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1.1 El problema: importancia y justificacion

El cambio climatico mundial constituye una de ldag@pales amenazas para el bienestar de la
humanidad y se ha transformado en un fendmeno Igiebée reconocido por casi todas las
naciones del mundo (IPCC, 1997, 2001 y 2007). Estémeno, por su naturaleza global,
incentivdé a las Naciones Unidas a crear en 198Baekl Intergubernamental de Expertos
sobre el Cambio Climético (IPCC), el cual es respbie de evaluar periddicamente los
conocimientos sobre el cambio climatico. A travéssds distintos grupos de trabajo, el IPCC
ha hecho varias recomendaciones para reducir |e&soees de gases de efecto invernadero
(GEI) y atenuar los efectos del cambio climatid®GC, 2001).

Los GEI mas preocupantes son el diéxido de carl{@@), el metano (Chk) y el éxido
nitroso (NO). EI CQ es responsable del 50% del efecto de los GEI (Bowrt990). Se
estima que entre 1850 y 2010 la concentracion démca de CQ aumento de 280 a 388
ppm, siendo el incremento de 5% en los Ultimosds g Tans, 2010). Cambios en los usos
del suelo no afectan solamente las fuentes y lmsdewos de C, sino que también impactan en
las emisiones netas de €HN,O a la atmdsfera. Pese a la baja concentracionséénua de
CH, (1,7 pmol mol) y N,O (0,32pumol mol), comparada con la de G{860 pmol mor?)
(Smith y Conen, 2004), su contribucion al efecteemadero es desproporcionada en relacion
a sus concentraciones, siendo de 20% y 6% pakay@®HO, respectivamente (Paustian et al.,
2006). Ello se debe a que el £tiene un potencial de calentamiento global (GWPYy&ces
mayor al del C@ en un plazo de 100 afios, mientras que el GWP d@l @¢ 310 veces
superior. Ademas, debe tenerse en cuenta quewssar de CQes reversible, dependiendo

del manejo del suelo, mientras que la emision g2 b lo es.

Existen varios modelos que permiten estimar loselegs de carbono secuestrado en
agroecosistemas. Entre ellos, se destaca el siofUl@d2FIX version 3.1, que permite estimar
las cantidades y flujos de C en bosques nativastgtiones forestales, praderas y suelos, asi

como determinar el nimero de créditos de C traibgfsrde acuerdo con el Protocolo de
7



Kyoto (Schelhaas et al., 2004). El modelo usa pasasles para estimar el contenido de C en
troncos, ramas, hojas, raices, etc., mediante ganaacion (caracteristicas de especies, tipo
de manejo, clima) ingresada por el usuario. El dwdeluye el sub modelo YASSO que
utiliza datos climaticos béasicos y estima la praitut y calidad de litera para determinar el

contenido de C en el suelo (0-100 cm de profundigldas fracciones de la materia organica.

El tercer informe publicado por el IPCC (2001) salgue el uso de sistemas agroforestales en
tierras agricolas degradadas tiene un enorme patetecsecuestro de C. Los arboles, por su
naturaleza perenne, actuan como sumidero dea@sférico de largo plazo. Por lo tanto, la
introduccion de arboles de rapido crecimiento estesias de cultivo agricola, sobretodo
cultivos perennes, puede aumentar la captura den€rementar a corto plazo los sumideros
terrestres (Pandey, 2002). Los sistemas agroféesgparmiten aumentar la produccion total,
combinando cultivos agricolas, arboreos y plantasjeras y/o animales, simultdneamente o
secuencialmente, aplicando practicas de manejo atilnlgs con la cultura de la poblacion
local (Dube et al., 2002; Garrett et al., 2000)d®au aplicabilidad en terrenos agricolas y en
distintos programas de forestacion y reforestadi@mgroforesteria se torna una estrategia
muy atractiva y eficiente de secuestro de C (Mantagy Nair, 2004).

La incorporacion de arboles en sistemas agricalate gesultar en mayor cantidad de C
almacenado por hectarea, sin interferir generakneon la produccion de cultivos para
alimentacién animal y humana; por el contrario,deuser ventajoso, dependiendo del tipo de
interaccion que se produce. Politicas que favoresreradopcion ayudan a optimizar el
secuestro de C y traen mdultiples beneficios (Watt@h., 2000; Pandey, 2002).

El secuestro de C en suelos bajo sistemas agrtdteesiepende mucho de la proporcién de
arboles en el sistema productivo, del tipo de ntadejsuelos y del uso de practicas adecuadas
de conservacion de suelos. La captura de C enssim sistemas silvopastoriles con
pasturas perennes no es la misma que bajo sissivaagricolas con labranza y disturbios
frecuentes. Los suelos no tienen capacidad infiat@ secuestrar C (Paustian et al., 2000).
Las mayores acumulaciones de carbono organico ele $80C) ocurren generalmente en

suelos de textura fina. Suelos con alto conten&@rdilla y limo permiten la formacion de
8



agregados estables que ofrecen una protecciénoadical SOC (Brady, 1990; Ingram y

Fernandes, 2001). Los agregados estables formadssedos no labrados y protegidos de la
erosion eolica e hidrica constituyen excelentesidenms de C de largo plazo (Dube et al.,
2009). Por otro lado, la comprension de la dinardeeda materia organica del suelo (SOM) y
su vinculo con la vegetacion anterior o actual ayaddeterminar si el agroecosistema es
sustentable, ya que el tipo de manejo de suelasaaéé contenido y la calidad de la SOM asi

como también la biomasa microbiana y la respirad&rsuelo (Carter, 2002).

El uso de sistemas agroforestales en tierras daggadpodria secuestrar globalmente 820-
2200 x 16 Mg C afid", en un periodo de 50 afios. Se estima que en esgtempladas, el
almacenamiento de C varia entre 15 y 198 Mg € (Baxon et al., 1994). En consecuencia,
existe un interés cada vez mayor a nivel mundiakpestudio del potencial de secuestro de C

y la reduccion de las emisiones de otros GEI eoemgisistemas sustentables.

Una serie de estudios recientes realizados enmegitempladas del mundo han demostrado
gue los sistemas agroforestales pueden secuestsa€ que monocultivos agricolas, praderas
y plantaciones forestales y por lo tanto, son d@rados sumideros reales de C (e.g. Nair y
Nair, 2003; Abohassan, 2004; Montagnini y Nair,£08harrow e Ismail, 2004; Thevathasan
y Gordon, 2004; Gordon y Thevathasan, 2005; Oelaemet al., 2006; Peichl et al., 2006).
Varios de estos estudios se realizaron en condisi®dimilares, aunque pocos de ellos
midieronin situ las pérdidas de C provenientes de la descompnsigditera, respiracion y
lixiviacion del suelo, flujos importantes a consalepara modelar los balances de C a nivel de
sistemas. El trabajo realizado por Peichl et 0@ es probablemente el Unico estudio que
compara los flujos y reservorios de C en sistergdasaas y silvoagricolas.

Sin embargo, la mayoria de estos trabajos fueratizados en estaciones experimentales,

establecidas sobre tierras agricolas favorableecyentemente rodeadas por poblaciones rurales
con necesidades socioeconomicas medianas, unadsaoadiciones que no son tan comunes en
otras regiones del mundo. Por ejemplo, en regicgm@stas como la Patagonia chilena, que se
caracteriza por sus extensas praderas degradadasyelos volcanicos erosionados, la situacion

es otra. Alli, varios pequefios y medianos prodastdienen cada vez mas dificultaded para
9



mantener la productividad de sus sitios de crisgaleado, una actividad tradicional que es
también a veces su Unica fuente de ingresos. Yaapes de ellos pueden cambiar de rubro para
dedicarse exclusivamente a la actividad foredtéhsatuto Forestal de Chile (INFOR) incentiva
la adopcion de sistemas silvopastorales en susedagtes, como una practica mas sustentable
del uso de sus tierras a fin de cubrir sus neadssdsocioecondmicas y, a su vez, contribuir con

la mitigacion del aumento de la concentracion de &@Mosférico (Teuber y Ganderats, 2009).

En la Patagonia chilena, las experiencias connsisesilvopastorales sustentables son muy
limitadas, tanto bajo bosques nativos como engdantes. En la region de Aysén, gran parte de
las cuencas han sido quemadas entre 1920 y 194 0gbair campos” a la ganaderia, dejando las
laderas de los valles expuestas a una inexoraig@ery degradacion de los suelos formados por
depésitos de cenizas volcanicas. Segun Zagal yoZaér(R003), el manejo no sustentable de

suelos volcanicos puede disminuir notablement@m’tienido de materia organica. La ganaderia

incontrolada también contribuye a la destruccidnaae los bosques. Las areas deforestadas,
especialmente aquellas situadas en zonas de pesdisufren procesos erosivos tan graves que

en algunos casos dificultan la reintroduccion deljoe (Ortega y Rodriguez, 1994).

En la Regidon de Aysén la gestion de la mayoriasi@topiedades ganadero-forestales medianas
y grandes estd caracterizada por un pensamient@rpia corto plazo y su manejo no es
sustentable, es decir, no existe una orientaci@me Haeneficios equitativos para las futuras
generaciones (Silva et al., 1999). Segun el Gobi&agional de Aysén (2002) es necesario
evaluar experiencias extranjeras y adaptarlaseali@ad de la zona, implementando por ejemplo
practicas silvopastorales. Con la reciente ratifdra del Protocolo de Kyoto por Chile, la
adopcion progresiva de sistemas silvopastoraledep@presentar hoy mas que nunca una forma

de uso del suelo adaptada a la realidad climatayomica de la region.

Los escasos estudios sobre sistemas agroforestal€hile, y la ausencia de investigaciones
cientificas que permitan modelar los balances dm Gistemas silvopastorales ubicados en la
zona templada del hemisferio sur, mas aun aqueltablecidos sobre suelos volcanicos
degradados, hacen necesario estudiar y compaasraMedad los reservorios, flujos y ciclos de

C de estos sistemas con aquellos encontrados @ergsanaturales y bosques plantados. En la
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Region de Aysén los pastizales cubren mas de dmtih y las plantaciones exoéticas cubren un
area superior a 30.000 ha (A. Sotomayor, com.,[d#88). Por lo tanto, el objetivo general de
este proyecto es investigar y modelar el potemzataptura de C en agroecosistemas tipicos
(bosque deNothofagus pumilip plantaciones de pino ponderosa, pradera natsistemas

silvopastorales coRinus ponderogade la Patagonia chilena.

1.2. Hipotesis y Objetivos

En este proyecto, las hipotesis especificas son:

1. Dada la utilizaciébn mas eficiente de los recurselssdio y la presencia de un microclima
interno mas estable y favorable, el sistema silstupal: (a) dara como resultado una
producciéon anual de biomasa total y secuestro deagor que la pradera; ademas, (b) la
presencia de ciclos de C aéreos y subterraneaseaita activos en el sistema silvopastoral
permitira secuestrar sustancialmente mas C queatiea y la plantacion si ésta tuviera la
misma densidad arbérea, pero no permitira secuesfa C que la plantacion con el doble

de densidad.

2. La cantidad de SOC a 0-20 cm de profundidad sgréfisativamente mayor en la pradera

qgue en la plantacién, siendo intermedia en elrs@tsilvopastoral.

3. La mayor cantidad de N disponible en el suelo dehith fijacion de N atmosférico por las
forrajeras leguminosad(ifolium spp) favorecera (a) la acumulacion de C en sueloslbajo
pradera y el sistema silvopastoral, siendo mayaalgtidad de N en la pradera natural y
menor en la plantacion de pino ponderosa, y (bjegestrard un mayor crecimiento del
componente arboreo en el sistema silvopastoral yomeantidad de C secuestrado por

arbol que en la plantacién forestal.

4. Dada la presencia de suelo volcanico con propiedfisieas y quimicas distintas de suelos

no volcanicos, CO2FIX subestimara la cantidad dfeCtivamente secuestrado, y
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5. Las emisiones de CHy N,O serdn maximas en la pradera y minimas en la piantac
siendo el sistema silvopastoral una alternativar@sante para mitigar el efecto neto de los

tres GEI bajo estudio, y a su vez la forma de @saelo mas sustentable a largo plazo.

Los cinco objetivos especificos definidos para cabar las hipétesis planteadas son:

1. Evaluar (a) la influencia de agroecosistemas tfpdamla Patagonia sobre el contenido total
de C de sus componentes, la biomasa microbianargspectiva respiracion en un suelo
volcéanico, y sobre la distribucion y (b) la calidde la materia organica del suelo; ademas

de calibrar el modelo CO2FIX para simular los comtes de C en el suelo y la vegetacion.

2. Medir (a) el tamafio de los reservorios de C seradisten la biomasa vegetal y suelos
volcanicos en una pradera natural, una plantac®pitnb manejadaP{nus ponderosay
en un sistema silvopastoral c@&inus ponderosay (b) medir los flujos anuales de C
mediante la evaluacion de las entradas (literarfoliecromasa) y salidas (descomposicion,

lixiviacion, respiracion), considerando las varaa@s de temperatura y humedad del suelo.

3. En base a lo anterior, desarrollar modelos de sacuge C para cada tipo de uso del suelo.

4. Determinar el efecto de las leguminoSasgolium spp. sobre el contenido en N y C total

del suelo en los agroecosistemas, y sobre el cietiondel componente arboreo, y

5. Estimar las emisiones de ¢l N,O de cada tratamiento y su efecto neto en equitealen

y evaluar cuél de ellos presenta el mejor potemigakduccion del calentamiento global.

Se investigo el Objetivo 1a en el Capitulo 1 adsagte mediciones en terreno y en laboratorio,
y el Objetivo 1b en el Capitulo 2 con las mismaglioienesin situy mediante simulaciones
usando el modelo CO2FIX. Los Objetivos 2a y 4 eRapitulo 3 se investigaron mediante
nuevas mediciones en terreno. Finalmente, se inoladas objetivos 2b, 3 y 5 en el Capitulo
4 de esta tesis haciendo mediciones repetitivésreano y laboratorio y mediante una serie de

calculos que permitieron la construccion de los emglde reservorios y flujos de carbono.
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CAPITULO 1

Dube F., Zagal E., Stolpe N.B., Espinosa M. 2008 influence of land-use change on the
organic carbon distribution and microbial respiration in a volcanic soil of the Chilean
Patagonia.Forest Ecology and Management 257: 1695-1704.

Abstract: Depending on the rate of soil organic matter (S@dnation and decomposition,
soil-vegetation systems can be a source or sink@f The objective of this study was to
determine the influence of land-use change on S@Milaition, and microbial biomass and
respiration in an Andisol of the Chilean Patagoiii@atments consisted of degraded natural
prairie (DNP),Pinus ponderosalantations (PPP), a second-growbthofagus pumilidorest
(NPF). The soil was classified as medial, amorpimesic Typic Hapludands. Soil microbial
respiration and microbial biomass were determimethe laboratory from soil samples taken
at 0-5, 5-10, 10-20 and 20-40 cm depths obtainath three pits excavated in each treatment.
Physical fractionation of SOM was performed in sdithe upper 40 cm of each treatment to
obtain the following aggregate-size classes: magemates (>212 pm), mesoaggregates
(212-53 pm) and microaggregates (<53 pm). Planbr@ent was 68% higher in PPP than in
DNP and 635% higher in NPF than in PPP. Total &od vegetation C content in both DNP
and PPP were less than half of that in NPF. TafaT &t 0-10 cm depth decreased in the order
DNP (7.82%) > NPF (6.16%) > PPP (4.41%), showingt tland-use practices affected
significantly @ < 0.01) SOC stocks. In all treatments, microbiantass C and respiration
were significantly higherR < 0.05) in the upper 5 cm. Soil microbial respmatwas also
correlated positively with microbial biomass C aé®8@C. The different land uses affect the
formation of organic matter, SOC and microbial béms C, which in turn will affect soill
microbial respiration. Conversion of DNP to PPRultesl in a 44% decrease of SOC stocks in
0-10 cm mineral soil. The largest amount of SOC wiabilized within the mesoaggregate
fraction of the less disturbed system, NPF, folldviiy PPP. In the long term, formation of

stable mesoaggregates in soils protected froma@rasin behave as C sinks.

Keywords: Andisol, carbon sequestration, soil aggregatekpnsorobial respiration.
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1.1. Introduction

During the 1990s, terrestrial ecosystems captupgmtoximately 36% of the total carbon
liberated to the atmosphere by combustion of fdasis (IPCC, 2001). Consequently, there is
a growing interest to study the potential for carbsequestration in agroecosystems
worldwide, including remote regions such as thea@atia, Chile where large areas of
degraded pastures and eroded soils are found, wemanchers face increasing pressures to
maintain the productivity of their land. The AysBegion, located in the heart of Patagonia
between Latitude S. 44° and 49°, covers an aréd@000 km2, and the main forest types are
evergreen (2.2 million haNothofagus pumiliq1.4 million ha),Nothofagus dombey(0.6
million ha) andPilgerodendron uviferunf0.5 million ha) (SAG, 1999).

The native forest that originally covered most e Aysén Region has been reduced to 45%
of the total because of fires that were used tor'djgdds" to cattle, leaving the valley slopes
exposed to an inexorable erosion and degradatiatheofsoils that formed in volcanic ash
deposits. Overgrazing has also contributed to diegi@n of forests that are adjacent to the
pastures (Gobierno Regional de Aysén, 2002). Dsfede areas with steep slopes suffer
extreme erosive processes, which has complicatecestation efforts. The forest plantations
that have been established on degraded soils @pmoximately 30,000 ha and consist of

exotic species, mostRinus ponderosaPinus contorteandPseudotsuga menziesii

Non-sustainable use of volcanic soils can notabigirdsh the content of organic matter,
which can be reverted by sustainable managementcdraimprove the soil physical and
chemical properties, and increase organic mattetecd, which is known as "carbon capture
or sequestration" in soils (Zagal and Cordova, 2008e influence of land management on
the carbon (C) contents in biomass and soils i3 detumented worldwide (Peichl et al.,
2006; Huygens et al., 2005; Six et al., 2002; Reisal., 2002, 1999; Post and Kwon, 2000)
and soils are known to be the largest terrestrigé<ervoir. According to Tate (1987), land-
use changes can modify soil C contents becaudseahteractions between residue inputs to
soil and the subsequent transformations mediatesblhymicroorganisms. Depending on the

rate of soil organic matter (SOM) formation and @leposition, soil vegetation systems can
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be a source or sink of GOSix et al., 2002). The understanding of SOM agita and its link
with previous or current type of vegetation is ateipful to determine whether the ecosystem
is sustainable, because land management affectsotitent and quality of SOM as well as
microbial biomass and respiration in soil (Cart2902). However, there have been few
comparative studies of the influence of land-usengbs on organic matter, and microbial
biomass and respiration in volcanic soils, espltialthe Patagonia. In general, volcanic soils
have unique physical and chemical properties coetpavith other soils. Volcanic soils
(Andisols) commonly form in humid temperate clinsated are dark in color because of high
organic matter content and Al, Fe-humus complet@er properties include: low bulk
density, fine crumb or granular structure, the @nege of amorphous clay (allophane or
imogolite) having a pH-dependent charge and higitifip surface area, high water content at

1500 kPa tension, low exchangeable bases, andetenaiention of phosphate (Wada, 1985).

The objective of this study was to determine th#uémce of land-use change on SOM

distribution, and microbial biomass and respiratioan Andisol of the Chilean Patagonia.

1.2. Materials and methods

1.2.1. Site description

The site was located in the San Gabriel Agrofoyeistit that was established in 2002 by the
Forestry Research Institute (INFOR) and the Agtical and Cattle Development Institute
(INDAP) of the Chilean government. This moduledsdted in the Mano Negra Sector, 30 km
north of the city of Coyhaique, on a western exdadepe with 730 m altitude above sea level
at Latitude S 45°25’, Longitude W 72°00’. Withinethmodule, there are several adjacent
experimental land-use management practices (200am)ahereafter referred to as treatments:
(1) more than 50-year-old degraded prairie witllitranal management of cattle grazing - 5
ha (DNP), (2) 16-year-old thinned and pruridponderosaxotic plantations - 5 ha (PPP),
and (3) 150-year-old unmanaged second-groMitipumilio forest - approximately 100 ha

(NPF). It is worth mentioning that more than 50 rgeago, the entire zone was originally
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covered with indigenous forest, mosNy pumilia which has been burnt in diverse sectors to

"open fields" to cattle-raising activities.

Treatments were imposed in March 2006 in a randednicomplete design with three
replicates (20-m spaced pits that consisted in camgralized pit at 100 cm depth that also
served for the soil description and classificatiemg two adjacent ones at 40 cm depths). All
replicates (or sampling plots) had a slope rangiog 10 to 15%, a uniform aspect and were
located at similar elevations. In each sampling, sibil samples were taken at 0-5, 5-10, 10-20
and 20-40 cm depths, and also at 40-60, 60-80 @AtDB cm depths in the central pit that

served for classifying the soil.

In 1991, the pine plantation was established, waithinitial density of 2000 stems hand a
spacing of 2 m x 2.5 m; in 2003 it was thinned @ &ees ha In 2006, average height and
diameter at breast height (DBH) were 6.3 m and tih3Jor theP. ponderosdrees, and 23.7
m and 32.5 cm for théN. pumilio trees, respectively. The natural prairie that gedg
established itself after the native forest wasrel@das traditional cattle-raising activities, with
an animal density of 2 cows haThe pastures presently consist of a mixture oémeal
gramineas Dactylis glomerata, Holcus lanatus, Poa pratehsgerennial leguminous plants
(Trifolium pratense, T. repehsand other accompanying species. During the drgetiod of
years 2004-2005, the prairie was fertilized withkieN ha', 30 kg Mg h&d and 79 kg S Ha

In 2005-20086, 24 kg N Afa 17 kg Mg h& and 77 kg S hawere applied.

The climate is temperate with dry summers and cbomid winters. Mean temperatures
fluctuate between 12°C and 14°C in summer and 2feC3AC in winter (Silva et al., 1999).
The annual precipitation varies from 1000 mm to %M. However, only 15% of the
precipitations take place between December anduBeprcoinciding with the windiest and
warmest period. The soil is characterized as a dralhed, deep and medium acidic, formed
from relatively unaltered volcanic ash deposit$vset al., 1999). The soil has been classified
as medial, amorphic, mesic Typic Hapludands (Sai/&y Staff, 2006).
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1.2.2. Soil analysis

To check soil variability, the soil morphology wasscribed in the central pit of each land-use
area and samples were taken at 0-5, 5-10, 10-280280-60, 60-80 and 80-100 cm depths
(Soil Survey Staff, 1992). Soil samples were aiedirand sieved (2 mm mesh) for later
analyses. Soil texture was determined using thedmyeter method (Day, 1965). The total C
and N contents were determined by dry combustiorigWand Bailey, 2001). Soil pH was
measured using a 1:1 mixture of soil and water (&&ol, 1982). Effective cation exchange
capacity (ECEC) was measured using 1 MsS}C,H3 for extraction of exchangeable cations
Ca, Mg, K, and Na, and 1N KCI for determination echangeable Al (Thomas, 1982).
Available N (NGQ-N), P (Olsen) and K (Sadzawka et al., 2006), an®& %xation were also
measured in the soils (Soil Survey Staff, 1992).

1.2.3. Tree and pasture biomass

An inventory of theP. ponderosgplantation and thé&l. pumilio forest was performed and
consisted of five circular plots of 200°rthat were randomly established in each treatment,
measuring the variables DBH and HT (total heiglitalbthe trees using a diametric tape and
clinometer. The measured variables were then usedltulate aboveground and subterranean
biomass, using existing biomass functions for thenatic zone, that were specifically
developed for pine plantations (Gayoso et al., 200®1 second-growtiN. pumilio forest
(Loguercio and Defosse, 2001; Weber, 1999). Pamiitg of the aboveground biomass
compartments was as followB: ponderosa47% of consisted of stems, 25% of branches and
28% of foliage;N. pumilig 87% consisted of stems, 12% of branches and If&diage.

To obtain the aboveground grass biomass in theig@rdhe grazing material was manually
harvested from nine randomly selected 0.Z5qumdrants. Then, the fresh biomass was dried
at 65°C for 5 days and weighed once again to obthin biomass. To measure the
subterranean biomass, the greatest quantity o$ grotwing under each square was carefully
extracted, cleaned and washed in slow running wategmove soil from roots, and then dried

at 65°C for 5 days and weighed. The values obtamect used to calculate the total grass
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biomass weight per hectare. We assumed that appatedy 50% of the biomass consists of
carbon (IPCC, 2001) to calculate the carbon coraétite vegetation.

1.2.4. Soil microbial respiration

Soil microbial respiration was determined in thiediatory from soil samples (three replicates,
0-5, 5-10, 10-20, 20-40 cm depths) obtained froengits of each treatment. The incubation
method was used to measure the,@Wolved by the microbial biomass (Rowell, 1994).
Sieved 25 g moist soil samples were placed inet-litcubation jars (water-filled pore space
(WFPS) = 60%), together with glass essay tubesagung 7.5 ml of NaOH. The same
procedure was used for the controls to measurartii@ent CQ concentrations in the jars, but
without the presence of soil. The incubation jaerevsealed with Parafilm and kept in an
incubation chamber at 22°C for 3 days, after whtwh essay tubes were retrieved from the
jars, from which 1 ml of NaOH in duplicate was extied and added to 2 ml of BaGh
separate essay tubes. The solutions were titratedHZ| (0.1 M), adding first a few drops of
phenolphthalein. Evolved GQvas calculated as the difference between contiradissamples

and expressed per gram of dry soil.

1.2.5. Microbial biomass C

Soil microbial biomass C was determined through théoroform fumigation-extraction
method (Vance et al., 1987) and subsequent quatitiic of ninhydrin-N according to
Joergensen and Brookes (1990). Sieved moist soples (25 g) (60% WFPS) were placed in
desiccators together with a beaker containing 2%etmhnol-free chloroform for incubation.
Sieved moist soil samples were also incubated withanigation (controls). According to the
Rothamsted method (Ocio and Brookes, 1990), miatobiomass C was calculated as
follows: biomass C = 31 x (ninhydrin-N). The eféaicy factor is used to transform to 100%
the value obtained by fumigation, since there idy guartial cell destruction using the

fumigation-extraction method (Jenkinson, 1988).
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1.2.6. Physical fractionation

Physical fractionation of soil organic matter wasfprmed in soil of the upper 40 cm of each
treatment following the method described by Fedleal. (1991) to obtain three aggregate-size
classes. Samples of 50 g of dry soil were weighetiaced in 250 cc polyethylene bottles,
to which 180 ml of distilled water and 10 glass de#6 mm diameter) were added. The
bottles were then placed in a rotary shaker (Readke®lolph) with a frequency of 50 rpm for
16 h, after which the samples were wet sieved usiaipless steel sieves with 212- and 53-
mm apertures. The following aggregate-size classesrganic matter were obtained:
macroaggregates, >212 um (separated by flotatiormait and residues); mesoaggregates,
212-53 um; and microaggregates, <53 um (organitemassociated to silt and clay). All the
fractions were dried at 50°C for 48 h and weighiteéravards, and the C and N contents were

then measured by dry combustion (Wright and Bak&@1).

1.2.7. Statistical analyses

The General Lineal Model procedure of SAS v.8.0 $SAstitute Inc., 2002) for completely
randomized designs was used to test the effeceatmhent on soil microbial respiration and
microbial biomass C. Statistical significanée< 0.05) between treatments was tested using
Student’s t test and significant differences wittrieatments at different depths were tested
using Tukey's HSD multiple comparison test. Cotiela analyses (Pearson’s coefficient)
were used to evaluate possible relationships anmimgobial biomass C, soil microbial
respiration and soil organic carbon. In the casghygkical fractionation of soil organic matter,
Student’s t test was used to verify statisticaingigance between treatments at different
depths and in different soil fractions. Finally,KBy's HSD multiple comparison test was used

to check for significant interactions between depitnd fractions in every treatment.

1.3. Results

The soil morphology was relatively uniform amonge thand-use sites, as expected,

considering the soil parent material is aeriallypai@ted volcanic ash, the proximity and
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uniformity of the topography among the sites, ané original shared vegetation of nat
forest. The soil texture (000 cm) was loamfine sand in alkites that aried slightly to fine
sandy loam in thesubsoil (>20 cmdepth) of PPP. The soil structure was moderfine

granular in the surface @3 cm), which graded to wedine granular in the subsoil, with |
structure (massive) in the lowest horizon, andbulk density was 0.9 g ¢ or lower in all

horizons. However, thehemical properties showed differences among tre@nand ar:
summarized in Table 1. Ireneral, in the upper 20 cm of stk contents corganic C and N
were highest in DNP, but available (NOs-N), P and K were highest in NPF. Fixation o

was also lowest in the upper 10 cm of soil of M

Table 11. Chemical properties (organic C and N, effecibation exchange capacity, a
contents of aluminum, nitrate, phosphorus and patay of he volcanic soil (media
amorphic, mesic Typic Hapludands)-40 cm depth under three temperate l-uses.

Measurements were taken in the Chilean Patagomiaich 200€
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DNP: more than 50-yeartd degraded natural pasture, PPP-yearold Pinus ponderosa
exotic plantation, NPF: 1-year-old Nothofagus pumiliccecondgrowth forest. Values wit

the same lower case letter within the differenttdepn the same column and one |-use are
not significantly different (Tukey’'s HSD tesiP < 0.05).

The Al saturation was slightly higher in PPF 0.4%). The chemical characteristics a-100

cm depth were similar to -40 cm and are therefore not presented here. Inrgemveith
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increasing soil depth there were decreasing cantdan€, N, available P and K, and increasing
soil pH and C/N ratios. In all treatments, bothamig C and N contents were significantly
higher at 0-5 cm than 5-10 cm depths, at 5-10 @n #0-20 cm depths, and at 10-20 cm than
20-40 cm depths, except in PPP where the C andniéiets did not decrease between 10 and
40 cm depths. The C/N ratios also generally in@@asth soil depths. In DNP, the C/N ratio
and ECEC were lower, and available P and K and &idix were significantly higher in the
upper 5 cm of soil, while Al was significantly lowat 20-40 cm and N£at 10-40 cm depths.

In PPP, the C/N ratio, pH, ECEC, N@nd available P had similar values among the Q¢b a
5-10 cm depths but were significantly different metbhe 10 cm depth, and Al was lower and
available K higher at 0-5 cm depth only. In NPFe @/N ratio, pH, N@and available P were
significantly different between the 0-5 and 5-10 depths but generally similar between the
other depths. Al and available K were higher a#R@zm and 0-5 cm depths, respectively, and
fixation of P significantly higher starting 10 cm tiepAlso, it is interesting to note that ECEC
at 5-10 cm depth largely exceeds ECEC at otheihdeptDNP and NPF, that available P was
higher in the upper 5 cm in these two treatmemtd,that available K was much higher at 0-5
cm depth in every land use.

1.3.1. Carbon content in soil and vegetation

Determination of soil C at 0-40 cm depth in DNP,PP&d NPF shows that DNP had the
highest C contents, but was significantly highentN&F only (Tables 2 and 3).

Aboveground and root biomass in NPF was signifigahtbher than PPP, but the latter
contained much more leaf biomass than NPF (Tabl€dtal root biomass per hectare in DNP
was more than 1.5 times higher than in PPP. Totebi@ent in DNP aboveground biomass
was also significantly lower than in the other syste However, C content in DNP root
biomass was 63.5% higher than in PPP but lesshhlhmn NPF. Most C in NPF biomass was
found in stems, followed by roots, branches anddsaNPF contained almost seventeen times
more C in stems than PPP, five times more C in besmcand four times more C in roots.

Ponderosa pine needles contained five times mote NIPF leaves. There was more C in
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NPF biomass than the soil underneath,the opposite was observedthe other ecosysten
Total C content was similar IDNP and PPP but both were less than of that in NPF.

Table 12. Biomass and carbon content (Mc") (mean # standard deviation) in soil 40
cm depth and differerglant components (trees and pasture) from threpdeate lan-uses.
Measurements were taken in the Chilean Patagomitaich 200€
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DNP: more than 50-yeartd degraded natural pasture, PPP-yearold Pinus ponderosa
exotic plantation, NPF: 1-year-old Nothofagus pumiliccecondgrowth forest. Values wit
the same lower case letter within a column (TotahPBiomass or Carbon Content) are
significantly different (Student’s t testP < 0.05).

1.3.2. Distribution of soil organic carb

Total SOC at #0 cm depth of each ecosystem decreased in the Dideé > PPP > NP
(Table 3). There was a 33% increase in SOC thattegsfrom the conversion of NPF to DI
and a 14% decrease from DNP to PPP. SOC wadficantly lower in NPF than DNP a-40
cm depth while no sigficant difference was found between other -use practices. On the
other hand, total SOC atXD cm depth decreased in the order DNP > NPF > Ri§tagec
over the two soil layers, la-use practices affected sifjnantly SOC stocks. The was a
27% increase from NPF to DNP, bt 44% decrease resulting from the conversion of DiN
PPP. It is interesting to note that SOC conter@NP was almost double th¢OC content in
PPP. SOC was also sifjnantly higher in DNP and lower in PF
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Table 13. Average soil organic carbon (SOC) and nitrogg@N) concentrations (%) and
contents (g C ffi) at 040 cm and -40 cm depths of different temperate I-use practices.

Measurements were taken in Chilean Patagonia icM2006 (mean * standaradviation).
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DNP: degraded pasture, PFPinus ponderosglantation, NPFNothofagus pumili second-
growth forest. Values with the same lower casesleattithin a column are not significant
different (Student’s t test, P < 0.01).

Total SOC at 0-10 cmapth was slightly more than half the toSOC at 40 cm depth in
both DNP and NPF. However, SOC 10 cm depth in PPP was nearly three times Ic
than the totalSOC at 40 cm depth. Both SOC and sadrganic nitrogen (SON)
concentrations were sidiantly higher in DNP than NPF a-40 cm depth. In all ecosysten
SOC concentrations (%) were highest in the uppecrO Finally, beyond 40 cm depth,
contents among distinct ecosystems were low antsi(data not showr

1.3.3. Soil microbierespiratior

Soil microbial respiration dinot vary sigrficantly among treatments 8-40 cm depth, nor at
0-5 and 510 cm depths (Table 4). However, PPP had the higloé microbial respiration
10-20 and 2GH0 cm depths. At -20 cm depth, it wasnore than double than in DNP a
NPF. At 20-40 cndepth, it was 45% higher than in DNP but only 17g#br than in NPI In
all treatments, soil microbial respiration decrebwith an increase of pH until value of 6.2
(Tables 1 and 4). Above this valisoil microbial respiration remained fairly stabie DNP,
but increased slightly and then deased in PPP, until reachingsemilar value to DNP &g20-
40 cm depth. Soil microbial respiration in NPF do¥led the same trend, but decreased a
pH reductim from 6.2 to 6.0 beyond 20 cm depth. The incresdseH at further depths i
DNP, PPP andNPF (Table 1) was associated with lower and stahlees of soil microbie

respiration (data nahown)
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Table 14. Mean soil microbial respiratiomg C-CO, g*) and microbial biomass Gig C ¢*)
at different depths (0-40;®, 5-10, 10-20, 2@&0 cm) under three temperate |-use practices.

Measurements were takenChilean Patagonia in March 2006 (mean * standaxgation).

Treatment  Peph
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DNP: degraded natural pasture, I: Pinus ponderosglantation, NPFNothofagus pumilio
secondgrowth forest. Values with the same lower casetetithin a column (soil microbiz
respiration or microbial biomass C) are not siguaifitly different (Student’s t testP < 0.05).
Values wih the same higher case letter within tl-5, 5-10, 1020 and 2-40 cm depths and
one landuse are not significantly different (Tukey’s HSBtte'P < 0.05)

In all treatments, soil microbial respiration wagngficantly higher in the upper 5 cm then
any otherdepths (Table 4). In DNP, soil microbial respiratet ©-10 cmwas also higher than
at 20-40 cmdepth, but no sigficant difference was observed at 20-cm depth. The san
trends were encountered in F, the only exception being at1® cm wher microbial
respiration was higher than at-40 cm depth. In PPP, satlicrobial respiration tended be

of a more similar magnitude between 5 and 20 cnthc

1.3.4. Microbial biomass

Soil microbial biomass C was affected sficantly by land-use tegments and decreasec
the order DNP > NPF > PPP 40 and 05 cm depths (Table 4). It was hest in DNP at all
depths. At 0-40 cndepth, there was a 33% difference between DNP apB &hd a 369
difference between NPF and PPP. Additionally, nb@abbiomass in DNP was more th
double than in PPP at depths «-40, 0-5 and 5-10 cm. At 120 cm, microbial biomaswas
significantly higher irDNP than NPF, but no difference was observed wiRPFP.PNo furthe

differences were encountered beyond 2(depth.
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In general, the greater microbial biomass C in Ddti®-5 and 5-10 cm depths corresponded
also to the higher SOC values found at these ddptisles 1 and 3). The 0-5 and 5-10 cm
depths are also those where the largest amounveofiihe root biomass was encountered,

especially in DNP from our field measurements (T&hle

Soil microbial respiration values were positivelyrrelated with microbial biomass C for all
treatments together tR= 0.86, n = 36) (Fig. 1A). Additionally, microbidliomass C was
strongly correlated with SOC fR= 0.87, n = 12) (Fig. 1B). In all treatments, miuial
biomass C was significantly higher in the upper 5tben at any other depths (Table 2). In
DNP, microbial C at 5-10 cm was also higher tharl@40 cm depth, but no significant
difference was observed between the 10-20 and 26rdGdepths. The same trends were
encountered in PPP and NPF. In PPP however, thelmt biomass C at 10-20 cm depth
was not significantly different of the values at®&nd 20-40 cm depths.
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Figure 1.1. Correlation matrix showing the relasibip between (A) microbial biomass C and
soil microbial respiration (n=36) and (B) microbtabmass C and soil organic carbon (SOC)
(n=12) over all treatments (degraded natural pasRinus ponderosglantation,Nothofagus

pumilio second-growth forest. Measurements were takerhile&h Patagonia in March 2006.
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The soil microbial respiration to microbial biomaSsratio was negatively correlated with
SOC for all treatments together¥R 0.49, n = 36) (Fig. 2). As SOC decreased witptlie
both microbial respiration and microbial biomas®l€o decreased because less substrate is
available for the microorganisms to feed on.
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Figure 1.2. Correlation matrix showing the relasbip between the ratio of microbial
respiration to microbial biomass and soil organégbon (SOC) content (n=36) over all
treatments (degraded natural pastii@us ponderos&xotic plantationNothofagus pumilio

second-growth forest. Measurements were taken lle&hPatagonia in March 2006.

1.3.5. Aggregate-size distribution

Even with the large difference in SOC content (Ocff@depth) between DNP and PPP (Table
3), there was no significant difference of aggregate distribution between these two
ecosystems (Fig. 3). However there was a signifidiiférence of macroaggregates (>212
pm) between NPF and the two other systems. Thepege of macroaggregates (containing
the light fraction of organic matter) increasednfr@% in DNP to 10 and 15% in PPP and
NPF, respectively. On the other hand, a small mrtificant difference in 212-53 pm-sized
mesoaggregates (containing the intermediate fraatfoorganic matter) was also observed
between NPF and the two other systems. The pegemtamesoaggregates decreased from
38% in DNP and PPP to 35% in NPF. No significantedénces in percentage of <53 um-
sized microaggregates (containing the heavy fracttd organic matter) were observed
between ecosystems, although the values tendeelcteake from 50 to 47 to 45% in DNP to
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PPPand to NPF, respectively. In all ecosystems, thié fsactions were dominated L
microaggregates (<58ur), followed by mesoaggregates (212-G&) and ultimately by
macroaggregates (>214r).
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Figure 13. Proportion of dry sl weight at 010 cm depth in different soil fractiol
(macroaggregates (>21i#n), mesoaggregates (=53 pm) and microaggregates (<pfn)) in
different temperate landses in the Chilean Patagonia, March 2006. DNPradiegl nature
pasture, PPPPinus poimleros: exotic plantation, NPFNothofagus pumili second-growth
forest. Vertical bars denote standard error oftiean. Values with the same lower case ¢

within a soil fraction are not significantly diffemt (Student’s t tes*P < 0.05)

The organic C concentrations (%within the macroaggregates atl0-cm depth were n
statistically different among the ls-use practices but were sigoantly higher tharwithin
the other fractions (Table 5) probably becausédefaresece of small roc fragments. In PPP
only, SOC was slightly higher in the maaggregatdraction in the upper 5 crwhere there is
a constant input of needles and cones throughauty#ar, which contributes to the lic
fraction of SOM in this treatment. In all ecosysg, SOC in macroaggregates was ¢
significantly higher at & cm depth than at -20 and 2040 cm depths. Within evel
ecosystem however, the organic C concentrationsndiddiffer statistically between tt

mesoaggregate dmmicroaggregate fractions &5, 5-10, 10-20 and 280 cm depths.
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Table 15. Mean organic carbon concentrations (%)-5, 5-10, 1020 and 2-40 cm depths in
different soil fractions (macroaggregates (>21fh), mesoaggregates (-53 um) and
microaggregates (<58m)) under threetemperate landise practices. Measurements w
takenin the Chilean Patagonia in March 2006 (averagerdard deviation
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DNP: degraded natural pasture, PIPinus ponderosaxotic plantation, NPFNothofagus
pumilio secondgrowth forest. Standardeviations are indicated. Values with the same fc
case letter within a column and within a same depghnot significantly different (Student’:
test, *P < 0.05). Values with the same higher case lettéhimithe four depths and one Ii-

use are nogignificantly different (Tukey’s HSD testP < 0.05).

In general, the C contents the mesoaggregate and microaggreffaietions were similar i
both PPP and NPF, but statistically differein DNP at 040 cm depth. Within th
mesoaggregates, the €ncentration (-10 cm depth) was siditantly higher in NPF
compared with DNRnd PPP at-10 cm depth (Table 5), showing that the greatd&trdnce
between ecosystems was found in that fraction. mksoaggregate C concentration in M
was 64% higherian in PPP and 94% higher than in DNP. Organici@ert at -5 cm depth
in mesoaggregates decreased in the order NPF >R and were sigficantly different.
There was a 36% decrease going from NPF to PPRa &0 decrease from PPP to DI
SOC in NPF wasnore than doublthan in DNP. At 5:0 cm depth, the organic C cont

follows the same trend as before, with the exceptat it is sigrficantly higher in NPF onl
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No differences are observed between C contentairttief depths. In the microaggregate
fractions, SOC contents were similar within ecosys at different depths, except at 10-20

cm where it was statistically higher in NPF tharPipP.

1.4. Discussion

1.4.1. Soil microbial respiration

In the long term, trees in second-growth decidulmuests, just as trees in old agroforestry
systems (Lee and Jose, 2003a) cause continualicaddit litter and root turnover, thus

maintaining or increasing soil organic matter (Kimsm 2004), thereby influencing soll

microbial respiration. In an incubation study by IMaand Hu (1997), the authors reported
that soil organic matter is strongly related tol snicrobial respiration and is one of the
important factors controlling it. The significantlyigher soil microbial respiration in PPP
beyond 10 cm depth may be due to the presence obmmyzae in the root biomass that
passed through the 2-mm mesh sieve, a fungi thed edspire, and which symbiotic

associations under pine trees is well known worw{Kimmins, 2004; Marx, 1991; Read,
1991). Most mycorrhizae may be encountered at 1@r20depth, thus explaining why the

largest difference in soil microbial respiratiorfasind at that depth.

On the other hand, our results show that G-@@duction had a tendency to be lower under
PPP than DNP at 0-10 cm depth, but invariably rnot@40 cm, in agreement with data
obtained by Ross et al. (2002) and Saggar et @01(2working withPinus radiatain New
Zealand. In the upper 10 cm under DNP, there cbalénrichment of the soil with labile C
from fine roots and aboveground litter, which maylain the difference observed (Ross et
al., 2002).

With respect to pH, continuous addition of above balowground litter for the past 150 years
under NPF has altered soil characteristics, makimgore acidic than under the 16-year-old
ponderosa pine plantation. Surprisingly, despite dtdition of aboveground litter from PPP

throughout the rotation, the pH values at 0-40 @ptld make the soil under the plantation
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slightly less acidic than under DNP, an indicat@nthe low buffering capacity of pasture
litter. Our results are the opposite of those olddiby Lee and Jose (2003b) Rinus taeda
who reported a positive correlation, but in agreeinfer Populus deltoidgswhere the soill
respiration was negatively correlated with soil gtbwever, one must consider that these
authors measured total soil respiration, whichudek microbial and root respiration. Also in
all soils, pH increased with the increase of depllgwing the influence of precipitation and
vegetation in superficial soil. Soil pH in itselfagj not be affecting the microbial respiration,

but rather lack of substrate for microbial bioma&th increasing depth.

The highest microbial respiration observed at Osb a@epth could result from the larger
amount of soil organic matter and associated SC#&bl€T 1), larger microbial biomass C
encountered in superficial soil layers (Table 4gltidg et al. (1998) reported that respiration
by root systems and their microbial biomass comptneepresent a significant portion of soil

respiration in most ecosystems.

On the other hand, similar values of microbial ba@$1C in PPP at 5-10, 10-20 and 20-40 cm
depths as well as similar SOC contents could exphdiy soil microbial respiration did not
vary significantly at these depths. In NPF highéerabial respiration at 5-10 cm depth could
be attributed to the large associated amount ofabial biomass at the same depth, which is
significantly higher than at lower depths (Table Epally, the different amounts of microbial
biomass C found at 5-10 and 20-40 cm depths in Dy also explain the trends of soil
microbial respiration that were observed at theesdapths.

1.4.2. Microbial biomass C

Generally, the C/N ratio (Table 1) increased withirzcrease of soil depth in all ecosystems,
which denotes that superficial organic matter wess Iresistant to microbial decomposition
than organic matter in the subsoil. On the oth@dhaur data show that all ecosystems at O-
40 cm depth were poor to very poor in availablesNN&, with an intermediate level only at
0-5 cm depth in NPF. In any case however, this ioldition for temporal competition

between plants and microorganisms for the nutriemth prevalence that some net
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immobilization in favor of the microbes may occiihere is an efficient use of nitrogen if N
being mineralized is absorbed by plants as, Kititrient uptake). Other nutrients as P were
medium to high in all land-uses and should not biending factor for the metabolism and
development of microbial biomass. Neither should lbw levels of available K found at all
depths in PPP and at 10-40 cm depth in DNP be @idgnfactor given the low amounts
needed by the microbes. Considering these threeents, PPP is the land-use that shows the
lowest available amounts available followed by DNNRF having the highest levels. This
condition observed in PPP could perhaps constiutether reason for the higher soil
microbial activity encountered at 10-20 and 20-4@ depths, since stressed microbes
generally respond by increasing CO2 evolution pet of biomass (Chander and Brookes,
1991a, b).

Our results for microbial biomass C at 0-10 cm Hddptall ecosystems (3229.1, 1242.5 and
2358.4 g C g dry soil for DNP, PPP and NPF, respectively) dghér than those by Ross et
al. (2002) who reported concentrations of microbiamass C at 0-10 cm depth of 750 mg C
kg in non-volcanic soil (Oxyaquic Drystrudept) und&nus radiataand 1500 mg C Kkhin
non-volcanic soil (Acric Fragiaqualf) under pasturdNew Zealand. The differences observed
could be explained by the unique properties of aic soils (Buol et al., 1997) in our study,
which are generally characterized by low bulk dgnsihe presence of allophanes, high
phosphate retention and higher C contents in saidads. Also in New Zealand in a volcanic
soil (Typic Udivitrands), Ross et al. (1999) repariower values of 1600, 858 and 1600 mg C
kg' in a pasture, pine plantation and indigenous fomespectively, at 0-10 cm depth, but
higher values of 482, 473 and 819 mg C kg 10-20 cm depth.

The significantly lower microbial biomass C at 0-dfd depth in PPP, as compared with DNP
and NPF, may be attributed to the distinct qualitg distribution of available substrates in the
three ecosystems (Zagal and Cordova, 2005; Ross,et1999; Scott and Binkley, 1997).
According to Ross et al. (2002) who obtained simitsults forPinus radiataand pasture,
readily metabolizable C may be lower in the pinantlpasture and deciduous tree mineral
soils, resulting in the lower values of microbiabrass C. Other studies have shown

reductions of microbial C and N and changes in sodanic matter quality following
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afforestation of pastures with first-rotati®mnus radiataplantations (Beets et al., 2002; Ross
et al., 1999; Giddens et al., 1997).

Lee and Jose (2003a) reported a positive correlatietween soil respiration rates and
microbial biomass C for old and young pecan orchaadd pecan/cotton alley-cropping
systems (R= 0.52, n = 21P < 0.0001), although the adjustment was not as hithose
obtained in our results. This could be attributedhe fact that the authors’ measurement of
soil respiration was total as it included root reson, thus showing a higher variability. On
the other hand, the strong correlation observeddst microbial biomass C and SOC is in
close agreement with another correlation of miablbhiomass C and soil organic matter
obtained by Lee and Jose (2003b), in whiék=R.84 and n = 21, and by Witter et al. (1993),
in which R = 0.82.

Based on our correlation results, it is clear 8@t microbial respiration is highly related to
microbial biomass C and soil organic carbon, bug mot possible at this point to determine

the extent of each contributing factor on total sggpiration.

For every treatment, microbial biomass C decreastdan increase of pH and depth (Tables
1 and 4), a similar behavior to soil microbial reafoon. Again, this is probably more related
to soil depth, where there is less SOM and theceestsal microbial biomass. Our results are
the opposite of those obtained by Lee and Jose3(0fdr Pinus taedawho reported a
positive correlation, but in agreement with theasults forPopulus deltoidgswhere the

microbial biomass C was strongly and negativelyatated with soil pH.

With respect to the negative correlation observetiveen the soil microbial respiration to
microbial biomass C ratio and SOC, microbial resjon decreased at a slower rate than
microbial biomass, which explains why the ratioreases. On an equivalent mass basis, the
ratio could be a good indicator of microbial adiviFrom our data, it appears that the

microbes are more active in soil from PPP, follogdNPF and lastly by DNP.
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1.4.3. Distribution of soil organic carbon

The SOC contents obtained are somewhat of simiggnitude as those reported by Huygens
et al. (2005) for an Andisol at 0-30 cm depth inthern Chile, who observed a 31% increase
and 42% decrease of SOC for the conversion frommnekgrowthNothofagus obliqudorest

to grass and grass Rinus radiata respectively. However, the 14% decrease of SOG4

cm depth from our investigation is much lower thla@ 42% decrease reported in that study,
but the 44% decrease at 0-10 cm depth and 31% adecrat 0-20 cm depth in this

investigation are more similar to their results.

The highest SOC contents in DNP at 0-10 cm depthdcbe explained by the continuous
ground cover and the large root turnover and probcii@t the surface, where aeration in the
thick root mat is relatively low and reduces thecataposition rate of organic matter.
According to Yakimento (1998), more intense humosmftion would occur in such
environments. Jobbagy and Jackson (2000) alsotegptirat the annual turnover of SOC from

dying tree roots is less than from grass roots.

On the other hand, differences of SOC observed dmiwiree species could be due to the
distinct quality of plant material from differendrest types (Lal et al., 1995), and to the high C
input to the soil from NPF, where older deciduae®$ provide yearly litterfall and have been
in place for a much longer period of time, and vehtre presence of understorey provides an
extra input of organic residues to soil. At 0-10 depth, the lower C content in PPP could
also be explained by soil disturbances during gtaldishment causing soil erosion or loss in
physical protection of SOC (Guo and Gifford, 200€preover at the moment of the study,
the plantation was only 16 years old, out of whicé first years after its establishment were
characterized by very little biomass and low lf#rrate, thus resulting in low input of SOC
(Wilde, 1964). In forest environments, SOC inputsne in part from aboveground litterfall
that accumulates on the surface soil. Thereforkgnfdeaves decompose partially on the
surface before being incorporated into the saflulteng in a smaller accumulation of SOC and
a thinner A horizon than grasslands (Paul et @220
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The total soil organic carbon contents at 0-10 @ptldl (7038, 3969 and 5544 g C’rfor
DNP, PPP and NPF, respectively) were similar teséhobtained by Huygens et al. (2005),
who reported 6700, 4300 and 5800 g G amn the same depth in an Andisol under pasture,
Pinus radiataplantation andNothofagus obliquaecond-growth forest. In their study, the sites
were originally covered with thHothofagusforest, which was partly converted to grassland
50 to 100 years ago and where pine plantation wtabkshed 16 years ago. Our data suggest
a large potential for additional SOC sequestratibf-10 cm depth under PPP and a smaller
potential under DNP.

On the other hand, Stolpe et al. (2008) reportdustamtially lower C contents at 0-40 cm
depth in non-volcanic soils (Ultic Palexeralfs) enAcacia cavenforests, known as Espinals
in central Chile. They encountered 2697, 2516 aftblg C nf in well-preserved (80 to 51%
cover), typical (50 to 26% cover) and degradedt@B0% cover) Espinals.

In NPF, macroaggregation (>212-uym) was signifigahtgher and mesoaggregation (212-53
pm) lower than in the other two systems (FigureT3jis is in agreement with the results
reported by Six et al. (2002) for forest and afftee systems in non-volcanic soils. The larger
amount of root fragments developed over the laétyiEars under the second-growth system
could explain why more macroaggregates are presantin the other systems. However, our
results for microaggregates (<53 um) are the oppadi those by Six et al. (2002), who

reported the lowest amount from that fraction (§58) in forest systems.

The higher C content in the mesoaggregates at @+l @epth indicates that NPF has the best
soil quality, which could be attributed to the véow anthropogenic intervention over the last
100 years. The better quality of organic mattentbin NPF is also reflected by the presence
of more NQ-N and available P and K. SOM quality is essenta@l productivity and
sustainability of the ecosystem as it helps retaore available nutrients and water, which

enhances plant growth and results in larger amafritsbeing captured in the vegetation.

Our results did not indicate any significant diffieces in C concentrations within the

microaggregates among the ecosystems, although t8@ded to be higher in NPF. Our
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results show the importance of stable mesoaggrégatizons as the primary site of long-term
carbon sequestration in soils. The largest amountSOC was stabilized within the

mesoaggregate fractions associated with minerékjes of lower size of NPF, which was the
less disturbed ecosystem. In such environmentse tlee a macroaggregate turnover that
permits the formation of stable mesoaggregatesimwitiacroaggregates, which protect SOC
during extended periods of time (Six et al. 1998 2000). Other studies (Six et al., 2002;
Balesdent et al., 2000; Christensen, 2001) havestiited that enrichment of stable

mesoaggregates can act as a carbon sink in thedong

1.4.4. Carbon content in soil and vegetation

The deep thick root mat encountered in DNP eastylagns why there is still more C
contained therein than PPP, but this may not bayswthe case as the plantation gets older
and develops bigger taproots and coarse roots (ks)n2004), as already observed in the
150-year-old NPF. On the other hand, the largesdifice in C contents in leaves between
PPP and NPF would tend to decrease as the pinesrabeeduce the proportion of their

crowns and therefore, the amount of C allocatatidbpart of the tree (Litton et al. 2007).

Generally, native forest and forest plantationssbiave less C in their superficial horizons
than prairies (Buol et al., 1997). Grass and leguwons forages have a shorter life cycle as
compared with trees, contributing to larger C ayglicoming from leaves and roots in
superficial soil, which are therefore easily decosgdl. On the other hand, trees provide
organic matter from leaves that fall on the grobotldo not get incorporated to the soil in the
short term. The DNP soil has more total C than dlieer systems, although it is more
degraded, as evidenced by the lower C concentstion the macroaggregate and
mesoaggregate fractions (Table 5). Non-degradeingasoil would have even larger total C,
especially in these soil fractions. On the othemdhahe decreasing C and N concentrations
from O to 40 cm depth in every treatment were etqggeas SOM contents decreased with
increasing depths, with the highest values in thygeu 5 cm (Table 1). Also, the greater C/N
ratios with depth indicated that the stability oD increased with soil depth in every

treatment.
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1.5. Conclusions

A basic assumption in this comparative study ist tie soils were all similar in their
biological, chemical and physical properties ifigian each ecosystem. Although we cannot
test this assumption, it is likely that the soilsrey similar to at least 40 cm depth of mineral

soil, since they all originated from the same voicaource.

In summary, soil microbial respiration was slighgiseater in NPF in almost all depths. In all
ecosystems, it was always greater at 0-5 cm ddyath &t any other depths. Soil microbial
respiration beyond 10 cm depth in PPP was sigmifigehigher than in the other systems,
which could be attributed to the presence of mytpae that have their own additional
respiration. Microbial biomass C was significangfseater in DNP and lower in PPP. The
different quality of available substrates and disttion of C inputs in the three ecosystems
may explain why. Soil microbial respiration wasoalsorrelated positively with microbial

biomass C and SOC, but we cannot at this pointaéte the contribution of each factor on
soil respiration. The different land uses affea flarmation of organic matter, SOC and

microbial biomass C, which in turn will affect salicrobial respiration.

Conversion of DNP to PPP resulted in a 44% decreaS©C stocks in 0-10 cm mineral soil,
emphasizing the decline in soil organic matterha short term, and also associated with
disturbance of the site when PPP was establishatdcizanges were less pronounced and non
significant at 0-40 cm depth. However, the datagesta larger potential for additional SOC
sequestration under PPP at 0-10 cm depth, dueetartique properties of volcanic soils,
which are characterized by the presence of allaphdays and higher C contents in surface
soils. Long-term SOC sequestration can also be rnestaby physical protection of SOC
through aggregation. The largest amount of SOC stakilized within the mesoaggregate
fraction of the less disturbed system, NPF, folldviiy PPP. In the long term, formation of
stable mesoaggregates in soils protected from a@rosan behave as carbon sinks. Soil
disturbance through wind and water erosion, jk&t fillage, accelerates the destruction of soil

organic matter and results in increased loss of SOC
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The organic matter content was higher in DNP buietfer quality in NPF, which is reflected
by the presence of more MO and available P and K, a higher proportion ofl221m

organic matter, and intermediate contents of miatdiitomass C. Soil organic matter quality
is essential for productivity and long-term susadility of the ecosystem as it helps retain
more available water and nutrients that can be useglants, therefore enhancing their

growth, which ultimately results in more C beingjsestered in the vegetation.

There was more C in NPF biomass than the soil meddin, but the opposite was observed in
the other ecosystems. Total C content was slidfigiier in DNP than PPP. However, total C

content in NPF was more than twice the contenHR Bnd DNP.

The introduction of silvopastoral practices in pplantations by thinning trees could optimize
soil organic matter and SOC formation, microbiadrbass C and soil microbial respiration
because of the interaction of trees and pastuteersame unit of land, and sequester larger
amounts of C in both the aboveground and belowgtobiomass. The establishment of
leguminous pasture, such as clover, can increasefestlity through N fixation, thus
benefiting tree growth. Also, trees growing in p@stmay protect the soil against erosion,
constitute efficient windbreaks and provide extraomes to the landowners throughout the

forest rotation, including C credits, as outlinadhe Kyoto Protocol.
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CAPITULO 2

Stolpe N.B., Dube F., Zagal E. 201Qalibration of CO2FIX to native forest, pine
plantation, and pasture on a volcanic soil of the Rilean Patagonia.Acta Agriculturae
Scandinavica Section B — Soil and Plant Sciencg)6@35-244.

Abstract: Terrestrial stocks of soil carbon (C) are an imgatrtpart of the global C budget,
and are considered in the Kyoto Protocol. Howetresre have been few studies in forested
regions over the influence of land-use changesadcanic soils (Andisols) and its simulation
through models. The objective of this study waslétermine the influence of native forest,
pine plantation, and pasture on the C content agdnic matter quality in an Andisol of the
Chilean Patagonia, and to simulate the effectsguiie CO2FIX model. The model was
calibrated to each land-use area, and C contentet@smined in lengaNpthofagus pumilip
and pine RPinus ponderosatrees using previously derived allometric equaticand in pasture
by direct measurement. The C content was measuresbils (0-100-cm depth) (Typic
Hapludands; Umbric Andosols), and the light (>21®)uintermediate (212-53 um), and
heavy (<53 pm) fractions of organic matter (0-40-@epth), which have progressively lower
labilities. Total C (vegetation + soil) in the lenfprest was greater than in the pine plantation
or pasture, but the C content in soil was greai¢hé pasture than in the other areas. Over all
sites, there was more C in the light fraction thathe intermediate and heavy fractions at 0-5-
cm depth, but C content was greater in the heasgtibm with increasing soil depths.
However, the quality of soil organic matter wastdéein the lenga forest compared with the
other sites, as indicated by higher ratios of lifjlaction C between 0-20- and 20-40-cm
depths. CO2FIX adequately simulated the C contentse vegetation, and recalibration for
slower degradation rates of soluble organic comgsuimm Andisols provided better

approximation of C content in soil, but overestietbthe content of labile C.

Keywords: Andisols, carbon, organic, sequestration, simotati
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2.1. Introduction

There is interest in quantifying and modeling carf8) stocks in vegetation and soils because
of increasing awareness of global warming andatsmtial mitigation through C sequestration
in terrestrial ecosystems, which is considerechanKyoto Protocol. Global stocks have been
estimated at 1500 and 500 Pg C for soils and plaetpectively, compared with 730 Pg C in
the atmosphere. Land-use changes may significaffidget the C cycle, and climate change,
through biological processes and feedbacks whitbraéne whether the soil and vegetation
act as a "source or sink" for atmospheric C. Fangle, the CQcontent in the atmosphere
has increased by 30% since pre-industrial times, this rise has been attributed to the
combustion of fossil fuels, and to deforestatidddC, 2001). Consequently, deforestation in
remote regions of the world, such as southern Chikey have affected the local terrestrial C
stocks, as well as influenced the concentraticatimiospheric CQ

2.1.1. The Aysén Region of Chile

The Aysén Region of the Chilean Patagonia is lacaetween latitudes 44° and 49° S, and
includes 110,000 kfof forested mountain ranges, volcanoes, and \&lieigh numerous
lakes and rivers. Approximately 25% of the regismpiotected as wildlife reserves or national
forests. The forest is classified as Humid Boraad the principal trees include evergreen (2.2
million ha), coigle Klothofagus dombey(0.6 million ha), lengaN. pumilig (1.4 million ha),
and Guaitecas cypresBilgerodendron uviferupin(0.5 million ha), but the forest composition
in a given area is determined by the climatic gratibetween the mountains and the coast, as
well as by local microclimatic conditions (SilvaQ@4; SERPLAC, 2005). Although glaciers
covered much of the region during the Pleistocemare recent deposits of volcanic breccias
and ash are the parent materials of many soils atetfound in the region (Ferrando and
Mufioz, 1979).

The region is transversally classified into sevex@-zones based on physiographic-climatic
characteristics that grade from the Temperate Hfoite along the coast, to the Cold Steppe

Zone near the Chile-Argentina border (Silva, 200#he climate of the Intermediate
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Temperate Zone of interest has a mean annual gegop that ranges from 900-1300 mm,
with the lower values generally found in areas nuistant inland from the coast; and mean
monthly temperatures of 12-14°C in the summer (Ddxsr to February) and 2-3°C in winter
(June to August). November to February is normé&lost free, and may include strong
westerly and southwesterly winds. Representatigasaof the Inter- mediate Temperate Zone
include the Simpson Valley, Coyhaique, and Empar&iollermo (Silva et al., 1999).

2.1.2. Change of soil use

The native forest that once covered large portarthe Aysén Region has been reduced to an
area of 4.7 million hectares (43% of the regiomause between 1920 and 1940 many areas
were burned by settlers in order to create pastmdgo claim ownership of lands (Veblen et
al., 1995). Overgrazing of the pastures and triamsit areas has also caused soil erosion and
further degradation of the adjoining native forgtva, 2004). In some areas, sloping soils are
so severely eroded that it has become difficutetsstablish the native forest, either by natural
means or by human intervention (Ortega and Rodzigi@94). However, forest plantations of
introduced species, principalBinus ponderosaPseudotsuga menziesandPinus contorta
have been made on approximately 27,000 ha of dedrawils, but other cleared areas

continue to be used as pastures (Silva, 2004).

In general, volcanic soils (Andisols), such as ¢éhtsund in southern Chile, form in humid
temperate climates and have unique properties caudpaith non-volcanic soils, including a
dark color of the A horizon due to the high conteftorganic matter caused by the
accumulation of stable Al, Fe-humus complexes ([S#tagl., 1993). Other properties include:
low bulk density, fine crumb or granular structutlke presence of poorly crystalline clay
(allophane or imogolite) having a pH-dependent ghaand high specific surface area, high
content of water at 1500 kPa tension relative ertieasured clay content, low exchangeable
bases, and elevated retention of P (Wada, 198%)0&dh Andisols cover just 0.84% of the
world’s land surface, they are an important langbuece because many occur in areas of the
Pacific Rim that have a high density of populat@hoji et al., 1993). Intensive use of

volcanic soils in central Chile has been showndaificantly decrease the organic matter (and
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C) content, and diminish the overall soil qualipyincipally due to lower return of organic
debris to soil, lower recycling of plant nutrienexcessive oxidation of soil organic matter
(SOM), and erosion (Sandoval et al., 2003; Zagdl@érdova, 2005).

A previous investigation in New Zealand found loveantents of C and N in volcanic soill
(Typic Udivitrands; 0-20cm depth) under a 19-yelnftion ofPinus radiatathan under
broadleaf native forest or pasture (Ross et aB919n southern Chile, near Paillaco, the C
content in volcanic soil (0-10 cm depth) was higheder pasture (6.7 kg Cnthan under
native forest oNothofagus obliqu¢5.8 kg C nif) and plantation oPinus radiata (4.3 kg C
m?), but the rate of C mineralization was greateséil under native forest, with decreasing
rates in soils of pine plantation and pasture,eetypely (Huygens et al., 2005). Additionally,
the conversion of native forest into pastures aogson volcanic soils of southern Chile has
been found to significantly lower the content offi\high-molecular-weight fractions of SOM

(humin and humic acid) (Borie et al., 2002).
2.1.3. Fractions of soil organic matter

Organic matter can be fractionated in the laboyasmcording to its lability, which refers to
the relative ease by which it can be degraded Byrsoroorganisms thereby releasing N and
other nutrients that can be subsequently used @ytpl Lability decreases with increasing
aromaticity of the fraction, greater occlusion witlsoil aggregates, or adsorption to clay
minerals (Christensen, 2001; Krull et al., 2003)eTmost labile fraction has been used as an
indicator of sustainable management because theirgmio soil changes on a monthly to
yearly basis depending upon vegetation, managerardtthe balance between the additions
of plant residues and their rate of decompositiorsail. The most labile fraction has been
designated as the mineralizable C, microbial bi@nparticulate organic matter, and also the
light fraction with a diameter >212 pm (Powlson949Christensen, 2001; Zagal et al., 2002).
The intermediate fraction of SOM is less labile @dssociated with macroaggregates in soil
(212-53 pm in diameter), and the heavy fractionhis most stable and is associated with
microaggregates in soil (<53 pm in diameter) (Bddes et al., 1991; Christensen, 2001). In a

previous investigation, the mean residence timergénic C was 100 years in the light and
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intermediate fractions, and 575 years in the héeagtion (Monreal et al., 1997). In volcanic
soil (Typic Haploxerands) of central Chile, the s of light fraction C and total C (0-20
cm depth) decreased with increasing intensity ocafjural management (Zagal et al., 2002),
and the ratio of C content in the light fractionveeen 0-20 and 20-40 cm depths has been

used as an indicator of sustainable managemerpétoal., 2008).

2.1.4. The CO2FIX Model

The CO2FIX model was developed to estimate the tijyaand fluxes of C in natural forests
and plantations, silvopastoral systems, and soildetermine the number of transferable C
credits according to the Kyoto Protocol (Schelhagal., 2004). In general, the model uses
annual steps to estimate the C content in truntemdhes, leaves, roots, etc. based on user-
input parameters of climate, tree species, and geanant. The model includes the sub model
YASSO that uses basic climatic data and estimdtésr@st-litter production and litter quality

to determine the C content in soil (0-100 cm depti) fractions of organic matter. The sub
model fractions have progressively slower ratesCofurnover in soil and include soluble
compounds (< 0.82 yed), cellulose (0.30 yed), lignin-like compounds (0.22 ye8c humus

1 (0.012 yeat), and humus 2 (0.0012 yé&ar(Liski et al., 2005).

The objective of this study was to determine tHkience of lenga forest, pine plantation, and
pasture in the Chilean Patagonia on the total Gectrand organic matter quality in volcanic

soil, and to calibrate the CO2FIX model to simul@teontents in the soil and vegetation.

2.2. Materials and methods

2.2.1. Site description

The study area was located in the Mano Negra Sefiokm north of the city of Coyhaique,
Chile (Lat S 45°25’, Long W 72°00’). The area hasvestern exposed slope (6-8%), an
elevation of 730 m above sea level, and adjacentlses (200 m apart) that include: 1) 150+-

year stand of unmanaged lenga forégithofagus pumilip(100 ha); 2) 16-year stand of pine
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plantation Pinus pondero9a(5 ha); and 3) 50+-year pasture (5 ha) (Figureétiginally, the
entire study area was covered with indigenous fdrasstly Nothofagus pumilipbefore the
pasture established itself in the sectors that Wwareed, as previously described, and the pine

plantation was later established over pasture.

‘riﬁf’% e
Figure 2.1. Sites of lenga foreddthofagus pumilip(A), ponderosa pine plantatioRiGus
ponderosa (B), and natural pasture (C) on volcanic soil gity Hapludands; Umbric

Andosols) in the Chilean Patagonia.

The pasture is currently used for cattle grazingd@s ha), and consists of a mixture of
perennial grassedactylis glomerata, Holcus lanatus, Poa pratejpsieguminous plants
(Trifolium pratense, T. repepsnd other accompanying species. The pasture evéibzed
during the 2004-2005 growing season with 16 kg N, 189 kg Mg h&, and 79 kg S h§ and

in 2005-2006 with 24 kg N FHa 17 kg Mg h&, and 77 kg S KA The pine plantation was
established in 1991 with a density of 2000 treeSdmad in 2003 it was thinned down to 800
trees ha. In March 2006 (the beginning of this investiga)iothe average tree height and
diameter at breast height (DBH) were 6.3 m and tih3respectively. The lenga forest had a
density of 780 trees Haaverage tree height of 23.7 m, and DBH of 32.5 cm

The study area has climatic conditions that arssdi@d as "Trans Andean with Steppe
regeneration” (DMC, 2009), with dry summers andlcbamid winters (Figure 2), and the
mean annual temperature and precipitation are 81206 mm, respectively. Normally,
only 15% of the annual precipitation occurs betwBecember and February, coinciding with
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the windiest and warmest period (Silva et al., 199%F, 2008). The soil formed from
relatively unaltered volcanic ash deposits and haracterized as deep, well drained,
moderately acidic (Silva et al., 1999), and hasnbelassified as Typic Hapludands (Soil
Survey Staff, 2006), or Umbric Andosols (IUSS WaoxkiGroup, 2006).

Monthly Weather, Coyhaique, Chile
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Figure 2.2. Mean monthly precipitation and tempgeg (maximum, minimum, and median)
near Coyhaique, Chile (Lat S 45°38’, Long W 72°BT0 m elevation) (DGF, 2008) as input
into the CO2FIX model.

2.2.2. Soil analysis

The experimental design was Completely Randomiaed, soil samples were collected in
March, 2006 at three sub sites within the lengadprpine plantation, and pasture (0.5-ha
areas). Representative, bulk samples of soil wakent at 0-5, 5-10, 10-20, and 20-40 cm
depths in each sub site, stored in plastic bagsti@mgported to the laboratory where they
were air dried. The SOM was fractionated using a@ififeml procedure from Balesdent et al.
(1991) in which the soil was mechanically disperstdlowed by a physical separation
through wet sieving. Briefly, 50 g of air-dried kand 10 small glass balls (6-mm diameter)
were placed in 180 ml of distilled water and shakea rotator agitator (REAX 2, Heidolph
Instrument, Schwabach, Germany) at 50 cycles perutei for 16 hours, causing the
mechanical rupture of soil macroaggregates. THe sbil was wet sieved through 53- and
212-um stainless steel sieves thereby separatieg tinactions of organic matter: a) light

fraction (above 212 um) that was separated fraemsdnd by flotation and sedimentation in
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water, b) intermediate fraction (53-212 um), ancheavy fraction (below 53 pum) without
ultrasonic dispersion. The C content of the lightermediate and heavy fractions was then
measured by dry combustion (Wright and Bailey, 30@ftd the ratio of C content in the light
fraction between 0-20 and 20-40 cm depths was lebn as an indicator of sustainable
management, whereby soil quality decreases withelimg ratios (Stolpe et al., 2008).
Additional, deeper, samples of soil were colledtethe sub sites, and total C content in whole
soil (0-100 cm depth) was determined by dry combogiWright and Bailey, 2001). Analysis
of variance (ANOVA) and least significant differen(LSD) of means were used to test for

differences among soils of the lenga forest, plaoiaand pasture (Steele and Torrie, 1980).

Soil morphology was described at a sub site in daigti-use area in order to check the soil
uniformity and classification among the lenga forepine plantation, and pasture.
Representative, bulk samples were taken at 0-28,02@10-60, 60-80, and 80-100-cm soil
depths (Soil Survey Staff, 2004). In the laboratdimg soil samples were air dried and sieved
(2-mm mesh) for the subsequent characterizatiotyses Soil texture was determined using
the hydrometer method (Day, 1965), soil water catstet 33 and 1500 kPa were measured
using a pressure plate apparatus, soil pH wasndeted using a 1:1 mixture of soil and water,
and the % P sorption was measured in the soil (Saivey Staff, 2004). Effective cation-
exchange capacity (ECEC) was measured using 1 NORKCH; for extraction of the
exchangeable cations Ca, Mg, K, and Na, and 1 Nf&iCéxchangeable Al, and available N
(NOs-N), P (Olsen), and K were also measured in thds s(8adzawka et al., 2006).
Additionally, the content of°C and total C in the soils (0-100 cm depth) washeined
using an elemental analyzer (ANCA-SL, PDZ-EuropK) doupled to an Isotope Ratio Mass
Spectrometer (20-20, PDZ Europa, UK), and #@"°C ratios were used to obtain tB€C
values (Huygens et al., 2005). For the latter aiglythe surface soil was sampled at finer

increments of 0-5, 5-10, and 10-20 cm in additmthe deeper samples to 100 cm.
2.2.3. Tree and pasture biomass

The lenga forest and the pine plantation were itoréd in March, 2006 using five circular

plots of 200 rfi that were randomly established in each site, mimsthe total height of all
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the trees in the plots and the DBH using a clinemeand diametric tape, respectively. The
measured variables were then used to calculatel @amd subterranean biomass, using existing
biomass functions for the climatic zone that weegealoped folNothofagus pumiliq¢Weber,
1999; Loguercio and Defosse, 2001), &idus ponderosgGayoso et al., 2002). Partitioning
of the aerial biomass compartments was as folldyslothofagus pumilip87% consisted of
stems, 12% of branches, and 1% of foliage; angi2)s ponderosad7% of aerial biomass
consisted of stems, 25% of branches, and 28% w@ig®l The live ground cover in the lenga
forest and pine plantation was estimated at <1 Mg mdatter hd due to extensive litter

coverage of leaves and needles, respectively.

To obtain the aboveground biomass in the pastheeyé¢getation was clipped at ground level
from 9 randomly selected 0.252muadrants. In the laboratory, the vegetative risteras
dried at 65°C for 5 days and weighed. To measieestibterranean biomass, the live roots of
each quadrant were removed with a spade, rinsélaeitaboratory in slow-running water in
order to remove soil from the roots, and then daed weighed as previously described. The
above- and below-ground values were summed to lesédcuhe total pasture biomass per
hectare.

2.2.4.Calibration of CO2FIX

The C content of the lenga forest, pine plantatang pasture biomass was simulated using
the CO2FIX (v. 3.1) model (Schelhaas et al., 20@4)d soil using the sub model YASSO
(Liski et al., 2005). Model calibration to regioneimatic conditions included the mean
monthly temperature and precipitation of the grayveeason (August through May) (Figure
2); with season totals of 2961 Growing Degree Dapsve 0°C, 500 mm of potential
evapotranspiration, and 895 mm of precipitatione Meather data were taken from the
nearest station located in Coyhaique, which hadairdlimatic conditions as the study area
(DMC, 2009). Based on interviews with the landowrke tree-rotation lengths were input at
150 and 35 years faYothofagus pumili@andPinus ponderosarespectively, with 60% of the
pine biomass removed (thinned) after 13 years.Jleentent in stems, foliage, branches, and

roots was set to 50%, and the current annual inemés(CAl) of both species were calculated
51



according to published values (Loguercio Defosse, 2001; Quiroand Rojas, 2003). The
pasture was sintated, in effect, by inutting an annual rotation of grass a<tree" having
very small stem volume, no branches, but with aolofoliage and roots (Schelhaas et
2004). Other initial soil parametiwere taken from the sample files for broadleafdrgéne,
and pasturenicluded in theCO2FIX model (Table )1 In each scenario, the model was run
a period representing 300 years, and reration was based on comparison of the simul

and measured contents of total C in soil, as isrde=d in the following sectio

Table 21. Initial vegetative and soil parameters inputtie CO2FIX model for the lenc

forest, ponderosa pine plantation, and naturaupasites of southern Chi
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2.3. Results and discussic

2.3.1. Soils and total carbt

The soil mophology was relatively unifornamong the lenga forest, pine plaion, and
pasture, as evidenced by the sin sequence of horizons (A1, A2, Bw, BC, C1, C2) (&
2), which was expected considering that the pareatenal was aerially deposited volcc
ash, the topographic uniformity, and the nativee$brthat oncecovered th entire sector.
However, the lengéorestsoil had a thin (2-cnthick) organic horizon on the surface, wh
was not present in the other sites, ancs-N, available P, and K werhigher in the lenga si
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(0-20 cm depth}jhan in the pasture and pine sites (T&3). Overall, the ratios of 1500 kf
water to clay were well above 0.6, which is a chemastic of volcanic soils. Highatios
indicate poor dispersioaf clay during peticle-size analysis, and under measurenof the

actualclay content in the soil (Stolpe ¢ Lewis, 1990).

Table 22. Descriptions of morphology of the volcanic s@llypic Hapludands; Umbri
Andosols) under lenga forest, pine plantation, matiralpasture in the Chilean Patago
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Table 23. Chemical properties of the volcanic soil (Typiapludands; Umbric Andosol

under lenga forest, ponderosa pine plantationnataral pasture in the Chilean Patagc
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The total C content in soil (0-100-cm depth) waghler P < 0.05) under pasture (286.7
10.8 Mg C hd) than those in soil under pine (257.8 + 10.1 Mga) and lenga (226.7 +
12.5 Mg C h#), although the total C in vegetation and soillef tenga forest (504.7 + 16.0
Mg C ha') was greater than that of both the pine plantat&®5.7 + 10.7 Mg C hY and the
pasture (309.2 + 15.1 Mg C He(Figure 3). The lenga forest had similar C contersoil and

in the wood (trunks and branches), but the pinatptaon and pasture had more C content in

the soil than in the biomass component.

Carbon content
W Soil O Trunks+ Branches O Leaves S Roots

350

300

250

200+

Mg C ha™

150+

100

50

0l L
Lenga Pine Pasture

Figure 2.3. Mean carbon content and standard dewiéilg C ha') in volcanic soil (Typic
Hapludands) (0-100 cm depth), and vegetation ajdeforest, ponderosa pine plantation, and
natural pasture in the Chilean Patagonia.

2.3.2. Characterization of soil organic matter

The natural abundance BT in soils of the lenga forest, pine plantationd @asture showed
an enrichment beginning at 5 cm depth, possiblp@ated with an isotopic discrimination
during the decomposition of organic residues il sdiich resulted in enrichment in the
residual C of the heavier isotop€Q) (Figure 4) compared with the vegetative bioméss.
contrast with a previous investigation (Huygenslet2005), the soil of the lenga forest had
lower values oB™C throughout the profile compared with the pinenpdsion and pasture and
this may have resulted from the decomposition gaoic residues with lower initial content
of *C such as hemicelluloses, cellulose, and lignirhigher decomposition rates of organic
residues in the lenga soil.
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Figure 2.4. Total content of C (%) a®t’C (%) in volcanic soil (Typic Hapludands; Umbric

Andosols) under lenga forest, pine plantation, pasture in the Chilean Patagonia.

Physical fractionation of SOM of the lenga forgse plantation, and pasture showed that,
among all sites, the light fraction (>212 um) oé tburface (0-5 cm) contained more 2«
0.05) than did the intermediate (212-53 pm) andy€a53 um) fractions (Table 4), but there
was more C in the heavy fraction at 5-10, 10-2@ 20-40 cm depths, which indicated that
the SOM was more stabilized (less labile) with @asing soil depth. In general, with
increasing soil depth there was no significantedéhce of C content in each fraction among
the lenga, pine, and pasture sites, except thaketiga soil had more C in the intermediate
fraction at 0-5 and 5-10 cm depths than did thermsoils P < 0.05), and that the pine soil had
less C in the heavy fraction at 10-20 cm depthtllzoh the other soils. However, the C content
in the light fractions of the pine plantation analsfure may have possibly been elevated by
charcoal C (which has a longer residence time i) &@m burning of the native forest
(Murage et al., 2007). Nevertheless, the ratio @b@tent of the light fraction between the soil
depths of 0-20 and 20-40 cm xfzg was higher in soil of the lenga forest (9.35)thwi
decreasing values in the pine plantation (7.16) pasture (6.33)R < 0.05; LSD = 2.97).
Lower ratios have been used to indicate the negatifect of more intensive management on
the quality of SOM (Stolpe et al., 2008).
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Table 24. Mean carbon content astandard deviation (Mg C Hjin the light, intermediate
and heavy fractions of organic matter of volcami €Typic Hapludands; Umbric Andosol

under lenga forest, pine plantation, and pastutearChilean Patagon
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2.3.3. Modeling of soil caion

The first simulation usinthe CO2FIX model indicated that th@ content irvegetation would
be higher in théenga foresthan in the pine plantation and pasture, the soil C contents (0-
100 cm depth) woultbe higher i the pasture than in the ethsites, and th the least labile
humus 2 fraction (Liski et al., 200would be higher in the pasture soil and lower m léngs
soil (Table 5. The measured C contents in the vegetation weriéas to the simulated value
but the soil C contents @ire 3)were four to eight thes higher than those simulated by
model, and thdeast labile heavy fractio(<53 pun) was generally similar among the sc
(Table 4. The soil discrepancies were attributed to theaincalibration of the sub model
YASSO that was based «climate and typical decomposition ratévegetative litter in nc-
volcanic soils (Liski et al., 2005). However, Andlis have uniqu properties that are stronc
influencedby characteristics of the parent mial, such as a higbontent of organic matter .
a result of the stabilizatic of dissolved organic C by active Al art from volcanic ash
(Shoji et al, 1993; Huygens et al., 20C Therefore, the first simulation for the lenga fay
pine plantation, @d pasture resulted in underestimation of C cordétite volcanic soil:
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Table 25. Carbon content (Mg C ™) in vegetation and soil (000 cm depth) of lenga fore:
ponderosa pine plantation, and natural pasturearChilean Patagonia, as simul: using the
CO2FIX model.
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Ynitial conditions as defined in Table “KOsq = 0.0001, and the lenga forest is followed
pasture (50 years), and pine plantation (16 yedfs).other initial conditions for lenga fore
are as defined in Table |, and th for naturalpasture and pine plantation are the Simulatis

outputs for the lenga forest and pasture, respagt{as listed in this Tabl¢

The model was realibrated to better simulaC content in wlcanic soil of the lenga forest |
lowering the KQy variable (the decomposition rate of soluble orgarimpounds in soil) ¢
the YASSO sub model (Schelhaas et al., 2004, laslal., 2005) to the minimum value
0.0001, and the simulation was run again for 308ryg2 rotations of 150 years). T
subsequent C content in soil-100 cm depth) was 202.6 Mg C hérable 5), which was
nearer to, but 11% lower than theasured value of 226.7 Mg C hé&Figure 3) Although the
CO2FIX model is not structured permit sequences of different vegetatipecies in the
same simulation, thegan be achieved by using the final output of onsufation as the initie
conditions for the next. Therefore, in the secomdutation for the pasture, the ko was
similarly set to 0.0001 and the initial soil valugere set according to ttoutput soil values

for the second simulation of the lenga forest (€c5) (justified since pasture followe
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burning of the native forest). The projected t@atontent in soil after 50 years of pasture was
289.5 Mg C ha, which was 1% above the measured value of 286.7CMg’. Then, in the
second simulation for the pine plantation thesk@as set to the minimum and the initial soil
values were set according to the output valuesther second simulation of the pasture
(justified since the pine plantation followed pasju The projected total C content in soil after
16 years of pine plantation was 286.0 Mg C,hahich was 11% above the measured value of
257.8 Mg C h&. However, the second simulations for the leng&dorpasture, and pine
plantation indicated that soluble (labile) composimebuld be approximately 85% of the total
SOM (Table 5), while the laboratory fractionatiowlicated that the labile light fraction (> 212
pKm) was approximately 55% of total C in the 0-5 swil depth, 11% in the 5-10 cm depth,
and 7-8% from 10-40 cm depth (Table 4). Nevertlseldge simulations may be correct in the
sense that soluble C is a major source of orgamaittemin Andisols, as previously described.
Finally, the C content of the biomass of the lefgast, pasture, and pine plantation was

unchanged between the first and second simulations.

The land-use changes in the study area of the &@hiRatagonia have modified the C content
in vegetative biomass and volcanic soil, and treailte illustrate the relative importance of
volcanic soil to store C in the lenga forest, pilantation, and pasture of the Chilean
Patagonia. Although it is doubtful that all of tpastures will one day be reconverted into
native forests or pine plantations in order to ftée total C content stored in vegetation and
soil, there is growing interest in the use of giastoral systems as a balance between the
economic and environmental concerns of land usteénarea. A collateral investigation is

currently under way to characterize the effecthf type of management.
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CAPITULO 3

Dube F., Espinosa M., Stolpe N.B., ZagalCrbon storage in silvopastoral systems with
Pinus ponderosa and Trifolium spp., in plantations and prairies on an Andisol in
Patagonia, Chile.Enviado el 8 de diciembre de 2010 a Forest EcodogiyManagement

Abstract: This study was undertaken to quantify and compapo@s in three predominant
ecosystems in the Chilean Patagonia, which incluBetus ponderosa based silvopastoral
systems (SPS), 18-year-old pine plantations (PR&)natural pasture (PST). The C contents
of trees and pasture were determined by destrusarapling and dry combustion. Soll
moisture (0-20 cm) and superficial air temperati#® cm) were measured every two hours
over a 24-month period. Soil samples were taked-%t 5-20, 20-40 cm depths in order to
determine soil C and N. For PPP and SPS, respbgtéAand 69% of total tree C were stored
aboveground, whereas 36 and 31% were stored betmmd. In addition, 32 and 39% of total
C in PPP and SPS, respectively, were stored inches twigs, cones and needles, which
represent a potential C input to soil organic car8OC) via litterfall and pruning. Tree
diameter at breast height (DBH) increased 1 anch per year in PPP and SPS, respectively,
and was significantly higher in SPS than PPP. I8 8Rd PST, SOC content at 0-20 cm depth
was 70 and 55% higher, respectively, than thatR®.PAt 0-40 cm depth, the total C and N
contents decreased significantly in the order SEI>IPPP. Soil analyses indicated that the
conversion of PPP to SPS resulted in a 30% increa&OC at 0-40 cm depth, while the
establishment of PPP on PST caused a 16% decre&®@G. Mean annual soil moisture in
the pasture alleys of SPS was double that of P&, superficial air temperature was
substantially higher in SPS than in the other ineatts during the growing seasons. Although
the area available for pasture was nearly 25% loweBPS as compared with PST, the

aboveground yield of forage was similar.

Keywords: C pools, legumes, N storage, productivity, silvapas SOC, volcanic soils
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3.1. Introduction

Between 1850 and 2000, the atmospheric concenteatd carbon dioxide (C£prose from
280 to 369 ppm, and increased further to 388 pprAumyust 2010, which is a 5.1% rise over
the last 10 years (Tans, 2010). Changes in landeige deforestation) and combustion of
fossil fuels are two important anthropogenic fagtibrat have contributed to this increase. The
influence of land management and practices on tleer@ents in soils and biomass has been
extensively documented worldwide (Ross et al., 2608/gens et al., 2005; Dube et al., 2009;
Stolpe et al., 2010) and it is well known that sodonstitute the largest C reservoir in
terrestrial ecosystems. Changes in land-uses catifymsoil C contents because of the
interaction between the amount and quality of oigamesidue inputs to soil and their
subsequent use by soil macro and microorganismshvaifects the net rate of accumulation
of organic matter in soil.

The Climate Change 2007 Synthesis Report (IPCC/7R@doposed several management
strategies in the agricultural sector in order itigate CQ concentrations in the atmosphere
including sustainable management of cropped arndrmgrdands to increase soil C storage, and
the restoration of soils that were previously ddgthby intensive agriculture. Agroforestry
systems rate high in this regard, because with ogpjate management, and the use of
perennial grasses and fast growing tree specieg,iticrease soil C sequestration in the short
term and therefore are effective £€inks (Nair et al., 2010). Furthermore, recentigts! in
temperate regions have shown that agroforestrgsyshave greater C sequestration potential
than monocropping systems, forest plantations, rairips (Montagnini and Nair, 2004,
Sharrow and Ismail, 2004; Gordon and Thevathada0;20elbermann et al., 2006; Peichl et
al., 2006; Bambrick et al., 2010).

In the remote region of the Chilean Patagonia,varscare increasingly challenged to maintain
pasture and livestock productivity because of tiredwinhospitable climate, steep topography,
and eroded volcanic soils. The latter is a congegpu®f the large forest fires that occurred
between 1920 and 1940, when extensive areas warteio create pastures for cattle (Veblen et

al., 1995), leaving the valley slopes exposed éxaomable erosion. Consequently, thetituto
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Forestal- INFOR (Forestry Research Institute) has recantjylemented various incentives for
landowners to adopt sustainable agroforestry anphaperties, mostly silvopastoral systems and
windbreaks, in order to improve the overall produist of the land, control erosion processes,

and increase C sequestration capacity.

The non-sustainable use of volcanic soils can ho@iminish organic matter (O.M.) contents
(Zagal et al., 2009). Intensive use of volcanidssioi central Chile with decreased additions of
crop residues to soil, has lowered the cyclinglaffpnutrients and increased erosion (Pizarro et
al.,, 2003), resulting over time in substantial dases in soil O.M. and C content, and soll
fertility. Although volcanic soils (Andisols) occypess than 1% of the world’s surface, they are
common to central and southern Chile. Volcanicssail general, have unique properties, such as
low bulk density, the presence of non-crystalliteys with high specific area, high O.M. content
and phosphate retention, and elevated water caait@s00 kPa tension (Shoji et al., 1993).

In a study of the C sequestration potentialPinus radiataplantations in southern Chile,
Espinosa et al. (2005) reported that Chilean ptenms could absorb 1.3% of the global total
C (11.8 Gt) captured by plantations in temperaggores between 2005 and 2060. The rotation
age was the variable that was best correlated twélguantity of captured C, followed by the

mean annual increment (MAI) and the wood C content.

The natural fertility of soil can be a limiting tac in agriculture or forestry plantations.
Additionally, mixed stands can sequester C morgiefitly than mono specific plantations
(Kimmins, 2004; Nair et al., 2010). In this senagroforestry systems represent a good trade-
off since they are frequently designed and impldeterio improve soil fertility, and often
combine several interdependent species. The tnepaeent is often managed with pruning,
thinning, and harvesting, leaving a significant mjityt of organic debris on the site that will
eventually be returned to the soil through natpratesses of biological cycling (Montagnini
and Nair, 2004). Nevertheless, there is a limitadhiber of studies on Chilean agroforestry
systems and a general lack of scientific reseanc@ pools in silvopastoral systems located in
the temperate areas of the Southern Hemispheressppatially those established on degraded

volcanic soils. Since introduced species, sucRiags ponderosandPseudotsuga menziesii
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already occupy more than 30,000 ha in the Chilegadg®nia, and natural prairies cover more
than one million ha (A. Sotomayor, pers. comm., 80@heir respective C pools must be

guantified as soon as possible.

The current study is probably the first to evaluateequestration potentials (aboveground and
in soil) in ecosystems on degraded Andisols ofGhdean Patagonia. The objectives of this
work were to (1) measure the size of the C po@sdhe present in the vegetation biomass and
volcanic soils in a natural pasture, a manaBedis ponderosglantation, and a pine-based
silvopastoral system, considering variations of smisture and superficial air temperature,
and (2) assess how leguminous pastiirdqlium spp.) affect the content of soil C and tree
growth.

3.2. Material and methods

3.2.1. Site description

The study took place in the Intermediate Agro-egiclal Zone of the Aysén Region of
Patagonia, one of the most climatically extreme smathern zones of the Chilean territory. The
forest is classified as Humid Boreal and coversmiliion ha, or 44% of the region. The main
forest types are evergreen (2.2 million hapthofagus pumilig1.4 million ha),Nothofagus
dombeyi(0.6 million ha), andPilgerodendron uviferun{0.5 million ha) (Dube et al., 2009).
Specifically, the site was located in the San Ghl¥kgroforestry Unit within the Mano Negra
Sector. It was established in 2002 by the Agricaltand Cattle Development Institute (INDAP)
and Forestry Research Institute (INFOR) 30 km noftthe city of Coyhaique, on a westerly
exposed slope at 730 m altitude, Lat S 45°25" aodgLW 72°00'. The study area included
several adjacent land-management practices (208an) ahereafter referred to as treatments: 1)
natural pasture with traditional cattle grazing TRS2) 18-year-old plantations of thinned and
pruned Pinus ponderosgPPP), 3) silvopastoral systems Bf ponderosarranged in strips
(SPS), with pasture alleys of 21 m width betweenttke strips. Originally, the entire area was
covered with native forest, mostiothofagus pumiliglenga), which was burned to open pasture

for cattle grazing, as previously described.
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In 1991,P. ponderosaglantations were established over the pasture, avitlensity of 2000
trees hd and a spacing of 2 m x 2.5 m. In 2003, the density decreased to 1514 trees/ha,
the mean tree height (HT) was 6.7 m and diametéresdst height (DBH) was 11.4 cm. In
2003, part of the plantation (5 ha) was thinne®®0 trees HA while another section was

thinned to 400 trees Hand converted into a silvopastoral system arraimgsttips (5 ha).

The pasture in the open alleys has a stocking gensi0.5 cows hd, and consists of a
mixture of perennial grasseBdctylis glomerata, Holcus lanatus, Poa pratehslesgumes
(Trifolium pratense, T. repejsand other accompanying speciédsdena magellanigaA.
pinnatifida Hypochoeris radicataTaraxacum officinale Trifolium pratenseand T. repens
can add up to 150 and 250 kg N*hg', respectively, through symbiotic fixation of
atmospheric N (Brady, 1990; Stevenson and Cole9)199owever, during the 2004-2005
growing period, PST and SPS were also fertilizeth w6 kg N hd, 30 kg Mg hd and 79 kg
S ha'; and in 2005-2006, with 24 kg N hal7 kg Mg hd and 77 kg S' (Dube et al., 2009).

Since then, no further fertilization took place.

The annual precipitation varies from 1000 mm to A%Om. However, only 15% of the
precipitation occurs between December and Februamynciding with the warmest and
windiest period. Mean temperatures fluctuate betwd&®C and 14°C in summer and 2°C and
3°C in winter (Silva, 2004). During the summerspsy westerly winds occur, provoking
seasonal water deficits and wind erosion, which nealyice the organic matter content of the
surface soil. In general, the soils are deep, digined and moderately acidic, formed from
relatively unaltered volcanic ash deposits, ang fhresent naturally high fertility levels with
low Al saturation (Silva et al., 1999). Specifigalthe soil pH varies from 5.9-6.5 among
treatments; the soil texture in PPP and SPS iseadandy loam, while in PST it is a loamy
fine sandy loam. The mineral horizons have Andit gperties that include low apparent
density values (< 0.9 g ¢ high P fixation values (65-89%), and high watentent at 1500
kPa tension. The soil was classified as medial,rpmo, mesic Typic Hapludands (Stolpe et
al., 2010).
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3.2.2. Experimental design

Treatments were established in October 2007 innapteiely randomized design with three
replicates (or sampling plots). The plots had daumi westerly exposure and a slope of 10-
15%. Each plot measured 15 m x 27 m and was loadtéehst 5 m from the border of the
treatment (i.e. land-use management practicesJPI8, each plot included three strip rows of
pines (6 m wide) and half strip (10.5 m) of pastareeither side. In both PPP and PST, the
plots had only pine and pasture, respectively. pits were fenced with barbed wire and

chicken wire to exclude animals.

3.2.3. Ponderosa pine biomass and carbon content

An inventory of PPP and SPS was performed to deterthe tree characteristics and growth

under the distinct types of management. All of tifees within the replicates were evaluated,

measuring the DBH and HT variables using a diametege and clinometer. The measured

variables were then used to calculate abovegromadsabterranean biomass in PPP only,
using the existing biomass functions for the climabne, that were specifically developed for

ponderosa pine plantations (Gayoso et al., 2002)validate the results obtained in PPP and
obtain the aboveground and subterranean biomatisedfees in SPS, destructive sampling

was performed to determine the weight of differieaé components. Three trees in PPP and
SPS, respectively, were selected for the mean laasalusing the average tree method. This
techniqgue assumes that the tree with the averagea$ithe stand also contains its average
biomass (Teller, 1988).

Once the trees were felled, the fresh biomassuwiksr, branches, twigs, needles and cones
were measured using a 45-kg dynamometer (SalteckBel Electro Samson Scale, Raco

Industries, Cincinnati, OH, USA). Thick root (> Smdiameter) biomass was estimated using
subterranean biomass functions for the climaticezawhich relate the root biomass to the

DBH (Gayoso et al., 2002). The annual biomass priolu of fine root biomass (<5 mm

diameter) was estimated as a percentage of theablerfall (Abohassan, 2004).
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Three sub-samples from each tree component wenetdlken, including cross sectional disks
of tree stems obtained at the initial crown heidigast and stump heights, in order to
determine the moisture and C content. The sub-sswére weighed, dried at 105°C for 48
hours and weighed again, and the mean dry weigthefdistinct sub-samples was then
extrapolated to the entire stand (Peichl et al.620The C content of all the sub-samples
(trunks, branches, roots, leaves) was determinedriogling the samples using a Cyclotec
1093 Sample Mill (Tecator, Sweden), oven dryindatC, and analysis for total C using a
Fisons EA1108 CHNS-O Elemental Analyzer (Fisondrimsent, CA, USA) following the

dynamic flash combustion technique (Fisons Instnin990).

3.2.4. Pasture biomass and carbon content

In order to determine the annual aboveground netgpy productivity (ANPP) of pasture, and
simulate animal grazing, the forage material wawvésied three times during each growing
season over a two-year period. Vegetation was dtitirvnine randomly selected 0.5°m
guadrats that were permanently established in kbis pf every treatment, placed in plastic
bags and taken to the laboratory where it was dategb°C for 5 days, and weighed again to
obtain the dry biomass. Since it was not possibleneasure on site the below ground net
primary productivity (BNPP), it was estimated wahknown algorithm (Gibson, 2009). The
total C content of the forage was determined usimegdry combustion technique described

above.

3.2.5. Soil carbon and nitrogen

In March 2009, soil samples were taken at 0-5, 520840 cm depths in order to determine C
and N contents in each treatment (Dube et al., 200®ach SPS plot, the samples were taken
following two transects perpendicular to the pitrgsone in each direction at 2.5 m intervals
from the border of the strip. In PPP and PST,itghe samples were randomly collected at the
same depths in each plot. All the samples werentakéeng a split-core soil sampler, stored in
plastic bags, and air-dried in the laboratory befbeing sieved (250-um mesh). The total

organic and inorganic C and total N were determinsithg the flash combustion method,
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whereby soil samples were placed in a muffle fuenat 500°C for 12 hours for complete
combustion of organic compounds. Given the gen&si®lcanic soils, the inorganic carbon

content was almost non-existent and it was condtidat total C was equivalent to organic C.

3.2.6. Soil temperature and moisture

The soil moisture (0-20 cm depth) and superficialtemperature (+5 cm) were measured
every two hours over a 24-month period using ECs?ddl moisture sensors and ECT
temperature sensors, respectively, that were cteeheéo EM-5B Data Loggers (Decagon
Devices Inc., Pullman, WA, USA). Within PPP and P®Bbgers were randomly installed in
different locations, whereas in the SPS, a logges placed in the tree strip and another one at

2 m from the strip.

3.2.7. Statistical analyses

All treatments were analyzed with the General Lindadel procedure of SAS v.9.0 (SAS
Institute Inc., 2003) for completely randomizedides to test the treatments effects on the
parameters that were described in the previousossctAll the data were examined for
homogeneity of variance and normality. The analysisvariance was performed with
ANOVA, and Student’d-test for independent populations was used to cl@ckignificant

differences between the treatment means (compaligairs) P < 0.05).

Within SPS, the sampling distances from the trepsstvere treated as sub-treatments and the
values obtained for each parameter at a speciBtamiie were compared to each other.
Statistical differenceR < 0.05) between the means of sub-treatments \ggedtesing Tukey’s
HSD multiple comparison test. Finally, measuremesftsoil moisture and superficial air
temperature were adjusted to the monthly averagiag the least minimum square procedure,
and the monthly averages of soil moisture and d$igparair temperatures were compared

among treatments using a two-way ANOVA with Tuke'SD test.
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3.3. Results
3.3.1. Distribution of carbon contents in ponderpsaes

Carbon contents of thdistinctcompartments aibove and belowground biomérom the 18
year-old mnderosa pines in PPP and SPS are sin Table 1. The C concentrations (%)
individual and total aboveground components wenailar in both treatments and sltly
higher in thebelowground bioma: of the plantation, buthere was a significant differen
only in the pine needle compone with that being higher in SPS.

Table 31. Carbon content (%, kg tr* and kg h#) of different tree components from tv

adjacent temperate agroecosystems in the Chilgagdtaa (mean + standard deviatis
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PPP:Pinus ponderosalantation; SPS: pi-based silvopastoral system. Values with the s
lower case letter within a tree component and betwteeatments (PPP and SPS) for e
group (%, kg treé or kg h¢') are not significantly different (Student's t testP < 0.01).
Values with the same higher case letter within laroa and among tree components or tc

(aboveground and belowground) are not significadifiigrent (Tukey's HSD testP < 0.05).

The Cconcentrations within PPP decreased in the ordee§> Needls > Twigs > Roots >
Branches_>Trunks and Total abovegroun> Total belowground, but Cones, Needles
Twigs were not significantly different, nor wereaBiches and Truis. There was a significal
difference only between Cones and Branches, andkTamc Roots, an Needles were also
statistically different fronBranches and Trunks. Within SR8e relativeC concentrations in

the individual tree components v Needles > Cones > Branchegwigs > Roots_>Trunks,

71



and Total aboveground Potal belowground, but Branches, Twigs, Roots @nthks were

not significantly different. Needles were similard¢ones only, but statistically different from
all other components. In both PPP and SPS treatm&ninks was the component with the
lowest C concentration, and Total aboveground aidwiground C concentrations were not

significantly different.

On a tree basis, the C content was higher in esenyponent of SPS as compared with PPP
(Table 1 and Figure l1a), but significant differeneeere found only for Twigs (61% higher),
Needles (76%) and Cones (100%), Total abovegroB®wh) and Total tree (28%). In contrast
to C concentrations, C contents decreased in ther dkoots (>5mm diameter) > Trunks >
Branches > Twigs > Needles > Cones, which showsthevsize of the component affects its
C content. For both treatments however, high stahdieviations in the average tree C
contents (23-26%) indicate a certain degree ofabdity among individual trees that must be

accounted for during the 35-year rotation.

For PPP and SPS, respectively, 64 and 69% of toeal C were stored as aboveground
biomass, whereas 36 and 31% were stored withinoibtesystem. Pine roots stored 11% more
C than the tree stems in PPP and only 2% more SP®. Together, branches, twigs, needles
and cones stored the same amount of C as the tmuri3P, while in SPS these components
stored 30% more C than in the trunks. Additionall®,and 39% of total C in PPP and SPS,
respectively, were stored in branches, twigs, cares needles, which together represent a
potential C input to the soil C pool via litterfalhd branch pruning (Table 1; Figure 1b).

When looking at the data on a hectare basis, thaseno significant difference between the
PPP and SPS treatments with respect to the amb@nstored in branches, twigs, needles and
cones, in spite of the two-fold tree density in P&fPnpared to SPS. However, there was
significantly more C stored in roots (82% largemyidrunks (67%) in the pine plantation. It is
interesting to note that the difference between BRIP SPS was reduced to only 44% when
comparing Total aboveground C contents, and 56%nvduenparing Total tree C contents,

implying more efficient C storage per tree in SPS.
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Figure 3.1. Change in €equestration rate (a) as influenced by changeee density, sinc
the establishment of the pine plantation in 19@llpWed by thinning in 2003 in the pit
plantation (PPP) and the silvopastoral system (S¥&jical bars denote standard error of
mean. Distribution (b) of C content (kg) per treenpartment before thinning and in PPP
SPS six years after thinning. Values with the séoner case letter within a tree compon
and among treatments in 2009 are not significatifferent (Studer's t test, **P < 0.01).

3.3.2. Distribution of tree biomass for energy gatien

The trunks represent 32 and 30% of total tree biengasd C content) present in PPP
SPS, respectively, or approximately one third ef tite¢« (Table 1 and Figure ). In PPP, the

crowns (branches, twigs, need cones) represent 50% of aboveground biomass andoS.
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total tree biomass, while in SPS they representabd 39%, respectively. Finally, tl
contribution of needles to aboveground biomassOk 2n PPP and 25 in SPS. A total of
74% of aboveground and 47% of total biomass ardadle as a source of renewable ene
(trunks andoranches) in PPP, whereas 67 and 47%, respectarelgvailable in SP If twigs
are included inthe available biomass, the previ values climb to 80 and 51%

aboveground and total biomass, respectively, in,BR&to 74 and 51% in SF

3.3.3. Growth and productivi

Results from annual forest inventol during the experimental peri@le presented in Table

in order to compa tree growth undethe differentmanagement scenaricOverall, the DBH

increased approximately 1 and 2 cm per year in &RPSPS, respectiv,, and DBH was
significantly higher P < 0.05) eac year in SPS than PPB, (6 and 8¢, respectively, in 2007,
2008 and 2009). Wheoomparing H’, no significant difference was observed on a ye

basis, although trees in SPS were on ave20 cm taller. There was a grearate of gain of
BA in SPS because of the ler increase in DBH, as compared WRRP. When comparir

BA between treatmentsoweve, a significant differencel(< 0.05)was observed every yei

where BA was 80, 77 and 69% higher in PPP in 2R0@8 and 2009, respective

Table 32. Increment of diameter at breast height (DBheight (HT) and basal area (B.
over a twoyear measurement period in two temperate agroetsmegsin the Chilea

Patagonia (mean + standard deviati
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PPP: 18-year oléPinus ponderos plantation; SPS: pinbased silvopastoral system arran
in strip. Vdues with the same lower case letter within a yat among treatments for eve
group (DBH, HT or BA) are not significantly differe(Student's t testP < 0.05).
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When looking at Figure 1a, it is clear that C sestpagion rates increased with a decrease of
tree density in the original pine plantation, ahdttthe sequestration rate was significantly
higher after converting the plantation in 2003 hie silvopastoral system arranged in strips.
Figure la depicts the effect of thinning the ora&iponderosa pine plantation in 2003 on
biomass partitioning and C allocation to the didtitree components in PPP and SPS, six
years later. In the year 2009 in PPP (Figure Mg, € stored in trunks, branches+twigs,
needles+cones, and roots increased 2.2, 2.5, #.8 &mes, respectively, than in 2003, while
in SPS it increased 2.7, 3.5, 2.5 and 3.4 timespeadively. In other words, thinning done at
different densities in 2003 resulted in more C sstpred in SPS than PPP in trunks (20%
more), branches+twigs (43% more), needles+cone¥ (iFibre), and in roots of individual
trees (10% more) in 2009.

3.3.4. Prairie productivity and distribution of @mtents

Above and below ground net primary productivity (RR and BNPP) of grass growing in the
ecosystems and the respective C contents are pedsarilable 3. Both ANPP and BNPP and
corresponding C contents were higher in 2009 tf082However, on a quadrant basis (§ m
y'Y), ANPP in SPS was 11 and 28% higher than PST @8 2td 2009, respectively (F.Dube,
unpublished data).

As depicted in Figures 3a and 3b, the soil moisané air temperature between November
2007 and April 2008 were always highest in the gresmponent of SPS, the difference
among treatments being significant for every mqitbube, unpublished data). Although the
area available for pasture was 22% lower in SP&otrerall ANPP was only 14% lower in
2008 and practically the same in 2009.
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Table 33. Above and belowground net primary productiviésNPP and BNPP) (kg I* y?)
and carbon content of pasture in three temperateeagsystems over a t-year period.
Measurements were taken in December 2007 and 20085 ebruary and May 2008 a2009

(mean * standard deviatio
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PST:natural pasture; SPS: p-based silvopastoral system; PPP:y&&+ oldPinus ponderosa
plantation. Values with the same lower case lettighin a same year and among treatm
are not significantly different (n/ not applicable; Studentgest, 2 < 0.01; {**P < 0.05).

3.3.5. Soil carbon and nitrog

The mean soil C and N concentrations and soil acgearbon (SOC) conter at different
depths of theecosystems are presented in Table 4. Carbon caatiens were significantl
different at 0-5, 320 and 2-40 cm depths wilih the three treatments, except -20 and 20-
40 cm depths in PPP. In PST and SPS, C%-20 cm depth was more than double

concentration at 2@0 cm deptt while in PPP it was only 20% higher.

Among treatments, the C concentration was simita@-5 cm depth in PST and SPS,
almost twice as high as PPP, that difference bsigwgjficant. At -20 and -20 cm depths, the
concentration decreased in the order SPS > PST P &fel the differences were a
significant. In SPS and PST, respectively, the @ceatration at -20 cm depth was 70 al
55% larger than PPP. At4D cm depth, the C contealso decreased in the ordePS > PST

> PPP and the differences were significant.
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Table 34. Soil carbon and nitrogen concentrations (%)istirttt sampling locations in tt
pasture and pine plantation or averaged acrossisdéinces in the silvopastoral system, (
ratio, and mean soil organic carbon (SOC) contents (V%) at 0-5, 520, 20-40, 0-20 and O-
40 cm depths under three temperate agroecosystéeasurements were taken in the Chil

Patagonia in March 2009 (mean * standard devia
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PST: managed natural pere; PPP:Pinus ponderosaxotic plantation; SPS: pi-based
silvopastoral system arranged in strip. Values withsame higher case letter within a colt
and within a same depth among treatments are goifisantly different (Studentt test, **P
< 0.01). Values with the same lower case letter withicolumn and within a same treatm
are not significantly different (Tukey's HSD tetP < 0.05).

The C contentg%) at the differer depths in PST and in the pasture portion of SP<
indicated in kgure 2a, whereas the C and N contents in PPP &hohwhe tree component
SPS are shown in Figure 2b. As can be in Figure 2a, C contents a-20 and 0-20 cm
depths were similar on either sides of the tree #tr SPS, but significantly higheran PST.
However, at 040 cm depth in SPS, C% was significantly largentR&T only on the east si
of the tree strip. On the other hand, the C co in SPS tree strips was 6.33% 20 cm
depth (Figure 2h)whereas in PPP it was 4.48%, a significe lower value.At all depths
except 2040 cm, both C and N concentrations were signifigahitgher in the tree strip ¢
SPS as compared with PFIn SPS, N% at @0 cm depth was 71 and 16% larger than
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and PST, respectively. A-40 cm depth, N% decreain the order SPS > PST > PPP anc
differences were significant amc all ecosystems. The C/N ratios increased with cegths
but only in PST theyvere significantly different at all depths. Amomgatments at every sc
depth, the C/N ratios wemot significantly different, with the exception &PP and SP

where the ratios were statistically lower than R$%-20 cm depth.
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Figure 32. Soil C contents (%) a-5, 5-20, 20-40, 0-20 and4® cm depths (a) in PST and
two locations inSPS (east and west of tree strip); and (b) soih@ M contents (%) at tr
same depths in PPP and within the tree strip of. $¥3: managed natural pasture; P
Pinus ponderosa exotic plantation; SPS: -based silvopastoral system. Vertical bars te
standard error of the mean. Values with the sargbkehnior lower case letter within a sa

depth among treatments are not significantly defife(Student's t test, P < 0.01).
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There was a significant difference of SOC contdiMg ha') at 0-5, 5-20 and 20-40 cm
depths in both PPP and SPS (Table 4). Among treasm80OC was similar in the upper 5 cm
in PST and SPS, but almost double and significatiffgrent than in PPP. At the depths of 5-
20 and 0-20 cm, SOC decreased significantly inatteer SPS > PST > PPP, showing that
land-use practices substantially affected the sta¢kSOC. At 0-20 cm depth, the conversion
of PPP to SPS resulted in a 69% increase in SOQGhbwonversion of PST to PPP lowered
SOC by 35%. At 0-40 cm depth, SOC generally deeitasthe order SPSBST > PPP but a
statistical difference was only observed in PPinftbe other treatments. Across this depth,
there was a 30% increase in SOC that resulted fhentonversion of PPP to SPS but a 16%
decrease from PST to PPP. It is worth mentioniag #DC at 0-20 cm depth represents 70, 54
and 70% of total SOC in PST, PPP and SPS, respgctiv

3.3.6. Soil moisture and superficial air temperatur

As illustrated in Figure 3a, the volumetric soil istare at 2 m from the tree strip in SPS was
significantly greaterR < 0.05) than the other soils, at any time durimgwhole study period,
despite the drought that occurred in the summe@O068. For instance, mean soil moisture was
12.1% in 2008 and 15.1% in 2009; whereas in 2008Si, PPP and within the tree strip of
SPS, it was 7.5, 7.3 and 6.1%, respectively, arD09 it was 9.9, 8.8 and 7.4%, respectively
(F.Dube, unpublished data). Soil moisture was &sger in PPP than in the SPS tree strip,
except during the drought period. The air tempeea(tt5 cm) (Figure 3b) was substantially
higher at 2 m from the strip than other treatmehtsng each growing season (Nov. 2007 to
Apr. 2008, and Nov. 2008 to Apr. 2009) and at gpriSep. to Nov. 2008 and 2009). The
differences among treatments were minimal in JunteJailly 2008. From May to Sep. 2009, it
was significantly lower in PST (F.Dube, unpublisiuzda).
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Figure 33. Daily soil moisture (a) content (%VWC &20 cm depth) and air temperature
just above the soil°C at +5 cm) measured at random in the natural pastus)(Rnd
ponderosa pine plantation (PPP) and at two distiocations in the silvopastoral syste

arranged in strips (SPS), between November 2002664.
3.4. Discussion
3.4.1. Distributionof carbon contents in ponderosa pi

The presence of herbaceous legunTrifolium pratenseandT. repen), which can fix large

amounts of atmospheribl (Stevenson and Cole, 1€), could perhaps explain why pi
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needles in SPS contained significantly more C taap other tree components (Table 1).
Clover was seeded soon after the establishmenP8&f&years ago, and likely influenced the
amounts of soil N at 0-20 and 0-40 cm depths thatewmeasured in 2009, which were
significantly higher than in PPP (Table 4). Althbug may take several years before tree
growth can be enhanced by soil N enrichment (José.,e2004), the results from this study
indicate that SPS with leguminous pasture alleyd &agreater increase of tree diameter
compared to PPP (Table 2). Similar results wererted by Sharrow et al. (1996) who
analyzed Douglas fir-sub clover silvopastoral systeand forest monocultures of the same
species. Larger trees in SPS mean that more Joesatdd to various tree components, as
shown in Table 1 and Figure 1b, but that less @sed for lignin in needles (F.Dube,
unpublished data). Additionally, litterbag expermhendicated that in both treatments the total
C contents in needles was significantly lower atdrmonths compared with the initial C
contents, in agreement with findings of Berg antddim (1991), and that it was lower in SPS
needles than PPP needles (F.Dube, unpublished . data)the beginning of litter
decomposition, there may have been a larger priopordof C in the form of soluble
compounds in SPS needles, which were gradually heghcand metabolized by
microorganisms during the decay process, resulingignificantly lower amounts of C

compared to PPP needles.

Additionally, it is known that water-soluble compuals such as sugars, lower fatty acids,
amino acids, and peptides are easily taken up bgromiganisms, resulting in rapid
decomposition and lowering their concentrations swil (Berg and Laskowski, 2006).
Holocellulose concentrations will also decreasénwine, but at a slower rate. However, litter
with lower levels of lignin will show a faster chgen in holocellulose concentration, since
holocellulose is not as encrusted in lignin andreéfege, more degradable because it is
accessible to microorganisms. In the current stligyin contents increased significantly over
time, but remained lower in the needles of SPSclwinmeans that additional C contained in
cellulose and hemicelluloses may also have beenraded during the 24-month
decomposition period and have contributed to theedese of total C content of SPS needles
(F.Dube, unpublished data).

81



The lower stand density in SPS was responsibléhtogreater proportion occupied by the live
crown (Figure 1b), where branches and twigs hangetadiameters. Based on these results, it
becomes clear that trees in SPS are using moreeetly the site resources (i.e. water,
nutrients, light, etc.) and have their growth erdeghby the additional soil N provided by the
leguminous pasture, resulting in larger amount€dbeing sequestered over time. In SPS,
there was a favorable microclimate between thedtepes (Figure 3), and a possible synergy
resulting from the positive interaction of activiaoaeground and subterranean C cycles of the
tree and grass components. Sharrow and Ismail 2@0pared 11-year-old Douglas fir/
subclover silvopastoral systems with planted faremtd grasslands, and reported a more
efficient C accumulation in the silvopasture duartore active cycling patterns of nutrients

resulting from the association of forest and gragsehe same parcel of land.

In this study, it was not possible to measure tée toot biomass by destructive sampling, but
it was, however, estimated using biomass functiBayoso et al., 2002) that were
specifically developed for ponderosa pine plantetiggrowing in that climatic zone of
Patagonia (Dube et al., 2009). Since these equatiere developed for plantations, they
would likely underestimate the amount of tree biesnan agroforestry systems, considering
that trees in SPS have greater DBH and contain r@oper individual components. This
assumption was confirmed by applying the abovegidauinmass functions to inventory data
from SPS, where the calculated values obtained werte 30% lower than those that were
measured on site. Consequently, root biomass furtihat depend on DBH also will
probably underestimate the actual values, as vgetha total below ground C content. The

amount of C stored in SPS, both on a tree and iteebtesis, would be greater still.

The significantly larger amounts of C stored intsoand trunks of PPP on an area basis were
expected considering the large difference of the tlensities (Table 1). However, bigger trees
in SPS compensate to a certain extent for the laeesity, not including the additional C
sequestered in grass roots and soil pools (Tablasd34), thereby making of SPS the best
alternative of all. Considering that individualeésein SPS sequestered almost 30% more C in
the total above and belowground biomass compar&P#® suggests that a moderate increase

in tree density with slight modification to the % design could further enhance C
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sequestration in the tree component. There wowdd bé increased biomass production for
energy. Additionally, the use of fast growing sgscivith high C sequestration potentials,
such as poplars (Peichl et al., 2006), could penmgher C storage in shorter periods of time,
but higher densities may be required to maintaengame wind-break efficiency throughout

the year as that of pines.

Tree crowns at younger age can be important catib to the generation of renewable
energy, especially in SPS where it is significarilyger than PPP (Table 1; Figure 1b).
However, as the trees age, the relative propodaupied by the crowns decreases as well as
the amount of carbon allocated to that part oftthe (Litton et al., 2007). Given the better
tree growth and the higher C accumulation potentiaBPS (Figure 1 and Table 2), the
difference between available biomass for energynfrBPP should diminish with time,

resulting in a larger amount of trunk and branamniass at the age of rotation.

In the northwest Patagonia of Argentina, LaclauO@() compared C sequestration of
ponderosa pine plantations and native cypresstfotkat were established on volcanic soils.
Mean annual rainfall was 1053 mm and temperatu?€ 1énd the age of trees ranged from 15
to 20 years. Carbon storage was 32100, 7200, 4898200 kg C Hain tree stems, branches,
foliage and roots, respectively, totaling 44100 ®&gha' in ponderosa pine aboveground
biomass and 52400 kg C han total tree biomass. Carbon stored in trunksnbhes, and
foliage represented 73, 16 and 11%, respectivéliheoaboveground C while the C stored in
roots was 16% of total tree C. In the Chilean Rat&g the C stored in trunks, branches and
foliage of PPP was 50, 30 and 20%, respectivelytheftotal aboveground C while the C
stored in roots represented 36% of total tree Ghcdigh two times more C per hectare was
stored in the Argentine tree trunks, and 1.3 tiress C stored in branches and foliage
compared to this investigation, caution must ber@sed when making comparisons on a
hectare basis if the tree density or basal areati&gnown. Nevertheless, it is interesting to see
the substantially higher contributions of branches foliage to the aboveground C in PPP
compared to the Argentine study, whereas the daritan of branches and stems together to

aboveground C was 89% in the Argentine study afd B0this investigation in Chile.
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In this study, the contribution of root C to thdalotree C is more than double in PPP,
compared to the Argentine investigation. Theseediifices of C allocations could be
attributed to the different mean annual summer\aimier temperatures, timing and amounts
of rainfalls, duration of frost-free periods, awahle site nutrient and water supplies, and
movement of the trees caused by wind which mayesse the root:shoot ratios (Laclau,
2003b). According to Cannell (1989), nutrient-redils can substantially increase the amount
of C captured in species such as pines, modifyleg tcapacity for light interception and C
partitioning between roots and trunks. However,pidesthe differences of C partitioning
among the different pine components, the total beenass C is only 10% larger in the
Argentine trees, which could be non-significanth&é density or basal area of the Argentine
stand were higher than that of PPP. In a pure petiseg of C sequestration, the large
proportion of C stored in PPP roots over successaions could be beneficial since the
residence time of C is longer and the turnover sédwer than in the adjacent natural prairie
(Laclau, 2003b).

In a previous investigation in Central Oregon, vehanean annual temperature and
precipitation were 7.5°C and 552 mm, respectivel{5-year-old stand of ponderosa pine had
a mean tree height of 4 m and DBH of 10 cm. Théoage values were 5190 and 600 kg ha
in wood (bark, branch and trunk) and foliage, resipely, totaling 5790 kg C Kain
aboveground biomass, whereas C storage in rootdsiemeached 5630 kg C*héLaw et al.,
2001). Although the Oregon trees were only 3 ygatsger, the amount of C stored in wood,
foliage, total aboveground and root biomass wasapately 5, 10, 5 and 3 times lower,
respectively, than in the pine plantation in thel€&in Patagonia. In addition, an inventory
done in 2003 indicated that 12-year-old trees iR BRd a mean height of 6.7 m and DBH of
11.4 cm, larger already at that age than the tre€segon. Besides the slightly higher annual
temperatures and substantially larger precipitaitiothe Chilean Patagonia, other factors such
as the tree density and the type of soils and ihélisence on water supply should also be
considered to explain the differences between tivestigations. The Oregon forest was
grown from natural regeneration after clear cuttamgold-growth ponderosa pine forest, and
the soils were Ultic Haploxeralfs. In Patagonia #indisol soils in PPP are characterized by

high water contents at 1500 kPa (Stolpe et al.0p@hd higher saturated and unsaturated
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hydraulic conductivity than most other types ofl $8hoji et al., 1993). Water movement and
soil moisture content will therefore be greater @mohost conditions, affecting tree growth.
The greater foliage and rooting systems in PPPyevtiere is more photosynthetic tissue and
better access to soil water, may also explain igben growth rate in this investigation as

compared with the Oregon study (Cannell, 1989).

3.4.2. Growth and productivity

The climatic conditions that prevail in the studsgion of Patagonia, where only 15% of
annual precipitations occur during the 3-monthswhmer, which coincides with the windiest
period (Dube et al., 2009), may cause seasonal Wafeits and limit the annual tree growth
in both PPP and SPS. However, the significant wiffee of annual DBH between the
Patagonian ecosystems was likely due to the smia#erdensity in SPS resulting in lower
individual competition and better utilization ofesresources such as water, nutrients and solar
radiation. In addition, the presence of cloverhia pasture alleys that provides extra N to the
soil is another asset of silvopastoral systems thilt eventually enhance tree growth,
especially trunk diameter increment. Neverthelassmay take several years after the
establishment of the legume component of pastueysal while N becomes sufficiently
enriched by symbiotic fixation, to benefit tree wtb (Jose et al., 2004). A previous
investigation on the effect of clover and urea agree of N for the establishment Bfnus
radiata plantations and silvopastoral systems, found reduree growth during the first three
years of study. Subsequently, there was an inciag@wth, where soil N and DBH were 36
and 14% higher, respectively, at the end of thesivyear (Waring and Snowdon, 1985).

The similarity of annual increase of HT betweeratmeents (no significant difference) was
probably because HT is primarily an index of sitalgy and productivity (Espinosa et al.,
1990), and considering that PPP and SPS were istiadhlon the same soil type, there was no
significant variation between the treatments. Thweer tree density in SPS that reduced the
competition among trees and greater N availabititgoil that improved the fertility of the

site, are likely the only factors that influencée tree heights.
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There were a higher growth rate of BA in SPS aspaved with PPP because of the greater
increase of DBH, and the significant differenceseyded among treatments, on a yearly basis,
could be attributed to the number of trees perdrecfThe effect of the double tree density in
PPP is reflected by the larger basal area compar&#S, that was initially twice as much as
SPS, but was reduced with each year of growth.dBoéine of tree growth in PPP was related
to increased competition among individual treesjctviwill intensify in the coming years,
while the SPS should have a sustained increass &A. The SPS had a lower tree volume
per hectare, but higher individual tree producyiiEigure 1), which is ideal to produce high
quality timber for sawn wood. It should be notedtthigher tree densities in the middle of the
strips in SPS might affect tree growth thereinuitasg in smaller DBH values of those
individuals during subsequent tree inventoriesintfividuals within the tree strip were less
closely spaced, the width of the pasture alley @wdnd reduced and slightly less area would be
available for pasture, but tree growth would bedvgtespecially in the middle of the strip,
resulting in larger mean BA.

In a study of C accumulation resulting from thereachment of ponderosa pine in Colorado
forests, Hicke et al. (2004) reported a mean BA®1 nf ha' corresponding to a tree density
of 841 trees Ha(>4 cm DBH) and 681 trees hé<4 cm DBH). Another investigation of the
same species in a forest in Arizona measured B84 nf ha' and a density of 720 trees ha
(Fulé et al., 1997), and a separate study in theesstate reported a BA of 27.Z e where
the density was 1870 trees h#Covington and Moore, 1994). In this investigatidhe
positive effect of tree thinning of PPP in 200&wdent, where the density was reduced from
1514 to 800 trees Haln the Colorado study where the median tree age ¥9 years, the
mean BA was 1.8 times less than 18-year-old treeBRP, although the tree density was
almost twice as large. In the first Arizona expemt) the density was only 10% lower but the
BA was almost half that of PPP in this study, whsran the second Arizona study, there was
20% less BA, but nearly 2.5-time higher tree dgnsitan in PPP. Besides the effect of
density, the site quality and corresponding saiilfgy play important roles in controlling tree
growth and productivity (Kimmins, 2004).
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The increased rates of C sequestration after tgnthe original pine plantation of the PPP
and SPS treatments demonstrates the importandgstitogdish the two growth periods before

and after thinning, especially in the silvopastosstem (Figure 1a). The mean C
sequestration rate since the establishment of itiee gdantation in 1991 would underestimate
the current rate of trees in a purely silvopasteyatem. Upon termination of the first rotation

of the pine component in SPS, the new silvopastegyatem may be established from the
beginning of the next rotation rather than fromyatsm conversion in mid rotation as was
done in 2003. This promotes early tree growth, iggirseveral years over the first rotation.

Besides that, the conversion in mid rotation isyvéemanding of labor and generates large
amounts of slash that must be disposed of in dalestablish the pasture in the alleys. The
resulting stumps from fallen trees pose additigmablems for pasture growth and cattle
transit, and decrease the effective area that cothérwise be available for grass and
herbaceous legumes. Finally, site disturbance &dedcwith tree removal in the future

pasture alleys promotes erosion and additionalrespiration, an important C output to the

atmosphere (Schlichter and Laclau, 1998).

3.4.3. Prairie productivity and distribution of @mtents

The drought that occurred in summer of 2008 aftecpeass growth in PST and SPS, but the
effect appeared to be greater on a hectare baS®$ since tree strips occupy some of the
area that would otherwise be available for pasthi@wever, the ANPP in SPS was only
slightly lower than PST in 2008 and almost the san009, which illustrates the unique role
played by trees in the creation of a favorable aalimate. The tree strips reduce wind speed,
moisture deficit in soil and moisture loss via ev@anspiration, and increase of air and soil
temperature, which help the growth of pasture lieyal (see also Figure 4) of the agroforestry
system (Garrett et al., 2004). In addition, therrted cover provided by trees may help to

prevent frost damage to the pasture portion angase the length of the growing season.

The greater tree density in PPP and increasedrghadn explain why the mean annual ANPP
was lower compared with PST and SPS. Throughouydlae, at 2 m from the tree strips in

SPS, the air temperature was higher (2.3°C in 20@B1.1°C in 2009) and the soil moisture
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was greater than PST, which helps to understandANBP was higher on a quadrant basis in
SPS than PST. In fact, the mean soil moistureenptsture portion of SPS was twice as high
as that of PST during both growing seasons (F.Dubeublished data). The influence of
climatic conditions on pasture growth and yieldhsrefore better assessed and understood
when comparing data for both ecosystems on a goeldesis since it accounts for the area
unavailable for pasture in SPS. Sharrow et al. §L,9%orking with Douglas fir/subclover
agroforests, pasture and forest monocultures irg@rereported an annual average of total
forage production, measured over a five-year ped®.5 Mg hd in a pasture, 6.3 Mg Ha

in a cluster pattern agroforest and 2.6 Mg tmea monoculture plantation of trees. Although
these values are 2-4 times higher than what waair@at in Patagonia, the trend is similar,
being the annual forage production similar in tlastpre and the agroforest but substantially

larger as compared with the plantation.

With respect to the higher annual BNPP encounter&ST as compared with SPS, this could
be attributed to the harsher environment under RvRET is growing, forcing the pasture to
develop more extensive root systems where photbaimtreserves can be stored (Gibson,
2009). Raich and Tufekcioglu (2000) also reporteat in adverse climatic conditions large
proportions of the photosynthates produced by ipsaiwvere allocated to belowground roots.
Indeed, soil moisture over the two-year measurerperibd was substantially lower in PST
than SPS (Figure 4a), with a mean annual differesfc€% (F.Dube, unpublished data),
whereas the annual air and soil temperatures in ®8fe almost 1.5 and 0.5°C less,

respectively.

3.4.4. Soil carbon and nitrogen

Dube et al. (2009), working on the same site ind&006, reported C concentrations values
in PST of 9.85, 4.41 and 1.84% at 0-5, 5-20 and@@m depths, respectively, and 4.51, 3.24
and 2.80% at the same sequence of depths in PPReBisurements were done in SPS at that
time. The trends are similar to those in this sfudyich was to be expected. Three years later,
C concentrations in PST have increased 1.1, 1.31afidimes at 0-5, 5-20 and 20-40 cm

depths, respectively, and 1.4, 1.2 and 1.4 timethetsame depths in PPP. However, the
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different sampling intensities and patterns mayaudgquately address the properly the spatial
variability in soil C and to understand the reastamspecific increases at different soil depths.
Apart from this uncertainty, it is still clear thaoil C is slowly increasing over the years, but
the rate at which it does so will depend on charastics of the ecosystems and the level of
management therein. As indicated by Peichl et28l0§), the high variability in soil C and N

concentrations at 20-40 cm depth may be due tchetdrogeneity and the presence of C-rich
pockets, which in this study, could consist of lyastecomposed woody material coming from

the original native forest, unevenly distributedsoil across the landscape.

The larger concentrations of soil N in SPS aredthko greater C concentrations and gains in
SOC storage, which may result in the amelioratibrsal fertility (Bambrick et al., 2010).
Finally, the greater C/N ratio with increasing siépth in every ecosystem indicates a greater

stability of soil organic matter and resistanceniorobial decomposition (Dube et al., 2009).

Although the initial soil C concentrations couldtii@ measured in PST in 1991 and PPP in
2003, the data suggest that the plantation transitito silvopastoral system resulted in more
C being sequestered at 0-20 and 0-40 cm depthB$) Bhile there was a significant loss of
soil C at the same depths after establishing PPiRenatural prairie (Table 4). Other studies
have shown increases of soil C following conversibmplantations to intercropping systems
(Bambrick et al., 2010) and decreases after affaties of pastures with first-rotation pine
plantations (Ross et al., 2002; Dube et al., 2009).

One possible explanation for the larger C concéntran SPS tree strips at 20 cm depth, as
compared with PPP could be the different tree diessiAs mentioned in the previous section,
the tree strip has never been thinned since tlablestiment of the original plantation in 1991,
resulting in a higher density with larger amountadts per unit area therein than PPP. More
root exudates may therefore be produced as welinae dead material from fine root
turnover. As a consequence, these additional inptiterganic matter may contribute to
increases of the soil C concentration. On the otlaerd, the presence of herbaceous legumes
since the establishment of SPS resulted in sigmflg greater amounts of soil N stored at any

location of SPS than within PPP, and it has beenwshthat soil C and N contents can be
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increased by 20-100% with the presence of N-fixptants (Johnson, 1992). Additionally,
Sharrow and Ismail (2004) reported larger amouifitsod C in silvopastoral systems with

subclover and ryegrass than planted forests, dgeestiier available soil nitrogen.

The 35% decrease of SOC associated with the estai@int of PPP over pasture is in
agreement with Huygens et al. (2005), who repoatd@% decrease of SOC at 0-30 cm depth
after the conversion of grasslandsPious radiataplantations in south Chilean volcanic soils.
The large biomass and turnover of roots in the ugpé layers of pasture in PST and SPS
produce, over time, a thick root mat with limiteeration, resulting in lower decomposition
rates of organic matter and accumulation of humuthe soil surface, which could therefore
explain the larger SOC contained therein (Dubel.et2809). However, as the pines age in
PPP and SPS, larger structural/coarse roots of wédkdevelop, resulting in more biomass in
the subsoil (Kimmins, 2004). Additionally, Buol @&t (1997) reported that tree litter that falls
on forest ground constitutes a source of organittemahat is only partially decomposed
before being incorporated into the soil, leadindpiwer SOC accumulations and formation of
thinner A horizons as compared with pastures. B ¢hse of prairies, the situation is the
opposite since plants have a shorter life cycle @rdeasily decompose, resulting in larger C
inputs from shoots and roots to the superficialzws. The preponderance of SOC in the first
20 cm in relation to total SOC at 0-40 cm depthvehehe importance of the upper soil in
active nutrient cycling of all treatments, espdgi®ST and SPS. This is supported by the
finding of Dube et al. (2009), who reported micatbiomass C contents 2.5 times larger in
PST than PPP at 0-20 cm depth on the same site atudy area.

It should be noted that although there was no Sigmit difference in SOC (Mg 3 between
SPS and PST at 0-40 cm depth was not significaatil€l4), the small increase of 0.46% SOC
in SPS would result in 17 Mg Haf additional SOC in the first 40 cm. This potahtddition

of SOC in SPS could be attributed to annual ligiéffom trees (needles and cones) and fine
root turnover, which will continue building up dgtsystem ages. When comparing SOC (%)
between SPS and PPP in the upper 40 cm of soi5@@ in SPS was significantly higher by
1.24%, which resulted in an extra 45 Mg C'Haeing sequestered in SPS at that depth.

Regardless of the double tree density in PPP, dnebmation of trees and pasture in SPS
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resulted in more C being sequestered in the swil,the trees in SPS were larger (at the time
of testing). This difference in tree size compeaddbr the lower tree density and produced
similar amounts of litterfall and net additionstte soil C pools. Also, in SPS, pasture root
turnover (Jobbagy and Jackson, 2000), higher migkddiomass and additions of cattle have
contributed to higher SOC (Dube et al., 2009).

When comparing SOC storage among different typesgodforestry systems, it is important
to consider the spatial arrangement of trees aopsfpasture. For example, in a tree-based
intercropping system that resulted from the corivarsf a 6-year old plantation in Quebec,
Canada, Bambrick et al. (2010) reported signifisagteater SOC within 0.75 m of the single
poplar row than at 5 and 7.25 m from the row. Thieknt trends between studies could be
attributed to the fact in the Chilean investigatitre SPS tree strips consisted of three closely
spaced pine rows where there was diminished presainpasture, thus explaining why SOC

was lower therein than at other locations withia plasture alleys.

Dube et al. (2009) working on the same site in Ma2006, encountered SOC contents of
135.8 and 116.9 Mg Haat 0-40 cm depth in PST and PPP, respectively.vahees obtained
in this study are approximately 30% larger, whiekras high given the relatively short period
of time. However, as stated above, cautions mustfddewed when making direct
comparisons since soil sampling intensity differathong the studies and may have
underestimated the spatial variability in SOC astb® field. For example, the sampling plots
for the 2006 and 2009 measurements were locatéifferent parts of the slope, which can
cause variation in SOC because of the effects bfesosion (Bambrick et al., 2010). In
addition, the C-rich pockets (Peichl et al., 20883ulting from decaying wood residues from
the originalNothofagusforest that were unevenly distributed across iteemay have been
included in the second sampling period, resultmgm overestimation of SOC. Finally, the
maximum sampling depth of 40 cm may not accountGainputs from tree roots that are
found at greater depths (Stolpe et al., 2010),ingusn underestimation of the total soil C. It
is evident that questions relating to soil samplilegign and intensity must be addressed in

order to more accurately determine SOC storageaagmulation in adjacent ecosystems.
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3.5. Conclusions

Several recent studies performed in temperate megiof the world have shown that
agroforestry as an integrated land-use system heateg C sequestration potential than
monoculture cropping systems, or even forest plams In the Chilean Patagonia, the
adoption of silvopastoral systems appear to be italde and sustainable practice that
optimizes land productivity, helps control erosfmocesses, preserves and increases C and N

pools during decades or centuries, and also caéstto reduce atmospheric £0

Our results indicate that trees in SPS are usiagsite resources more efficiently and have
their growth enhanced by the additional soil N jled by the leguminous pasture, resulting
in larger amounts of C being sequestered. A favenaticroclimate has been observed as well
as a synergistic effect between trees and pastudéevidual trees in SPS have sequestered
nearly 30% more C in total biomass than trees iR.Psustainable increase in tree density in

SPS could have the added benefit of increased s®praduction for renewable energy.

Any new establishment of SPS in the region may idenshe recommendations from this
study in terms of C sequestration. Landowners ceiilter establish new SPS from improved
seedlings, gaining several years of agroforestryefits compared to the conversion of
existing pine plantations to SPS, and avoidingral problems related to labor requirements
and disposal of slash associated with the convwensiocess. However, the establishment of
SPS from thinned PPP may generate additional insdroen the sale of trees for bioenergy,
and result in large gains in SOC related to thevsiiecomposition of the remaining pine

stumps and coarse roots.

Finally, since all the soils in this study origiadtfrom the same volcanic source, it was
assumed that they were all initially similar inithaological, chemical and physical properties
to 0-40 cm depth of mineral soil when they wereered by the originaNothofagudorest.
The presence of herbaceous legumes since theisltabht of SPS resulted in significantly
greater amounts of soil N stored at any locatioBB$ compared with PPP, and the larger soil

N concentrations are linked to greater C contemtsgains in SOC storage. Stumps and coarse
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roots that were left over from the original pineutiation in the pasture alleys, and regular
inputs to soil of lignin-rich litter from the stripees decompose slowly and constitute a source

of chemically recalcitrant C that may contributestgnificant increases in SOC in SPS.
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CAPITULO 4

Dube F., Thevathasan N.V., Zagal E., Gordon A.Mglf@ N.B., Espinosa MCarbon
sequestration and net fluxes in pine-based silvop@sal systems, forest plantations and
pasture monocultures on volcanic soil in Chilean Ragonia. In: Carbon Sequestration in
Agroforestry Systems. Trabajo invitado por Nair RKy Kumar B.M. (Eds.) Advances in

Agroforestry Series, Springer Sciences, The Nethed. (en revision final)

Abstract: This study was undertaken to model C sequestratibentials in three predominant
ecosystems: 1IPinus ponderosabased silvopastoral systems arranged in stripgofasture),

2) 18-year-old managed exotic plantations (Plaodtiand 3) natural prairie (Prairie), in
Patagonia, Chile. The C contents of trees and pastere determined by destructive sampling
and dry combustion. Litterbags were used to meadecemposition of organic material. Soil
respiration was quantified with the situ soda-lime technique. Soil samples were takenHt O-
5-20, 20-40 cm depths in order to determine s@h@ N. For the Plantation and Silvopasture,
total tree C was 64% and 69% of the total systespectively. Total above and belowground
C pools were 224, 199 and 177 Mg C'hm the Silvopasture, Plantation and Prairie,
respectively. The aboveground: belowground C patibrwas 1:10, 1:5 and 1:177 for the
Silvopasture, Plantation and Prairie, respectivEbtal soil respiration decreased in the order
silvopasture Prairie > Silvopasture > Plantationd deached C decreased in the order
Plantation > Prairie > Silvopasture. Estimatedeayshet C flux was +1.8, +2.5 and —2.3 Mg
C ha' y*for the Silvopasture, Plantation and Prairie, respely. Based on this study and to
attain C neutrality, a land area of approximate8j 4nf or 0.33% of the Chilean Patagonia
territory under silvopastoral systems (Silvopastwigh cattle would be sufficient to offset all
C losses (C@ CH, and NO) from cattle-based livestock systems.

Keywords: Andisols, C pools and fluxes, cattle, greenhouseglamodelsRinus ponderosa

silvopastoral systems.
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4.1. Introduction

Between 2000 and 2010, the atmospheric concenirafioarbon dioxide (C&) has increased

from 369 to 388 ppm, a 5.1% increase over the 18syears, let a lone 280 ppm in 1850
(Tans, 2010). Land-use changes and fossil fuel astidn are two important anthropogenic
factors that have contributed to this increase. ififleence of land management on the C
content in soils and biomass is well documenteddmade (Ross et al., 2002; Huygens et al.,
2005; Dube et al., 2009). Land-use changes not afigct C sources and sinks, but also

impact methane (Chland nitrous oxide (PD) emissions.

The Climate Change 2007 Synthesis Report (IPCC720@poses key mitigation practices in
the agricultural sector. Among them, the use of/@nocrop and grazing land management to
increase soil C storage, restoration of degradedislaimproved livestock and manure
management to reduce ¢kind NO emissions are a few mitigation practices relatethis
study. Agroforestry systems rank high for all oé$k strategies. Well-designed and managed
agroforestry systems can be effective,Gks, especially with the use of perennial crapd
fast growing tree species. Recent studies performe@mperate regions have shown that
agroforestry systems have greater C sequestratb@ngal than monocropping systems,
prairies, or forest plantations, and should be iciemed as real C sinks (Montagnini and Nair,
2004; Sharrow and Ismail, 2004; Gordon and Thewatha 2005; Peichl et al., 2006;
Bambrick et al., 2010). This chapter will focus Grsequestration potentials in three distinct
ecosystems in the Chilean Patagonia region (Figure

Between 1920 and 1940, large areas of the Chilatagénia were burned down and converted
into pastures for cattle, leaving the slopes exghdsean inexorable erosion and degradation of
soils formed by volcanic ash deposits. Overgratiag also contributed to forest destruction
(Silva, 2004). The deforested areas, especiallgetHocated on steeper slopes suffer extreme
erosive processes, which complicate in some cémeseestablishment of native forest. The
recent ratification of the Kyoto Protocol by Chiteupled with C sequestration potentials of
Patagonian agroforestry systems opens the possibdor the progressive adoption of

silvopastoral systems, well adapted to the climn@iiditions and economic reality of Patagonia.
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Figure 41. Map of Chile (a) ar location of Patagonia (in black) and the Aysén Bedin
red) in Patagonia (Source: INE, 2007b); (b) locatd the Mano Negra Sector (insert) in-
Intermediate Temperate ecological zone, Aysén Redihilean Patagonia where data w
collected in 20072009 (Source: Teuber and Ganderats, 20

Profitability from farming, ranching and plantatidorestry in Chile has decreased recer
mainly because of market globalizati(Teuber and Ganderats, 200%he harsh prevailin
weather conditionsgeographical isolation, high costs of productiong dow technologica
development make it difficult for the implementatiand development of new producti
sectors. Profitability can only be improved througimovation and the incorporation

technologes that increase the efficiency of traditionaliates, one of them being tt
integration of forest practices and ranching ongheme unit of land, resulting in a symbic
that benefits both sectors. However, more knowladgeeded to understance functioning

of the resulting systems.
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The Instituto Forestal-INFOR (Chilean Forestry itoge) has implemented a series of
incentives to landowners to adopt agroforestry, ttpqsne-based silvopastoral systems and
windbreaks on their properties as a sustainabletipeathat satisfies their socio-economic
needs while conserving the natural resource basab@ and Ganderats, 2009). However,
there is limited number of studies on Chilean agmrdtry systems and a general lack of
scientific research on C sequestration aspectsadtfition, since pine plantations already
occupy more than 30,000 in Chilean Patagonia atgralgorairies over one million ha, their

C pools and fluxes must be examined as soon asbfgstherefore, the current study is the
first to evaluate and model C sequestration patknin a natural prairie (Prairie), a managed
Pinus ponderosalantation (Plantation), and a pine-based silvtpaksystem (Silvopasture)

on Andisols in the Chilean Patagonia, and to datexiwhich ecosystem has the best potential

for the long-term sequestration of carbon.
4.2. Material and methods
4.2.1. Site description and experimental design

The research site was located in the San Gabriebféigestry Unit within the Mano Negra

Sector (Figures 1b and 2). It was established 220y INFOR 30 km north of the city of

Coyhaique in the Aysén Region, on a western expskgze at 730 m altitude, Lat S 45°25’;
Long W 72°00’. The study took place in the Intermaéel agro-ecological zone of the Aysén
Region of Chilean Patagonia. The annual precipmatiaries from 1000 mm to 1500 mm.
However, only 15% of the precipitation occurs betwdecember and February, coinciding
with the warmest and windiest period. Mean tempeeat fluctuate between 12°C and 14°C in
summer and 2°C and 3°C in winter (Dube et al., 2008ring summer, strong westerly winds
provoke seasonal water deficits and wind erosidmclhvmay diminish soil organic matter

(SOM). The mineral soil horizons have Andic soibperties that include low bulk density (<

0.9 g cn?), high P fixation values (65-89%), and high watentent at 1500 kPa tension

relative to the measured clay content. The soil wlassified as medial, amorphic, mesic
Typic Hapludands (Stolpe et al., 2010).
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Figure 42. Aerial photograph of the pi-based silvopastoral system arranged in
(Silvopasture), surrounded by the managed natueatig (Prairie) and the ponderosa p

plantation (Plantation), in the Mano Negra Secdysén Region of the Chilean Pataca.

Three landdses, hereafter referred to as treatments werédtut) managed natural past
(Figure 3a) with traditional cattle grazing (Pra)ii2) 1tyearold thinned and prunePinus
ponderosa(Figure 3b) exotic plantations (Plantation), 3) g-based silvopastoral systel
arranged in strips (Silvopasture), where the wftipasture alley was 21 m (Figure 3c). 1

entire study area was initially covered with nafieeest, dominated bNothofagus pumili.

In 1991,P. ponderosalantations werestablished over pasture, with a planting pattéthra
x 2.5 m and a density of 2000 tree*. By 2003, the density had declined to 1514 trea*,
the mean tree height was 6.7 m, the diameter atsblreeight (DBH) was 11.4 cm the be
area was 15.3 frha® and the crown cover was 90%. Part of the plantg@ioma) was thinne
down in 2003 to 800 trees * (homogeneous spacing) while another section waméa

down to 400 trees Haand converted into a silvopastoral system arrarigestrips (5 h).
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Although the tree density in SPS as a whole wastds h™, the actual density within tt
tree strip (6 m wide) is equivalent to approximptb44 trees F* with an average spacing
2.3 m x 3 m, because that forest portion of theopihstoral ystem has never been thinr
since the establishment of the pine plantation9811The Prairie and Silvopasture havi

stocking density of 0.5 cows ™

, and consists of a mixture of perennial gras:Dactylis
glomerata, Holcus lanatus, Poa prater), leguminous pastureT(ifolium pratense, T
repeny, and other accompanyirspecies Acaena magellanicaA. pinnatifide, Hypochoeris
radicata Taraxacum officinal). According to a recent inventory of the botanwaiposition
perennial grasses, legumin pasture, weeds and dead material represent 3&@93ihd 15%
respectively, of total dry matter in PST, whereasSPS, grasses represent 29% of the |

legumes 40%, weeds 8% and dead material 2.

Figure 4.3 Permanent plots established in the (a) managedahgitairie (Prairie) near Cer
Rosado volcano, fall 2008, (b) thinned and pruneaderosa pine plantation (Plantation),
(c) silvopastoral system with Black Angus cattl@zing between strips of nderosa pine

(Silvopasture) on volcanic soil (mesic Typic Ha@uads).
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Figure 3. Continued.
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Treatments were established in October 2007 innapteiely randomized design with three

replicates (or sampling plots). Given that the Agrestry Unit was initially established as a

demonstration site, no experimental design was iderexd at that time. The randomly

distributed sampling plots were replicated withirey treatment of the demonstration site
itself but far from each other (at least 50 m)tHis study, spatial interspersion of replications
together with the use of a systematic design weeel #o alleviate possible pseudo-replication
problems (Stamps and Linit, 1999; K. Saez, pemqirag 2007 and 2010). Each plot measured
15 m x 27 m and was located at 5 m from the baoflére treatment. In the Silvopasture, each
plot included three strip rows of pines (6 m wided a half strip of pasture on either side of
the tree rows (10.5 m in length along the tree jows both the Plantation and Prairie, the

plots had only pine and pasture, respectively. tAB measurements took place between
November 2007 and 2009.

4.2.2. Tree and pasture biomass and carbon content

Destructive sampling of ponderosa pine was perfdrioedetermine the weight of different
components (trunks, branches, twigs, needles anésgoCoarse root biomass was estimated
using a subterranean biomass function that reftatsbiomass to stem DBH (Gayoso et al.,
2002; Dube et al., 2009):

Root biomass = -13,2750e#?4148 + 0.0743"DBH)
Wheree is the base of the natural logarithm (2.71828) BgH is the diameter at breast
height (cm). The annual production of fine root (@b diameter) biomass was estimated as a
percentage of litterfall (Abohassan, 2004). The wm,ight of dead pine branches left after
pruning was estimated using nine 25-subplots per treatment. Decomposing trunks and
stumps ofNothofagus pumilideft on the site were cut in pieces and recolétem eighteen
25-nt plots. Carbon contents of all organic materialsengetermined by dry combustion
using a Fisons EA1108 CHNS-O Elemental Analyzesdfs Instrument, CA, USA).

The total standing aboveground pasture biomasshaasested from three randomly placed
quadrats (0.5 feach) per sampling plot (9 in total per treatmetat)determine the

aboveground net primary productivity (ANPP). Theazging material was harvested three
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times a year during the growing season over a tea-yeriod. Since it was not possible to
measure belowground net primary productivity (BNP®)was estimated using a known
algorithm (Gibson, 2009):

BNPP = BGP * (Live BGP/BGP) * turnover,
Where BNPP is the belowground net primary proditgtiyg m? y'), BGP is the
belowground productivity (g i), Live BGP/BGP = 0.6, and turnover = 0.9 (Stolpe et al.,
2010). In addition,

BGP = 0.79 * (AGBIO) — 33.3 * (MAT + 10) + 1289,
Where AGBIO is the peak aboveground live biomassifduring the growing season, MAT
is the mean annual temperature (°C) of observeowgebund biomass. The strength of this
algorithm is given by R= 0.54 and® = 0.01.

4.2.3. Litterfall and decomposition of organic stnates

Circular conic 1-ritraps with 1 mm mesh screen and 60 cm tall weed irsthe Silvopasture
and Plantation to collect the litterfall (Berg aoaskowski, 2006). The amount of litterfall was
sampled monthly over 2 years, and weekly duringréiney seasons. In order to quantify the
decomposition of litterfall, mixed grass root biswaand cattle faeces, polyester bags
measuring 20 cm x 20 cm with 0.5 mm mesh weredfilléth the respective substrates (Berg
and Laskowski, 2006) and placed on the Oe horireedles; faeces) or buried at 15 cm depth
(root biomass). The pine needles were sampled esiergnonths for two years, whereas the
sampling of the grass roots and cattle feces wesrpged every three months for one year.
The annual C contribution to the soil in the Silasfure and Prairie by cattle was estimated
using the quantity of faeces produced per animaldag (Yang et al., 2003; Byrne et al.,
2007), the fecal C concentration and the animalk#tg rates.

4.2.4. Soil carbon and nitrogen

In March 2009, soil samples were taken at 0-5, 522040 cm depths with a split-core soil

sampler to determine total, organic, and inorga@icontent as well as total N in each
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treatment (Dube et al., 2009). Given the genes®lgfanic soils, the inorganic C content was

almost non-existent and it was concluded that ©talas the same as organic C.

4.2.5. C content in leached soil solution and sesipiration

The C concentrations in the leached soil solutioden the pasture and pine roots were
measured using tension lysimeters permanentlyliedtat a slight angle to a soil depth of 80
cm. Sampling was done on a monthly basis and wekkiyng the rainy seasons. Dissolved C
in rainwater and snowfall was determined six tinmegear during the months of greatest
precipitation from three samplers located at randbatal soluble organic C was analyzed by
combustion at 675°C using a TOC-V CPN Total Org&eacbon Analyzer (Shimadzu Corp.,
Kyoto, Japan). Carbon leaching represents the dudifferent inputs, one of them being
dissolved C in rain and snowfalls throughout tharyeKnowing the C concentration in
atmospheric depositions and using C concentrateda df leached soil solution (Dube F.,
unpublished data, 2010), the contribution from $lgstem itself to the total leached C could

then be determined.

Additionally, total soil respiration was quantifiedth thein situ technique of C@absorption
by soda lime in a closed chamber (Edwards, 19823ufar chambers were installed at 5 cm
depth in the soil, assuring that the area was dfelve organic matter. The measurements
were done monthly throughout the year and weekummer. The quantity of G@roduced

in 24 hours was calculated for the chamber areacanderted to hectare.

4.2.6. Air and soil temperature and soil moisture
The soil moisture (0-20 cm depth), soil surface gerature (0-5 cm depth) and air
temperature above the soil (+5 cm) were measuredygwo hours over a 24-month period

using Decagon Devices EM-5B Data Loggers, EC-20 moisture sensors and ECT soil

temperature sensors, respectively (Decagon DelncesPullman, WA, USA).
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4.2.7. Statistical analyses

All treatments were analyzed with the General Lindadel procedure of SAS v.9.0 (SAS
Institute Inc., 2003) for completely randomizedigado test the effect of treatments on the
parameters described in the previous sectionst{Pei@l., 2006). All data were examined for
homogeneity of variance and normality. Analysis vafriance was conducted using the
ANOVA procedure. Student's-test for independent populations was used to cHeck

significant differences between the treatment méammparison by pairspP(< 0.05).

4.2.8. C flows from cattle, decomposition of woddlris, and emissions from fertilizers

Most of the data were derived from the experimeptats. However, the values for cattle
respiration, methane emissions from enteric feratet and nitrous oxide from dung and
urine patches, annual mass loss for decomposifiale@ad branches d?inus ponderosand
boles/stumps oNothofagus pumilipannual leaching rate, and annual emissions,@f fkom
N fertilizer application were derived from the fa¢ure. All assumptions used in the

construction of C models and calculations are gimelyppendix A.

4.3. Results

4.3.1. Carbon pools

The C pools and fluxes within tHéinus ponderosdased silvopastoral system arranged in
strip (Silvopasture), the 18-year old pine plaatat{Plantation), and the managed natural

prairie (Prairie) are illustrated in Figures 4a,attal 4c, respectively.

Total carbon storage was 224, 199 and 177 Mg €ihathe Silvopasture, Plantation and
Prairie, respectively. These C pools do not inclNd¢hofagus pumiliglenga) coarse woody

debris and pine dead branches since they undesgmwabut constant decomposition process
over the years and are therefore temporary paoladdition, given the high annual grass root

turnover in all ecosystems, C in annual fine raotrtass of grasses was considered as a flux
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where carbors added to the soil C pool and not as sequestenadgrass roots (Gordon a
Thevathasan, 2005). Only perennial tree roots witldiameter larger than 5 mm we
considered as the belowground C pool (Abohassd)20he aboveground to belowgrou
C pod ratio was approximately 1:10, 1:5 and 1:177 foe tSilvopastut, Plantation and
Prairie, respectively. Eighteen years after thealsthment (1991 to 2009) of the pi
plantation, the total C stored the Silvopasturand Plantation was 27 and 12%ater than
that was stored in the Prairie, respectively. Hoavelt is interesting to note that six years a
the conversion (2003 to 2009) of the plantatioro ittte silvopastoral system, the total

storage in the Silvopastuhas increased 13%.
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As depicted in Figure 5, indivial trees in the Silvopastuteave sequestered almost 3
more C in the total tree biomass when compared tnéths in the PlantatioOn a tree basis,
the C content was higher in every tree componetthe Silvopastui as compared with the
Plantation, busignificant differencesP < 0.01) were found only for Needles+Cones (7
higher) and Branches+Twigs (40% high

Q0.0
Needles+cones

&0.0 1 .
Branchesttwigs
0.0 13.8b
B Trunk
G0

B Roots 78a 16.3 b
11.4a

500 7

400

kg Ctree!

300

200 ik

1.0

RN T

Plantation in 2003 Plantation in 2004 Silvopasture in 2009
Treatment and vear
Figure 45. Distribution of C content (kg) per tree compaetr before thinning the pir
plantation in 2003 and the Plantatiand Silvopasture six years after thinning. Valuéh whe
same lower case letter within a tree component lzgtsveen treatments in 2009 are
significantly different (Student’s t test, P < 0.01).

4.3.2. Carbon fluxes

Net carbon flux in tested ecotems over a twgear measurement period, were based ol
following quantifications: net assimilation by tee@nd grass, decomposition of woc
detritus, soil respiration, C leaching and atmosigh#epositions, animal consumption, fe:
input and fertiizer applications, and was found to be as +1.8 ##d—2.3 Mg C h& y* for

the Silvopasture Plantation and Prairie, respectively. The highssil respiration wa
observed in the Prairie (5..Mg C ha' y*) and in the pasture componentthe Silvopasture
(Dube F., unpublished data, 201Annual C input via atmospheric deposition was MC

ha' y* for all three ecosystems, and leaching C lossethénSilvopasture, Plantation a
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Prairie were 0.13, 0.16 and 0.14 Mg C'hd, respectively. In relation to annual C input from
litterfall and fine root production, it was 1.39caf.78 Mg C hd y™ in the Silvopasture and
Plantation, respectively. Finally, the net annuahCrporation by grass roots to soil C pools
was 0.87, 0.34 and 1.09 Mg Chyg'in the Silvopasture, Plantation and Prairie, retpely,

considering a 40% addition to the recalcitranttitacof soil organic C (Falk, 1976).
4.4. Discussion
4.4.1. Carbon pools

The above to belowground C pool ratio depicts treppnderance of soil organic C (SOC)
pools belowground. The absence of perennial wopégiss in the prairie is responsible for
the large ratio observed in the Prairie. When compapools in the Silvopasture and
Plantation systems, even though the tree densiSiluopasture was only 50% of that in the
Plantation, the above to belowground C pool ratiasvhigher in the Silvopasture. The
presence of highly active aerial and subterraneawcy€es in the silvopastoral system
(Sharrow and Ismail, 2004) could have contributedhe higher ratio in the Silvopasture in
spite of lower tree density. The ratio obtainedhis study for Silvopasture was the same as
that reported by Peichl et al. (2006) for a sproadey intercropping system in Canada. In
their study, above and belowground C pools wereutloree times smaller than those
obtained in this work, which was to be expectedegithe lower tree density (111 treesha
and non-volcanic soils in which their system waslggshed. Volcanic soils with allophanes

tend to capture larger amounts of C than non-vatoames (Buol et al., 1997).

After its conversion, the Silvopasture has takely ame third of the time compared to the
Plantation, since its establishment, to reach am@ gains in their above and belowground
pools, perhaps due to positive interactions betwetie, tree and pasture components. The
large C storage potential in the Silvopasture dao be explained by higher tree growth, as
shown in Figure 5. Additionally, it is worth memiog that the proportions of total tree C
pools and SOC pools in relation to the total C sstpred in the Plantation were similar to

those reported by Dube et al. (2009) for the Pteaortan a previous study.
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If, for example, no animal grazing was allowed i systems, the total above and

belowground grass C pools would represent 6, 2188d of total C sequestered in SPS, PPP
and PST, respectively. The relative contributiorbefowground root biomass to these values
ranged from 80 to 90%. This is in agreement with fimdings reported by Raich and

Tufekcioglu (2000), where large proportions of gfetosynthates produced by prairies were
allocated to belowground roots. Furthermore, it AB® been shown that grass growing in
harsh environments, such as in Patagonia, ten@évelap larger root systems where energy

reserves can be stored (Gibson, 2009).

The total C storage potentials indicated in thiseegch, 177 to 224 Mg C haexceed those
reported in other recent studies (Dixon et al.,44%harrow and Ismail, 2004; Gordon and
Thevathasan, 2005; Peichl et al., 2006), demoirsfréhe potential of temperate agroforestry
systems in C sequestration. The high C storagenadx$en this study could be attributed to
the high C sequestration capacity of volcanic saiigl their large contribution to the total
system C pools. In southern Canada, Peichl eR@0€) found total system C pools of 97, 75
and 69 Mg C ha for poplar and spruce intercropping and for badele cropping systems,
respectively. Gordon and Thevathasan (2005) estondtat the C stored in all pools of a
poplar-based silvopastoral system with sheep al§Z ha' compared to 44 Mg C Han a
monoculture pasture system. In Oregon, Sharrowismdil (2004) found that in Douglas fir/
ryegrass/ clover silvopastoral system, monoculplaatation and pasture systems of the same
species sequestered 109, 101 and 103 Mg Crieapectively. Dixon et al. (1994) estimated
that agroforestry systems in temperate regionsicoapture between 15 and 198 Mg C ha

4.4.2. Carbon fluxes

The C fluxes in this study were found to be simiathose reported by Peichl et al. (2006),
who found net C fluxes of 13.2, 1.1 and -2.9 Mg & iy for alleycropping systems with
poplar and spruce and for a barley mono-croppirggesy, respectively. In this study and in
the study mentioned above, conifer-based agrofgregstems have demonstrated net positive
C fluxes. It was 1.8 Mg C Hay™in this investigation and in the previous studwits 1.1 Mg

C ha' y*, 60% higher in the Patagonian Silvopasture. Pathe difference observed could
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perhaps be explained by the better growth perfoceari pine in relation to spruce in their
respective environments, but several other facioch as the crop type must also be taken into
consideration before a direct comparison can beemfaor instance, Gordon and Thevathasan
(2005) estimated the net annual C sequestraticnpal in a silvopastoral system with sheep
grazing under poplars to be 2.7 Mg C'h& compared to 0.99 Mg C Ha* in a monoculture
pasture system. However, their study did not take account C losses through leaching®N

emissions from fertilizers nor included long-terail sespiration data as we did in this study.

In the Silvopasture and Plantation, the net C #uwere positive, which indicate that these
systems are true C sinks. A negative net C flushePrairie indicates that this system is a net
C source to the atmosphere. Six years after thevecsion of the Plantation into the
Silvopasture, the C flux of Plantation was only 38¢gher than that of the Silvopasture, in
spite of higher tree density and the absence of @Gtssion from animals and fertilizer
application. Carbon inputs from trees and grasewe8 and 6.6 Mg C Hay’ within the
Silvopasture and Plantation, respectively. Thesapdts were higher than C outputs, but in
the Prairie, C outputs exceeded C inputs. In th@ewimonths, soil respiration was offset by
tree photosynthesis in the Silvopasture and Plantsalthough at a lower rate, but was not so

in the Prairie, resulting in net G@missions during the winter season.
4.4.2.1. Soil respiration

The presence of trees in the Silvopasture did kelpffset the high soil respiration in the
pasture portion of the system, given their highasSimilation and lower contribution to soil
respiration than grass, as reflected by the vahl#ained within the tree strip (Dube F.,
unpublished data, 2010). This is also supported bjudy by Raich and Tufekcioglu (2000),
who reported respiration rates 20% higher in geesis than forests growing on the same soill
type and under similar environmental conditionsatidition, soil temperature and moisture
are largely responsible for differences in soil piegtion rates, and the moisture and
temperature variations that were observed amongystems and at distinct locations within

the Silvopasture (Table 1) may help to understaeditfferences recorded.
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Table 41. Mean annual soil moisture-20 cm depth), superficial air temperature just &
the soil (+5 cm) and soil surface temperatu-5 cm depth) measured over a -year period
between November 2007 and 2(

Treatnuent sl raaisture Aar lemparaturs Huoal lemperature
1-ME =3 rm -5
M WL oL 17E0
Erairie ®.T7 0.7 .5
Flaankativn H.0 i, 1.
Silvopasime cw il e $1wn) 07 (.0 .
Silvopasture (2m Iron trec) [3.0 w0 .4

%VWC: volumetric water coient

But other factors such as root activity and dengite presence of mycorrhizae (Kimmi
2004), and the availability of C substrates fornalital biomass (Dube et al., 2009) may ¢
have influenced soil respiration rates. In additibishould be nod that the Aysén Region

the Chilean Patagonia was under indigenous foreshe past and had large quantities
coarse woody debris (CWD) on the ground, coveripgreximately one third of the tot
study area based on a CWD inventory (Dube F., mpublished data, 20). Therefore, the
presence of significant amount of decaying woodyem left on the soil could also ha
contributed to elevated soil respiration in theethstudied systems, which exceeded gra
assimilation in the Prairie. Trefore, it should be noted here that a large exténthe
Patagonia region (more than one million ha), whschurrently under Prairie is acting as ¢

source based on the data from this st

4.4.2.2 Atmospheric depositiol

Although the annual @put via atmospheric deposition value appearsetonBignificant ir
the presented models, it is important to assesatthespheric annual C inputs to the overg
budgets for the test site (Chilean Patagonia rggiand verify if recent volcanic acity
caused additional C depositions to the soil. Hawaigl this, it should be mentioned that o
dissolved C via rainfall and snow will remove atplosric C(; and any C addition as a res
of volcanic activities will not have any effects @imospheri CO, removal. Monthly
measurements of dissolved C in rain and snowf&dr dfie eruption of the Chaitén volcanc
May 2008 did not show evidence of additional C infpam ashesDube F., unpublished dai
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2010), although it is located at 400 km North c# #tite, probably because of the prevailing
winds blowing eastward. It is interesting to ndtatt75% of the mean annual atmospheric C
input is organic. Sources of organic particles nmyyude dusts and pollens. The inorganic
counterpart is very likely the result of carbona@da(H,COs) formed in small amounts when
CO, contained in the atmosphere is dissolved in raiemw@eay and Grace, 2007).

4.4.2.3. Leached carbon

With respect to total annual C losses as leachiésesontribution to the C budgets also seems
very small as compared with other studies. In Guel@anada, Peichl et al. (2006)
encountered leachate outputs of 1.8, 1.5 and 1.&Nig" y* in alleycropping systems with
poplar and spruce and a barley mono-cropping systespectively. The values reported by
these authors are 7-15 times larger than those dnanmodels, although annual precipitation
and leaching rate in Patagonia are only 45% higiher trees are older and their density is
greater. The larger leaching C losses in the Guelpidies could be attributed to the
calcareous soil caused by the Ca®@drock. Additionally, Undurraga et al. (2009),rwog
with annual crops on a volcanic soil in Chile, repd dissolved organic C contents of 0.0067-
0.0152%, a similar range to the values of 0.0040%6% obtained in this study (Dube F.,
unpublished data, 2010). Volcanic soils contairpectl type of clay known as allophanes,
which have the capacity to retain larger amountsogjanic C, resulting in lower C
concentrations in leachates (Woignier et al., 200 Patagonian ecosystems would be more
efficient in reducing C losses to ground waterstlkaosystems on non-volcanic soils, and
thereby reduce the amount of soluble C source uatag ecosystems, which is required for
denitrification by microbes. As a result, the lowamntent of dissolved C may aid in the

reduction of NO emissions from aquatic ecosystems.

The contribution from the system itself to the kd&mched C, excluding dissolved C from

atmospheric depositions, was quantified to be aB,732.1 and 79.6% in the Silvopasture,
Plantation, and Prairie, respectively (Dube F.,ulntished data, 2010). The Silvopasture is the
most efficient in terms of dissolved C retentiordahe Plantation tends to release higher

amounts of dissolved C to the environment.
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4.4.2.4. Litterfall and C input through decompasiti

These annual C input from litterfall and fine rgobduction values were obtained from data
collected over a 24-month sampling period, whichnpied to take into consideration the

effect of periodical weather patterns and foreshagament activities.

Measurement of litterfall, fine root production aodttle feces input helped to quantify the
annual C input to soil C pool through decomposifiwacesses. As time constraints impeded
the realization of long-term decomposition expenisethe annual mass losses obseiwed
situ were complemented by data from the literature. dtlaring a maximum mass loss of
84.5% after a period of six years (Berg and LaskowZ006), the amount of C incorporated
into the stable soil C pools will be 0.04 Mg C'hg" in the Silvopasture and 0.05 in the
Plantation. Notwithstanding, these values do natsimer accumulated litterfalls from the
previous years that are gradually decomposing dsadl laeing added to the soil C pool.
Therefore, the sum of net annual additions to stabll C pools were 0.24 and 0.29 Mg C'ha

y'! for the Silvopasture and Plantation, respectively.

The larger belowground biomass yield usually resimtgreater C addition to soil C pool, as
reflected in the Prairie and Silvopasture. Gordor &hevathasan (2005) reported net
additions of 0.99 Mg C Hay™in a poplar-based silvopastoral system and a rgsgueairie in

southern Canada, in agreement with the valuesateticfor the Silvopasture and Prairie. The
differences observed could be explained by theetaggass root input in the Prairie and lower
input in the Silvopasture, since approximately 26f4he spatial area is occupied by trees,

whereas only 16% of the area was occupied by rgedrathe poplar silvopastoral system.

4.4.3. Greenhouse gases mitigation potential

4.4.3.1. Stocking rates

Using net C sequestration values from three testedystems and Global Warming Potential

(GWP) values for methane and nitrous oxide, itasgible to determine how many cows per
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hectare could potentially be grazed in the Prairid the Silvopasture without resulting in net
C emissions to the atmosphere. The net C sequestratlues were 3.80 and 1.09 Mg C'ha
y! for the Silvopasture and Prairie, respectivelys@&hon these net C sequestration values,
the number of cattle that can be “C-neutrally gdiagas 5 cows per ha in the Silvopasture
and only 2 in the Prairie. This is ten and fourggmmore than the actual stocking rate of 0.5
cows per ha in the Silvopasture in Prairie, respelgt (Sotomayor et al., 2009), due to the

incorporation of trees into the system.

The actual stocking rate could be increased provesture production can support the new
stocking density. It must be noted however thaséhmaximal stocking densities are derived
based on results from this study, where total € tngtake (assimilated in woody components
and returned to soil via litterfall and fine roatrriover) represents the mean above and
belowground C sequestration rate over 18 yearsiguhie 1991-2003 and 2003-2009 growth
periods. The actual stocking rate of cattle woulobgbly be lower during pine establishment
and senescence. Also, as the trees mature, tlmunsrbecome larger and will create more
shadow on the border of the strip, which may affetture growth at the edges of the alleys
and thereby can reduce the stocking density dilewer pasture production. Higher stocking
rates can also be maintained with grazing of gosit®ep or horses, given their lower
individual GHG emissions (Yang et al., 2003).

The stocking rate affects the C budget becausgddhissions by ruminants increase with the
number of grazing animals. Digestible C losses%fd&cur due to the CHemissions from
enteric fermentation, which contributes between gt 23% of global CHH emissions
(Soussana et al., 2004). Well-managed prairiesigusetter quality grasses that increase the
digestive efficiency will reduce CHemissions because the food remains less timeen th
rumen, producing less GHDeRamus et al., 2003). A silvopastoral systermhwatv input
sustainable practices, which minimize vegetative swmil disturbances, promote the presence
of perennial vegetation, recover or recycle emissi@and will contribute to the preservation of

C and N pools during decades or centuries (Lal5200
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4.4.3.2. Land area under silvopastoral management

The results from this investigation and publisheglorts permit the estimation of the total land
area required under silvopastoral management $aalite raising could become C neutral in
the Chilean Patagonia. There are approximately9BG0cows in Patagonia, out of which
199,284 are found in the regions of Aysén (O. Teupers. comm., 2010) and 61,683 in
Magallanes (INE, 2007a). Using the same net C stqi®n data, and considering that more
than 3 million ha are either abandoned or degrdaied resulting from severe forest fires in
the last century, only 48,127 ha (or 481.27°kmmder silvopastoral systems (Silvopasture)
with cattle would be needed in the Chilean Patagtmioffset all C losses from cattle-based
livestock systems and become C neutral, out of WwB& 752 and 11,375 ha are in the Aysén
and Magallanes Regions, respectively. Since the&ighd Magallanes Regions (INE, 2007b)
cover an area of 108,494.4 and 38,400.8, kmespectively, the total area needed would be
only 0.33%. However, the land area required usin@taral prairie (Prairie) approach climbs
to a total of 167,783 ha, where 128,125 ha areyiseA and 39,658 ha in Magallanes. That is
3.5 times more land area required as monocultuseupa systems, and represents 1.14% of
the Chilean Patagonia. However, one should note ttiese required areas only consider
silvopastoral systems with cows; smaller areas wbel needed if sheep only were grazed, but
larger areas would be necessary if both cattlesaegp were included. In addition, it is worth
mentioning that Cl} CO, and NO emissions contribute to 46, 39 and 15 %, respaytito

the GWP from the areas mentioned above.

On the other hand, the use of faster-growing spewil adapted to Patagonian conditions,
such asPopulus trichocarpgA. Sotomayor, pers. comm., 2009) could resulbatter short-
term C storage or greater C storage than pinestation age. In addition, poplar leaves may
annually release more N to the soil than pine reedlhevathasan and Gordon, 1997)
because of the different substrate quality andccenhance pasture growth. In addition, based
on this study, and knowing the numerous benefitsagifoforestry for soil conservation
(Gordon et al., 2009), it may be a policy optionhb® considered to introduce tree-based
pasture systems in Patagonia as the monocultuterpasystems (Prairie), regrettably, are

currently acting as a C source.
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4.5. Conclusions

Several recent studies have shown that temperatafoagstry systems have greater C
sequestration potential than forest plantationasglands, or sole cropping systems. In the
Chilean Patagonia, the adoption of Silvopastureeapp to be a sustainable land-use
management practice that preserves and increageS aad N pools, contributes to reduce
atmospheric C@ and permit to offset GHG emissions from animalzgrg and fertilizer
applications, which could convert the entire regimo effective C sinks. Our results indicate
that individual trees in the Silvopasture are usimye efficiently the site resources and have
sequestered almost 30 % more C in total above atwvground biomass when compared
with trees in the Plantation. Sustainable incréaseee density could enhance C sequestration

and have an added benefit in terms of biomass ptmaufor bioenergy.

As the thinning operation resulted in higher C sstration rates in the Silvopasture, any new
establishment of silvopastoral systems in the regmay follow the recommendations from
this study in terms of C sequestration. We can expignificant gains in SOC in the future
resulting from remaining pine stumps and coarseé-ieromposition. The aboveground:
belowground C pools ratio show the preponderanc8@€ pools belowground and the key
role played by volcanic soils in the capture ofmmounts of C. Besides the higher stem
density in the Plantation, the synergistic effeedulting from the combination of trees and

pasture led to more C being sequestered in the&ibkture soil.

The C fluxes suggest that the Plantation can ahnsebuester only 40% more C than the
Silvopasture, in spite of twice as much tree dgndim the Silvopasture and Plantation
systems, the net C fluxes were positive, whichdatdi that these systems are true C "sinks". A
negative net C flux in the Prairie system indicdtes this system is a net C "source" to the
atmosphere. Based on this study, the actual cgttilking rate could be increased to 5 cows
per ha in the Silvopasture and only 2 in the Rrain order to be “C-neutrally grazed”,
provided pasture production can support the newkstg density. On the other hand, only
481 knf under Silvopasture would be needed to offset dig8es from cattle-based livestock

systems in the Chilean Patagonia and become Cahe@iven that large deforested areas are
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currently subject to soil erosion coupled with paad inferior quality pasture production, the
adoption of Silvopasture over large tracts of grgzlands should not be a problem in
Patagonia nor a threat to other types of land useshe Prairie is acting as a C source, pine-
based silvopastoral systems could contribute engsiyotowards Chilean strategies to

mitigate climate change.
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4.7. Appendix A

The following assumptions and calculations werealuseorder to build the models of C pools
and fluxes within the pine-based silvopastoral @ysarranged in strip (Silvopasture), the 18-

year oldPinus ponderosalantation (Plantation), and the managed natueatip (Prairie):

1) The Silvopasture and Plantation have a treeityenis400 and 800 stems harespectively.
Pine strips in the Silvopasture occupy 22% of tteaavailable for pasture and have never

been thinned. All trees were pruned to heights.®fa2d 4 m in 2006 and 2009, respectively.
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2) Using inventory data obtained since the estatvient of the pine plantations, the mean
above and belowground C sequestration rates wégelated for the 1991-2003 period at the
initial tree density, and then for the 2003-2008iquts after thinning to a density of 800 trees
ha' in the Plantation and 400 trees'ha the Silvopasture.

3) Aboveground tree C pools include trunks, brascheigs, needles and cones. Belowground

C pools include thick roots superior to 5 mm diagnet

4) It was assumed that cattle will consume moshefaboveground pasture biomass produced
during the year in the Silvopasture and Prairiat(pé it returning to the system as feces,
methane, nitrous oxide and respiration) and thbt lselowground biomass C will be added to
the soil C pool. The aboveground grass biomasseptes the Plantation remains in the

system as no grazing occurs therein.

The C content of aboveground net primary produstiANPP) was determined after
manually harvesting grazing material three timg@ar over a two-year period. Since it was
not possible to measure on site belowground nenhg productivity (BNPP), it was
estimated with a known algorithm (Gibson, 2009)e T content of BNPP and net annual C
sequestration by pasture alone could then be edéxl considering a 40% addition to the
recalcitrant soil C pool (Falk, 1976).

5) Knowing the stocking rates and the amount oé$egroduced annually and C content, the
cattle respiration (kg C£ha® y''), methane emissions from enteric fermentation, @itrdus
oxide emissions from dung and urine patches, abagetheir CQ-equivalents (IPCC, 2001)
were calculated using data published by Flessa €2@02), Yang et al. (2003) and Byrne et
al. (2007). Carbon dioxide, GHand NO emissions from a single animal are estimatecdeto b
996, 56 and 1.29 kg heAg™, respectively, and depend on the amount and Kirieeal that is
consumed. The reference weight per head-unit ik§OCQ-equivalents are calculated using
the Global Warming Potentials (GWP), which detemmihe relative contribution of a given
gas to the greenhouse effect. The GWP values m&mmré®w many times more deleterious

than CQin a 100-year period are GKR1) and NO (310) in terms of global warming.
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6) The annual mass loss values of cattle fecesinglstaafter a 12-month litterbag
decomposition experiment made possible the caloulaif net C additions to soil C pools,
considering that 2.2 and 2.5 years are requiredetoa maximum decomposition in the
Silvopasture and Prairie, respectively. The netitemid to soil C pool in each treatment
represents therefore the sum of annual C incorpoiabver these periods. Hirata et al. (2009)

reported similar results, where cattle dung reaéhddcomposition of 79.1% after 2.2 years.

7) Annual litterfall and needle decomposition ire tRlantation and the Silvopasture were
obtained from field measurements over a two-yeaiogeto illustrate the importance of
annual C inputs and net additions to soil C poltlsvas assumed that annual fine root C
turnover in pines is 30 % of litterfall (Abohassa004).

8) Since time constraints did not permit to undertaa long-term experiment for the
decomposition of the ponderosa pine needles, amuemi mass loss of 84.5% for Scots pine
needles in Scandinavia was assumed to be reprégentd the situation, considering the
similar climatic conditions encountered and valoésnitial N and lignin contents found in
green litter (Berg and Laskowski, 2006; Dube Fpublished data, 2010). Theoretically, the
C contribution to soil from litterfall and fine roturnover for the last 18 years was 25 and 32
Mg C ha' in Silvopasture and Plantation, respectively. Hesvean average of 14.2% in the
Silvopasture and 14.5% in the Plantation of thed@ed annually via litterfall and fine roots

was released back into the atmosphere through matrdecomposition.

Based on the results of the decomposition expetimegproximately six years (84.5% /
14.2% y* in the Silvopasture and 84.5% / 14.5%iy the Plantation) would be required to
obtain maximum needle decomposition. This represer20 Mg C ha y™* (25 Mg C hd/18

yrs * 14.2% V1) in the Silvopasture and 0.26 Mg C’hg* (32 Mg C h&/ 18 yrs * 14.5% ¥)

in the Plantation that are lost due to decompasiti@onsidering a maximum mass loss after a
period of six years, the amount of C incorporated the stable soil C pools will be 0.04 Mg
C ha' y* (25 Mg C hd/18 yrs * 15.5% /6 yrs) in the Silvopasture andsd(82 Mg C h&/18

yrs * 15.5% /6 yrs) in the Plantation. However,db&alues represent what is lost and gained

from the annual litterfall, and do not considerwanalated litterfalls from the previous years
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that are gradually decomposing and also being atldide soil C pool. Taking this process
into account, the sum of annual losses as decotiposluring the six year period in the
Silvopasture and Plantation reached 1.2 and 1.6CMwi* y*, respectively, whereas the net
annual additions to stable soil C pools were 0r2d @29 Mg C ha y* for the Silvopasture

and Plantation, respectively.

9) With respect to decomposition of necromass aradse woody debris (CWD), the annual
mass loss was determined using publiskedlues (3/) for decomposition of dead branches
of Pinus ponderosgHart et al., 1992; Yin, 1999; Hall et al., 200&)d boles/stumps of
Nothofagus pumiligFrangi et al., 1997). Knowing the dry weight &ad branches after two
years of decomposition and CWD, and assuming a 85%oof initial weights, it was possible

to calculate their mass losses and net additiosaib C pools. It should be noted that
decomposition of the duff needle layer is not cdesed here as it has already been accounted

for in the calculation of annual litterfall decongpon.

10) Soil C sequestration for the upper 0-40 cmray&s determined using weighted averages
of C contents at three measured depths and a kulitst of 0.9 g ci (Dube et al., 2009). In
the silvopastoral system, an average value wasilesééc from the C contents obtained within
the tree strips and at 2.5 m intervals on eithee sif strips (up to 10.5 m, corresponding to the
middle of the 21-m wide pasture strip).

11) Soil respiration values refer to total respimat including tree root, mycorrhizae and

microbial respiration, and annual decompositiorséssof needles, fine roots, cattle feces,
necromass and coarse woody debris. Annual soilireggm for the three ecosystems was
calculated from the monthly respiration rates pné=e: in this study. For the months that soll
respiration was not measured, estimates were dsrellaws: A regression between soll

respiration and air temperature (+5 cm) was adjuisteevery treatment (R? = 0.94), using the
values obtained in the field. Knowing the mean rhiynsuperficial air temperatures, these
equations were then used to estimate monthly ssgiration and check the values calculated
initially, the differences being less than 5%. Witthe Silvopasture, it was assumed that soil

respiration in the tree strip accounts for 22% fritnva spatial area, while respiration from 1
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and 7.5 m from the tree strip accounts for 78%cé&irespiration chambers were installed
within the pine strips, at 1 m and at 7.5 m frora #trips, tree roots growing into the grass

band could be taken into consideration in the datmns.

12) In order to determine the annual amount ofHeer C, it was assumed that 24% of the
annual rainfall leaches to the ground water (Q@i8D7; Peichl et al., 2006). Annual rainfall at
the research site is 1206 mm out of which 290 mfh Y is lost as leaching. The mean
annual total C concentrations of leached soil smufrom the land-uses were then used to
estimate the annual leached C losses in conjunetitin total annual leaching losses. As
above, C leaching within the tree strip was assutoegccount for 22% of the spatial area,

whereas leaching from 1 and 7.5 m from the trép atrcount for 78% of the area.

13) Since approximately 1.25% of N fertilizer applito the soil is lost in the form of,®@
emissions (IPCC, 1997), and knowing the amount-éémilizer applied to the pasture every 3

years, annual emissions of®land CQ-equivalent were estimated.

14) Carbon storage in ecosystems pools was catclleing the following equation:

Coools = Cagt + Cogt+ Cagg*+ Csoils
Where Goois = total carbon stored in ecosystem poolgy € aboveground tree carbon,yG
belowground tree carbon,.§g= aboveground grass carbon in the Ponderosa pamgapion

and G,jl = soil organic carbon pool.

15) Positive or negative carbon flux into or outtbé ecosystems was calculated using the
following equation:

Chux = Crru + Coru+ Cap + CGreest Cowds — Gsres— Gieh — Grert— Canc,
Where Gux = net carbon flux in the ecosystem; = carbon input via total tree uptakes; &
= carbon input via total grass uptakeydC= carbon input through atmospheric depositions
(rain and snow), fecs= net addition to soil carbon pool via feces infilgygs= net addition to
soil carbon pool via coarse woody debris and neassntlecomposition,sges= carbon output
via total soil respiration, (= carbon leachate output from the soil solutiop,«& Vvolatile

carbon-equivalent output from fertilizer applicatj@and G,c = carbon output through pasture
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consumption by animals (divided between cattleefattg, feces production and GHG
emissions). Therefore, losses as animal respira@bh emissions from enteric fermentation

and NO from feces have already been accounted for tteaansumption
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DISCUSION GENERAL

En los Capitulos 1 y 2 se determin6 que los diteensos del suelo (pradera natural - PST,
plantacion dePinus ponderosa PPP, bosque ddothofagus pumiliec NPF) han afectado la
formacion de materia organica (calidad de subgtrdigponibles, distribucién de los ingresos
de C), el C orgéanico del suelo (SOC) y la biomagaahiana C, los que terminan afectando
la respiracion microbiana del suelo. Los diferentess del suelo también han modificado el
contenido de C en la biomasa vegetal. Los resudtddmuestran la capacidad que este tipo de
suelo volcanico tiene para almacenar grandes eat@gdde C. Por otro lado, se ha encontrado
gue la proteccién fisica del SOC proporcionada Ipsragregados del suelo ha permitido
mejorar el secuestro de C a largo pldzomayor cantidad de SOC se estabiliz6 en la féacci
intermedia de la materia organica (mesoagregadek)ecosistema menos perturbado, el
bosque nativo (NPF), seguido de la plantacion d® gPPP). A través de los afos, los
mesoagregados estables formados en suelos nobaelbsr por la erosion, la labranza y la

cosecha mecanizada, pueden comportarse como veydatenideros de C (Six et al., 2002).

La alta calidad de la materia organica del sueldoMP en NPF promueve el crecimiento y
productividad de las plantas, dando como resultadél® secuestro de C en la vegetacion y, en
tltima instancia, la sustentabilidad del ecosistamargo plazo. Aunque no ha sido posible
estudiar detalladamente la calidad y distribuciénlad SOM en el sistema silvopastoral con
pino (SPS), los resultados obtenidos sugierenajugdraccion de arboles y pasto leguminoso
en una misma éarea podria permitir la optimizaci@ la biomasa microbiana C y la
respiracion microbiana y, probablemente, la fordacie mesoagregados estables en el suelo.
Segun Sharrow e Ismail (2004), existe una sineggaltante de la interaccion de los ciclos de

C aéreos y subterraneos de los arboles y el pasto.

La simulacion del C del suelo utilizando el mod€l2FIX demostrd que los contenidos de C
en estos suelos volcanicos fueron cuatro a ochesvetas bajo que aquellos medidos

experimentalmente en NPF, PPP y PST. La subestimas® atribuye a las altas tasas
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predefinidas de descomposicion de la litera vegatasuelos no volcanicos del sub modelo
YASSO, junto con datos climéticos tipicos (Liski al, 2005). Sin embargo, los suelos
volcanicos bajo estudio tienen altos contenidosdeeria organica. Al disminuir al minimo la
tasa de descomposicion de los compuestos orgésotasies en el suelo, los contenidos de C
simulados fueron mas cercanos, pero aun 11% ma&s lspje los valores medidos en
laboratorio. Ademas, la recalibracion sobrestim@riaporcion de compuestos solubles de la
SOM total (Stolpe et al., 2010). En consecuenads,résultados del Capitulo 2 llevan a la
aceptacion de la Hipétesis N°4, la cual estipula dada la presencia de suelos volcanicos,

CO2FIX subestimara la cantidad de C secuestrado.

La adopcion de SPS es una practica sustentableogpireiza la productividad del suelo,
preserva y aumenta los reservorios de C y N, y iEamtontribuye con la reduccién de £€0O
atmosférico. Los arboles en SPS en particular kanestrado casi un 30% mas de C en la
biomasa total que los arboles en PPP (Capitulba3)mayores dimensiones de los arboles en
SPS compensan, hasta cierto punto, la menor densiderea, sin olvidar el C adicional
secuestrado en los reservorios subterraneos (rdétgsasto y suelo). El crecimiento de los
arboles (sobretodo el incremento del didmetro) B& Sumenta debido al N adicional del
suelo que provee el trébol, el que, a su vez, sefioéa del microclima favorable que se crea
en las fajas de pasto, dando como resultado magangslades de C secuestrado. Por lo tanto,
los resultados planteados en el Capitulo 3 llevém @ceptacion de la Hipotesis N°3b, que
sostiene que la mayor cantidad de N en el suelapabdn de las leguminosas permitira un

mayor crecimiento del arbol en SPS y mayor cantia@ secuestrado por arbol que en PPP.

Aunque la faja de arboles ocupa casi el 25% del disponible para el pasto en SPS, y a pesar
de la sequia ocurrida durante el afio 2008, la ptoddad anual neta de pasto por hectarea no
fue significativamente diferente en SPS y PE3to demuestra el rol inigualable que juegan
los arboles en la creacion de un microclima favier@imayor temperatura del aire durante las
estaciones de crecimiento; doble humedad del siwetnte todo el afio) para el crecimiento
del pasto en el sistema agroforestal (Garrett.e2@04). Sin embargo, usando como base de
comparacion el cuadrante de medicion de pasto, pgumite compensar por el area no

disponible para pastura, la productividad anuglao es significativamente mayor en SPS.
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La conversion de la plantacion de pino a SPS disocesultado mas SOC secuestrado a 0-40
cm de profundidad en el suelo, mientras que hulm pérdida significativa de SOC a la
misma profundidad luego de haberse establecid®Radh la pradera natural. La presencia de
trébol desde el establecimiento del SPS resulgaatidades significativamente mayores de N
almacenado en el suelo de SPS comparado con Piih Sshnson (1992), se ha demostrado
gue los contenidos de C y N del suelo pueden awamnel® 20-100% con la presencia de
plantas fijadoras de N atmosférico. Por otro lalbs, acidos hdimicos marrones que se
producen como resultado de la descomposicion tieida de pinos (Stevenson y Cole, 1999)
han reducido la actividad de la biomasa microbignalisminuido el C rapidamente
metabolizable en PPP (Ross et al., 2002), lo qnées@ a una reduccion de la formacién de
SOC luego del establecimiento de las coniferasaeprddera natural. Esto corrobora los
resultados obtenidos por Dube et al. (2009) quierentraron contenidos de biomasa
microbiana C hasta 2,5 veces mas baja en PPP gB&®ra 0-20 cm de profundidad en el
mismo sitio de estudio. Por lo tanto, los resultadel Capitulo 3 llevan a rechazar la
Hipdtesis N°3a, que sefiala que la mayor cantidadl @éa el suelo por accién de forrajeras

leguminosas se encontrara en suelos bajo PST.

Asi mismo, los resultados del Capitulo 3 han dateado que SOC fue significativamente
mayor a 0-20 cm de profundidad en SPS que en PSjLd lleva a rechazar la Hip6tesis N°2.
La gran contribucion de SOC a 0-20 cm de profurdiiglarelacion al SOC total demuestra la
importancia del ciclaje activo de nutrientes encéga superficial del suelo de todos los
tratamientos, en especial PST y SPS. Las mayomsentaciones de N en el suelo estan
relacionadas con los mayores contenidos de C yngasaen almacenamiento de SOC, los
gue resultan en una mejora de la fertilidad delos(ambrick et al., 2010). Debido a sus
propiedades Unicas, tales como altos contenidosatieria organica, baja densidad aparente y
presencia de arcillas alofanicas, los suelos valoartienden a capturar mayores cantidades
de C que la mayoria de los suelos. Ademas, lasgutages especiales de los aléfanos que
contienen los suelos volcéanicos, los que retiemandgs cantidades de SOC (Woignier et al.,
2007), y la estabilizacién del C organico disualtmtrolada por el Al y Fe activos de las
cenizas volcanicas (Shoji et al., 1993), podriarresgponsables de las menores pérdida de C

en los lixiviados del suelo. En la escala de badante C, SPS es mas eficiente que PPP y PST
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para reducir las pérdidas de C a las aguas sulasd, de este modo, permite disminuir las
cantidades de C soluble en los ecosistemas acsidfisto podria contribuir a reducir las
emisiones de PD a la atmdsfera, ya que los microbios acuaticqsieeen C soluble para

realizar la desnitrificacion (Stevenson y Cole, 999

Los resultados del Capitulo 4 muestran que el amauiento aéreo y subterraneo total de C
fue de 224, 199 y 177 Mg C han SPS, PPP y PST, respectivamente, y los rekxide
reservorio de C aéreo / subterraneo fueron de (SE®), 1.5 (PPP) y 1:177 (PST). Las
relaciones demuestran la preponderancia de los/ces®s subterraneos de C en el contenido
total de C secuestrado en los ecosistemas. La @asde arboleexplica la alta relacion
observada en PST. Cuando se comparan los reservieicC en SPS y PPP, aunque la
densidad de arboles en SPS sea solo el 50% ddaRfBporcion de C aéreo / subterraneo fue
mas alta en SPS. Como consecuencia, los resultaeti@apitulo 4 llevan a la aceptacion de la
Hipdtesis N°1a y al rechazo de la Hipétesis N°alprimera (a) que afirma que SPS permitira
una mayor produccién anual de biomasa total y staude C que PST, y la segunda (b) que
SPS no secuestrara mas C que PPP con el doblesidatk

Los flujos netos positivos de C en SPS y PPP indiree estos ecosistemas pueden funcionar
como verdaderos sumideros de C, mientras quejelrikto negativo de C en PST indica que
este sistema actia como una fuente neta de C. Conszcuencia, la adopcién de SPS en
grandes areas con pradera natural en la Patagodidapcontribuir a las estrategias de
mitigacion del cambio climatico de Chile. Por cgusente, los resultados del Capitulo 4
llevan a la aceptacion de la Hipétesis N°5, la aedlala que las emisiones de ,GHN,O
seran maximas en PST y minimas en PPP, siendo i&P8tarnativa interesante para mitigar
el efecto neto de los GEI bajo estudio. La preserdg arboles en SPS contribuye a
contrarrestar la alta respiracion del suelo, geaaiau mayor asimilaciéon de C y menor aporte
a la respiracion total del suelo que el pasto. Adgnta significativa cantidad de madera en
descomposicién sobre el suelo por la quema hist@e bosque nativo, contribuye a la
elevada respiracion, la que sobrepasoé la capadeladimilacion de C del pasto en la pradera.
Por lo tanto, una gran extension de la Patagongs @e un millon de ha), que actualmente se

encuentra como pradera natural, estaria actuamdo goa fuente de C a la atmédsfera.
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CONCLUSIONES GENERALES

Practicas de manejo sustentable que promuevenrmaaéidn de agregados en el suelo,
sobretodo mesoagregados estables, pueden actuarsconideros eficientes de C por largos
periodos. Para ello, es necesario estudiar laachiidlistribucion de la SOM en nuevas formas
de uso del suelo promisorias para la Patagoniaptab los sistemas silvopastorales. También
evaluar los niveles de biomasa y respiracion miaraba distintas profundidades del suelo, la
abundancia natural d&C a través del perfil del suelo, y las propiedagigisnicas del suelo
incluyendo el pH, N@N, y P y K disponibles. Los cambios en pH del symdrian afectar
las poblaciones de hongos en el suelo, lo que,\®zupuede estar ligado a variaciones en
contenidos de C disuelto en lixiviados (W. Blummemicacion personal, 2010), hipétesis que
requiere ser evaluada. No obstante, para compr@adeompleto la variabilidad espacial del
SOC en el campo y determinar con precision el admamiento y ganancias de C en
diferentes estudios en el mismo sitio, es necesavigar la metodologia relacionada con el

disefio e intensidad de muestreo de suelo.

Nuestra investigacion ha demostrado que la reealin del modelo CO2FIX permite simular
mejor los contenidos de C en los suelos volcanipesyp sobrestima los contenidos de C
solubles, al compararlos con los resultados obtenigor fraccionamiento fisico en
laboratorio. Futuros estudios deberan considerajuste de otros parametros del modelo a fin

de obtener simulaciones mas cercanas a la realidad.

Debido al cambio en las tasas de secuestro del@ émboles de SPS y PPP después de ralear
la plantacion inicial de pino, cualquier nuevo blteimiento de SPS en la Region de Aysén
puede seguir las recomendaciones de este estudiérramos de secuestro de C y otros
beneficios que derivan de él. El establecimientosidéemas silvopastoriles con plantulas
mejoradas permitiria ganar varios afios de bensefiagroforestales durante la rotacion, y
evitar los problemas relacionados con el trabajueado para convertir las plantaciones de

pino y disponer de los desechos de cosecha quéapddrmarse en el proceso. Por otro lado,
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el establecimiento de SPS a partir del raleo de gRiélFia generar grandes ganancias en SOC
debidas a la lenta descomposicion de los restésocd@es y raices gruesas. Sin embargo, los
disturbios del sitio asociados a la remocion delégen los sectores correspondientes a las
futuras fajas de pasto pueden afectar la formag@mesoagregados estables y promover la
erosion y la respiracion adicional del suelo, ualedda importante de C (Schlichter y Laclau,

1998). Esta pérdida de C del sistema no ha sidoideccuando se calcularon los flujos de Cy

se desarrollaron los modelos de secuestro de Gtemrstudio, pero deberia ser considerada en

estudios futuros, especialmente cuando PPP seertanai SPS a mitad de rotacion.

El que cada arbol en SPS secuestre un 30% masatel& biomasa total implica que un
aumento moderado en la densidad arborea, juntaalgumas modificaciones al disefio del
sistema, podria aumentar el secuestro de C enrtbodes, con el beneficio agregado de la
producciéon de biomasa para distintos usos (e.grge)e Una mayor densidad arborea
reduciria la contribuciéon de la respiracion deltpasla respiracion total del suelo, terminando
en una menor respiracion total anual en SPS. Laendria un efecto benéfico en los flujos
netos de C, haciendo aun mas positivo y mas cewravedor obtenido para la PPP (+2.5 Mg
C ha' y%), comparado con el valor obtenido en este espatia SPS (+1.8 Mg C Ha/™).

Basado en los resultados de este estudio, podrémtimarse la introduccién de SPS en la
Patagonia, ya que los pastizales (sobre un milérha) actian como fuentes de C. El
establecimiento de menos de 500°kmmjo SPS en praderas degradadas, o la conversién de
PPP a SPS permitiria contrarrestar todas las @&dié C de los sistemas pecuarios con
ganado bovino en la Patagonia chilena. Por otro, ladintroduccion del manejo silvopastoral
en bosques ddothofagus pumilipuede ser una buena alternativa de manejo pabo$ugies
nativos ubicados cerca de las estancias ganadéragre que los arboles sean raleados para
abrir su dosel, y que la pastura leguminosa sadlestda en el sotobosque pagimizar el
secuestro de C en los componentes vegetales elel. 41a utilizacién de arboles nativos de
larga vida en sistemas silvopastorales permitiriseeuestro de grandes cantidades C en la
biomasa y el suelo, preservaria la calidad del $@@ntendria un adecuado balance entre las

preocupaciones medioambientales y econdmicas sakatas al uso de la tierra en la Region.
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