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RESUMEN

Se ha establecido que en ambientes mésicos el cambio en el contenido de nutrientes durante
el desarrollo a largo plazo de los suelos determina los cambios en procesos ecosistémicos
tales como la productividad primaria y el reciclaje de nutrientes, asi como en la
composicion y diversidad de plantas y microorganismos del suelo. Por lo tanto, suelos
jévenes limitados por Nitrégeno (N) estan dominados por plantas de crecimiento rapido y
rpida descomposicion, y en estados tardios de desarrollo el Fosforo (P) se vuelve limitante
y las especies cambian a estrés-tolerantes, de crecimiento lento y bajas tasas de
descomposicion. Sin embargo, estudios recientes en ambientes aridos muestran que la
limitacién por N domina los procesos ecosistémicos, por lo que la trayectoria de desarrollo
de los suelos podria ser significativamente distinta a lo observado en regiones mésicas. En
este trabajo se evaluaron las causas y consecuencias del desarrollo de los suelos en
ambiente aridos limitados por N y su efecto sobre las comunidades de plantas y
microorganismos del suelo a lo largo de tres cronosecuencias de c. 20,000 afios con suelos
derivados a partir de diferente material parental en la Puna seca de los Andes centrales de
Bolivia. Los resultados confirman que el N es limitante a lo largo del gradiente de edad,
mientras que el P se mantuvo sin cambios, este patron se mantuvo independientemente del
origen geoldgico de los suelos de las cronosecuencias. El incremento en la razén N:P
durante el desarrollo de los suelos determind los incrementos en la riqueza de especies, la
descomposicion y la translocacién de nutrientes en plantas que se observaron en las tres
cronosecuencias. Las comunidades de bacterias y hongos del suelo mostraron patrones
contrastantes; la abundancia de bacterias incrementd con la edad de los suelos, pero la
abundancia de hongos decliné a lo largo del desarrollo de los suelos, lo que sugiere un
cambio en la dominancia microbiana en relacion con el cambio en la disponibilidad de
nutrientes a lo largo del gradiente de edad de los suelos.

En conjunto estos resultados indican que a diferencia de los ambientes mésicos, en
ambientes limitados permanentemente por el agua, la limitacion por N retarda el desarrollo
de los suelos, y de los componentes bioticos sobre y debajo del suelo, manteniendo asi a los

ecosistemas en un estado de “juventud” permanente.



INTRODUCCION GENERAL
Marco tedrico
Los procesos biogeoquimicos que gobiernan el ddkade los suelos y la composicion,
estructura y funcionamiento de los ecosistemasdegas a lo largo del tiempo, han estado
en el centro de la investigacion en ecologia dsesdeinicios (Gleason, 1917; Crocker &
Major, 1955; Odum, 1969). El estrecho vinculo enlos procesos que ocurren
simultaneamente debajo del suelo “belowground” Presda superficie “aboveground”
determina que los cambios en procesos ecosistérass como la produccion primaria,
descomposicién y el reciclaje de nutrientes, reflefambios en atributos del suelo tales
como el contenido de nutrientes, pH, la actividatigmasa microbiana (Wardle et al,
2004b; Bardgett et al, 2005; Gaxiola et al, 208Ih embargo, estos cambios a nivel
ecosistémico ocurren a escalas de tiempo que varaitdadel tiempo de vida de cualquier
investigador, ya que en su mayoria exceden logosgn miles de afios (Wardle, 2002).
Por esta razon, las cronosecuencias edéficas sechastituido como el modelo
paradigmatico en la ecologia de ecosistemas ya pgumiten estudiar los cambios
biogeoquimicos del suelo y los patrones ecolog{eas. sucesion de la vegetacion), asi
como los procesos ecosistémicos sobre escalas ralegpa@ue alcanzan los millones de
afos (Wardle et al, 2012). Las cronosecuenciasced&bnsu stricto, se definen como el
“conjunto de sitios (0 etapas) formados a partir dsmo material parental, pero que
difieren en la edad a la cual fueron colonizadasopganismos y por lo tanto en la etapa de
desarrollo ecosistéemico” (Walker et al, 2010).

A partir de los patrones observados en cronose@seredaficas con distintos
origenes tales como retiros de glaciales (WalkeSyers, 1976; Chapin et al, 1994;

Richardson et al, 2004), actividad volcanica (Crewsal, 1995; Vitousek et al, 2004),
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deposicion de arena (Walker et al, 1981; Lalibetéal, 2012) y levantamientos por
tectdnica de placas (Coomes et al, 2005; Gaxiodd, &010), particularmente en regiones
templadas y sub-tropicales (ver Peltzer et al, 2@80ha enfatizado en el rol critico de
nutrientes tales como el Nitrogeno (N) y el FosfR) (Wardle et al, 2004a) en los
procesos ecosistémicos a lo largo del tiempo Bigel modelo de Walker & Syers (1976)
para ecosistemas templados establece que lagasgpimpiedades quimicas y fisicas de los
nutrientes determinan los cambios en las abundanelativas, por ejemplo de N y P, asi
como las formas quimicas en las que se encuenteserges durante el desarrollo de los
suelos. Asimismo, el modelo explica que estos casndiiectan los mecanismos a través de
los cuales el N y P fluyen a través de los distirtomponentes de los ecosistemas (e.qg.
suelos, plantas). En particular, las diferentemés en las que se encuentran el N y P de
manera natural determinan su balance y disporaloi]idanto para plantas como para los
microorganismos durante el desarrollo de los su&lekzer et al, 2010).

El mayor aporte de N en los suelos proviene deadatrhdsfera, a partir de la
actividad de bacterias simbiontes y bacterias da More (Sprent & Sprent, 1990; Vitousek
et al, 2002b). Por esta razon suelos jovenes emetnente perturbados presentaran bajos
contenidos de N, que iran en incremento con laidetil bioldgica a lo largo del desarrollo
de los suelos (Vitousek et al, 2002). En cambidpdgue el P no presenta una fase gaseosa,
y que la mayor parte de este se encuentra en fdemBosfato de Calcio (Apatita), el
material parental representa la principal fuentdPdeara el ecosistema (Walker & Syers,
1976). De esta manera, suelos jovenes presentadXena cantidad de P que tendra ese
ecosistema durante su desarrollo. En otras palatada ecosistema “nace” con el total de
P en el sustrato parental y éste se va liberandaqudn de factores abidticos (lixiviacion)

y actividad biotica. A lo largo de estos procesoB ga cambiando de formas moleculares
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pasando por fosfatos, que son de facil adquisipaia las plantas, a fosforo organico, que
no es util para las plantas (Vitousek et al, 20H)P se pierde facilmente durante el
desarrollo de los suelos y la mayor parte quedawimado con iones de Al+ y Fe+ en
suelos humedos (Walker & Syers, 1976; VitouseK,e2@L0). Por esta razén, suelos muy
antiguos sin perturbaciones recientes presentass lwantenidos de P disponible para las
plantas (Fig. 1).

De acuerdo con los modelos descritos para sistéemplados y tropicales, la
transicion desde la limitacién por N (etapas temasa hasta la limitacion por P (etapas
tardias) a lo largo del desarrollo de los suelt& edacionada con importantes cambios en
el desarrollo de los ecosistemas, a través de thficexion de procesos ecosistémicos tales
como el reciclaje de nutrientes y la descomposi¢iorews et al, 1995; Wardle et al,
2004a); lo cual a su vez también tiene efectosaesstructura, composicién y diversidad
funcional de las comunidades bidticas durante shmello de los suelos (Coomes et al,
2005; Wardle et al, 2008; Jandid et al, 2013). Pmmplo, suelos recientemente
perturbados donde los procesos ecosistémicos cpametesde cero, estardn dominados
por especies vegetales de crecimiento rapido, qogdupen materia organica con altas
concentraciones de nutrientes, que promueven das de descomposicion y liberacion
de nutrientes (Wardle et al, 2004b). De esta mammrchos procesos ecosistémicos
incrementan hasta alcanzar una fase maxima de giredad en donde N y P co-limitan
tales procesos. Posteriormente, los ecosistemeasnesh una fase en donde comienza la
limitacion de P, que a menudo estd acompafiadarpoeaambio de especies de plantas
hacia comunidades dominadas por especies menosctikas y de crecimiento lento que
producen materia organica con bajas concentraciodes nutrientes y lenta

descomposicién(Fig. 2) (Richardson et al, 2004; didaret al, 2004a). Un aspecto
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fundamental que subyace estos patrones es queximangroductividad alcanzada durante
el desarrollo de los ecosistemas no puede ser mdatendefinidamente a lo largo del
tiempo en ausencia de grandes perturbaciones goetqne “reiniciar” el proceso (Wardle
et al, 2004a; Peltzer et al, 2010).

Més alla de la importancia de los cambios a niv@hunitario (recambio de
especies) durante el desarrollo de los suelos,i¢amdstan los cambios a nivel de rasgos
foliares tales como el contenido de nutrientes aémdjas (Richardson et al, 2004), la
reabsorcion de nutrientes desde las hojas, tierepeidh de las hojas, y cambios en la
densidad especifica de las hojas (Escudero ef@P; Killingbeck, 1996). Los cambios en
los rasgos foliares a lo largo del desarrollo de $melos controlan los procesos de
descomposicién y reciclaje de nutrientes (Richard=toal, 2005). Por ejemplo, en estados
avanzados de desarrollo ecosistémico las espamiesiwan nutrientes mas eficientemente,
por lo tanto producen hojarasca de baja calidad. (alto Carbono:Nutrientes y
Lignina:Nutrientes) que tiende a descomponersateante permitiendo la acumulacion de
grandes cantidades de material recalcitrante (Risba et al, 2005) que modifican el pH
del suelo y promueven en anegamiento y la inmadlin de P en Aluminio (Gaxiola et al,
2010). Estos cambios en la calidad de la mategg@nica que llega al suelo, también
afectan la actividad y los patrones de productivigacomposicién de las comunidades
microbianas del suelo, tales como bacterias y ho(Bardgett et al, 2005; Eskelinen et al,
2009; Espershitz et al, 2011). Es asi, que enltosod afios evidencia proveniente de
estudios en cronosecuencias edéaficas que abarcalaesemporales cortas (0-200 afios)
enfatizan la estrecha relacion entre los patroegsraduccion de biomasa microbiana y la
calidad de la materia organica generada por lasicmlades de plantas (Espershitz et al,

2011; Schulz et al, 2013). En particular, se hasgdg que las comunidades microbianas a
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menudo estdn asociadas con ensambles especificgdamtas, y que cambios en la
composicion de plantas durante el desarrollo dsuetos estdn acompafiados por cambios
en la estructura y composicién de grupos de bastgrhongos del suelo (Porazinska et al,
2003; Jandid et al, 2013; Williams et al, 2013).

A partir de los trabajos de Wardle et al, (2004080donde se comparan los
patrones de multiples cronosecuencias de zonaalbsrg subtropicales, se ha sugerido un
rol crucial del contenido de P en los suelos sehreadas propiedades de los ecosistemas
(e.g. productividad primaria) durante estadios itarddel desarrollo de los suelos. Sin
embargo, las tasas en la que estos procesos odependeran de factores tales como el
clima (Selmants & Hart, 2010), material parentalla® suelos (Chadwick & Chorover,
2001; Vitousek et al, 2010) y el tipo de vegetacénire otros (Kitayama, 2005). Por
ejemplo, evidencia proveniente de cronosecueneiagzonas aridas sugiere que los
patrones de contenido de N y P durante el desardelllos suelos podrian no seguir las
dindmicas propuestas por Walker & Syers (1976hcki$o se proponen que la limitacién
por N se extiende por tanto tiempo que la limitacgbr P no se presenta (Lajtha &
Schlesinger, 1988; Carreira & Lajtha, 1997). Loeaior ocurriria particularmente en
ambientes donde la actividad microbiana (bactefijagoras de N) esta restringida a
pequefios y esporadicos eventos de precipitacidnlopque la entrada “input” de N al
sistema es muy restringida (Hooper & Johnson, 1¥8@idjian & Sala, 2010; Delgado-
Baquerizo et al, 2013). Este fenomeno podria semads extremo en ambientes aridos de
altura (FAO, 2011), como los que se encuentraa &uha Arida del centro de Sudamérica.
En estos sitios la baja entrada de N al sistendaagsiplada con elevadas pérdidas de N por
vias de desnitrificacion asociadas a la rapidatiViakcion del N desde suelo. Por lo tanto,

ambientes aridos podrian permanecer en un pergstaclo de limitacion por N y sin
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continuar la trayectoria de desarrollo biogeoquémjicecosistémico sugeridas por Walker
& Syers (1976) para sistemas mésicos.

De igual manera, se ha sugerido que las diferenclservadas en el
funcionamiento ecosistémico y en los patrones dersidad a lo largo del desarrollo de los
suelos estarian determinadas por efectos del @mlapaniental que dan origen a los suelos
(Huggett, 1998; Lichter, 1998; Rasmussenet al, 20tdusek et al, 2010). Sin embargo,
los estudios de cronosecuencias edaficas publicadosos uUltimos 15 afios no han
reportado cronosecuencias generadas en diferengiahgarental pero que hayan estado
sujetas a las mismas condiciones climaticas. Ptanit, el efecto del material parental en
los ciclos biogeoquimicos de N y P a lo largo dedadrollo del suelo no ha sido evaluado.
Esto es de gran relevancia, porque cronosecuegoidssuelos derivados a partir de
distintos materiales podrian seguir tendencias ef&ardollo muy distintas. Por ejempilo,
suelos de origen volcanico tienden a formar al&aga que tienen alta concentracion de
compuestos ricos en Aluminio (Borie & Zunino, 1983 estos suelos el P es rapidamente
adsorbido en formas quimicas de muy dificil acdkd#dn para plantas y microorganismos
(Deubel & Merbach, 2005). Por lo tanto, sueloswdatos a partir de material volcanico
podrian formar diferentes formas de P que aquell@tos sedimentarios (Escudey et al,
2001; Lilienfein et al, 2003) y la limitaciéon porpgiede ocurrir a una escala de temporal
menor que en suelos de otro origen, aun cuandedadiciones climaticas fueran las
mismas. Estas diferencias inclusive podrian prassmentre tipos de materiales volcanicos
(Yavitt, 2000; Escudey et al, 2001). Asimismo, El g¢e los suelos afecta no solamente la
disponibilidad de nutrientes en el suelo sino t&mla actividad de microorganismos tales
como las bacterias (Kemmitt et al, 2006; Rousk1e2@09), ademas que el pH varia

significativamente entre suelos de origen volcankar lo tanto, existen varios factores a
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través de los cuales los patrones de desarrollolode suelos podrian diferir
significativamente entre cronosecuencias volcanicgedimentarias.

Por lo tanto, los efectos no considerados del diponaterial parental a partir del
cual se derivan los suelos, podrian determinaretjdesarrollo de los suelos con diferente
origen geoldgico aun bajo las mismas condicionediemuales, presenten tasas de
desarrollo distintas y fuera del patron predicho jos modelos clasicos como los de
Walker & Syers (1976). Finalmente, es importanteaticar que cerca del medio centenar
de cronosecuencias reportadas en los ultimos 1§, a@tamente tres se encuentran en
sistemas semiaridos, cada una con patrones deaksde los suelos muy contrastantes,
por lo tanto, la aplicabilidad del concepto de dedla de suelos propuesta por Walker &

Syers (1976) es incierta.

El problema y la pregunta

Las generalizaciones entorno a la transicion desu® limitacion de N a una de P
provienen a partir de evidencia recopilada en améschimedos, donde el balance de P en
el suelo tiende a ser negativo debido a que ladidge&r por lixiviacion e intemperizacion
exceden por mucho las pérdidas de N durante estardtiss del desarrollo de los suelos
(Fig. 1). En cambio en aquellos ambientes inhemsatdée empobrecidos en N como los
ambientes aridos y semiaridos, esta transiciontédeion de N a P) podria ser mucho mas
lenta o inclusive, no presentarse nunca (Mengé 2042). De esta manera los patrones de
comunidades de plantas y microorganismos, adempsodesos ecosistémicos tales como
la productividad primaria, descomposicion y regelkde nutrientes durante el desarrollo a
largo plazo de los suelos podrian ser ampliamentins entre ambientes

permanentemente limitados por agua y ambientes dasr(&ig. 2)



Por lo tanto, este trabajo de investigacion apantesponder la siguiente pregunta
general: ¢Son los patrones del desarrollo de lelesy sus efectos sobre el desarrollo de
los ecosistemas en donde las tasas del ciclo de Bnsuentren limitadas, distintos a
aquellos observados en ambientes humedos dontiséasdel ciclo de P son muy altas?; y
si asi fuera, cuales son los principales atribatwdogicos y ecosistémicos que caracterizan

estan diferencias?
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CAPITULO |

Hyper slow soil development after catastrophic distrbance: soll
N-limitation is the source of eternal youth in longterm

successions in the Central Dry Andes
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ABSTRACT

It is widely accepted that in mesic environmentat turing soil development nutrient
limitation on ecosystem process such as primargdumrtivity, decomposition and nutrient
cycling turn from Nitrogen (N) on youngest stagesRhosphorous (P) during the late
stages of soil development. However, evidence faoich environments indicates disparate
patterns of soil P during soil development and ssggthat N limitation could overcome
the effects of P limitation across long-term peduwsges. Here, we evaluated the patterns of
soil development in three primary successional0g0@)-years chronosequences with soils
derived from different parent material in the AndeBry Puna, Bolivia. Further, we
assessed the effect of changes in soil propertisagisoil development on plant biomass
production, decomposition and nutrient resorptiddur results indicate that soil
development was largely affected by strong N-litiwia in all chronosequences, and its
effects propagated across all stages of developriawever, the rates of development
were significantly different among chronosequencesh sedimentary chronosequence
showing the lowest rate. Soil conditions improvathvgoil age, with increases in N:P and
decline in soil pH and salinity during late staggsdevelopment, and this contributed to
increase decomposition and nutrient content indedflitter of plants. Plan cover showed a
unimodal pattern in all chronosequences with treoseg stage of development (~ 11,000
yr) showing the highest values. Notwithstandingdbserved increases in soil N and plant
leaf and litter N during soil development, thesduga were much lower than those
recorded in chronosequences from mesic environmeitiissimilar time of development.
Thereby, several lines of evidence strongly sugtiestchronosequences in the Uyuni-SF
have extreme slow soil development after ca. 20y@20s, and that soil N-limitation drive

this process across chronosequences with soilgedefiom distinct parent material.
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INTRODUCTION

After catastrophic disturbances major changes ipnsystem processes across soil
development, such as primary productivity, Nitrogdh) and Phosphorus (P) availability
and decomposition rates, are largely dependentaoation in soil chemical and physical
conditions (Wardle et al., 2004; Gaxiola et al.1@0Walker et al., 2010). Based in the
model proposed by Walker and Syers (1976) sevéudies have emphasized the critical
role of soil P limitation on ecosystems processesnd late stages of soil ecosystem
development, particularly in mesic environmentscfardson et al., 2004; Wardle et al,
2004; Laliberté et al., 2012). Soil N limitatiom; ¢ontrast, occurs during early stages of soil
development (the build-up phasensu Wardle et al, 2003). However, evidence from arid
environments indicates disparate patterns of saluRng soil development (Lajtha and
Schlesinger, 1988; Carreira and Lajtha, 1997; @arret al., 1997) suggesting that N-
limitation could retard P-limitation across longfte soil development. Therefore, the
discussion about how soil nutrients regulate edesydunctioning during long-term soll
development in arid and semiarid environments ramapen. In particular, because large
changes in primary productivity and other ecosysf@wcesses are expected in these
environments in the next 50 years in response toeased atmospheric N-deposition
associated to elevated temperatures and declin@gdaipitation (Sanz et al., 2002; Fenn et
al., 2003; Galloway et al., 2008).

In semiarid ecosystems, Nitrogen, second to wageconsidered a key limiting
resource for primary productivity as well as forcdmposition and nutrient cycling (Noy-
Meir, 1973; Hooper and Johnson, 1999; Yahdjian,e2@l1). In semiarid ecosystems low
N-availability has been associated with extremeptnatures and dry conditions, which

hampers the metabolic activity of Nitrogen-fixeas, well as microbial communities that
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decompose and mineralize organic matter (Gallardb&chlesinger, 1992; Austin, 2011).
In high altitude dry ecosystems, such as DrylanduiMain Ecosystems (DMES), the
activity of N-fixing organisms is limited, as theexgetic costs for the Nitrogenase enzyme
activity are higher at low oxygen and low temperasuHoulton et al., 2008). Moreover, in
high altitude ecosystems, evaporation and low asgure promote denitrification due to
rapid N volatilization (Evans and Ehleringer, 199aron et al., 1994). Therefore,
ecosystem processes such as nutrient cycling asehygmsition in DMEs may be limited
by N-availability (Taylor et al., 1991; Taylor, 189Drewnik, 2006), in turn, determining
that soil and ecosystem development occurs atslevy rates. An example of these, rarely
studied DMEs, is the Andean Dry Puna (ADP), a laptggeau over 3600 m.a.s.l. that
represents the most extensive DME in South Ame(Barmiento, 1975; Baied and
Wheeler, 1993) and the fourth in the world (FAOL12D Soils in the ADP are poorly
developed with very low content of organic matted autrients; in particular N is largely
the scarcest nutrient in these soils (Navarro aedeklfa, 2004; Cardenas and Choque,
2008), with total-N values ranging from 0.02 (%)@d6 (%) (Cary and Angulo, 2006;
Urcelay et al., 2011). In comparison, grasslandsystems range between 1.20 (%) and
3.18 (%) (Fornara and Tilman, 2008) and tempemtdarests between 0.01 (%) to 1.8 (%)
(Richardson et al., 2004; Gallardo et al., 2012)er&fore, in contrast to soil development
processes in mesic environments, in the ADP enmisots soil N-limitation could hinder
soil development after catastrophic disturbance&ining ecosystems in a permanent
“youth” state; this idea has never been testecets y

Differences in soil biogeochemical transformatidretween semiarid and mesic
ecosystems may be confounded by the effects ofatdinon soil weathering. However,

growing evidence points out to parent material asimportant driver of soil nutrient
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dynamics and biogeochemical processes during seveldpment (Anderson, 1988;
Huggett, 1998; Chadwick et al., 1999). In long-tesail development, as parent materials
become exposed, weathering and microbial commsniigdease minerals available for
plant and microbial nutrition (Lichter, 1998; Esgleiitz et al., 2011). As soil development
proceeds, the interaction between parent matemthlsail microbial activity is key for the
bioavailability of substrate-derived nutrients sashPhosphorus (Chadwick and Chorover,
2001; Deubel and Merbach, 2005). Similarly nutrieittation by soil microbial
communities may also be intrinsically determined fmrent material transformations
during soil development (Anderson, 1988; Bannedlet2011). For example, diversity and
abundance of microbial organisms involved in Ndiea changed following soil
modifications across soil development in the Dan@fecier Forefield (Téwe et al., 2010).
Similarly geochemically different soils, related diifferent parent material, determined
important changes in community structure and fometi diversity of rhizospheric bacterial
communities in arable soils (Ulrich and Becker, 200Therefore, soil formation and
ecosystem properties after disturbances stronghgrit on geochemical properties of soils
as well as on the origin of the parent material.olio knowledge; the influence of parent
material on patterns of nutrient availability acdeng-term soil development has never
been examined, and even less so in semiarid eensystA logical extension of all the
research done in long-term soil chronosequenceslisk changes in N and P availability
in soil chronosequences of different parent mdtena contrast any patterns with those
found along mesic sequences, and more importaadpikg climate conditions constant.
Although N-limitation in young stages and P-linibm in old stages of soll
chronosequences are commonly observed in mesicoanvents (Wardle et al.,, 2004;

Laliberte et al., 2012), not all young soils ardifNited (Richardson et al., 2004) and not
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only P-limitation reduces plant productivity in aboils (Gaxiola et al., 2010; Vitousek et

al., 2010). Therefore, species identities as welkail conditions play a key role in the

“speed” at which soils develop and the stage tlmeaeh. Nutrient limitation, when is not

experimentally proven via fertilization experimetousek and Farrington,1997) is often

evaluated indirectly from leaf and litter nutriesdntents, which are leaf-level parameters
often used to estimate nutrient limitation (Escodet al., 1992; Wright and Westoby,

2003).

Here, we took advantage of a natural experimengxplore how shifts in soll
conditions, in particular N availability, along dmosequences of different parent material
but subject to the same climatic conditions, affpletnt individual (e.g. leaf and litter
chemistry) and community (e.g. productivity) pattgras well as ecosystem processes such
as decomposition, along soil development in Ande@anPuna ecosystems. Our study was
designed to address these major questions: (bjlIslontent the major limiting factor to
ecosystem processes during soil development in ARPAre plant leaf and litter nutrient
concentrations good indicators of soil nutrient imlity across soil development? (3)
Does nutrient resorption from senescent leavegaser with soil nutrient limitation during
soil development? and (4) Are ecosystem processeéerms of plant biomass production
and litter decomposition (mass loss) across saield@ment explained by changes in soil

properties.?

METHODS
Natural experiment: the chronosequence
In the Andean Dry Puna or Salt Pursanéu Troll, 1968) located in the central Andes of

South America, there is a chronosequence systetristteanatural long-term experiment.
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This chronosequence system is on an extended plate8,600 m.a.s.l. in the southern
boundary of the Andean Puna close to the Atacansafelrhe chronosequence system of
this study is an archipelago of islands with pammaterial of different geological origin
immersed in the Salar de Uyuni, or Uyuni salt fldyuni-SF) whose basin encompasses
11,400 kmi at 20°10 S and 67° 39 W (Figure 1). These islaradnly differ in geological
origin, but also in area and elevation (ABC, 20Rtdrade et al., 2006), although slope is
relatively similar among islands (Table 1). Somlands are volcanic and were formed
during Miocene to Pliocene periods from differenargnt material and chemical
composition of rocks. Other islands were formedseflimentary deposits (SGM, 2002;
Tibaldi et al., 2009) (Table 1).

Uyuni-SF represents the latest of four salt-laked tovered this region during the
last 20,000 years (Risacher and Fritz 1991), wiinakie been associated with dramatic
oscillations in precipitation throughout the Pletne in the Andean Dry Puna (Placzek et
al., 2009; 2011). One such oscillation occurredhim period between 18,000-8,000 years
(BP) (Latorre et al., 2006) and is referred as @®amtral Andean Pluvial Event (CAPE)
(Quade et al., 2008) and contributed to the foromatif an extensive and deep paleolake in
the endorheic Uyuni basin (Baker et al., 2001; Rdacet al., 2009). Throughout the
development of CAPE two maximum lake expansion &svaave been identified (Placzek
et al.,, 2011). The first and oldest event calledicBacycle (18,1-14,1 thousand years)
created a lake 110 meters deep during maximal sigatfArgollo and Mourguiart, 2000;
Placzek et al., 2009) that covered a maximum ai€®,000 kni (including the totality of
the Uyuni SF, Fig. 1c). The second event corredpdn the Coipasa cycle (12.8-11.4
thousand years) that reached the maximum deptb®meters (Placzek et al., 2011). The

third and last large flood event occurred during pieriod 1984-1986 (Roche et al., 1991;
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Zola and Bengtsson, 2007; Senamhi, 2011). These flood events have created lakes of
different depths, which in turn inundated the idiarat different heights with respect to
elevation (Fig. 1).

At present it is possible to observe four stageh wifferent soil ages in several of
the islands of the Uyuni-SF archipelago (Fig. 1hich together represent a system of
vertical chronosequences, with some islands shoydlegending on height) a long ca.
20,000-years succession with four stages of dewsop associated with flood events (Fig
1c). The slopes in all stages of development wiiklands are similar, because of the
pyramidal structure of islands. Since these islahage similar history of disturbance,
climate and biodiversity and only differ in parenaterial (Sedimentary, Volcanic-1 and
Volcanic-2), they provide an unparalleled opportyino assess the major drivers of soil
development within islands (i.e., across time withichronosequence) and among islands

(i.e. comparing similar ages among chronosequetifesing in parent material).

Study site

Across the Andean Puna annual precipitation is eotnated in austral summer months
with 80% of the rainfall occurring from December Bebruary (Vuille et al., 2000) and
mean annual precipitation for the last 40 yeafs/® + mm. Average annual temperature is
8.5°C, with freezing temperatures common in sevemths of year (~200 days) and
maximum temperatures (~23 °C) registered duringnsenseason (data from Meteorology
and Hydrology National Service, Bolivia). We se&tthree chronosequences, which can
be assigned into three categories related to ttenpeaterial (sedimentary, volcanic-1 and
volcanic-2) (Fig. 1). Each chronosequence is c®. ®0long spanning four successional

stages and the following biotic and abiotic chagastics:
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» Stage 1. This stage is on average 25 years-aldaaross chronosequences has sandy
soils, low diversity of perennial and annual platsd relatively low shrub. The dominant
species areAtriplex imbricata, Baccharistola, B. boliviensis andChuquiraga atacamensis.
 Stage 2. 11,400 years-old. This stage has highstover, with abundant individuals. The
dominant shrub species akBe:boliviensis, B. tola, Krameria sp andJunellia seriphioides.

» Stage 3. 14,100 years-old. This stage represetypical shrubland with high diversity
and cover of deciduous shrubs. The dominant speares Senecio phylloleptus,
Trichocereus atacamensis andLycium chanar.

» Stage 4. 20,000 to 21,000 years-old. This stageesents the top of sequence, and is
characterized by low biomass production and seatteegetation. The dominant species

are annual plant€uphorbia ovalifolia andTagetes multiflora.

Sampling

At all three chronosequences, we set up four B@sx 2 m) at each of the four stages of
ecosystem development. All plots were arranged withest-facing slope aspect. Soil and
plant samples were collected at the end of theyragason (early May) when primary
productivity is highest. At each plot, we collectsails from the 0-10 cm layer in three
randomly assigned points; these subsamples weregamd homogenized into a single
sample, and stored in plastic bags at -4°C befaborhtory analysis. Soil pH was
determined on 5g sample in both 20 ml of distileater and 0.01 mm Caglising a glass
electrode. Total soil C and N contents were esgohdty flash combustion in a Carlo Erba
NA 2500 elemental analyzer. Phosphorus (P) wasetetl with a concentrated sulfuric
acid water peroxide solution in a Hach Digesdahjesior and determined by the

molybdenum-blue method (Steubing and Fangmeier2)1®oil moisture (g kD/g soil)
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was estimated by calculating the difference betwieesh and oven-dried weight (48 h at
70 °C). All biogeochemical analyses were carriedthe&t Biogeochemistry Laboratory,

Department of Ecology, Pontificia Universidad Cat#élde Chile.

Plant species

Percentage of annual and perennial plant cover meemgded on each plot. Plant cover was
determined by point-intercept method (Jonasson8)188d plant species were collected
and identified to highest taxonomic level. Simu#ansly, young-mature leaves and litter
were collected from 20 individuals of two shrub @pse that occur in all stages the three
chronosequences. We chose the dominant decidurtipléx imbricata) and evergreen
(Baccharis tola), these two shrubs represent 50% of total planvercoin all
chronosequences. Henceforth refer to by genus diig. halophyteAtriplex is a deep-
rooted perennial shrub that replaces its smallamohdant leaf during the dry season (May
to August), whileBaccharis is a perennial shrub with abundant and resinoaseke
Recently fallen leaf litter was collected from teme individuals. Leaf samples were dried
at 50 °C for 48 h and used for N and P concentiatamalysis. Nutrient concentrations in
leaf and litter were used to calculate resorptiffitiency and proficiency (Killingbeck,
1996). Nutrient resorption efficiency is the pragam of nutrients resorbed from fresh leaf
prior to leaf fall. Resorption proficiency is thaitrient concentration in senescent leaves

(sensu Killingbeck, 1996).

26



Decomposition

To assess differences in litter decomposition acrstages of soil development, we
conducted a below and aboveground litter decompasiexperiment in the field.
Belowground experiments were conducted on celluittees, Whatman®, of 1.72 g buried

at 10 cm depth in plastic mesh-bags and left togpose for the nine dry months (March
to December). At the end of the dry season, justrbethe first rains, we collected all
samples and took them to the lab for dry weightsueaments. We used cellulose filters
with identical chemistry (98% cellulose) in all gé® and chronosequences because our
main goal was to determine the effect of soil prbpe (e.g. nutrient content) on
decomposition across soil development without trdaunding effect of litter quality.

The aboveground decomposition experiment was chroigt to evaluate litter
decomposition oAtriplex imbricata. This experiment was performed only in sedimentary
and volcanic-2 chronosequences as an extraordolanatic events render impossible to
have access to the volcanic-1 chronosequence tovesc litter samples after the
experiment. Fresh litter (5 g) dtriplex from four stages across soil development was
placed in litterbags (20 x 20 cm) and exposed tarsadiation during seven months (May
to December). After this period remnant litter veadlected and weight loss was recorded.
Litter nutrient (C, N and P) and lignin concentwat were analyzed before and after of

experiment.

Data analysis
We performed a one-way analysis of variance (ANOW#examine differences in biotic
(plant cover) and abiotic (soil properties) amotages of soil development. Significance

levels were set at = 0.05 for all ANOVAs, post-hoc comparisons amatgges were
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performed using Tukey's HSD test. Differences inamesoil and plant characteristics
among chronosequences were determined using a d&hieadrLineal Model Nested design,
with stage as a fixed effect nested within chrogasace origin. Changes in leaf and litter
lignin, weight and nutrient concentrations wereleated using one-way ANOVA. All data
were tested for homogeneity of variances and stdimal if necessary to meet ANOVA
assumptions. All nutrient ratios were correctedhwatomic weight before analysis. All
mean values are shown with £1SE. The effect of poilperties on plant cover and
decomposition changes across soil development waliaged by multiple regressions.
Analyses were conducted in Statistica 9.0 (StatBaft, Tulsa, Oklahoma, USA) and R

(vegan) ver. 2.9.1 (Development Core Team 2009).

RESULTS

Soil properties in the Uyuni-SF

Soil properties were different among chronosequenead in particular between
sedimentary and volcanic-2 chronosequences. Othieohine soil factors evaluated eight
were significantly different among chronosequeng¢&able 2). In the sedimentary
chronosequence soil nutrient pools (i.e. total-Narfdl R sen) were significantly lower
compared to other two chronosequences, while sbibpil salinity and total C were higher

(Table 2).

Soil nutrients, N:P and soil pH patterns across sbdevelopment
Across the Uyuni-SF soil N:P was lower in all chveaquences, and these patterns were
determined by low soil N (Fig. 2a). Among chronasences, the sedimentary ones showed

the lower values of soil N, soil P and soil N:Pg(F2b, 2c). Soil N:P increased along soil
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age gradient in all chronosequences (Fig. 3). lnaroc-1 and volcanic-2 chronosequences
this pattern was determined by increases in soitds young to old stages, as soil P
remained constant across all stages of developmensedimentary chronosequence,
however, soil P did decline with soil age (Table [)west soil N:P were recorded in the
youngest soils of all chronosequences (Fig. 3af)abound of 11,000 years (i.e. the second
stage) N:P values in the sedimentary chronosequesmcwined low, whereas in the
volcanic-2 and volcanic-1 chronosequences soil Mi&reases in 300 and 400 %,
respectively. Contrary to soil N:P, soil pH dectineacross soil development in all
chronosequences (Fig. 3c), with late stages ofldpreent showing the lowest values of
soil pH in the three chronosequences. However, pbil decrease in sedimentary
chronosequence was less pronounced than other hvamasequences, indeed, all soils
across soil development in sedimentary chronoseguane in the category of alkaline

soils, with values over eight.

Ecosystem processes across soil development

Plant productivity

Changes in soil N:P and soil pH across soil devala were accompanied by changes in
plant cover (%), and decomposition rates in albabsequences (Fig. 3). Following a rapid

increase in intermediate stages, plant cover dettlauring late stages of development in
all chronosequences (Fig. 3b). Plant cover valodate stages of development were about
half of maximal plant cover reached around of 1Q,@@ars (i.e. second stage) in all

chronosequences. Multiple regression analysis stidhet plant cover change during soil

development was determined mainly by soil pH incaaic-1 (R= 0.46; p< 0.01) and

volcanic-2 chronosequences %R 0.46; p< 0.01), meanwhile, in the sedimentary
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chronosequence declines in plant cover duringdtetges of development were determined
by changes in soil N:P, soil pH and soil saliniB/£ 0.72; p< 0.01; Table 3). Since the
deciduousAtriplex and the evergredBaccharis represented 54% of total plant cover in all
chronosequences (Table 2), the observed unimod#rpaof plant cover across soil
development on three chronosequences was largédyndeed by changes in cover of
these two shrub species, in particular by largeeis®e ofAtriplex during second stages of

development.

Leaf and litter nutrient content across soil develpment

Leaf and litter Nitrogen contents

Fresh leaf-N inAtriplex increased across soil development in all chronoseces (Fig. 4),
with higher values observed in the latest stagesoibfdevelopment. In terms of litter-N, in
contrast, we found increases across soil developmeedimentary (Fig. 4a) and volcanic-
1 chronosequences (Fig. 4c), but not in the votz@rihronosequence (Fig. 4e).

Fresh leaf-N inBaccharis also increased with soil age in sedimentary anidawac-1
chronosequences (Fig. 4b, 4d), and this pattern masobserved in the volcanic-2
chronosequence (Fig. 4e, 4f). In terms of litterphynts from youngest stages were below
the concentration that indicates that resorptiomfigency was complete sénsu
Killingbeck, 1996). This pattern was observed ie three chronosequences, thus these
results suggest, not only that soils are poor inbdtd, also that plant have strategies to

increase nutrient retention.
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Leaf and litter Phosphorous contents

In Atriplex leaf-P decreased across soil development in tliamiz-1 chronosequence (Fig.
Sla), with higher values after 11,000 years (eeosd stage of development) meanwhile,
in sedimentary and volcanic-2 chronosequencesHaadt changed significantly across soil
development. Litter-P, decreased in sedimentarywat@nic-1 chronosequences (Fig. Sla,
S1c) while in volcanic-2 chronosequence it remainedhanged across soil development.
Litter P concentrations were above the maximum evatl resorption proficiency in all
stages of development in all chronosequences @iy. indicating that P resorption from
litter before leaf abscission was low in all chreequencessénsu Killingbeck, 1996).

Leaf-P in Baccharis increased across soil development in the volcanic-
chronosequence, and declined in the sedimentaonokequence (Fig. S1). Litter P, on the
other hand, declined across soil age gradient dwrsntary (5.~ 9.15; p< 0.01) and
volcanic-2 chronosequences(z= 5.89; p= 0.01). Resorption proficiency was higiver
litter from late stages of development in the settitary chronosequence, than litter from

intermediate stages in volcanic-2 chronosequence.

N and P resorption efficiency

In contrast to expectations N resorption efficiemtytriplex tended to increase with soil
age in volcanic-1 and volcanic-2 chronosequences 5S¢ 5e), however, increases only
were significant in the volcanic-1 chronosequerieg £ 9.69; p= 0.02). In the sedimentary
chronosequence, N and P resorption did not shoveases with soil development (Fig.
5a). InBaccharis, as expected, N resorption efficiency declinechvgbil in volcanic-1
(F31= 3.74; p= 0.04; Fig. 5d) and volcanic-2 chronoseges (k1= 3.48; p= 0.05; Fig.

5f). While, in the sedimentary chronosequence, aodtrary to our expectations N
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resorption efficiency increased across stages w#ldpment, although this pattern was not

significant (Fig.5b).

Soil N:P and leaf and litter N: P relationships

Changes in soil nutrient pools were poor predictrchanges in green leaf and litter
nutrient contents during soil development in glieyf chronosequences (Fig. 6). However,
when nutrient ratios from soil and plant were easdd we found that increases in litter N:P
of Atriplex across soil development in the sedimentary chranesee was related to
increases in soil N:P (Fig. 6a). Baccharis litter N:P increased with soil N:P across saoill
development (Fig. 6d). Contrary to our expectatleaf and litter N:P ofAtriplex from the
volcanic-2 chronosequence was negatively relateih¢oeases in soil N:P during soil
development. In the volcanic-1 chronosequence I¢®il increase and leaf and litter N:P

were positively related, however, these relatiopshvere not significant.

Decomposition
Aboveground decomposition experiments showed ittat Idecomposition (expressed as
weight loss) during seven months was higher in Istigge of development in the
sedimentary chronosequence (Fig. 7a). Highest degsition was observed in the late
stage of development where litter C:N was loweg(Fia). In contrast, in the volcanic-2
chronosequence decomposition was not significaedigted to soil age (Fig. 7a). This is
may be the product of the fact that litter C:N ré@med constant along soil development in
the volcanic-2 chronosequence (Fig. 7e).

Belowground decomposition expressed as percentagss moss increased

significantly across soil development in the thceeonosequences (Fig. 7). Paper filters in
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late stages of development showed the highest anududecomposition which was twice
as much than in early stages in all chronosequeftgégs/b-7d). Soil pH explained 60%
and 51% of deviance in filters decomposition in camlic-1 and volcanic-2
chronosequences respectively, meanwhile, in thieneedary chronosequence the observed
increases in decomposition during late stages wéldpment, was not significantly related

to changes in soil factors (Table 4).

DISCUSSION

N and not P limitation across soil development

Slow and imperceptible decline in soil P after P0,§ears of soil development contrast
with patterns reported in chronosequences from ar&svironments (Wardle et al., 2004;
Parfitt et al., 2005) where P limitation beginsidhp after 5,000 years (Richardson et al,
2004) or 7,000 years (Laliberte et al., 2012).datf soil P values in oldest stages in our
three chronosequencesa(20,000 years) were relatively higher than earlggss of
development in chronosequences from Australia fesle et al., 2012), and similar to
young stages of 130-280 years in a chronosequeoceNew Zealand (Richardson et al.,
2004). In contrast, soil N and N:P ratio in the dy8F was lower than any of six
chronosequences from distinct zones of the plaprted in Wardle et al, (2004). Indeed,
values of soil N:P in late stage of developmenbim three chronosequences were even
lower than youngest stages of those six chronosegse While evidence from distinct
chronosequences suggest that soil N typically asmethrough early successional stages
and after decline or not vary with soil age (Ricisan et al., 2004; Wardle et al., 2004;

Jangid et al., 2013), in our system soil N incrdaseross soil development in all
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chronosequences, and this determined that soilnkr@ased during late successional
stages.

Transition from N to P limitation across soil deygient has been recorded in
chronosequences worldwide (Wardle et al., 20048)xethy, this pattern is considered as a
regular feature of long-term soil development (Bzltet al., 2010). However, considering
that N or P limitation is largely a consequencdafince between losses and inputs during
soil development (Vitousek et al., 2002b; Vitousskal., 2010), it is feasible that this
transition never occurs (Menge et al., 2012), irtipalar, in ecosystems inherently N or P
limited where specific nutrient limitation could gand across all stages of soil
development. For example, rapid P limitation eadiyring soil development was a
consequence of increases in soil N by microbiaixgré activity that enhance N:P ratio
(Richardson et al.,, 2004). In the Uyuni-SF soil gadies afterca. 20,000 years of
development strongly suggests that N limitationeapgs across all stages of soil age
gradient. We suggest three plausible explanationghis pattern. First, high inorganic N
losses relative to P losses via rapid volatilizati@cause of low atmospheric pressure and
low vegetation cover, similar to data reported 1 a&cosystems (Evans and Johansen,
1999; Vitousek et al., 2002; Yahdjian and Sala,@01ndeed, the combination of high
elevation and dry conditions in the Uyuni-SF couhdrease losses by volatilization.
Second, low microbial N input determined by low parature that increases the energetic
cost for Nitrogenase activity (Houlton et al., 2D@8d alkaline soils that reduce microbial
function (Rousk et al., 2009; 2010) could contrébtd low N availability on Andean soils.
In part, highly alkaline soils could substantialhyhibit nodulation by reducing soil and
plant colonization by N-fixing bacteria (Bordeleand Prevost, 1994; Belnap, 2001), and

increasing costs for N-fixation might reduce thempetitive advantage of symbiotic
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bacterial-plant associations (Houlton et al., 200B)is suggestion coincide with low

diversity of N-fixing plants observed in the Uyusk, with only 3 species (-5 % of all

species) that were recorded occurring mostly oly staiges of development. Third, intense
changes in climatic conditions during last 20.0@@rg that determined prolonged floods
events could increases hydrologic losses of orgBnisimilar to those observed in mesic
temperate forest where high precipitation increaéesolved organic N losses (Hedin et al.,
1995; Perakis and Hedin, 2002). These processég belp to explain the increases of soil
N across soil age gradient observed in our chrapesees. Therefore, slow soil
development in the Uyuni-SF chronosequences miglatebermined by interaction between
high N losses relative to P losses and extremeNanputs from relatively poor microbial

N-fixers communities, all this directly related &otual and past climate conditions that
together would contribute to extend N limitatiordéfinitely, keeping the system in an

eternal unproductive youth.

Parent material effect

In the Uyuni-SF soil development in the sedimentdmonosequence was slower than that
observed in the volcanic-1 and volcanic-2. Changessoil properties across soil
development strongly suggest that all stages (id@gntly of soil age) in sedimentary
chronosequence are in an initial stage of developnf®r example, soil pH in all stages of
sedimentary succession was above 8.04 that reprisgemean of soil pH in the Uyuni-SF.
Soil pH generally tends to decline rapidly as agi¢ increase across primary and secondary
successions (Huggett, 1998; Rhoades et al., 208idrte et al., 2012), in particular on
late successional stages where soils tend to beyhegidic (pH < 5) and associated with

low decomposition rates (Peltzer et al., 2010).ellse, soil N:P differences among
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sedimentary and volcanic-2 chronosequences wegelyadetermined by higher soil N
content across soil development in volcanic-2 cbsequence. Soil N in third and fourth
successional stages of volcanic-1 and volcanictdrdsequences was two-fold of same
stages in sedimentary chronosequence.

Since multiple environmental factors might afféee development of soils across
long-term successions (Anderson, 1988; Hugget, J1998&ural experiments as the one
presented in this study, could improve significardur ability to detect major drivers of
soil development across millennial time scale (Wat al., 2012). In particular because
large differences observed in soil properties acrosoil development among
chronosequences in the Uyuni-SF, indicates thals sdeveloping under the same
environmental conditions (i.e., climatic) could shdifferent rates of development. We
suggest two plausible effects associated to tHerdift geologic origin of chronosequences
to explain these patters. First, because transtowmaf parent material into soil requires
prolonged interaction of abiotic (e.g. weatheriagy biotic (e.g. microbial mineralization)
processes (Hugget, 1998), the type and geolograghmf parent material could affect the
rates of substrate-derived nutrients release dusimy development (Yavitt, 2000). In
particular, soil P availability could be differeatmong soils derived from distinct parent
material (Walker and Syers, 1976; Vitousek et2010), and more importantly the rate of
nutrient releases across soil development coulthtgely different among volcanic and
sedimentary soils (Anderson, 1988). Soils deriveainf volcanic parent material often
contain large amounts of allophane (Escudey et2801; Lilienfein et al., 2003) that
reduce drastically P availability by rapid phosghabsorption and retention with
amorphous Aluminum (Parfitt, 1980; Borie and Zunin®983). These processes

characteristics of volcanic soils are associatestitong immobilization of organic matter
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and formation of compounds such as Al-phosphateFaaghosphate difficult to access by
plants and microorganisms (Lilienfein et al., 20B3rfitt et al., 2005). These differences in
soil P availability in soils from distinct parentaberial could modify early biological
activity during soil development, thereby also efffsoil processes such as N-fixation
(Wardle et al., 2003; Vitousek et al., 2010). Sekosoil pH is a critical factor to soil
biological process across long-term soil developgniRichardson et al., 2004; Laliberte et
al., 2012) through its effects on reaction capaeityd availability of some essential
nutrients (e.g. N, P) (Kemmitt et al., 2006; AcieBeetri and Brookes, 2008). Large
differences in soil pH among soils with differerodpgical origin have been reported. For
example, volcanic Andesitic rocks (similar to vai@achronosequences in the Uyuni-SF)
often have acidic soils, with pH ranging betweermartd 6.5 (Lilienfeinet al., 2003;
Rasmussen et al., 2007), meanwhile, sedimentarlg $@m semiarid environments
frequently have alkaline to moderately alkalindssand associated to high availability of
Calcium and Carbonates (Bordeleau and Prevost,; 1I98ado-Baquerizo et al., 2013).
Extreme variations in soil pH in the Uyuni-SF cotlidlp us to explain differences in soll
properties among stages and among chronosequenttesails derived from distinct
parent material. N-transformation rates and miabbi-fixation are largely dependent of
soil pH (Bordeleau and Prevost, 1994; Rousk et241Q9). Because processes such as
nitrification and mineralization tend to be highier neutral soils (pH ~7) (Delgado-
Baquerizo et al., 2013), soil N availability incsea around 7-7.5 of pH, declining strongly
in alkaline soils (Boot et al., 2005). Thereby,lqaH variation has a strong control on
inputs and turnover of N forms during soil devel@mth Among chronosequences in the
Uyuni-SF different rates of soil N increases durang development could be explained by

differences in soil pH across soil age gradientfipaarly given that extremes alkaline
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soils in sedimentary chronosequence were assodiatemver N content, meanwhile the
volcanic-2 chronosequence with moderately alkadiokés showed higher N content across

most stages of development.

Slow soil development drives ecosystem development

Recent reviews of long-term soil development emizleathat geochemical change during
pedogenesis through their effects on some crigcalsystem processes such as primary
productivity, decomposition and nutrient cyclingables to identify two contrasting phases
of ecosystem development (Wardle et al., 2004zPekt al., 2010; Laliberte et al., 2013).
The first called “ecosystem progressive phase”haracterized by increasing biomass
production, high rate of decomposition and soilrieat availability, which depending on
climate conditions could extended for several tlhods of years. The second period is
characterized by a substantial decline in plantidiss associated to reduced decomposition
and nutrient cycling rates and is called “retrognes phase” ensu Wardle et al., 2004).
Therefore, maximal plant biomass reached duringrinédiate stages of soil development
tends to decline as soil P decrease during lateessmnal stages (Wardle et al., 2004). In
all chronosequences from the Uyuni-SF plant cohemwed a hump-shaped pattern, with
maximal values recorded in intermediate stagesmddal patterns in plant cover have also
been shown by Wardle et al, (2004) and are, relaiechanges in soil N:P during soll
development in our sedimentary chronosequencet Btarer declining in late stages of
development was not determined by P limitationtdad these patterns in the Uyuni-SF
were determined by changes in relative abundanceloofinant shrub species, with
halophyteAtriplex dominating in early stages of development and dexi during late

stages of development.
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On the other hand, as expected, belowground dezsitign increased across soil
development, and these patterns were largely agesdcio changes in soil pH. During late
stages of development decomposition was highersardpH was close to neutral (~7).
Because decomposition rates are determined bynsoibbial activity (Schlesinger and
Hasey, 1981; Van der Heijden et al., 2008), inipaldr composition and biomass of
bacteria and fungi communities (Fierer et al., 2002 suggest that the observed improve
in soil pH conditions as soil age increased cowdof microbial activity, increasing
decomposition. In particular, because microbialabelic activity is highly dependent of
soil conditions such as soil nutrient availabilftyotably N and P) and soil pH (Gallardo
and Schlesinger, 1992; Fierer et al., 2009). Theselts were corroborated when microbial
biomass was evaluated across soil development,isgdiat bacterial biomass increased

significantly across soil age gradient (Alfaro EtGhapter 3).

Soil development and plant nutrient resorption

Low litter N:P in both types of shrubs in all chom®equences was mainly determined by
high N resorption proficiency. However the magngudf N resorption was largely
different among chronosequences. For example, ens#dimentary chronosequence the
93% (evergreen) and 86% (deciduous) of plant sairipdel litter N under of 0.07; showing
high resorption proficiencysénsu Killingbeck, 1996) which is indicative of strong N
limitation (Richardson et al., 2005). While in vafdc-1 and volcanic-2 chronosequences
these values fluctuated around of 55 %. This patteuld be also reflecting differences in
soil N content among chronosequences, in partidoksrause soil N was lower in the
sedimentary chronosequence. Such reduced nutoetert in litter due to large resorption

might have strong effects on litter decompositiod &l recycling (Mueller et al., 2012). In
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contrast, P resorption proficiency (under 0.05) vedatively low in all chronosequences, in
particular in deciduous plants, suggesting that Rot a limiting nutrient in the Uyuni-SF.
At difference of chronosequences from mesic andrgpizal environments N resorption
proficiency was higher only in early stages of degment (Crews et al., 1995; Richardson
et al, 2004; Wardle et al, 2004). Leaf and litttemistry of deciduous and evergreen
species showed strong shifts across soil developrmerall chronosequences. These
intraspecific changes in N and P concentrationsbeamainly due to phenotypic plasticity
across soil age gradient (Chapman et al.,, 2006hoAgh leaf and litter N:P increased
across soil development in all chronosequenced, dea litter chemistry was not
significantly related to increase in soil N:P ih@ironosequences.

Has been widely reported that deciduous plantsagortigher concentration of N
and P in leaf and litter than do evergreen spe@ests, 1995), therefore both groups
would have different impacts on soil nutrient aahility because differential degradability
of litter (Mueller et al., 2012). Across soil dewpment in all chronosequences, these
differences were short and marginally significavariability in leaf and litter nutrient
content among individual plants of evergreen shihs lower than do deciduous shrubs in
all chronosequences. Indeed, similar N resorptettems in shrubs species (deciduous and
evergreen) during early stages of soil developmantsedimentary and volcanic-1
chronosequences could have important effects tar iiecomposition and N recycling on

stages lower with soil N content (Aerts, 1995; Ghap et al., 2006).

N-limitation and soil development in dryland mountan environments
Because N cycling ultimately depends on the baldateeen inputs and outputs, and the

relative rates at which N cycle among different poments (i.e. soil and plants); the rate of
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soil development during early stages will dependability of biotic components (i.e.
microbial N-fixing) to increase the input of atmbsgpic N and accelerate organic
mineralization and decomposition (Vitousek et &Q02). However, the geographic
distribution and taxonomic diversity of organismghabiological N-fixation capacity is
largely determined by environmental conditions éprand Sprent, 1990; Cleveland et al.,
1999), such as temperature, humidity, soil properfe.g. pH, salinity) and UV radiation
(Vitousek et al., 2002b). In dryland mountain eomiments where combination of
permanently water limitation and low mean tempegateduce the diversity and activity of
free-living heterotrophic N-fixing bacteria (Hoopand Johnson, 1999; Vitousek et al.,
2002) and symbiotic bacterial communities (Houlteinal., 2008); low biological N-
fixation could significantly hinder soil developntgiKorner, 1989; Cleveland et al., 1999).
The response of aboveground organisms to this Nalifon could even increase limitation
by the dominance of species with low nutrient coht@Muller et al., 2012) and that

produce low quality litter (N:lignine), reducinggsiificantly the decomposition.

PERSPECTIVES, CAVEATS & CONCLUSIONS

Overall, we suggest that slow soil development assbciated low soil N content in our
system is best explained by dry and cold condittbas reduce N fixation by increasing the
energetic cost for Nitrogenase activity (Houltonaét 2008). Low diversity of plant N-
fixing species across the Uyuni-SF and within clogaguences (~5 % of total species) and
lower microbial activity (N-fixing bacteria) sugdethat N input on this system could be
less than expected, and reinforce the generaltlttaenvironments in Andean Dry Puna
are extremely sensitive to disturbance. This ol is critical for understanding the

effect of disturbance on soil and ecosystem dewedop. In particular, because in the last
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15 years it has been emphasized the relative impoet of disturbances to rejuvenate old
and P-limited soils in mesic environments. Howewer, results indicate that catastrophic
disturbances in this N-limited ecosystem could haw®ng negative effects on soil
development, because, recovery after disturbarmdd extend for long-time.

Even our chronosequences have only four stagesilofievelopment, the patterns
above and belowground strongly suggest that ecasyptocess such as plant production,
decomposition and nutrient resorption were hightyigied to increases in soil N and
reduction in soil stressors such as soil pH anphisal This last result is critical because
highlights the additional indirect effects of didiances on soil development. In particular,
because highly alkaline and saline soils in théyeiages were shifting to more neutral and
less saline soils as soil development proceeds.

The effect of parent material on soil propertiesoas long-term soil development
never has been evaluated. However, our results patrto substantial effect of geological
origin of parent material on rate of soil develomtnand availability of soil nutrients, and
claim to explicit incorporation to this factor onodels evaluating long-term soil

development.
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Table 1 Site characteristics across three long-term adgequences from Andean Dry Puna, Bolivia.

Chronosequence

Parent materiél
time

Formation

Position

Sedimentary

Volcanic-1

Volcanic-2

Undifferentiated
sedimentary deposits Holocene

Andesitic-basaltic Pliocene
domes to Holocene
Dacitic domes Pliocene

to Holocene

Pleistocene to 19°58 S,

68°11 W

19°46 S,
67°34 W

20°21°S,
67°54 W

Elevation  Slope MAPS MAT®
(m.a.s.l.) (%) (mm) (°C)
8.5 176
3834 47.96
(19.09)
3878 48.01
(18.70)
3866 33.46
(21.34)

£= Data from SGM, 1995; 2002; Tibaldi et al, 2009.

8= MAT (Mean Annual Temperature) and MAP (Mean Aalnlarecipitation) from SENHAMI data base (1974-2008



Table 2 Site characteristics across soil developmenhagetchronosequences from Andean Dry Puna, Bolean + SE (Standard

errors in parentheses) are given for each soilpéenat characteristics.

Characteristics Chronosequence
Sedimentary Volcanic-1 Volcanic-2 p
Abiotic
% C Total 1.16(0.17) | 0.91 (0.10) 1.31 (0.16) 0.07
% N Total 0.03(0.005) 1 0.06(0.01) 1 0.08(0.01) 1t o
% P Total 0.06(0.002) | 0.07 (0.002) 0.07 (0.006) *
PoLsen (Mg kg') 12.86 (0.63) 18.33 (1.60) 14.83(0.85) | b
C:N(molar) 90.77(26.16) | 24.33 (8.59) 55.27(34.96) 0.12
N:P (molar) 1.21(0.22) 1t 1.90(0.29) 1 2.550.38) 1 o
pH 9.02(0.08) 8.33(0.22) | 7.93(0.28) | o
Soil moisture (gr ED/gr soil) 0.33 (0.01) 0.29 (0.01) 0.23 (0.01) **
Salinity (dS i) 1.51 (0.30) 1.01 (0.16) 1.42 (0.32) 0.13
Biotic
Plant cover (%) 23.12(2.15) | 24.43(1.49) | 23.37(2.10) | 0.69
A. imbricata cover (%) 11.12(1.44) 8.81(1.03) 8.12(1.19) 0.03
B. tola cover (%) 4.93(0.69) 4.50 (0.67) 3.75(0.63) 0.34
Leaf N (%) 1.12(0.07) 1.21(0.06) 1.28 (0.06) *
Leaf P (%) 0.10(0.004) 0.10(0.006) 0.08 (0.005) *

Values with arrows indicate statistical significalifference from one-way ANOVAs at p< 0.05 and tfét= increase]=decline; and

space = no tendency) across stages of ecosystaztogment for individual chronosequences.

p values indicate statistical significant differericem GLM Nested design ANOVA with stage nestedmonosequence (* p < 0.05;

** p < 0.01).



Table 3. Multiple regression analysis describing the effettthree predictor variables

(selected by backward stepwise) on plant cover gdmr{response variable) across soil

development.

Characteristics Chronosequence
Sedimentary Volcanic-1 Volcanic-2

Beta p Beta p Beta p
Soil N:P -1.23 <0.001 - - - -
Soil pH 0.70 0.001 0.68 <0.001 0.66 <0.01
Soil salinity -1.29 <0.001 - - - -
R® 0.72 0.46 0.44
p 0.001 <0.001 <0.001

Table 4. Multiple regression analysis describing the effettthree predictor variables

(selected by backward stepwise) on belowgroundmdposition (response variable) across

soil development.

Characteristics Chronosequence
Sedimentary Volcanic-1 Volcanic-2

Beta p Beta p Beta p
Soil N:P 0.46 0.34 - - 0.54 0.08
Soil pH -0.45 0.14 -0.77 0.01 -0.57 0.01
Soil salinity 0.65 0.30 - - - -
R 0.65 0.60 0.51
p 0.19 <0.01 0.02




Figure 1. Study area across Andean Dry Pu@Map of Uyuni Salt Flat (Uyuni-SF) basin
in west of South America, showing the surface ceddyy Tauca (dark gray) and Coipasa
flood cycles (light gray)(b) Location of three types of chronosequences injeni Salt
Flat. (c) Photography of Caracol chronosequence. Horizontate lines shown level
reached by flood event§d) Graphical representation showing duration timea(ge and
elevation reached during flood events (mts).

Figure 2. Soil N and P patterns across soil development dettthronosequence@)
Relationships between soil N:P and soil N showimg e¢ffect of soil N across stages and
chronosequences driving changes in soil KbPOrdination of chronosequences relative to
soil N and P(c) Extreme N limitation among chronosequences. Dditexlindicates the
N:P ratio above which soil is limited by P.

Figure 3. Soil and plant changes in three chronosequences Aondean Dry Punda)
Changes in plant litter N:P across soil developm@)tChanges in plant cover (%) across
soil development(c) Changes in soil pH across soil developmédit.Changes in soil N:P
across soil development.

Figure 4. Mean (= SE) of N concentration in leaf and litterdeciduous and evergreen
species across soil development in sedimer(@ry), in volcanic-1(c, d) and volcanic-2
chronosequencesge, f). Dotted line indicates the threshold for comple&sorption
proficiency gensu Killingbeck, 1996).

Figure 5. Mean (x SE) of N and P resorption efficiency inideous and evergreen species
across soil development in sedimentgg; b), in volcanic-1 (c, d) and volcanic-2

chronosequencés, f).



Figure 6. Relationships between soil N:P and leaf and It#? across soil development in
(a,d) sedimentary(b, e) volcanic-1 andc, f) volcanic-2 chronosequences. (white circle:
leaf N:P and black circle: litter N:P)

Figure 7. Changes above and belowground decomposition asmkslevelopment(a)
Aboveground litter decomposition (expressed as gregage of weight loss) across soil
development in sedimentary and volcanic-2 chronoseces (white square: sedimentary,
and gray square: volcanic-2). Belowground decontjposiacross soil development {h)
sedimentary(c) volcanic-1 andd) volcanic-2 chronosequences. (Different letter catks
significant differences among stages).

Figure S1.Mean (x SE) of P concentration in leaf and litterdieciduous and evergreen
species across soil development in sedimen(aly), in volcanic-1(c-d) and volcanic-2

chronosequencés-f).
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Figure 4.
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Figure 5.
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Figure 7.
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Figure S1
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CAPITULO Il

What drives plant species richness across high Ande

chronosequences?



ABSTRACT

Changes in plant species richness and compositiongllong-term soil development in
mesic environments are frequently associated ftsshiabiotic factors that covariate with
soil age such as soil Phosphorus availability. Bamipemical gradients across soil
development often represents soil stress gradidas could modified the importance
relative of ecological interactions such as faaiidn and competition, and affect thereby
species richness patterns. Here, we evaluatedftbet f changes in soil properties on
plants species richness and composition during deitelopment in three primary
successional c. 20,000-years chronosequences wilth derived from different parent
material in the Andean Dry Puna, Bolivia. Furtheg evaluated the effect of changes in
plant-plant interactions on plant species richnégsng soil development. Our results
indicate that plant species richness pattern dwsoigdevelopment were different among
chronosequences, with increases in volcanic-1 aaoltamic-2 chronosequences and
declining in sedimentary chronosequence. Increasa®il N:P and declining in soil pH
and salinity during soil development were the maieterminants of plant species richness
in volcanic-1 and volcanic-2 chronosequences. Atedince of patterns observed in
chronosequences from mesic environments, annuaparehnial species showed similar
pattern during soil development in all chronosegeenOn the other hand and contrary to
expectations facilitation declined during soil dexenent and this pattern was similar in all
chronosequences. As soil age increased and sadiitmrs improved competition shift to
neutral plant-plant interactions. Overall, thessuhes highlight the relative contribution of
parent material and ecological interactions on tpkpecies richness patterns during soill
development, and reinforce the general observatian plant-plant interactions are the

main driver of plant diversity patterns in arid sgstems.



INTRODUCTION

Changes in plant communities along soil chronosecggeare among the most conspicuous
patterns in ecosystem ecology (Kitayama et al. 51@®omes et al., 2005; Vitousek et al.,
2010; Wardle et al., 2012). Increases in specielsness across soil-age gradients are
commonly observed in long-term soil chronosequerice® mesic subtropical to boreal
zones (Richardson et al., 2004; Coomes et al., ;20@Bdle et al., 2008; Laliberté et al.,
2103). The mechanism behind this general pattermngndifferent plant forms (e.g. trees,
shrubs and herbaceous species) is not clear (Wardlk, 2004), however, abiotic factors
that covariate with soil age such as Nitrogen (N #hosphorus (P) availabilities have
been suggested as plausible explanations (Wardié,e2008; Carlson et al., 2010). For
example Wardle et al, (2008) found that in six kegn chronosequences from different
environments, limitation by total soil P during rogressive stages was associated to
increase in total vascular plants diversity.

Recent reviews comparing soil chronosequences &ifi@ent environments such
as boreal, subtropical mesic and template semisuigljest that climate could modulate soil
development by alter the balance between inputdasses of soil nutrients (Peltzer et al.,
2010; Laliberte et al., 2013). Since climate intesawith the parent material to drive
weathering and leaching from rock substrates dusioify formation, the rates at which
mineral nutrients are released to become avaifolglant assimilation will vary among
soils developed under distinct climate conditioAsderson, 1988; Huggett, 1998; Lichter,
1998; Esperschiitz et al., 2011). For example, eceldrom chronosequences in mesic
boreal and temperate regions suggests that thatentamf parent material and the amount
of P remaining in weathered soils are major factngerning both, net primary production

(Wardle et al.,, 2004) as well as plant compositiord diversity variations across soil



development (Coomes et al., 2005; Wardle et abD82Qambers et al., 2010). While, in

semiarid environments gradual increasing of soérdl change in soil pH from alkaline

young soils to neutral old soils drive soil devetemt and plant productivity across long-
term soil development (Zuo et al., 2011; Alfarakt 2013 Chapter I). However, how these
biogeochemical gradients affect plant diversity aminmunity composition across soil

development in semiarid ecosystems never has heduated.

The nature of plant-plant interactions and theit effect on plant diversity is
strongly dependent of resource supply (e.g. nufrieater) and non-resource stress (e.qg.
salinity, pH) conditions (Bertness and Callaway94;9Pugnaire et al., 2004; Maestre et al.,
2009). In turn, changes in soil structure and eatriavailability across soil development
could modulate the strength and direction of plaatt interactions (Wardle et al., 2008;
Laliberte et al., 2013). For example, Coomes e28l05) showed that gymnosperms were
outcompeted by angiosperms from the most fertil@l ammungest site of a soil
chronosequence in southern New Zealand, whereasapperms dominated in old, P-poor
and waterlogged sites. Therefore, in long-term cbsequences large soil biogeochemical
gradients of resource availability (e.g. soil N dP)dand abiotic stress (e.g. soil pH) could
affect the structure and composition of plant comities by filtering species along
different phases or by modifying the strength aindation of plant interactions (Coomes et
al., 2005; Gaxiola et al., 2010; Peltzer et all®®elmants and Hart, 2010).

Positive interactions are a strong force behind moamity structure and diversity
patterns in semiarid ecosystems (Pugnaire et @6;1Schlesinger et al., 1996; Maestre et
al.,, 2003). Water and nutrient limitation and eomimental stress drive positive
interactions, increasing cooperation as stressfntitions increase in these environments

(Maestre and Cortina, 2004; Pugnaire et al., 2@0has et al., 2011). As long-term soil



development proceeds, primary productivity charfga®s early poor plant communities to
intermediate more productive communities (Wardle akt 2004). This increase in

productivity is tightly associated with increase soil N-availability through the time

(Kitayama, 1996; Peltzer et al., 2010). Therefas, soil development proceeds and
productivity increases, plant-plant interactiong @&xpected to change from positive to
negative as has been previously suggested (Gri®é3;1Wilson and Tilman, 2002).

However, these links between biogeochemical charyesng soil development and

ecological interactions has never been evaluategtimarid ecosystems, and it is far from
clear whether changes in the balance between té@h and competition during soil

development underlie plant species diversity pastén soil chronosequences.

Based on these considerations we conducted ouy atadg a soil chronosequence
system located in the Central Andean Dry PunaivBo(see Alfaro et al., Chapter 1) to
evaluate the relationships between soil biogeoct@nthanges and plant-plant interactions
along soil age gradient; beside their effects @amfpdiversity and community composition
patterns during long-term soil development. Speally, we hypothesized that: (i)
increases in soil nutrient availability (notably Wpuld promote higher species richness
across soil development. (i) annual and pererpiaits will show different patterns during
soil development, as these two groups represeferelit strategies for nutrient-use and
conservation. (iii) increases in soil N and dedine soil salinity (i.e. abiotic stress), as soil
development proceeds, would determine that theu@ecy and importance of positive
interactions decline during soil development. (pant community composition will
change along stages of soil development, with nadmendance of annual plant species
during late stages of development (where more ressuare available), whereas shrubs

and perennial grasses will dominate early stagesevtressful soil conditions prevail.



METHODS

Chronosequence system

Based in our previous studies in the Uyuni-SF cbsequence system (Alfaro et al.,
Chapter I) we selected three chronosequencestthet similar attributes such as history of
disturbance, climate conditions, distance from ic@mt, maximum elevation as well as
slope, plant cover and composition, and only differarea and geological origin of the
substrate (Table 1). The study area is a cold s&mialain, where mean annual
precipitation is 176 £ mm and mean annual tempezatl8.5°C (data for last 40 years),
with freezing temperatures ~200 days of year (deien Meteorology and Hydrology

National Service, Bolivia). More details in Alfaet al, (Chapter 1)

Sample collection

Across four stages of soil development of eachduibnosequence soil and plant samples
were collected in April-May from 16 plots (30 x 2)mo assess the effect of soil
biogeochemical gradients (e.g. soil nutrients) saill salinity (e.g. stress factor) on plant
species richness and plant interactions. On elathihpee soil subsamples (each spaced by
20 m) were collected and then were pooled intoglsisample. Physicochemical analyses
of soil samples are detailed in Alfaro et al, (Cieap). We recorded separately diversity of
annual and perennial species because we intendadalgze the responses of different
functional groups to environmental variation indegeently. Further, we recorded biomass
and number of annual plants present beneath amsileuhe two dominant shrub species
Atriplex imbricata and Baccharis sp. (henceforth referred to by genus only). We used

quadrants of 0.5 fnto record abundance, richness and biomass ofisgedhat were



identified to species level when possible, in déf@ microhabitats: (i) in the understory of

Atriplex (ii) in the understory oBaccharis and (iii) in gaps between shrubs.

Data analysis

Plant sampling efficiency was evaluated by indi@dbased rarefaction curves (EcoSim
7.0, Gotelli and Entsminger, 2001). Within eachotlusequence we used partial least
squares regressions (PLSRs) to determine the extevitich soil factors predicted species
richness (mean spp/plot) of annual and perennait@pecies across soil development in
the three chronosequences. We followed Carrascal, €2009) in reporting the relative
contribution of first four soil factors that had jmaeffects on plant species richness across
soil development, as the square of predictor weighthe first component of PLSR. When
variance explained in the response variable ofseond component was < 5% only the
first component was considered to express thetsee@Darrascal et al., 2009). To examine
differences in species richness among stages bileeélopment we performed a one way
analysis of variance (ANOVA). Significance levelena set att = 0.05 for all ANOVAs,
for post-hoc comparisons between stages were peefbusing Tukey's HSD test. All data
were tested for homogeneity of variances and stdimal if necessary to meet ANOVA
assumptions. All mean values are shown with +1SBan@es in plant community
composition across soil development was evaluatgdRbedundancy Analysis (RDA)
(Legendre and Gallagher, 2001) using Bray-Curtssidiilarity matrices and one-way
PERMANOVA. The relationship between variability $oil factors and changes in plant
community composition across soil development waduated by the correlation between

the first axis of RDA ordination of plant compositiand soil values.



To assess the intensity, importance and type ohtypant interactions (i.e.
competition or facilitation) we used two indicelse tRelative Interaction Index (RIl, Armas
et al., 2004) and the Interaction Importance Indg¥ Brooker et al., 2005). These indexes
range from pure competition (-1) to pure facilivati(+1) interactions. RIl = (P+N) — (P-
N)/(P-N) + (P+N); where P represents the perforreant beneficiary species in the
presence (+N) or absence (-N) of shruhg £ (P+N - P-N)/ (P+N - P-N) + (P-N — MB);
where MB is the maximum value of the community nieks on the plots. We calculated the
RIlI and lyp indexes at community level by pooling individualwes of all species within
each stage of chronosequence. Multiple regressiatyses were used to assess the effect
of soil factors on RIl andp index across oil development on each chronoseguenc
Because of different effect of resource supply.(eurient, water) and non-resource stress
(e.g. salinity, pH) on plant-plant interactions,thbdfactors were analyzed separately.
Statistical analyses were performed using Stais®i® (StatSoft Inc., Tulsa, Oklahoma,

USA) and R ver. 2.9.1 (Development Core Team 2009).

RESULTS

Soil development

As expected soil N and N:P increased across se#ldpment in all chronosequences.
However, large values of N:P during late stagesdefelopment were determined by
increases in N and not by decreases in soil P.pBhikalinity and moisture declined during
soil development in all chronosequences; howeweit, moisture was not significantly
different across stages of soil development inchlonosequences (Table 1). All these

findings suggest that across soil development tiei@ gradient of increasing N supply



from early to late stages of development, and asstigradient from early saline and

alkaline soils to late stages with less harsh domd.

Variation in plant species richness across soil delopment

We found 52 plant species (22 perennial and 30 aprio 48 plots across the three
chronosequences. The accumulated species richss3Awon each chronosequence (Table
2). The overall mean species richness per plotda@® perennial and 10 annual) and was
significantly different among chronosequences§F 65.27; p< 0.01), with volcanic-2 and
sedimentary chronosequences showing the highestosrest values respectively (Table
2). Across soil development plant species richriggp/plot) increased significantly in the
volcanic-1 and volcanic-2 chronosequences (Fig., 2ahile in the sedimentary
chronosequence plant species richness declined swithage although not significantly
(Fig. 2b). When these patterns were analyzed byt giie form, annual species richness
increased significantly with soil age in the volcad chronosequence {k= 8.39; p=
0.01) and declined in the sedimentary chronosequdhg;= 5.07; p= 0.01); while
perennial species richness only increased durinb d@velopment in the volcanic-2
chronosequence {l= 7.03; p= 0.01).

Partial least squares regression (PLSRs) anglgsimitted to select the combination
of soil factors that account for the major propmmtiof the variance in plant species
richness patterns during soil development. Acrdss first component of PLSR, soll
PoLsens N:P, pH and salinity were the soil factors thigihgicantly predicted changes in
species richness during pedogenesis. CoefficieRLBRs analyzes indicated that these
four soil factors grouped in the first componentavsignificant predictors of variation in

plant species richness in volcanic-£F0.61; p= 0.001) and volcanic-2 chronosequences



(R= 0.48; p= 0.001) (Table 3). In contrast, in thelisentary chronosequence plant
richness changes were not significantly correlaté any set of predictor variables ¥R
0.16; p= 0.09; Table 3). The relative contributmnsoil factors on plant species richness
patterns during pedogenesis was largely differegtiveen volcanic-1 and volcanic-2
chronosequences. Accordingly, in the volcanic-lonbsequence soil salinity and soil pH
explained around of 66 % of variation in plant seeaichness. Meanwhile in volcanic-2
chronosequence soilbRen and soil N:P accounted of 66 % of variance in pkpecies
richness across soil development (Table 3). Cleadgcies richness increases in the
volcanic-1 chronosequence was affected by nutpent changes, whereas in the volcanic-
2 chronosequence this pattern was determined bygelsan soil stressors (i.e. soil pH and
salinity) (Table 3).

Separate analyses for plant life forms indicateat tielative contribution of soil
factors was largely different for annual and peraspecies richness patterns during soil
development. The first component of PLSR explaidéterent portion of variation for
annual and perennial species richness during swéldpment on each chronosequence.
For example, in the sedimentary chronosequencendscin species richness of annual
plants was mostly determined by decreases in séll &hd declines in soil salinity (Fig.
3a). Richness of perennial species was mainly ohited by changes in soilobRen and
soil salinity (Fig. 3b). In the volcanic-1 chrongsence the first component of PLSR
explained 58% and 48% of variation in annual anempaal plant species richness increase
respectively, in both cases declines in soil sigliand pH were the main determinants (Fig.
3a, 3b). In volcanic-2 chronosequences the firshpmment of PLSR explained 18% and
59% of variation in annual and perennial specielsngss, respectively, where declines in

soil pH and B.sen driving increases of annual species richness g, while soil N:P



and R.sen changes determined increases in perennial speabsess during soil

development.

Changes in plant community composition across sailevelopment

One-way PERMANOVA results from first axis of RDAdwnation indicated that annual
and perennial plant communities changed across development in all types of
chronosequences (Fig. S1). Of all species recod@ét, 65% and 57 % occurred in more
than two stages across soil development in sedangntvolcanic-1 and volcanic-2
chronosequences respectively. Plant communitie® fyoungest stages of development
were significantly distinct from communities in éastages in all chronosequences (Fig.
S1).

Correlation between the first axis of RDA ordinatiof annual and perennial
community composition and soil properties showeat ghifts in soil nutrient properties
and changes in plant richness and cover drive phkpdcies turnover across soil
development, in particular, increases in soil Ndecline in soil pH, salinity and soll
moisture were associated to changes in plant catigposcross soil development in all
chronosequences (Table 5). These results indibatedespite the short distance among
stages of development, increases in soil N:P akmigage gradient was a key driver of
shifts in annual and perennial community compositioall chronosequences. Contrary to
our expectations relative abundance (correctedoverg of annual plants declined during
late stages of development in sedimentary and m@ea chronosequences, meanwhile,
abundance of perennial and cacti species remaimestant across soil development in all

three chronosequences (Fig. S2).



Variation in plant-plant interactions across soil cevelopment

At three chronosequences higher species richnesdiamass were found in open areas
compared to sites belotriplex andBaccharis (Table S1). We found that in contrast to
open areas, richness of annual species declinedstrubs during early stages, shifting to
equal richness below shrubs and open areas duategstages of development in all
chronosequences (Fig. 4). Contrary to our expextatiincreases in annual species beneath
shrubs was positively related to increases in &P across soil development in
sedimentary and volcanic-1 chronosequences (Taplesuggesting that in these two
chronosequences soil resources are more importaau soil non-resource stress
modulating plant-plant interactions. While in valt@2 chronosequence, in contrast,
increases in annual species richness below sharbssasoil development were associated
to decreases in soil pH (Table 4).

The effect of plant-plant interactions (RIl) on aah species richness patterns
across soil development was different among chmmaosnces. Since in sedimentary
chronosequence species richness declined acrosgqressis, increases in RIl of deciduous
and evergreen and annual species richness wertvedgeelated (R= -0.12; p= 0.17; &
-0.30; p= 0.02). Meanwhile, in volcanic-1 and valica2 chronosequences increases in RII
during soil development were positively relatednicreases in annual species richness (Fig
5b, 5¢). In volcanic-2 chronosequence the contidioudf deciduous and evergreen shrubs
on annual species richness across soil developmasitsimilar (R= 0.36; p= 0.01; &

0.39; p< 0.01).



DISCUSSION

Plant species richness across soil development

In contrast to previous comparative studies of tplachness patterns during soil
development that includes soil chronosequencestingressive succession with low soil P
in old stages (see Wardle et al., 2004), biogeoat®mgradients and ecosystem processes
strongly suggest that soil development in thre@mbsequences from Uyuni-SF are in the
progressive phaseghsu Wardle et al., 2003), where soil N generally is thost limiting
nutrient (Wardle et al., 2003; Richardson et edQ4£ Vitousek, 2004). Surprisingly, after
ca. 20,000 years of soil development in the Uyuni-Soil N is largely the scarcest soil
macronutrient, whereas high total P remained withgignificant variation across soil
development independently of the geological origfithe chronosequence. Clearly in this
Andean dry ecosystem soil development followed ed#ht patterns than reported
previously across similar span of time in chronoseges from mesic environments
(Wardle et al., 2004; 2008; Peltzer et al., 20)ich in turn affected plant diversity and
composition during soil development.

In retrogressive chronosequences plant speciémass increase monotonically
during soil development and has been suggestedhdse patterns are related to change in
soil nutrient variability (notably total P) (Lalibe et al., 2013). Large decline in total soil P
during late stages of development would promoteispediversity by increasing nutrient
limitation stress, and thereby will reduce competitexclusion (Richardson et al., 2004;
Wardle et al., 2008). Our results provide partigbort for these observations, because
plant species richness increases during soil dpueat in two of three chronosequences
and was associated to changes in soil N:P andPsavailability (R sen). Because & sen

is a measure of plant-available P has been sughds# its changes could drive plant



diversity and productivity during soil developméRfrtfitt et al., 2005). Indeed, the effect
of soil Ry sen in volcanic-1 and volcanic-2 chronosequences cdwéd showing that
different forms of soil P could drive plant specighness patterns during soil development
(Turner et al., 2007; Selmants and Hart, 2010; e\l et al., 2011).

Since different strategies to use and conservauress, associated to different life
strategies such as growth rate and developmeng begn suggested that distinct factors
drive herbaceous and perennial plant diversityrdusoil development (Richardson et al.,
2004; Peltzer et al., 2010). For example the §itstly that compared plant richness patterns
across soil development in long-term chronosequeffiraen subtropical to boreal zones
(Wardle et al., 2008) showed that total vasculantd reached the maximal species
richness in older stages with low productivity.tee tree species richness declined during
late successional stages and this pattern wasedetat large decline in total P during
pedogenesis. In the Uyuni-SF perennial shrubsheedbminant woody species (no trees
were recorded across the chronosequence systendiffétence of Wardle et al, (2008)
perennial species increased during soil developmantvolcanic-1 and volcanic-2
chronosequences in the Uyuni-SF. These differetienqes respect to chronosequences
from mesic environments (Richardson et al., 2004rdié¢ et al., 2008) are determined by
different trajectory of soil N and P during soilv@ébopment. Meanwhile in volcanic-1 and
volcanic-2 chronosequences in the Uyuni-SF soihttdased across soil development, in
mesic chronosequences soil P limitation drivesdagining in tree species richness during
late stages of development (Wardle et al., 20@®)sitive relationships between annual and
perennial species richness during soil developmientvolcanic-1 and volcanic-2

chronosequences in the Uyuni-SF apparently weerméted by large decline in perennial



cover during late stages of development that dmumied to increase in annual species

richness, in particular, shade-intolerant annuatsgs.

Plant community composition across soil development

Our results provide strong evidence of a clearedifitiation among plant communities on
each stage of soil development, suggesting that bBohual and perennial composition
change in response to shifts in soil propertie®sEcisoil development independently of
type of chronosequence. More importantly, thesdeps were strongly associated to
increase in soil N:P. These observations are demsisvith previous studies which
highlight the effect of shift in soil N:P on plasbmposition across soil development
(Richardson et al., 2004; Coomes et al., 2005; Waztlal., 2008). A proof of this is that
even the opposite patterns of plant species richmesoss soil development between
sedimentary and the other two types of volcaniorbsequences, annual and perennial
composition was similar among the three chronosecpse(Table S2).

As soil age increase and soil properties changet glammunity composition and
structure often change in predictable ways, withralant fast growing species dominating
during young and intermediate stages of developrmeming to be dominated by slow
growing stress-tolerant specie®rsu Grime, 1977) in older soils (Lambers et al., 2008;
Mason et al., 2010). Across soil development in thyeini-SF large differences in plant
composition among stages was not associated togeham resource-use strategies
dominance. Indeed, the abundance (ind/plot) oedbffit plant forms did not follow a clear
pattern during soil development in all chronosegeen Instead, our results suggest that
perennial evergreen species with typical streggdat strategies were dominant across soil

development in all chronosequences. However, dscsaditions improve, the relative



abundance of species with higher demand of soiients such as fernleilantes sp;
Notholaena nivea) and some fast growing annual speci@sil(bertia sp; Stipa curviseta)
increased during late stages of development. Indeeal species only were recorded after

10,000 years (second stage) of soil developmeait chronosequences.

Soil development drive plant-plant interactions
While facilitation and competition often operatmsitaneously in communities, it has been
proposed that facilitation increases in importargtative to competition as resource supply
declines (e.g. nutrient, water) and non-resounesses increase (e.g. soil pH and salinity)
(Bertness and Callaway, 1994; Maestre et al., 20@9¢ontrast to our expectations, and
previous studies (Callaway et al., 2002; le Roud BttGeoch, 2010), our results showed
that in early stages of soil development where soilditions were harsher (e.g. low N:P
and high salinity) relatively more species wereniun open areas than below shrubs
(deciduous or evergreen), suggesting an increaseegative plant-plant interactions in
resource poor and stressful stages. Indeed, aagmihcreases and soil conditions improve
relatively more species were found below shrubs thra open areas, changing from
negative in early stages to neutral or positiverettion frequency and importance during
late stages of development. These findings areistens with studies from water-limited
environments where competition increased with emvitental stress (Maestre and Cortina,
2004; Bowker et al., 2010; Soliveres et al., 2011).

We suggest that increase in facilitative interatiovas determined by changes in
soil pH and soil N during soil development. In gastages of development high soil pH
and low soil N probably determined that soil haedgmwas higher for plant growth. During

early stages of soil development generally soilipHigher (~8-9) and decline as soil age



increase (Richardson et al, 2004), however in fitages in the USF chronosequences soil
pH was higher (~9.2) and was declining during sievelopment. Certainly, the elevated
levels of soil pH could reduce significantly theem@tment and growth of annual plants
(Partel, 2002; Shuster and Diekmann, 2003), inqdar because soils in Andean Puna are
neutral (Salm, 1983). Soil N was low in young stag# soil development in all
chronosequences, and was the soil factor that atedor a major proportion of the
explained variance of RIl in sedimentary and voicdnchronosequences. Negative effects
of N limitation on plant growth are largely knowdifousek and Howarth, 1991) and are a
widespread phenomenon in water-limited environmévigdhdjian et al., 2011). However,
the extremely low levels recorded in the Uyuni-®fald increase the competition by soil
N, leading to reduced species recruiting in eathgess of development. Largely the
increase in RIl across soil development was accarmegawith an increase in soil N and
decline in soil pH. In this light, has been sugegdsthat frequency and importance of
interactions will decrease in stressful conditio®e early stage) because several
environmental conditions could prevent developmehtplant species, even below of

benefactor plants (Maestre et al., 2009; Soliveted., 2011).

Ecological interactions and plant species richnegsmatterns

While Andean shrubs have been previously reportedhbw larger positive effects on
community structure and composition of herbaceqexiss (Lopez et al., 2009), in the
Uyuni-SF the effect of dominant shrubs on annuahptommunity structure was largely
negative during early stages of development arfteshacross soil development. However,
an increase in annual species below shrubs, dwsaigdevelopment, was positively

associated to increases in annual plant speciémeass in volcanic-1 and volcanic-2



chronosequences. In other words, plant speciésmess was higher when shrubs and
annual plant interaction was neutral or positivasitve relations between species richness
and facilitative interactions have been observedsacaridity gradients (van Zonneveld et
al., 2012) and grazing pressure (Howard et al, pOlt2relation to composition, annual
plants recruiting below shrubs and open areas tamedbusly were more frequently
observed during early stages of development, vapiéeies occurring in open areas o below
shrubs exclusively, were only recorded in late sgsmnal stages, suggesting that species
with broader stress tolerance range are widespreddrsh early successional stages. In
this light, probably successful species recruitnduning late stages of soil development
rely on particular set of abiotic conditions and sesource heterogeneity which would lead
to increase in plant species richness later inrddsequences.

Regardless the mechanisms involved, our resultsgestigthat plant-plant
interactions could affect the patterns of plantcggerichness across soil development by
modifying the occurrence and successful recruitneérdnnual plant species during late
successional stages. Our results claim to incluctdogical interactions into potential

drivers of plant species richness patterns acorgsterm soil development.
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Table 1 Site and abiotic characteristics across soil ldgweent in three chronosequences
from Andean Dry Puna, Bolivia. Mean = SE (Standamebrs in parentheses) are given for

each soil characteristics.

Characteristics Chronosequence
Sedimentary Volcanic-1 Volcanic-2 p-value
Parent material Sedimentary Andesitic-basaltic Andesitic lava
deposits domes flows
Position 19°58 S; 19°46 S; 20°21 S;
68°11 W 67°34 W 67°54 W
Area (ha) 445.39 187.96 197.81
Elevation 3834 3878 3866
Slope (%) 47.96 (19.09)  48.01(18.70)  33.46 (21.34)
N:P (molar) 1.21(0.22) 1  1.90(0.29) 1 2.55(0.33) 1 o
PoLseEn 12.86 (0.63) 18.33 (1.60) 14.83(0.85) | ok
Soil pH 9.02(0.08) |  8.33(0.22) | 7.93(0.28) | ok
Soil moisture 0.33 (0.01) 0.29 (0.01) 0.23 (0.01) ok
Salinity* 1.51(0.30) |  1.01(0.16) | 1.42 (0.32) 0.13

Values in bold indicate statistical significantfdience from one-way ANOVASs across
ecosystem development in chronosequences; and alhramn the pattern of shift as soil
age increasef€ increase; |=decline; and space = no tendency).

p values indicate statistical significant differericem GLM Nested design ANOVA with
stage nested in chronosequence (* p < 0.05; *(p0]).

1= Electrical conductivity (dS .



Table 2 Plant community characteristics across soil dgwekent in three chronosequences from Andean DraFBolivia. Mean +

SE (Standard errors in parentheses) are giverafdr plant characteristics.

Characteristics Chronosequence

Sedimentary Volcanic-1 Volcanic-2 p-value
Accumulated plant richness 37 37 37
Plant richness (mean spp/plot) 15.32 (0.59) 20.52(0.90¢ 20.62(0.88) 1t *x
Annual richness (mean spp/plot) 8.06(0.34), 11.31(0.69) 1 11.25 (0.54) **
Perennial richness (mean spp/plot) 7.25 (0.50) 9.18 (0.44) 9.37(0.68) 1t *
Plant cover (%) 23.12(2.15) | 24.43(1.49) | 23.37(2.10) | 0.69

Values in bold indicate statistical significantfdience from one-way ANOVAs across ecosystem dewedmt in chronosequences;
and arrow shown the pattern of shift as soil agesi@ise {= increase; |=decline; and space = no tendency).
p values indicate statistical significant differericen GLM Nested design ANOVA with stage nestedlimonosequence (* p < 0.05;
*%

p <0.01).



Table 3. Coefficients of first component of Partial leaguares regression (PLSR 1) model
for plant richness (mean spp/plot) across soil bgreent in three chronosequences in

Andean Dry Puna, Bolivia.

Soil driver Chronosequences
Sedimentary Volcanic-1 Volcanic-2
PLSR 1 PLSR 1 PLSR 1

Soil PoLsen 0.59 0.13 0.34
Soil N:P 0.34 0.11 0.32
Soil pH 0.05 0.24 0.16
Soil salinity 0.02 0.52 0.18
R® 0.16 0.61 0.48

P 0.09 0.001 0.001




Table 4. Results of multiple regression analysis carrietl with RIl in deciduous and evergreen shrubs (respovariable) and
resource (soil N:P and soil moisture) and non-resouariables (soil salinity and soil pH) descridpilarge soil variability across soll
development in three chronosequences in AndearPDmg, Bolivia. (In bold the standardized multipdgnession coefficient that was

significant at p< 0.05).

Soil variable Chronosequences
Sedimentary Volcanic-1 Volcanic-2
Deciduous Evergreen Deciduous Evergreen Deciduous Evergreen

Resource

Soil N:P 0.76 0.91 0.57 0.54 0.24 0.38

Soil moisture 0.15 -0.08 -0.36 -0.21 0.25 0.26
Non-resource

Soil salinity 0.40 0.49 -0.05 0.18 0.06 0.07

Soil pH -0.20 -0.19 -0.16 -0.15 -0.62 -0.51
R? 0.27 0.55 0.56 0.35 0.38 0.26
P 0.44 0.04 0.04 0.25 0.01 0.04
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Table 5 Pearson’s correlation coefficient between thet fixis score of the RDA ordination of annual aacepnial plant community
composition and environmental variables acrossetltypes of long-term chronosequences. In bracketsptoportion of variance

explained by the first axis of RDA.

Factor Chronosequence
Sedimentary Volcanic-1 Volcanic-2
Annual Perennial Annual Perennial Annual Perennial

(0.59) (0.58) (0.56) (0.82) (0.53) (0.88)
PoLsen -0.05 -0.01 0.41 -0.29 -0.33 -0.73
N:P (molar) 0.82 0.76 0.05 0.54 0.54 0.78
pH 0.02 0.01 0.63 -0.29 -0.02 -0.35
Soil moisture -0.38 -0.46 -0.13 -0.45 -0.61 -0.64
Salinity -0.71 -0.70 0.03 -0.36 -0.45 -0.48
Plant species richness -0.26 -0.22 -0.03 0.61 0.51 0.82
Plant cover -0.24 -0.06 -0.80 -0.09 -0.31 -0.17

Note: values in bold indicate statistical significance«t0.05.
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Figure 1. Study area across Andean Dry Pu(@. Map of Uyuni Salt Flat (Uyuni-SF)
basin in west of South America, showing the surfeaeered by Tauca (dark gray) and
Coipasa flood cycles (light grayfb) Location of three types of chronosequences in the
Uyuni Salt Flat(c) Photography of Caracol chronosequence. Horizaviték lines shown
level reached by flood event®) Graphical representation showing duration timea(gge
and elevation reached during flood events (mts).

Figure 2. Plant species richness patterns across soil dewelap(a) Mean plant species
richness per plot across stage of development. &ramd perennial species richness across
soil development ir{b) sedimentary(c) volcanic-1 andd) volcanic-2 chronosequences.
Mean + SE are given for each stage.

Figure 3. The relative contribution of soil properties (a) annual andb) perennial plant
species richness across soil development. Barsigurek represents the first PLSR
component with the relative contribution of Ben (white), soil N:P (light gray), soil pH
(dark gray), and soil salinity (black) on plant sjes richness during soil development.
Figure 4. Mean (x SE) for plant-plant interaction intensigll) beneath deciduous (open
bars) and evergreen (filled bars) shrubs acrodsdseelopment in(a) sedimentary(b)
volcanic-1, andc) volcanic-2 chronosequence. Arrow show the directb soil resource
availability and soil non-resource stress.

Figure 5. RIl of deciduous (open circles) and evergreeneiltircles) shrubs effects on
annual species richness (spp/plot) during soil ibgveent in(a) sedimentary(b) volcanic-

1, and(c) volcanic-2 chronosequences.

Figure S1 First axis of Redundancy Analysis (RDA) ordinatiof annual and perennial
composition across soil development (e-b) sedimentary,(c-d) volcanic-1, and(e-f)

volcanic-2 chronosequences. Values in parenthesisdtes variance explained by first
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axis of RDA. Significant differences in plant conggion among stages of development
estimated by PERMANOVA at p< 0.05.

Figure S2. Changes in plant forms abundance (ind/plot) acemslsdevelopment in(a)
sedimentary(b) volcanic-1, andc) volcanic-2 chronosequences. All abundance data wer
corrected by plant cover.

Figure S3.Mean (x SE) for plant-plant interaction intensiky) beneath deciduous (open
bars) and evergreen (filled bars) shrubs (&) chronosequences, and across soll
development ir{b) sedimentary(c) volcanic-1, andd) volcanic-2 chronosequence. Arrow

show the direction of soil resource availabilitydasoil non-resource stress.
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Figure 4.

RII

RII

RII

0.4 -

0.2 1

(a) ] Deciduous: p= 0.08
Bl Evergreen: p=0.01

e

0.0

-0.2 A

-0.4

-0.6 A

LJ! T

-0.8
0.4 1

0.2 1

0.0

(b) 2 p=0.05
BN p=0.13

-0.2 A

-0.4

-0.6 A

-0.8
0.4 -

0.2 1

0.0

(c) = p=001
B p=0.02

=

-0.2 A

-0.4

-0.6 A

L.

Resource supply

Non-resource stress

Stage 1

Stage 2 Stage 3

Chronosequence stage

Stage 4

100



Figure 5.
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Table S1.Species richness and biomass of plants below thepyaof two species of shrulfgriplex imbricata (Dec= deciduous);

Baccharistola (Eve= evergreen) and open areas (Gap). Mean (8Epnch treatment.

Chronosequence  Shrub cover Treatments
(%) Plant richness Species contribufion Plant biomass (g 1)
Dec. Eve. Dec. Eve. Gap Dec. Eve. Gap Dec. Eve. Gap
Sedimentary 11.12 4.93 3.67 3.67 4.23 2 2 0 2.42 1.81 3.07
(2.44) (0.69) (0.25) (0.27) (0.28) (0.48) (0.42) (0.60)
Volcanic-1 881 451 2.73 3.23 543 3 2 1 1.78 1.34 1.82
(2.19) (0.63) (0.30) (0.30) (0.33) (0.33) (0.22) (0.27)
Volcanic-2 8.12 3.75 3.43 3.43 4.6 5 2 6 2.63 1.24 4.35
(2.1) (0.75) (0.25) (0.32) (0.27) (0.49) (0.21) (0.71)

Values in bold indicate statistical significantfdiences from one-way ANOVAs across stages ofdmiklopment for individual
chronosequences.
!= species present only on one treatment.
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Table S2 Mean of plant species richness per plot and asitom of species richness by Chao-2 and Sgrensffictent of community

similarity across soil development in three chr@tpgences of Andean Dry Puna, Bolivia. Mean + SEyaren for each stage.

Chronosequence Plant species richness
Annual Perennial
Mean spp/plot Chao-2 Sgrensen Mean spp/plot Chao-2 Sgrensen
Sedimentary 0.64 (0.04) 0.77 (0.03)
Stage | 950+050 10.75%0.73 7.50+1.04 11.02 +0.07
Stage Il 850+0.65 11.37+1.02 7.50+1.85 12.56 +1.13
Stage Il 7.00+£041 12.12+0.44 7.25+0.63 1451 +3.19
Stage IV 7.25+0.48 7.96 £ 0.30 6.75+0.25 8.73+0.12
Volcanic-1 0.75 (0.03) 0.77 (0.04)
Stage | 8.25+1.03 11.25+0.73 7.25+1.31 11.15 +0.50
Stage Il 10.50 £ 0.29 23.25+5.46 9.50 £ 0.65 11.99+1.23
Stage Il 14.30 £ 1.03 30.25+10.35 10.30 £ 0.25 15.25 + 3.47
Stage IV 12.30+0.95 17.56+1.13 9.75+£0.25 12.75+1.76
Volcanic-2 0.77 (0.01) 0.75 (0.03)
Stage | 9.50+0.29 18.25+2.67 575+1.31 10.15 £ 0.50
Stage Il 11.00+£1.47 15.18+0.59 11.00 £0.71 19.51 £5.49
Stage llI 1250+£1.19 16.27 £1.66 10.50 £ 0.96 12.01 £ 0.59
Stage IV 12.00£0.71 12.99+0.48 10.30 £ 0.48 11.75+£0.72
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Figure S1.
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Figure S2.
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Figure S3.
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CAPITULO 1lI

Soil bacterial and fungal communities display contasting
patterns across long-term soil development: evideedrom the

Andean Dry Puna
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Summary

1. As soil development proceed soil biogeochemicalperties change affecting the
structure and composition of microbial communiti®sice bacterial and fungal organisms
have different nutrient requirements and metabaditvities, these microbial groups could
be differentially affected by shifts in soil profies across soil development. These changes
modify microbial dominance and thus, affect ecasysprocesses such as decomposition
and nutrient cycling during soil development. Thwresoil development and ecosystem
function interactions would be largely dependenmnafrobial structure and composition.

2. Here, we identified which soil and plant attribupgsmote the development of bacterial
and fungal communities across soil development a@ls slerived from different parent
material in three primary successional c. 20.008syehronosequences on the Andean Dry
Puna, Bolivia. We evaluated the microbial pattdspsanalyzing the Terminal Restriction
Length Polymorphism (T-RFLPs) from amplified ba@er(16S rRNA) and fungal
(Internal Transcribed Spacer) genes.

3. Soil bacterial and fungal community composition ibkkd contrasting patterns during
long-term soil development, although, the magnitafidifferences was largely dependent
of type of chronosequence. Bacterial compositicenge as soil pH and plant composition
change across soil development in volcanic-1 anttawic-2 chronosequences, and
bacterial communities in sedimentary chronosequever® not affected by soil resource
heterogeneity during soil development. Meanwhilggal community composition was
unresponsive to pedogenesis in all type of chraqeeseces.

4. Microbial dominance expressed as fungal:bacteat# declined across soil

development in all chronosequences, with late stafdevelopment showing the lowest
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ratios. Decreases in ratios were indicative ofease in bacterial abundance during late
stages of development, where soil nutrient coritearease and soil conditions are less
stressful (low salinity and neutral pH). At diffeiee of fungal composition, fungal
abundance change during soil development and #tisrp was determined by changes in
nutrient pools as soil age increased.

5. Synthesis and applications. Our results demonstrate that in this dry and Nrpo
environment bacterial and fungal communities haftferént responses to long-term soill
development. Although different patterns of aburm@asnd composition were observed
among chronosequences with soils derived frommdisparent material, bacterial
communities were highly responsive to long-ternh development. These results imply
that during long-term pedogenesis shifts in sampgirties and concomitant changes in
microbial community structure and composition agpehdent of type of parent material
from which soil derived. We strongly suggest thategmt material effect during soil

development needs to be explicitly incorporatedhironosequence studies.

Key-words: Andean Dry Puna, soil microbial, chronosequenciépst) parent material
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Introduction

Long-term changes in soil and ecosystem structussocated with differential
concentrations of soil macronutrients like NitrogéW) and Phosphorus (P) have been
shown to modulate microbial community structure anthposition (Kuramae et al, 2001,
Vitousek, 2004; Schmidt et al, 2008; Welc et all20Changes in the relative abundance
of bacteria and fungi along soil development haaenbassociated to the fact that microbial
groups specialized in the acquisition of nutrieaipounds dominate different stages of
development (Lambers et al, 2008; Welc et al, 20E@) example, in mesic environments
decreases in soil P, associated with soil ages@related with increases of fungal biomass
(Williamson et al, 2005; Moore et al, 2010). Simyaincreases in soil N with soil stage
during soil chronosequences of different glacieefield were correlated with increases in
bacterial abundance (Schmidt et al, 2008; Espetaaial, 2011; Goransson et al, 2011).
Changes in microbial communities with soil develgom) are mirrored by plant
community composition (Richardson et al, 2004; Waret al, 2008), with plants with
different life history traits that promote diffetéd nutrient acquisition also occurring in
distinct stages of soil chronosequences (Coomak 2005; Wardle et al, 2004a; Lambers
et al, 2008). These changes in plant compositiore lieeen linked to feedbacks between
species with different life strategies and nutrieytling, which strongly determine the rates
of organic matter accumulation and nutrient avdlitgbacross soil development (Walker
and del Moral, 2003; Bardgett et al, 2005; Coonteale2005). Thereby, plant species
turnover strongly modulates the structure and caitipo of soil microbial communities
(Marschner et al, 2001; Bardgett et al, 2005) bynmmting the dominance of microbial

groups with metabolic needs that acquire differarttient compounds and retain limiting
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nutrients (Wardle et al, 2004b; Bardgett et al, 0MHowever, how variations in soil
chemistry and plant species affect microbial comiti@sr during long-term soil
development remains unclear (Tarlera et al, 20081 et al, 2010).

Above- and belowground processes during soil dgveént, together with different
physiological requirements of fungi and bacteriaa(e et al, 2004b; Van Der Wal et al,
2006) promote changes in the relative abundance cantposition of these microbial
groups along stages of soil chronosequences (Béreigal, 2005; Williams et al, 2013).
Bacterial and fungal communities are the dominaotobical groups of soil systems
(Whitman et al, 1998; Van Der Heijden et al, 2088 are the primary consumers of
belowground food webs (Wardle et al, 2003). Acrosg-term soil development changes
in aboveground processes, such as replacementardfgpecies with different functional
traits regulate not only soil community assemblages also the functionality of these
communities (Baath and Anderson, 2003; BardgetleR005; Rousk et al, 2010). For
example, young soils in early stages of soil dgwalent tend to be dominated by fast-
growing plant species with nutrient-rich leaves amats that promote rapid decomposition
and nutrient cycling (Berendse, 1998; Bardge#t ,€2005; Schmidt et al, 2008). Therefore,
young soils often support bacteria-based microlosi@nmunities that feed on easily
degradable organic compounds produced by earlyessmmnal plants (Wardle et al, 2004b;
Bardgett et al, 2005). Conversely in old, less pobde soils, dominate slow-growing,
nutrient-use-efficient plants that produce poor liggditter with complex-carbon and
phenol-rich compounds (Wardle et al, 2008; Eskelie¢ al, 2009). These compounds
promote fungal communities over bacterial commasjtias fungi tend to have lower

carbon and energy requirements than bacteria (DemdeMerbach, 2005; Eskelinen et al,
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2009; Strickland and Rousk, 2010). Hence, redustiarabundance of bacterial respect to
fungal abundance are expected as soil age inc{&perschitz et al, 2011;Welc et al,
2012).

During soil development as parent material becoexg®sed, via the abiotic (e.g.
abrasion) and biotic (e.g. mineralization) weathgrisoils are formed and secondary
minerals are released in soluble forms for plamt amcrobial nutrition (Anderson, 1988;
Huggett, 1998; Lichter, 1998; Yavitt, 2000). Aslstevelopment proceeds, the interaction
between parent material and soil microbial activatg responsible for bioavailability of
substrate-derived nutrients (i.e., Phosphorougguraulation of organic matter and most
processes associated with pedogenesis (Chadwick Giratover, 2001; Deubel and
Merbach, 2005; Esperschiitz et al, 2011). Feedbhekseen parent material and soil
microbial activities are expected to increase ipontance as soil age increase (Ulrich and
Becker, 2006; Wagai et al, 2011). For example whpecialized soil microbial groups
facilitate the acquisition and mineralization osathed and immobilized N and P, which in
the absence of disturbances, remained boundedganiar forms of difficult accessibility
for plants (Cornelissen et al, 2001; Lambers et2@08; Wagai et al, 2011). Thus, the
relative importance of different soil microbial comanities and feedbacks between above-
and belowground process could be strongly modullayeparent material (Marschner et al,
2001; Ulrich and Becker, 2006; Moore et al, 2010).

Accordingly, studies from soil chronosequences iopital and temperate
ecosystems than span from sand-dunes (Lalibertd, &012), lava flows (Crews et al,
1995), glacier retreats (Walker and Syers, 1976h&tdson et al, 2004) to sequences of

marine terraces (Moore et al, 2010), have shownttaasition from N to P limitation along
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soil development are associated to changes in sysyprocesses such as decomposition,
nutrient cycling and primary production (Peltzeiagt2010), besides, of shifts in plant and
microbial community composition (Coomes et al, 200&ngid et al, 2013); thereby,
emphasizing aboveground-belowground linkages dusioid development. Furthermore,
we recently showed that in high altitude dry Andeansystems, soil changes in soil N and
P availability do not mirror those described forsimeeecosystems even after 20,000 years of
soil development (Alfaro et al, Chapter I). Extresiew soil development determined by
low soil N content was observed in three chronoseges with contrasting geological
origin, although differences in the magnitude afsth effects were determined by parent
material origin. Indeed, we reported that increasesil N and decreases in soil pH drove
plant individual (e.g. leaf and litter chemistry)dacommunity (e.g. composition) changes
during soil development, as well as ecosystem psEs such as litter decomposition.
These patterns were markedly different among cheemeences with soils derived from
distinct parent material. Therefore, we expecteohst feedbacks between the structure and
composition of soil microbial communities and paneraterial during soil development.

We used a metagenomic approach to examine sogigcand fungal community
patterns across stages of soil development in osemuences. Specifically we
hypothesized: (1) that differences in soil and pfaatterns during soil development among
chronosequences with soils derived from distincreptn material will affect the
composition and productivity of microbial commuegi (bacterial and fungal) along soill
development. In particular (2) that soil fungaltesi@l ratio (as a measure of microbial
biomass) will decline as soil age proceeds, duentweases in bacterial abundance

associated to higher soil nutrient contents (ngt&bl, and decrease in alkalinity of soils
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(decline soil pH) during late stages of developmg®) that bacterial and fungal
community composition will change across soil depeient in response to changes in soil
quality from early alkaline and nutrient poor soits neutral soils with high nutrient
availability (high N:P ratio) during late stages aévelopment, and (4)that increases in
plant litter nutrient quality through their effeats soil nutrient availability will determine

increases in bacterial over fungal abundance dwaiiglevelopment.

Materials and methods
STUDY SITES

The chronosequence system is located in the Uyalbiflat (Uyuni-SF) in the Central
Andean Dry Puna of Bolivia (Alfaro et al, ChaptgrThe climate is dry and cold most of
the year (Vuille et al, 2000), with mean annual gerature around of 8.5 °C, and mean
annual precipitation of 176 mm. Superficial soits the chronosequences are sandy in
texture with low organic matter content (Urcelayagt2011)and extensive deposits of tufa
(Placzek et al, 2009). All chronosequences areretiscunits like elevated "islands"
surrounded by a large saline matrix (Alfaro etGihapter I) and in this study we chose to
work on chronosequences with different parent netesedimentary deposits, and two
different volcanic rocks forming Andesitic-basaltiomes and Dacitic domes (SGM, 1995;
SGM, 2002; Tibaldi et al, 2009). The substrate gigelient originated as a consequence of
changes in the precipitation regime causing repead®ance and retreat of the water level

across the Uyuni basin over lastd®0) years (Alfaro et al, Chapter I).
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SAMPLING

At all three chronosequences, we set up four R&@sx 2 m) at each of the four stages of
soil development. All plots were arranged with astsacing exposure. Soil samples and
plant litter were collected at the end of the rasgason (early May) when primary
productivity is highest. At each plot, we collectedils from three randomly assigned
points from the 0-10 cm layer; these subsamples weoled and homogenized into a
single sample, after half of each homogenized samjls used for microbial community
analysis and for this we store all samples at -88A@ sent them to the Cellular Ecology
Laboratory (Pontificia Universidad Catdlica de @hifor molecular analyses. The rest of
soil samples were stored in plastic bags at -4°@koratory analysis. After to collect soill

samples Whatman filter papers were buried in thacespeft by the removed soil to

evaluated decomposition. The results of soil arghtpichemical analysis and detailed
methodology for evaluation of plant cover, plant meounity composition and

decomposition experiments in Alfaro et al (Chapter

METAGENOMIC ANALYSIS

DNA extraction and Terminal Restriction Length Polymorphism (T-RFLP)

In order to evaluate differences in fungal and &aak composition across stages of soil
development of the three chronosequences we amblyfre T-RFLP from amplified
(Polymerase Chain Reaction, PCR) bacterial and duntsS rRNA and Internal
Transcribed Spacer (ITS) genes respectively. DNA exdracted from -6 g of soil using
the FastDNA® SPIN Kit for Soil and the FastPrep®&tinment (MP Biomedical, LLC,
Solon, OH, USA), according to the manufacturer'strmctions. The quantity of extracted

DNA was determined using a Nano-Drop spectrophoten{®lanoDrop Technologies).For
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T-RFLP analysis, bacterial and fungal 16S rRNA genere amplified with the primers 8F
(5 end labeled with FAM fluorescent dye) and 13¢R&e et al, 1985), and ITS1-F (5 end
labeled with FAM fluorescent dye) and ITS4 (Gardesl Bruns, 1993) respectively. The
PCR mixture (5QuL) contained 1uL of template DNA, 4uL of 10x reaction buffer, 33
uL of MgCl2, 11uL of dNTP, 22uL of each forward (f) and reverse (r) primer2@nM),
and 10 U of Tag DNA Polymerase for bacteria and fungitlowith specific primers). PCR
cycling was performed as follows: 5 min at 94°Q|dwed by 25 cycles of 94°C for 45s,
56°C of annealing temperature for 45s, 72 °C fami@, and a final extension step at 72 °C
for 7 min. for bacteria analyzes. For fungi anatyZemin at 95 °C, followed by 4 cycles of
95°C for 40s, 49°C for 30s, 72°C for 48s and 3les/of 94°C for 40s, 54°C for 30s, 72°C
for 48s, and a final 7 min extension step at 72°CR products were digested with the
enzymes Mspl and Hhal and fungi was digested withymes TAQ1. After 20uL of
digestion PCR product from each sample was seqddmgéacrogen (Seuol, Korea). In
this sequenced analysis the peaks represent theo$iZerminal restriction fragments
(TRFs), and the peak areas represent the relatopgogion of these fragments. Following
previous works TRFs from 50 to 700 bp were inclugednalyses, and those representing

less than ®% of the total area were excluded.

Microbial biomass quantification

We quantified bacterial biomass following Einerak(2008) and fungal biomass following
Prévost-Bouré et al (2011) protocols. The microgRCR were performed using (kits) and
were running on qPCR EcoTM Real-Time (lllumina®)ahime. Details of the primers and

thermal profile used are in supplementary matéfiable S5). To estimate the bacterial and
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fungal biomass the number of 16S and 18S rRNA sopie of DNA obtained from gPCR

analysis was converted to a number of rRNA copiesfgiry soil.

STATISTICAL ANALYSIS

We evaluated if microbial composition changed axrsimges of soil development using
multivariate distance-based ordination analysesia&groot (Hellinger transformation)
transformed data (Legendre and Gallagher, 2001) wsesl to calculate Bray—Curtis
dissimilarity matrices (Legendre and Gallagher, JOONon-Metric Multidimensional
Scaling (NMDS) was performed to graphical ordinatecterial and fungi community
composition across stages of soil development. Wwag-analysis of similarity (ANOSIM)
was performed to test differences in soil microbe@mposition across stages and
chronosequences. The test statistic, R, in ANOZMyes from 0 to 1, where values near 0
indicate no difference between groups, whereasegatlose to 1 signify high dissimilarity
between groups (Rees et al, 2004).

We compared microbial community biomass among stagfesoil development
using one-way ANOVAs and pairwise differences weassessed with Tukey’'s HSD
(honestly significant difference) post hoc testngai:Bacterial ratio was used as a measure
of relative change in fungal to bacterial dominaaceoss soil development (Fierer et al,
2009). All data were tested for homogeneity of aacies and transformed if necessary to
meet ANOVA assumptions. Pearson’s correlations eetwthe first axis score of the
NMDS ordination of bacterial and fungal communitgngosition and soil and plant
variables were conducted to evaluate the effesbbfand plant characteristics on microbial
composition along soil development. Mantel testsewserformed to evaluate the influence

of spatial distance (among sampling plots)and soitl plant variables on microbial
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biomass. We used partial Mantel test to examinetteet of geographic distance (straight-
line distance between sampling plots) on commuodmposition correcting for variation
in soil and plant characteristics. The environmiesiilarity matrix was estimated from
Euclidean distances for all soil and plant varial{leg. pH-distance). These analyses were
carried out with PRIMER-E 5 software (Clarke and1@&p, 2006). Statistical analyses were
performed using Statistica® (StatSoft Inc., Tulsa, Oklahoma, USA) and R (vagzer.

2:9-1 (Development Core Team 2009).

Results
BIOTIC AND ABIOTIC PROPERTIES DURING SOIL DEVELOPM¥T

Soil and plant characteristics were largely difftreamong the three types of
chronosequences (Table 1). For the twelve enviemah variables considered, we found
significant differences among chronosequences ghtgjp values in Table 1). However,
some soil and plant characteristics changed inl@imiay during soil development in three
chronosequences, such as the increase in soil NNdPdatio; and the declining in soll
salinity and soil pH. While plant cover and lit@m declined in all chronosequences, plant
species richness increased across soil developrivenvolcanic-1 and volcanic-2
chronosequences. Total C, total P apgsR values, despite their variations among stages

of soil development in some chronosequences, dighew any clear pattern (Table 1).

SOIL MICROBIAL PATTERNS AMONG CHRONOSEQUENCES

Fungal:bacterial ratios were significantly differeramong chronosequences, with
sedimentary chronosequences showing lowest valkigs 2a). These differences were

determined by lower fungal abundance in sedimentargnosequence and lower bacterial
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abundance of volcanic-1 chronosequence (Table @yeftheless the large differences in
soil properties among chronosequences (Table il)fastors were mostly weak and not
significantly related to variation in fungal:badtératio (Table S4).

On the other hand, bacterial community compositi8CC) was significantly
affected by type of chronosequence as bacterial naomties from all types of
chronosequences were significantly different (g319global R= 812; Table S2). Bacterial
communities from volcanic-1 chronosequence wergelgrdifferent from communities of
sedimentary (R= -65; p< 001) and volcanic-2 chronosequences (R580 p< 001).
Ordination analyses showed that bacterial commasiftom all three chronosequence were
clearly distinguishable, with first axis of NMDS @ained 66% of variation in composition
(Fig. 3a). These differences in bacterial communtynposition among chronosequences
were associated to differences in soil nutrienthsas N (r= @28; p= 004), P (r= 629; p=
0-04) and B.sen (r= 049; p< 001) and plant community composition (r=30; p= 003). In
contrast, fungal community composition (FCC) did didfer among chronosequences (p<
0-83; the global R=01; Table S2). Indeed, compositional ordinationlysis showed that
fungal communities from all three chronosequencesevoverlapping, indicating strong

similarity (Fig. 3b).

SOIL MICROBIAL PATTERNS ACROSS SOIL DEVELOPMENT

i) Sedimentary chronosequence

Soil bacterial abundance increased across staghe sédimentary chronosequence from
5-54E+07 to 132E+07 gene copies’gsoil. In contrast, fungal abundance declined from
1011E+06 to 647 E+06gene copies'goil. Accordingly, fungal:bacterial ratios decreds

with soil age (Fig. 2b) and this patterns was assed to changes in soil C (r=40; p=
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0-04) and soil P (r=-@Q9; p= 003). As expected declining in soil pH and planelitC:N
across soil development promoted bacterial aburedérc-083, p= 001; Table S1) which
in turn contributed to decrease fungal:bacteriabrduring late stages of soil development.
Instead, declining in fungal abundance as soil ingeeased was mainly associated to
changes in nutrient pool such as C:N (rZ00 p= 001) and plant community composition
(r=-066, p= 001) during soil development.

Bacterial and fungal composition turnover acroskdsvelopment was low and not
significant (Fig. 3c, 3d). ANOSIM measures of conmty differentiation (R values)
among stages of soil development were very lovhis thronosequence (Table S3). Even
pairwise comparisons between adjacent stages ¢tage 1 and stage 2) were not
significant different (Table S3). Thus, in this ehosequence, patterns of microbial

community composition were not affected by soil gegehesis

ii) Volcanic-1 chronosequence

In this chronosequence bacterial abundance inatediseng late stages of development
from 263E+07 to %2E+07 gene copies'gsoil(Table 2) and the same pattern was
observed for fungal abundance, which increased O3E+07 to 122E+07 gene copies g

! soil. Both bacterial and fungal groups increasesewelated to change in soil pH from
alkaline young stages to neutral soils in late etagf development (r= -D8; p< 001; r= -
0-60; p< 001). Additionally, bacterial abundance increaseso alvas determined by
improve in soil conditions across soil developmasgociated to declining in soil salinity
(r=-0-50; p= 003) and plant litter C:N (r=-67; p= 002). Even that both groups increased

across soil development, large increase in battesiaundance determined that

120



fungal:bacterial declined during late stage of dgwment (Fig. 2c). Mantel tests
coefficient showed that fungal:bacterial ratios réases was associated to changes in soill
moisture (r= @5; p= 004) and plant litter C:N (r=-@6; p= 004).

Graphical ordination across the first NMDS axis #&MOSIM separated the BCC
according to the four stages of soil development (R37; p< 0.01; Fig. 3e). In this
chronosequence, bacterial communities from firsigest were largely different to
communities in third (R= -68; p< 0.01) and fourth (R=-@&0; p< 0.01) stage of
development (Table S3). Soil pH was largely thetnmaportant soil factor determining the
bacterial community turnover across soil developm@n 072; p= 001; Fig. S1). In
contrast, ANOSIM indicated that fungal compositiwot changed across soil development
(R= 005; p= 072), indeed, graphical ordination of NMDS showeat ttommunities of all

stages were highly overlapped (Fig. 3f).

iii) Volcanic-2 chronosequences

Both microbial groups declined in abundance alotages of development in this
chronosequence (Table 2). Bacterial changed fr@8E#07 to 48E+06 gene copies’g
soil and, fungal abundance declined frof89E+07 to 44E+05 gene copies'goil during
soil development. In contrast to the sedimentany awicanic-1 chronosequences, in this
chronosequence bacterial abundance showed a degchoross soil development, and this
contributed that decrease of fungal:bacterial rates not significantly across soil age
gradient (k1= 1-30; p= 032; Fig. 2d). Indeed, fungal to bacterial ratio loeag during
soil development was not significant related to aay of plant changes. While, bacterial

and fungal declining across soil development wdsctdfd by the same factors such as
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decrease in plant cover (r=60; p= 002; r= 060; p= 004), soil pH (r= @3; p= 001; r=
0-53; p= 004) and change in soibBsen(r= 0:57; p= 004; r= 047; p= 003).

Bacterial community composition was indeed strorgffected by soil pedogenesis
(R= 038; p< 001), with communities from stages clearly differiagross the first axis of
NMDS ordination (Fig 3g). Bacterial communitiesrirdirst stages of development were
largely different to communities in third (R=69; p< 001) and fourth (R=60; p< 001)
stages of development (Table S3). At differenceemfimentary chronosequence changes in
BCC was associated with change in multiple soil plaoht variables, such as increase in
soil N (r= 049, p= 003) as well as declining indPsen (r= -051, p= 003), soil moisture (r=
-0-53, p= 002), soil salinity (r= -€b1, p= 004) and changes in plant composition (r54)
p= 001). Likewise occurred in sedimentary and volcahichronosequences fungal

community composition was not affected by pedogen@s= 013; p= 012; Fig. 3h).

MICROBIAL BIOMASS AND DECOMPOSITION

In the Uyuni-SF, although decomposition increasgdificantly across soil development in
all chronosequences, these patterns were diffatgntielated to changes in microbial
abundance on each chronosequence. At differencesedfmentary chronosequence,
bacterial and fungal abundance changes were assmbeétashifts in decompositions across
soil development in volcanic-1 and volcanic chrampgences (Fig. 4). Increases in
decomposition during pedogenesis in volcanic-1 mbsequence was positively related to
increase in bacterialr 0-52; p= 003) and fungal ¢= 0-53; p= 003) abundance (Fig. 4d).
Meanwhile, the declining in bacterial£r-0-64; p<001) and fungal (= -074; p<001)
abundance was negatively related to increase afndeasition during soil development in

volcanic-2 chronosequence (Fig. 4f). When charigedecomposition were related to
122



changes in fungal to bacterial ratio a negativeafivas observed across soil development
in all chronosequences, although, these effecty wrdre marginally significantly in

volcanic-1 chronosequences (Fig. 4a, 4c, 4e).

SPATIAL STRUCTURE AND DISTANCE DECAY RELATIONSHIPDDR)

As expected across soil development larger difieenn BCC occurred between non-
contiguous stages, than in contiguous stages, stiggehat geographic distance (average
286 m), would drive the changes in community contmys However, most of bacterial
and fungal composition changes were independergeofjraphic distance (Fig 5a, 5d),
even after controlling the effect of environmentatiability (Partial Mantel test). Instead,
when microbial community similarity was related hvitariability of soil and plant factors
expressed as distance-measures (Euclidean distaheetues among plots), soil pH and
plant community composition were important predist@f microbial dissimilarity, in
particular, in bacterial communities. There wasegative relationship (r= -85, p< 001,

r= -0-18, p< 001) between bacterial dissimilarity and soil pHtaiee across volcanic-1
chronosequence (Fig. 5b), suggesting that soils extremes values of pH have similar
bacterial communities across soil development. \&d®r plant composition dissimilarity
was positively related with changes in bacterialmpwnity differentiation across soil
development (r= @4, p= 002; r= 019, p= 002) in volcanic-1 and volcanic-2
chronosequences. These lasts results strongly sithge particular assembles of plants are
associated to particular sets of bacterial commemitOn the other hand, low fungal
turnover across successional stages was negativilienced by soil pH-distance in

volcanic-2 chronosequence (Fig. 5e)
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Discussion
MICROBIAL COMMUNITY PATTERNS ACROSS SOIL DEVELOPMEN

The major objective of our study was to evaluatertiative importance of parent material
on soil microbial patterns during soil developmeint. previous work using the same
chronosequences we showed that different pareneriait among other things, can
increase differences in chemical properties ofsstilring soil developed under similar soil
formation conditions (Alfaro et al, Chapter I), edfing individual traits and community
plant patterns, such as nutrient content in ledflater, and plant community composition
and diversity (Alfaro et al, Chapter | and Il). ldewe found that soil bacterial and fungal
communities display contrasting patterns acrodsdevielopment, and as expected different
environmental factors that covariate with soil @geh as soil and litter N content, soil pH
and plant community composition were involved oncnaibial patterns during soil

development in each chronosequence.

SOIL MICROBIAL BIOMASS DURING SOIL DEVELOPMENT

Along the Uyuni-SF soil conditions were improving soil age increased by increase in
soil nutrient content (e.g. N), and decrease ih sinity and soil pH. These patterns, as
expected, affected soil microbial dominance acres$ development, in particular in
sedimentary and volcanic-1 chronosequences, wiaghe@ld was the most important soil
factor effecting increase in bacterial abundancenduate stages of development. These
shifts from fungal to bacterial dominance across development has been suggest to be
related to different responses to soil pH variatimtween microbial groups (Baath and
Anderson, 2003; Fierer and Jackson, 2006). Unlikegif soil bacterial abundance is

particularly sensitive to changes in soil pH dudhe effect of this soil factor on optimal
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growth rate of prokaryotes (White, 2000; Baath &mdlerson, 2003; Rousk et al, 2010)
and, because soil pH affects the reaction capeaaiy availability of some essential
nutrients (e.g. Mg, N, P) for bacterial developm@temmitt et al, 2006; Kuramae et al,
2011). Thus, neutral soils observed during latgestaof development will favor bacterial
abundance and will promote the decline in fungakdw@al (Baath and Anderson, 2003;
Rousk et al, 2010).

Fungal to bacterial dominance along soil develogmepresents an indirect
measure of soil conditions (e.g nutrient avail&piliand the microbial-based food web
(Williamson et al, 2005; Van Der Wal et al, 200&kElinen et al, 2009). The increase in
bacterial dominance generally is related to chamgedove- and belowground conditions
(Bardgett et al, 2005) that promote the increaggaaluction of high-quality organic matter
(Eskelinen et al, 2009), high nutrient availabilityan Der Heijden et al, 2008) and high
rates of soil processes (Wardle et al, 2004b). Ating to these observations, in the Uyuni-
SF the increase in bacterial abundance acrossiewdlopment was negatively related to
plant litter C:N in sedimentary and volcanic-1 aiweequences, with bacteria increasing in
abundance as litter quality (N concentration) iasexl. While fungal abundance was
mostly negatively correlated or not related to éase in soil N and N:P across soil
development in all chronosequences. Differencesstoichiometric and physiological
requirements between bacterial and fungal (Stnekland Rousk, 2010) could explain the
different patterns across soil development. Inipaldr, because C:N of bacteria biomass is
expected to be lower (~ 3-9) with respect to C:Nuwigi (~ 6-17) (Strickland and Rousk,

2010), thereby, fungal biomass are often expeddtwave lower N requirements (Glsewell
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and Gessner, 2009) and lower stoichiometric coméialtive to bacteria (Van Der Heijden
et al, 2008; Strickland and Rousk, 2010).

Since our study was the first in examined changdsacterial and fungal abundance
during long-term soil development, it was difficuth make comparisons of patterns
observed. However microbial abundance patterns fmofew long-term previous studies
indicates that fungal to bacterial ratio increadasing soil development was related to
large soil N:P and C:P ratios, indicatives of Pitation in late stages of development
(Williamson et al, 2005; Moore et al, 2010). Thes¢terns are opposite to observed in the
Uyuni-SF and are reflecting that, at differenceoaf chronosequences, the dominance of
fungal-based food webs are determined by increaBirgnitation during late stages of
development (Williamson et al, 2005). While, eviderfrom short-term chronosequences
(< 1,000 years of development) suggest that furaged bacterial abundance patterns
reported here followed expected changes acrossleadlopment (Esperschitz et al, 2011;
Welc et al, 2012). Indeed, values of microbial atance after only hundreds of years of
soil development in chronosequences from retregtadiers (Esperschitz et al, 2011;
Goransson et al, 2011) and land abandonment (VanWa¢ et al, 2006) are similar to
observed in chronosequences from the Uyuni-SF.eélbbservations reinforce our general
idea that extreme slow soil development in the WM& chronosequences will be
accompanied by slow microbial development. Despitedifferences in environmental
factors driving changes in bacterial to fungal dasmice across soil development among
chronosequences with different parent material,efofungal:bacterial ratio during late
stage of development in all chronosequences, stifggsmicrobial productivity across soil

development follow predictable patterns relatedltov soil pedogenesis in the Uyuni-SF.
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MICROBIAL BIOMASS AND ECOSYSTEM FUNCTION

Soil microbial communities play fundamental roles tutrient cycling through
decomposition across soil development (Wardle e@03, Deubel and Merbach, 2005;
Schulz et al, 2013). Therefore, shifts in dominaméemicrobial groups during soil
development are often related to changes in decsitiqo rates (Williamson et al, 2005).
In the Uyuni-SF microbial abundance and decompmsishowed different relationships
across soil development on each type of chronosegué\s expected, increase in bacterial
abundance during late stages of development wasiatsd to high decomposition rates in
sedimentary and volcanic-1 chronosequences. Thaterms are similar to reported by
Williamson et al (2005) that suggest that bactdrseded food webs are related to high
decomposition. In contrast, high fungal:bacterala during early stages of development
in all chronosequences indicated that fungal comtiesndominated highly alkaline and
nutrient poor soils (low N) where decomposition iaser. These observations strongly
suggest that youngest stages during soil developarendominated by groups with low
biomass turnover, highly nutrient conservationtstggges and lower rates of mineralization

and decomposition (Wardle et al, 2004b; Williamstal, 2005; Schulz et al, 2013).

SOIL MICROBIAL COMPOSITION DURING SOIL DEVELOPMENT

Along the Uyuni-SF the overall observation thatgahcommunity composition (FCC) was
mainly homogenous, and that the BCC was widelyed#iit among successional stages,
suggests that unlike the fungal communities, badteomposition was more sensitive to
the effect of soil and plant variability acrosslsdevelopment, in particular in bacterial
communities from volcanic-1 and volcanic-2 chrommpssnces. Previous studies have found

that microbial communities changes across soil ldpweent (Williamson et al, 2005), in
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particular, large differences among successionatebal communities are observed in
long-term chronosequences (Tarlera et al, 2008jidaet al, 2013). These compositional
changes often are determined by decrease in saildPrchanges in soil pH (Tarlera et al,
2008; Kuramae et al, 2011; Jangid et al, 2013). #l@win the Uyuni-SF different abiotic
and biotic factors drive changes in bacterial cositppn across soil development among
chronosequences with different geological origin.

Orderly succession of bacterial composition (basedgraphical ordination of
NMDS analysis) along successional stages in vatehrand volcanic-2 chronosequences
strongly suggested that bacterial composition chang a predictable way across soil
development, and more importantly, would be rewegplthe effect of changes in
environmental conditions on BCC as soil age in@e&®r example, the differences in
BCC among successional stages in volcanic-1 chempu@snice were largely predicted by
soil pH decrease. This observation supports preveuggestions that soil pH is the most
important predictor of bacterial community compiasitat different spatial scales (Fierer
and Jackson, 2006; Kemmitt et al, 2006; Fieret,é2(09). This close relationship between
soil pH and soil bacterial patterns is probably doethe significant effect of pH on
development of prokaryotes (White, 2000; Baath akaberson, 2003), apparently
determined because these organisms have narrovampges (usually -6-7-5) where the
growth is maximized (Rousk et al, 2009). Evidencent long-term chronosequences
suggests that changes in soil nutrient availabdity correlated with a decrease in soil pH
(soil acidification) as soils age (Rousk et al, 20However, the decline in soil pH across

the volcanic-1 chronosequence was only correlat@thdnges in plant species richness.

128



As soil development proceeds in volcanic chronoseges, the shift in BCC was
related to changes in plant community compositiQur results are consistent with
previous studies which highlight that changes inovaground plant community
composition affect soil microbial community comgasi and structure (Eskelinen et al,
2009; Zinger et al, 2011) through the quality andgity of resources entering the soil
(Wardle et al, 2004b; Gusewell and Gessner, 2089png-term chronosequences as soil
age increases the soil nutrient limitation (gengisdil P) promotes shifts in plant traits that
increase the strategies to conserve essentiabntgrfrom senescent tissue (Richardson et
al, 2004); and community composition changes (Wadled del Moral, 2003; Zak et al,
2003) that favor species and that retain and us@&ntimost effectively (Richardson et al,
2004). Plant species turnover across soil age gmnadlkely drive soil microbial processes
through producing organic matter that differ in heal composition and quality (Wardle
et al, 2008; Eskelinen et al, 2009) and modifyihg thizosphere soil (Marschner et al,
2001). Thereby, changes in microbial compositionle¢drack shifts in plant community
composition (Berendse, 1998; Kardol et al, 200Hilevlarge differences in soil nutrients
across volcanic-2 successional stages did not iexplee BCC changes.

As expected across soil development the largeremiffces in BCC occurred
between non-contiguous stages, suggesting thatrgmug distance (average, 286 m),
would drive changes in community composition (Gread Bohannan, 2006). However,
on sedimentary and volcanic-1 chronosequences ¥ Bpatterns were largely
independent of geographic distance, even afterraing the effect of environmental
variability, and in volcanic chronosequences tifeatfof geographic distance disappeared

after to controlling by soil pH differences. Sinmite previous studies geographic distance
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was a poor predictor of decay in community similai{Green and Bohannan, 2006),
reflecting the dominant effect of soil and planticicteristic during soil development on

microbial community patterns (Berendse, 1998; Lagbal, 2008; Kuramae et al, 2011).

Concluding remarks
By controlling the climate, soil age and perturbattype our study is the first to examine
the relative importance of different environmerfedtors that drive microbial community
patterns across long-term soil development in abseguences with different parent
material. Even large differences in soil and plaatterns during soil development among
chronosequences, fungal:bacterial ratio declineallichronosequences, although different
factors determined these patterns on each chroneseg. The response of bacterial
communities composition to soil age gradient weidely different those showed by fungal
communities across soil age gradient in volcanaid volcanic-2 chronosequences, while
microbial (bacterial and fungal) composition wag#y invariant across soil development
in sedimentary chronosequence. Although, relativeortance of environmental factors on
bacterial and fungal patterns was different amohigprosequences with distinct parent
material, the general observation was that soilapH plant community composition were
major drivers of change in bacterial compositioroas soil development in the volcanic-1
and volcanic-2 chronosequences in the Uyuni-SF.

Together these findings represent several lines/mfence suggesting that bacterial
and fungal communities have distinctive successipatderns, and are consistent with the
general framework that highlight the importance esfvironmental heterogeneity for

changes in bacterial community composition acredisdevelopment and strongly suggest
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that parent material could have an critical effect trajectory of abiotic and biotic
components during long-term soil development.

Finally, sustained increase of biogenic elemenésdoil N) and the decline in soil
pH from highly alkaline (pH ~9) to neutral (pH ~ 39ils across soil development strongly
suggest that in our system the all four stagesashechronosequence are in the lower
extreme of initial phase of soil development (biplthse) gensu Wardle et al, 2004a).
Further, these soil patterns were determinant®oifpositional and quantitative changes in
microbial communities. In fact, the decrease inghlrbacterial across soil chronosequences
are indirect evidence of slow ecosystem developnesein the large soil age gradient

(~20,000 years) in these Andean ecosystems.
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Tablel. Site characteristics across soil developmertneet chronosequences from Andean Dry Puna, BoMean + SE (Standard

errors in parentheses) are given for each soilpéenat characteristics (Modified from Alfaro et 20)13).

WWwW Chronosequence
Sedimentary Volcanic-1 Volcanic-2 p
Abiotic
Position 19°58 S; 68°11 W 19°46 S; 67°34 W 20°21 S; 67°54 W
Elevation (m.a.s.l.) 3834 3878 3866
Slope (%) 47-96 (190) 4801 (187) 3346 (213)
% C Total 1-16 (017)] 091 (010) 1-31 (016) 0-07
% N Total 0-03(0-:005) 1 0-06 (0-01) 1 0-08 (0-01) 1 i
P Total (mg kd) 61801 (21:82) | 78383 (2724) 77930 (6764) i
Posen (Mg kg') 12.86 (063) 1833 (1:60) 14-83(0-85) i
C:N(molar) 9077 (2616) | 24-33 (859) 5527 (34-96) 012
N:P (molar) 1-21(0-22) 0 1-90(0-29) 0 2-55(0-33) 0 i
pH 9-02 (0-07) 8-33(0'19) ! 7-93(0-25) ! i
Soil moisturé 0-33 (001) 0-29 (001) 023 (0008) | *x
Salinity (dS i) 1-51 (030) ! 1-.01 (016) ! 1-42 (032) 013
Biotic
Plant richness 153 (059) 205 (090) 1 206 (0-88) 1 *x
Plant cover (%) 2312 (215) | 2443 (149) | 2337(210) | 0-69
Plant litter C:N 7897(533) | 6341 (446) | 6338 (276) **

Data of parent material from SGM (1995, 2002), Tdbat al, 2009. £= (gr bO/gr soil).Values with arrows indicate statistical
significant difference from one-way ANOVAs at p<9Ob and trend{E increase; |=decline; and space = no tendency) across stages of
soil development for individual chronosequengegalues indicate statistical significant differerioam GLM Nested design
ANOVA with stage nested in chronosequence (* pG50** p < 0.01).
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Table 2. Mean + SE of fungal:bacterial ratio (gene copi€ssgil) across stages of soil

development in three chronosequences from AndegriPDna.

Biomass Chronosequence type

Sedimentary Volcanic-1 Volcanic-2
Bacteria 5:92E+07(1-3x10) 372E+07(5:2x10) 5-88E+07(1-1x10)
Fungal 6:24E+06(9-3x10) 1-08E+07(9-5x10) 1-07E+07(2-0x1F)
Fungal:bacterial 017 (0-04) 0-35(0-04Y 0-18 (0-02)°

Note: values in bold indicate statistical significantfdience from one way ANOVAs at p<
0-05 across ecosystem development. Letters on suiprsie fungal:bacterial ratio mean
indicate pairwise differences (Tukey HSD test) frand one way ANOVA at p<-05
among chronosequences.
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Table 3 Mantel test’s correlation coefficient between rolial biomass (fungal:bacterial
ratio) and environmental variables across soil Wgreent in three types of

chronosequences with soils derived from distincépamaterial.

Factors Chronosequence type
Sedimentary Volcanic-1 Volcanic-2

% C Total 040 0-02 012
% N Total -0-03 001 -011
% P Total 029 0-08 0-09
PoLsen 006 -0-15 -0-12
C:N (molar) 014 -0-09 -0-14
N:P (molar) -0-03 -0-03 0-04
pH -0-10 0-15 001
Soil moisture (gr HO/gr soil) 031 0-25 0-02
Salinity 028 0-29 -0-09
PCC 009 0-09 021
Plant richness 022 022 007
Plant cover (%) 002 0-09 -0-01
Plant litter C:N 006 0-26 -0-17

Note: Values in bold indicate statistical significancdat 005, after 5,000 permutations.
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Table 4. Pearson’s correlation coefficient between thst faixis score of the NMDS ordination of microbiahumunity composition

and environmental variables, across three typé&sngfterm chronosequences with soils derived frastirctt parent material.

Factors Bacteria Fungi
Sedimentary  Volcanic-1  Volcanic-2 Sedimentary \Apiic-1 Volcanic-2

% C Total -0-05 0-34 -0-20 -0-03 0-03 -0-01
% N Total -0-06 0-38 0-49 017 -0-10 013
% P Total 023 -0-22 -0-01 -0-19 -0-04 -0-02
PoLsen 0-44 -0-16 -0-51 014 -0-31 -0-03
C:N (molar) -0-01 -0-22 -0-32 -0-02 -0-10 -0-47
N:P (molar) -0-07 0-45 0-33 0-19 -0-07 0-09
pH -0-01 -0-72 -0-38 0-27 -0-14 -0-55
Soil moisture -0-24 -0-29 -0-53 -0-20 -0-41 -0-32
Salinity -0-16 -0-47 -0-51 0-15 -0-58 -0-45
PCC 017 0-70 0-54 0-14 0-35 0-15
Plant richness -0-54 0-58 041 -0-06 043 033
Plant cover (%) -0-46 -0-22 -0-46 -0-31 -0-13 -0-62
Plant litter C:N 0-18 -0-68 0-22 0-06 -0-49 -0-03

Note: values in bold indicate statistical significancg&t005.
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Figure legends

Figure 1. Site location(a) Map of the Central Andean Dry Puna, Bolivia. Thaded area
around the Uyuni salt flat (white area) indicates surface flooded during the Tauca cycle
(gray) and the Coipasa cycle (light grag) The chronosequences system in the Uyuni salt
flat. Gray scale circles indicate the chronoseqasmacations and parent material type; and
(c) Schematic representation of the chronosequenosat@mn by flood disturbance during
the past 18,000 years. On the left the maximumagi@v (mts) reached by water during the
flood events, and on the right the time elapsedeseach event. USF indicates the actual
elevation (m.a.s.l.) of the Uyuni salt flat.

Figure 2. Biomass measure (fungal and bacterial gene cogiesoil) expressed in
fungal:bacterial ratio amon@) chronosequences (sedimentary, volcanic-1 and wohk&)
and (b-d) stages of soil development for the three typeshobnosequences. Data shown
are means = s.e.

Figure 3. Microbial community composition (based on the TEHRFmethod) among
chronosequences and stages of soil development;nidtic multidimensional scaling
ordination (NMDS) analyses of bacter{a) and fungalb) community composition among
type of chronosequence. NMDS analyses of bactandl fungal community composition
across soil development in sedimenté&yandd), volcanic-1(e andf) and volcanic-2g
andh) chronosequences. Pairwise comparisons using theeBoni correction to maintain

a = 005. Values obtained for the two ordination axesemgsed to estimate centroids for
each chronosequence and stage. The R and p vdbtgigea from one-way ANOSIM

represent the dissimilarity among communities d&edsignificance respectively.
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Figure 4. Pearson correlation between fungal:bacterial ratid decomposition (Whatman
filter papers) across soil development(@sedimentary(c) volcanic-1 ande) volcanic-2
chronosequences. Spearman correlation betweennsoibbial (bacterial and fungal)
abundance (gene copies' goil) and decomposition across soil development(bin
sedimentary,(d) volcanic-1 and(f) volcanic-2 chronosequences. (open circle: bacteria;
filled circle: fungi).

Figure 5. Bray-Curtis dissimilarity of microbial communitigdotted against geographic
distance, pH-distance and plant community compositdr all pairwise comparisor{a-c)
bacterial dissimilarity andd-f) fungi dissimilarity across soil development for tteee
types of chronosequences (on top values of coeffiof determination and significance).
Figure S1.Effect of soil pH and plant community compositiom BCC and FCC changes
across oil development in volcanic-1 and volcanicktonosequencéa-b)Non-metric
multidimensional scaling ordination (NMDS) of bat# communities from volcanic-1 and
volcanic-2 chronosequencgsd) Cluster of BCC grouped by soil pH category anchpla
community composition(e-f) Change in soil pH and plant community compositonoss

soil development in volcanic-1 and volcanic-2 clusgguences.
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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Supplementary material
Table S1.Pearson coefficient correlation between fungal bacterial biomass (gene copie$ spil) and environmental variables

across soil development.

Factors Bacteria Fungi
Sedimentary  Volcanic-1  Volcanic-2 Sedimentary Volic-1  Volcanic-2
% C Total -0-30 -0-12 0-08 0-61 -0-44 0-25
% N Total 020 -0-23 -0-06 -0-58 -0-39 -0-16
% P Total -0-39 -0-38 -0-06 024 -0-19 025
PoLsen -0-32 -0-16 0-57 004 -0-35 0-47
C:N (molar) -0-16 0-27 001 070 0-13 -0-02
N:P (molar) 029 -0-13 0-07 -0-54 -0-32 -0-28
pH -0-83 -0-78 0-53 -0-29 -0-60 0-53
Soil moisture -0-34 -0-60 029 -0-23 0-39 037
Salinity -0-24 -0-50 0-23 0-62 -0-24 0-23
PCC 0-02 0-50 -0-04 -0-66 0-28 041
Plant richness 015 041 008 017 041 -0-30
Plant cover (%) -0-53 -0-51 0-60 -0-13 -0-40 0-61
Plant litter C:N -0-73 -0-67 0-18 -0-30 -0-44 018

Note: Values in bold indicate statistical significancdat 005.
PCC: First axis of RDA ordination of plant community cpaosition.
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Table S2. Values of R-similarity for one-way ANOSIM pairwisemparisons of bacterial
(Global R= 042, p= 0001) and fungalGlobal R=0-01; p= 083) community composition

among different type of chronosequences.

Chronosequence Parent material

Sedimentary Volcanic-1 Volcanic-2
Sedimentary = - 0-55 0-24
Volcanic-1 o003 e 0-58
Volcanic-2 0-03 oo -

Note:R values in bold indicate statistical significamtd>< 005.
Top right of the table: results from bacterial coomties; and bottom left of the table:
results from fungal communities.
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Table S3 Results from one-way ANOSIM analyses testingefibects of chronosequence

stage (S1 = youngest) on bacterial and fungal camtynaomposition.

Stage Chronosequence
Sedimentary Volcanic-1 Volcanic-2
Bacteria (Global R) 014 0-37 0-38
Stage pairwise comparisons
Slvs S2 0-38 0-03 0-25
Slvs S3 0-13 0-58 0-69
Slvs S4 0-35 0-60 0-60
S2vs S3 0-02 0-30 0-36
S2vs S4 0-01 0-44 0-04
S3vs S4 0-09 0-37 0-39
Fungi (Global R) 0-09 0-05 013
Stage pairwise comparisons
Slvs S2 0-14 0-14 0-20
Slvs S3 0-03 0-04 0-42
Slvs S4 0-23 0-07 0-22
S2vs S3 0-30 0-16 0-01
S2vs S4 0-18 0-04 0-73
S3vs S4 0-15 0-18 0-04

Note:R values near0 indicate no difference between grompereas values close to 1
indicate high dissimilarity between groups (in bidicate statistical significance at P<
0-05). All post-hoc significance tests used the Bonferroni correction
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Table S4 Among chronosequences correlation coefficientvben first axis of NMDS
ordination of microbial community composition andvgonmental variables; and simple
Mantel test's correlation coefficient between furgscterial ratio change among

chronosequences and environmental variables.

Factors Microbial composition Fungal:bacterial ratio
Bacteria Fungi
Distancé - - 038
% C Total -0-18 -0-01 0-39
% N Total 0-28 009 -057
% P Total 0-29 006 -072
PoLsen 0-49 -0-01 -0-75
C:N -0-22 021 -0-89
N:P (molar) 016 -0-06 -0-15
pH -0-21 0-41 -0-67
Soil moisture -0-22 028 -0-57
Salinity -0-14 024 -0-46
PCC 0-30 -0-04 -0-08
Plant richness 0-24 -0-20 -0-68
Plant cover (%) 011 0-39 -0-47
Plant litter C:N -0-26 -0-29 -0-02

Note: Values in bold indicate statistical significancdat 005, after 5,000 random
permutations.
PCC: Plant community composition.

= Represents a matrix of geographic distance @#trdine distance) between pairs of
chronosequences.
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Table S5.Values from standard curves of qPCR nucleic acidstification and evaluation of analysis. Indivitlualues are shown

each chronosequence

Chronosequence Standard curve gPCR
Bacteria Fungi
Slope Y-Intercept  Efficiency (%) R Slope Y-Intercept  Efficiency (%) R
Sedimentary -3:219 2819 10450 0-98 -3-378 3423 9772 0-99
Volcanic-1 -3:217 2773 10453 0-99 -3:219 3433 10449 0-97
Volcanic-2 -3:172 2799 10665 0-99 -3:170 3351 10677 0-99
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Figure S1.
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CONCLUSIONES GENERALES

1. Desarrollo de los suelos y sus efectos sobrefieicionamiento y estructura de las
comunidades de plantas y microorganismos del suelo

En esta tesis se presentaron los resultados déviarp investigacion sobre el desarrollo a
largo plazo del suelo en tres cronosecuenciascegafjue difieren en el origen del material
parental, pero que han estado sujetas a las misomakiciones climaticas y patrones de
perturbacion. Ademas se presento evidencia sobreféatos de la baja disponibilidad de N
sobre el desarrollo de los suelos y sobre procesosistémicos tales como la produccién
de biomasa, descomposicién y el reciclaje de mig® asi como sobre los patrones de
diversidad y composicion de distintos grupos taxoieés y funcionales de organismos que
van desde las bacterias del suelo hasta las coadesdle plantas vasculares.

Contrario a las predicciones establecidas por nogdgésicos sobre el desarrollo de
los suelos, el contenido de P se mantuvo sin cangigmificativos a lo largo del desarrollo
de los suelos en los tres tipos de cronosecueesiadiadas. De esta manera, el incremento
del N a lo largo del gradiente de edad de los suadmciado a un reducido cambio en el
contenido de P determinaron que la razon N:P inen¢éana durante las etapas tardias del
desarrollo de los suelos en los tres tipos de s@meencias. Sin embargo, el incremento
en la razon N:P durante el desarrollo de los suel®snarcadamente menor a los valores
registrados en cronosecuencias de rangos simii@reslad situadas en ambientes mésicos
(Fig. 1). Ademas, los valores de N:P de las cronwsecias estudiadas presentaron valores
por debajo del umbral de N:P = 16 que establecgamibio de la limitacion por N a la
limitacion por P. Por lo tanto, los resultados guesentados sugieren que todas las etapas

de desarrollo de las tres cronosecuencias se enandrajo una fuerte limitacion por N.
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Los valores de N, P y pH del suelo registradoseniltimas etapas después de 20,000 afios
de desarrollo de los suelos fueron marcadamenténtds a los observados en
cronosecuencias de ambientes mésicos en donduitaciion por P se presenta en etapas
tempranas del desarrollo de los suelos (Fig. 2).

Los cambios en las propiedades de los suelos ar¢w Idel gradiente de edad
determinaron cambios en los procesos ecosistératass como la produccion de biomasa,
descomposicién y la reabsorcién de los nutrienEdscambio desde suelos altamente
alcalinos, salobres y con bajo contenido de nuege(otablemente N) en etapas iniciales
de desarrollo a suelos neutros, moderadament®salinoon mayor contenido de nutrientes
al final del gradiente de edad, determinaron uraci@ positiva entre las tasas de
descomposicién y la edad de suelos, ademas de athecién en la reabsorcion de
nutrientes desde las hojas senescentes en plaatgsoduccion de biomasa presentd un
patron unimodal en relacion con el gradiente del esfalos tres tipos de cronosecuencias
(Fig. 3a), y este patron fue asociado al incrementta razén N:P y las disminuciones de
pH y salinidad de los suelos.

Del mismo modo, el incremento en la razén N:P ditaminucién en el pH junto
con la salinidad de los suelos a lo largo de lasasecuencias determinaron cambios en los
patrones de plantas desde el nivel de rasgos spea#icos hasta patrones comunitarios
tales como la riqgueza de especies, composicionngdasidad y frecuencia de interacciones
planta-planta. Es asi, que el contenido de N:Réwjarasca de las dos especies de plantas
distribuidas a lo largo de todas las etapas detdes cronosecuencias estudiadas
incrementaron a medida que el N:P del suelo inanédneon la edad de los suelos. De igual

manera, los cambios en la composicion y el incrémen la riqueza de especies de plantas

159



durante el desarrollo de los suelos fueron detexdas por los incrementos en las razones
N:P de los suelos (Capitulo 2).Incluso, el cambiolas interacciones planta-planta a lo
largo de las cronosecuencias fue mayormente detadmipor cambios en la razon N:P y el
otros factores del suelo tales como el pH y |angidd.

Los patrones de abundancia y composicién de lasuciolades de bacterias y
hongos del suelo a lo largo del desarrollo de lerasecuencias se encuentran controlados
por los cambios en las caracteristicas de los sutles como el contenido de nutrientes y
las propiedades fisicoquimicas. Es asi, que a raegli@ el pH y la salinidad declinaron
con la edad de los suelos, se observd un incremsogtenido en la abundancia de
bacterias; mientras que la disminucion en la abaeidade hongos durante etapas tardias
de desarrollo de los suelos fue mayormente detaduipor cambios en el contenido de
nutrientes en el suelo (notablemente N). De estaeraa la razon Hongo:Bacteria que
expresa la dominancia microbiana, declin6 durastades tardios del desarrollo de los
suelos (Fig. 4), lo que sugiere un incremento entdgas a las cuales ocurren procesos
ecosistémicos tales como la descomposicion y &lage de nutrientes hacia el final del
desarrollo de los suelos.

Las comunidades de bacterias presentaron un eleeadmbio entre las etapas de
desarrollo, lo que permitid diferenciar comunidadepecificas en cada etapa de las
cronosecuencias volcanicas-1 y volcanicas-2. Lasuoaades de hongos, por otro lado,
no variaron a lo largo del desarrollo en todos tlpss de cronosecuencias. El tipo de
material parental de las cronosecuencias fue uorfatave que afecto el tipo de patrones
de las comunidades de bacterias durante el ddsailos suelos, sin embargo, este efecto

no se encontrd6 en las comunidades de hongos. Ejuntonestos resultados son
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consistentes con las observaciones que estableceambio en la dominancia microbiana
asociado a la variacion en las condiciones de uefos, y resaltan el efecto del tipo de
material parental en los patrones comunitarios @eoarganismos del suelo, en particular

sobre las comunidades de bacterias (Capitulo 3).

2. El efecto de material parental sobre el desarria de los suelos

Las diferencias observadas en el patron de dekadellos suelos entre cronosecuencias
con suelos derivados a partir de distinto matesaental sugieren fuertemente que el
origen geoldgico de los suelos tendria un efedtarsobre la pedogenesis de largo plazo
y sobre los patrones y procesos ecosistémicosaamci En particular, porque los tres
tipos de cronosecuencias estudiadas presentarmngsitde diversidad y composicion de
especies de plantas y microorganismos muy distiaismas de grandes diferencias en el
contenido y la reabsorcion de nutrientes en laashgjhojarasca de las plantas durante el
desarrollo de los suelos. Todos estos resultadpseren que tanto en la estructura como en
el funcionamiento estos tres tipos de cronosecasnfueron ampliamente distintos,
independientemente de presentar el mismo rangarigcion temporal en el desarrollo de
los suelos y que experimentan similares condiciariesaticas. De esta manera, estos
resultados llaman a incorporar explicitamente ettef del tipo de material parental de los
suelos en futuros trabajos sobre la pedogenesigsyefectos sobre los componentes

bidticos sobre y debajo del suelo.
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Figura 1. Comparacion de la razon N:P del suelo de las cem@cias presentes en
Uyuni-SF y las cronosecuencias reportadas en Waetllal, (2004; 2008). La linea
punteada representa el umbral de cambio de laaliit por N a una limitacion por P. La
posicién de los nombres de las cronosecuenciakege ée la izquierda indican los valores
de las razon N:P en la primera etapa de desarroiemtras que la posicion en el eje de la

derecha indican los valores en las etapas cerclasa28,000 afios.
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Figura 2. Comparacion del contenido de N, P y el pH del seelda etapa final de las
cronosecuencias de Uyuni-SF (valor promedio derkes tipos de cronosecuencias) y la

cronosecuencias de Franz Josef en Nueva Zelandia.
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Figura 3. Cambios en los procesos ecosistémicos y patramasirgtarios a lo largo del
desarrollo de los suelos en las cronosecuenciad)ydmi-SF. a) Incremento de la
descomposicién y disminucion de la biomasa de g&ahéacia el final del desarrollo de los
suelos (valores promedio de las tres cronosecu®nis)aCambio en la riqueza de especies
de plantas y en la composicion de especies degglanio largo del desarrollo de los suelos

en los tres tipos de cronosecuencias.

164



iy Ay Y w;?":g\, %‘J ? % Baclerias

A R e N
i - - ~
T AN _.,"qtqu_l _...{'_—H.-.l_ Hongos
SV v L U
wn
£ N:P del suel
- N 2l s
E .I‘-"\.
m [N
@
o +
S|~ /
L -
E el i pH del suelo
1.__" \"‘h\_‘ foa, e ;oo
B A N e VOlCANICAT
B TV Sedimentaria

e e Vglcanica-2

Friad del canaln
Figura 4. Cambio en la dominancia microbiana expresada damazén Hongo:Bacteria
en respuesta a los cambios en la razén N:P y elypéhte el desarrollo de los suelos en los

tres tipos de cronosecuencias.

165



