Swiss Federal Institute for Forest, Snow and Landscape
Research (WSL) (Birmensdorf, Switzerland). This study was carried out in 2
stays of 3 months each one (September-December 2011 and January-April
2012)

Brief background and rationale

Microbial communities are the main decomposers of soil organic matter.
However, so far it is not clear whether belowground SOM (Soil organic matter)
turnover is mainly driven by the structure of the soil microbial communities or by
the availability of soil organic matter sources (Blagodatsky et al. 2010; Strickland
et al. 2009). The availability of SOM sources to microbia is primarily regulated by

soil organic matter stabilisation processes (Lutzow et al. 2006).

Soil fine particles (clay and fine silt) and carbonates are believed to
minimize the turnover of SOM and soil acidity to slow down soil organic matter
decomposition. While the role of fine particles and their soil minerals in organic
matter stabilization is widely accepted, the role of soil pH and associated
chemical soil properties such as the presence of carbonates is less clear and the
results are even contradictory (Amato and Ladd 1992; DeLaune et al. 1981). On
the one hand, soil pH is involved in the turnover of SOM by the regulation of
biomass, activity and composition of soil microbial community (Adams and
Adams 1983; DeLaune et al. 1981; Nodar et al. 1992; Shah et al. 1990; Zelles et
al. 1987). On the other hand, in calcareous soils, it is well known that carbonates
form aggregates with a high stability and, consequently, carbonates are actively
involved in the protection of belowground C (Boix-Fayos et al. 2001; Olk et al.
1995). This high protective capacity could account for the large SOC (Soil organic
carbon) stocks found in calcareous forest soils of the Mediterranean temperate
area (Romanya and Rovira 2011), and may involve relevant changes in soil

microbial communities. Moreover, the stabilization mechanisms of carbonates
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may operate differently in soils depleted of organic matter compared to soils

close to organic matter saturation (Bronick and Lal 2005).

While SOM stabilization had been extensively studied in the temperate
zone (e.g. (Guggenberger et al. 1994) much less is known for the Mediterranean
area (e.g. (Rovira et al. 2010). In the Mediterranean area, grassland soils show
unexpectedly low values of SOC stocks (SOC less than 1.5% in the top 25 cm)
that are in contrast with the very high levels observed in forest soils (SOC about 3
% in the top 25 cm) of the same climatic zone (Romanya and Rovira 2011). The
SOC stocks are especially high in alkaline forest soils. In contrast, organic matter
depleted grassland and arable alkaline soils show similar or even lower values
than acid soils of the same land use and climatic area (Romanya and Rovira
2011). Although there is some data on soil microbial diversity in alkaline
Mediterranean soils with contrasted organic matter levels (Zornoza et al. 2009)
no much is known about the linkage of soil microbial communities to soil pH

and/or carbonate content.

The aim of this work was to study SOC stabilization and microbial
communities associated to this process in the Mediterranean soils, in particular
the effects of carbonates on SOM in soils of different land use. We hypothesized
that, in calcareous soils, carbonates have an important role in the physical and
chemical protection of organic matter. The protective role of carbonates would be
different in soils depleted with organic matter (arable and grassland) where
protective carbonate coating could have an important role in the physical
protection of soil organic matter than in soils rich in organic matter (forest soils)
where high content of free organic matter would become stabilised by other

processes such as cationic bridging with Ca?".
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Material and methods
Study site and soil sampling

The study included soils of different land uses (agricultural, grassland and forest)
with different level of organic matter. This was done in two Mediterranean soil
scenarios: soils with and without carbonates. Our approach was to characterise
the microbial communities associated to each soil. The experimental design
consisted of a 2 factor model: land-use and presence/absence of carbonates.
Based on a previous soil survey, we selected soils from 6 different areas close to
Barcelona: 3 with carbonated soils and 3 non-carbonated soils. All areas were
similar in climate (Mediterranean) and different in parent material. In each area,
we sampled soils from 3 different land uses: agricultural (arable), grassland and
forest; with similar texture and similar climatic, geological and, when it was
possible, topographic conditions. From each soil and land-use type we took
samples from the upper 10 cm of the mineral soil from three different sites.
Hence, for this study, a total number of 18 samples were taken (2 soil types x 3
land-uses x 3 replicates). For PLFA analysis moist subsamples of soil were
sieved to <4 mm and immediately kept frozen until their analysis. For physical
and chemical analysis and soil respiration measurements soils were dried and

sieved to <2mm.
Soil physical and chemical analysis

Prior to chemical analysis soil samples were oven-dried at 60°C and sieved <2

mm.

Standard analyses: Texture was obtained by the pipette method (Porta et al.
1986) after H,O, treatment to eliminate the organic cementing agents. Soil pH in
water with glass electrode, with a proportion soil/lwater of 1:2.5 (w/v). A
subsample of each sample was finely ground in an agatha mortar to analyze
carbonate and organic C content. Carbonate content was obtained by the
Bertrand’s calcimeter method (Porta et al. 1986). Organic carbon by dichromate
oxidation (Moebius 1960) at 155°C, using an aluminum block digestor adapted to
a colorimetric method (Soon and Abboud 1991). Total N was analyzed with an

automated elemental analyser-continuous flow isotope ratio mass spectometer
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(Euro-EA, Hekatech GmbH, Germany, interfaced with a Delta-V Advanced IRMS,
Thermo GmbH, Germany).

Fractionation method: The soil samples were fractionated into different particle
size: coarse sand (2000-200 pm), fine sand (200-50 pm), coarse silt (50-20 pm)
and fine silt+clay (<20 um) (Rovira et al. (2010) and also widely explained in
Article 3). This part was carried out at University of Barcelona. We analyzed the
organic C from each sample as we mentioned before. The second part, which we
went to perform at Swiss Federal Institute for Forest, Snow and Landscape
Research (WSL), was to analyse calcium, aluminium and iron by wave-length

dispersive X-ray fluorescence spectrometry (WD-XRF, Axios, PANalytical).
Lipid extraction and PLFA analysis

We assessed the PLFA of each bulk soil sample to characterize the nature of
microbial communities. Moist soil samples were sieved (<4mm) and kept frozen
until their analysis, which took place at Swiss Federal Institute for Forest, Snow
and Landscape Research (WSL). We determined the PLFA abundance of soils,
which are biomarkers for specific groups of microorganisms, following the
procedures described by Frostegard et al. (2011). Microbial fatty acids were
extracted from 1g with a fresh soil with a monophasic mixture (1:2:0.8 v/v/v) of
chloroform, methanol and phosphate buffer (Bligh and Dyer 1959; Zelles 1997).
For separating the organic and the water phase, accessory water and chloroform
was added. The lipids were fractionated into neutral lipids, glycolipids and
phospholipids on silicic acid columns, impregnated with ammonium acetate. The
phospholipid fatty acid were methylated at 60°C for 2 h using
trimethylchlorosilane and methanol (1:9 v/v) (Thiel et al. 2001). 19:0 was added
as an internal standard prior to the GC/MS measurement. For PLFA detection, an
Agilent GC-mass spectrometry (MS) system (HP 6890 N Plus gas
chromatograph connected to a 5973 N MSD detector) with 50 m capillary column
(Agilent 128-552 DB5-5MS) was used. The PLFAs were identified by comparing
the retention times of the samples with those of a standard mixture (bacterial acid
methyl esters, Supelco Inc.) and by inspection of mass spectra. Standard
nomenclature ws used to describe the fatty acids. First number refers to the

number of C-atoms, followed by the number of double bonds and their position
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(w). The prefixes “I” and “a” refer to iso- and anteiso-branched fatty acids. The
prefix “cy” indicates cyclopropane fatty acids. 18:26,9 was used as a biomarker
for fungi, i15:0, al5:0, i16:0, i17:0, al7:0 for Gram positive bacteria, 16:1®5,
16:1w7, cyl7:0, 18:1w7 and cyl9:0 for Gram negative bacteria (Zelles 1997;
Zelles 1999) and 10Mel6:0 for actinomycetes (Federle and Megusar, 1986).

PLFA concentrations were calculated as pmol PLFA per gram C and mol%.
Soil respiration

To investigate microbial activity, we incubated bulk mineral soils (0-10 cm depth)
and soil size fractions (coarse sand, fine sand, coarse silt and fine silt+clay) for

119 days at 20 °C measuring soil respiration.

Microcosm preparation: We mixed 2 g of oven-dried ground soil with 2 g of ashed
guartz sand in order to homogenize the different samples and were added to 5ml
plastic vials. The plastic vials were
placed into 120 ml glass bottles and
sealed with gas tight lids equipped with
septa to allow quantification of the CO,
concentration in the headspace (Figure
1). A pre-incubation was carried out in

order to activate microbial community in
Figure 1. Microcosm
with a vial with the
soil sample placed
into a glass bottle
and sealed with gas
tight lids equipped
with septa

soil and water 1:10 (g:ml). The wetted soils were pre-incubated during 1 week at

20 °C.

the oven-dried samples. Soils were
rewetted to 60% of water holding
capacity (WHC) and inoculated with an

inoculum prepared by a mixture of fresh ==

Soil respiration: Soil respiration was measured by quantifying CO, concentration
in the headspace within each bottle by an LICOR-840 infra-red gas analyser
(IRGA). Measurements were done at day O, 1, 7, 14, 20, 35, 49, 63, 77, 91, 105

and 119 after the start of the incubation. For each measurement period an initial
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Table 1. Initial physicochemical average values and total PLFA concentration in soils with and
without carbonates and with different land use (field, abandoned field and forest). Land use
differences are labelled with a different lower case letter and differences between soils with or
without carbonates are labelled with a different capital letter, at p<0.05. Values are means * SE
(n=3)

- carbonates + carbonates
CFi AFi Fo CFi AFi Fo
Organic C
(%) 1.17+£0.31 1.26£0.22 A 1.92+0.08 A 1.2440.41 a 1.93+0.09 aB 4.49+0.51 bB

Total N (%)  0.104+0.026 0.142+0.031  0.158+0.019 B 0.120+0.030 a 0.162+0.010a 0.279+0.016 b A
Total PLFA

(umol gC)  4.62t0.61a 8.00+0.09 bA 4.89+0.22 aA 8.85+3.33 4.85+0.49 B 2.70+0.18 B
pH 6.96£0.40 A 6.69+0.29 A  6.14+0.17 A 8.31+0.12 B 8.22+0.04 B 8.08+0.06 B
Carbonates
(%) 0.11+0.05A 0.19+0.09 A  0.02+0.01 A 59.73+3.03B  56.38+3.16 B 54.74+552 B
Texture
Sand (%) 50.9:0.7 A  49.3+4.2 A 51.5+1.7 A 25.5+1.9 B 31.9+2.0B 32.0+4.7 B
Silt (%) 32.621.4A 353426 34.4+1.5 A 47.1+1.6 B 42.7+1.3 44.622.78B
Clay (%) 16.520.7A 15.4%2.1A 14.1+#1.5 27.4+0.7 B 25.4+1.4 B 23.4455
ANOVA summary
Land use Carbonates Land use*carbonates
i 0,
Organic C (%) <0.001 0.001 0.005
0,
Total N (%) . 0.002 0.016 0.071
Total PLFA (pmol gC™) 0.001 0.077 0.009
PH 0.960 <0.001 0.419
0,
Carbonates (%) 0.679 <0.001 0.690
Texture
Sand (%) 0.477 <0.001 0.392
Silt (%) 0.912 <0.001 0.229
Clay (%) 0.478 <0.001 0.952

measurement of the CO, concentration in the headspace was taken immediately
after sealing the bottles. The closed bottles were then left to incubate for a
defined duration (1 day from O to 7 days and 2 days for the rest of the incubation)
and then a second measurement was taken. After the second measurement all
the bottles were opened to renovate the air in the bottles and partially closed
during the incubation time to avoid excess of water evaporation from the
samples. The CO, respired for the microbial community was calculated as the
difference between the initial and final CO, concentrations obtained for each

measurement.
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Results and discussion
Soil microbial community: structure and activity

All soil physical and chemical characteristics described in table 1, showed
significant differences between soils with carbonates and without carbonates,
while land use factor only had effects on organic C and total N contents and total
PLFA. Despite soil organic C content was higher in forests (only significant in
carbonated soils) than in cultivated and abandoned fields, forests showed the
lowest values of total PLFA per gram of C (Table 1). As expected, TOC and total
N content increased form the cultivated field to the forest (cultivated field <

abandoned field < forest).

O :
S + carbonates /\
- carbonates ()
hy pH CFi
CaCoO3 AFi
o | Fo mmm
L < g
10 |
o |
o T e
o
< ® organic C
o
< :
3 L.
-0.6 -04 -0.2 0.0 0.2 04 0.6
57.1%

Figure 2. Canonical Correspondence Analysis (CCA) performed on the relative
abundance of PLFA and soil characteristics (pH, CaCOj3; (%), organic C (%), Total N
(%)) in soils with carbonates (triangles) and soils without carbonates (circles) and in all
land uses: cultivated field (CFi,) (orange symbols), abandoned field (AFi) (light green
symbols) and forest (Fo) (dark green symbols).

Canonical Correspondence Analysis (CCA) carried out with all microbial
PLFAs and soil characteristics, explained a 87.6 % of the variability in the first
two axes. Carbonated and non carbonated soils were clearly separated by the
first principal component (Fig. 2) and carbonated soils were positively correlated

with pH and CaCOj3; content. On the other hand, forest soils were separated from
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G+ Bacteria G- Bacteria Actynomicetes Fungi
4.0 1 Carbonates 0.705 + Carbonates 0.112 1 Carbonates 0.881 1 Carbonates 0.065
Land use 0.260 Land use 0.099 Land use 0.170 Land use 0.582
351 L 0.020 1 C*L 0.025 1 C*L 0.430 1 C*L0.217
T
mmmm + Carbonates
/3 - Carbonates
CFi AFi Fo CFi AFi Fo CFi AFi Fo CFi AFi Fo
50 -
G+ Bacteria G- Bacteria Actynomiceteé Fungi
Carbonates 0.027 Carbonates 0.004 Carbonates 0.146 Carbonates 0.002
40 4 Land use 0.146 1 Land use 0.356 {Land use 0.458 1 Land use 0.425
C*L 0.738 C*L0.091 | C*L 0.107 C*L 0.967
530 1
2 T mmmm + Carbonates
g [ - Carbonates
20 -
10 - 1 -
CFi AFi Fo CFi AFi Fo CFi AFi Fo CFi AFi Fo

Figure 3. PLFA biomarkers representative for different microbial groups in all land uses
(cultivated field (CFi), abandoned field (AFi) and forest (Fo)) and two types of soils (soils
with carbonates and without carbonates). Error bars represent standard errors (n=3).

cultivated and abandoned fields by the second axis and, in this case, total N and
organic C correlated positively with the microbial community variation in forest
soils. Soil microbial community composition showed different patterns depending
on the soil type and land use. In carbonated soils representative PLFA of gram
positive and gram negative bacteria had higher values in fields than in forests
(Fig. 3). However, in non carbonated soils the highest values for gram negative
bacteria were in abandoned fields. Actynomicetes and fungi did not show
significant differences in PLFA content in any case. However, the relative
abundance of PLFA associated to fungi and gram positive biomarkers showed
higher values in non carbonated soils than in carbonated soils. Other authors
have also found high values in fungal PLFA marker in slightly acid soils (Rousk et
al. 2009).
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Figure 4. Cumulative carbon (C) mineralization of carbonated and non carbonated

soils at three different land use: cultivate field (CFi), abandoned field (AFi) and forest
(Fo). Means and standard errors of three plots.

Soil microbial respiration showed differences between carbonated and non
carbonated soils depending on the land use (Fig. 4). In cultivated fields, C
mineralization was higher in carbonated soils than in non carbonated soils. No
differences were found between the two types of soils in abandoned fields and, in
forests, lower C mineralization was found in carbonated soils compared with non
carbonated soils. Fields from carbonated soils showed C mineralization rates
relatively high considering their low soil organic C content, which was almost 4
times lower than forest soils with the similar chemical and physical characteristics
(table 1). The high content of total PLFA and bacterial PLFA that were found in
fields of carbonated soils coincided with large microbial activity. On the other
hand, the high respiration rates observed in forest soils without carbonates
coincided also with high PLFA results. However, in this case the differences
concentrated on the relative abundance of fungal PLFA rather than that of

bacteria.
Soil respiration and soil size fractions

Soil organic C content in all fractions showed the lowest values in cultivated fields
and the highest in forest (CFi<AFi<Fo). Carbonates distributed differently
depending on the land use and the size fraction. Coarse fractions and fields had

the highest CaCO3; content and fine fractions and forests had the lowest values.
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Taula 2. Carbonates and organic C (%) contents in carbonated soils with different
land uses: fields (Fi), abandoned fields (AFi) and forests (Fo); and different particle
size fraction: coarse sand (CSa), fines and (FSa), coarse Silt (Csi) and fine silt+clay
(FSi+C). Values are means + SE (n=3)

CFi AFi Fo
CaCOs3 (%)
Csa 83.2+5.2a 75.9+8.2a 66.4+6.6
Fsa 65.9+£6.8 ab 55.8+£5.7Db 55.4+6.8
Csi 514+£7.2Db 46.1+52b 39.5+6.7
FSi+C 53.7+58b 48.2+200Db 41.6+7.0
Organic C (%)
Csa 1.40+0.48 3.87 +1.27 6.13+1.33
Fsa 1.28+0.41A 1.82+0.28 A 472+0.70B
Csi 1.10+0.43 2.27 £ 0.66 288+1.11
FSi+C 1.39+0.52 A 212+0.10 A 4.07+0.60B
ANOVA summary
Land use Fraction Land use*Fraction
Carbonates (%) 0.027 <0.001 0.994
Organic C (%) <0.001 0.060 0.481

In calcareous soils separate incubations of soil fractions showed lower
respiration in fine fractions than in coarse fractions (p=0.036). In contrast, no
changes were detected in non calcareous soils (p=0.454) (Fig. 5). In general,
coarse fractions are considered more unprotected, to be more labile and readily
available C source for microbes (Olk and Gregorich 2006), but surprisingly we
only detected this pattern in calcareous soils. We also observed that only
calcareous soils showed strong relationships between the abundance of Al, Fe
and Ca and soil fraction respiration. These relationships maily occurred in the
coarse fractions and were positive for Ca and negative for Al and Fe. In contrast,
in non calcareous soils separate fractions respiration was independent from
these elements. Thus, it seems that the variability of Al and Fe at high pH ranges
could influence soil fraction respiration while it did not at slightly acid pH (Fig. 6).
We expected the carbonates in the coarse fractions to exert a protecting role but
our data shows that soils with more carbonates and Ca had higher respiration

rates. Somewhat surprisingly, these higher respiration rates per unit of organic C
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Figure 5. Cumulative carbon (C) mineralization of carbonated and non carbonated soils
at three different land use (Cultivate field, Abandoned field and Forest) and for each soil
fraction. Means and standard errors of three plots.

coincide with arable soils with very low organic matter levels. This suggests that
in these soils carbonates do not protect from microbial attack the organic matter
in coarse sand, fine sand and coarse silt fractions (see Fig. 5) while they may
protect the organic matter in coarse fractions in soils holding high organic matter
content such as forest soils and the organic matter in the fine silt+clay fraction
irrespective of the land use. Thus, it appears that in low organic matter soils
carbonates protection could have a more active role in fine particles than in

coarse fractions.

In summary, soil carbonates can affect organic matter dynamics and
microbial structure in different ways depending on the land use. While in forest
soils carbonates protect soil organic matter throughout all particle size fractions,
in organic matter depleted arable soils carbonate protection capacity

concentrates in the finest fractions. In arable carbonated soils the enhanced
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respiration rates in coarse fractions was not explained by the microbial
community structure. In the context of organic matter depleted soils, the presence
of carbonates in soil fine particles could have a more active role in protecting

organic matter than in coarse fractions.
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Figure 6. Relationship between accumulative CO2 respired at day 119 of the incubation
experiment and aluminium (Al), calcium (Ca) and iron (Fe). The lines are fitted to a
exponential decay function (Al and Fe) and to a linear function (Ca).
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