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RESUMEN

La  invasion  de  especies   ex6ticas   es  un  fen6meno   ecol6gico  y  un  problema  de

conservaci6naescalaglobalqueharecibidobastanteatenci6nenlosultimosafios.Entre

los diferentes factores que tienen un rol en el proceso de invasion de plantas ex6ticas,

aquelloscitadoscomolosmasimportantessonelhabitatflsico,lapresenciadeplantasy

los  herbivoros  residentes,  tanto  nativos  como  ex6ticos.  Sin  embargo,  el  proceso  de

invasi6n  requiere  ademas  la  existencia  de  rna fuente  de  propagulos.  En  el  caso  de

alboles ex6ticos, una de las fuentes mas importantes son las plantaciones forestales de

especies  introducidas.  En  Chile,  las  especies  forestales  ex6ticas  mss  importantes  en

teminos `de  superficie plantada son Pz.77zfs rcrdz-crJa (originario  de  Califomia,  USA)  y

E#ccr/){f7fzfs  g/ob#/2!s  (originario ,de  Victoria,  Australia).  Estas  especies  son  ademas

ampliamente plantadas en otros parses del hemisferio sun y ban llegado a ser invasoras

en la mayoria de 6stos.  En Chile,  ambas  especies son plantadas principalmente  en la

regi6n Mediterrinea del pals y su invasion en ambientes silvestres es ath incipiente y

poco notoria pero ya existe evidencia de su oculrencia. En esta tesis se evalria c6mo la

variaci6n de las condiciones fisicas de habitat dentro de la zona mediteninea de Chile

(laderas  de  diferente  exposici6n),  1a presencia  de  una  especie  arb6rea nativa, Lz.£fa7'ea

ccr2jszz-ca  (sitios  bajo  parches  de  esta  especie  vs.  sitios  abiertos)  y  la herbivoria  por

vertebrados  (exclusiones  vs.  controles)  inflnyen  sobre  el  reclutamiento  de  plintulas

(germinaci6n y sobrevivencia de plintulas) de ambas especies forestales ex6ticas fuera

de las plantaciones.  Observamos  que  en  sitios  abiertos tanto  la  germinaci6n como  la



sobrevivencia de plantulas de ambas especies ex6ticas foe mayor en el habitat m6sico

(laderaexposici6nsur)queenelxerico(laderadeexposici6nnorte).Lagerminaci6nde

ambas especies en sitios bajo litre fue mayor que en sitios abiertos en el habitat x6rico,

pero  no  hubo  drferencias  en  el  habitat  m6sico.  En  contraste,  la  sobrevivencia  de
.i

plintulasfuemayorerisitiosabiertosquebajoparchesdelitreenelhabitatm6sicoyno

hribo diferencias en el habitat x6rico. Finalmente, 1a herbivoria gener6 una reducci6n

~     significativa de la sobrevivencia de plintulas  en ambas  especies ex6ticas, aunque fue

mss marcada en P. rclc7j.afc7. Ademas, el efecto de la herbivoria sobre la sobrevivencia de

plintulas  de  P.   rcrdzc7Zer  fue  significativo  bajo  cualquier  condici6n  de  vegetaci6n  o

hfroitat pero en canbio, sobre I;..  gJOG%Jas fue sigrificativo  solo en s`it-ios abiertos del

habitat mesico. En consecuencia, 1os tres factores analizades influyen en el proceso de

invasi6n,   sin   embargo,   existen   interaccioLes   entre   enos   que   determinan  que   la

importancia  de  uno  varie  en  funci6n  de  las  condiciones  de  otro.  Principalmente  la

combinaci6n  de  habitat  m6sico,  sitio  abierto  y  baja  herbivoria podrian  pemitir  un

reclutamiento significativo de estas especies y por lo tanto aumentar su probabilidad de

invasi6n dentro de la zona central de Chile.



ABSTRACT

hvasionofexoticspeciesisanecologicalphenomenaandconservationissuewhichhas

received quite attentiqu during the last years. Among the main factors documented as
.'..

inportant   for  plant   invasion  processes   are   physical   habitat   conditions,  resident

vegetation cover and herbivores. However, for an invasion process take place, it also is

-.~.                  necessary the  existence  of a  propagule  source  of exotic  species.  Some  of the  most

important  sources  of exotic  trees  are forestry plantations with  introduced  species.  h

Chile,  the  most  important tree  exotic  species  in terns  of planted  surface  are Pz.#as

rcrdja"  (original   from   Cahfornia,   USA)   and  E%ca/){pfas  gJob%/as   (original   from

Victoria,`Australia),distributedmainlythrou8htheMeditelTaneanregionofthecountry.

These species are  also wid,ely planted in  other countries  of the  southern hemisphere,

wheretheyhavebecomeinvasive.InChileinvasionofthesespeciesisstillincipientand

little notorious, but there already is evidence of its occurrence. h this thesis the role of

variation of physical habitat within the Mediterranean region of Chile  (comparing a

xeric north-facing slope with a mesic south-facing slope), cover of a native tree species,

£z.£fere¢ ccr#sfz.ccr (comparing sites under patches of this species with open sites without

woodycanopy),andvertebrateherbivory(comparingexcludedwithnon-excludedsites)

on the seedling recruitment of these exotic tree species are evaluated. It was observed

that germination as well as seedling survival of the two exotic trees were higher in the

mesic than in the xeric habitat, althouch mainly in open sites. Germination of these two

specieswashigherunder£;.ffereerpatchesthaninopensitesinthexerichabitatbutthere



was no significant difference  in the  mesic habitat.  In contrast,  seedling survival was

higherinopensitesthanunderfz.ffereapatchesinthemesichabitatwithnodifferencein

thexerichabitat.Finally,herbivoryproducedasignificantreductioninseedlingsurvival

in the two exotic trees, although this was stronger in P.  IfclcJz.aJcr. Ftrthermore, the effect
.f

of  herbivory  was  siinificant  on  P.   7i¢d;.ofo  regardless  vegetation  type  or  habitat

condition.  In turn  on E.  g/ob%/%s `it was  s`igriificant  only `m  open  sites  ol. the  mes-ic

•'     habitat.  In  consequence,  the  three  factors  evaluated  in  this  thesis  should  have  an

influenceontheinvasionprocessesoftheseexoticspecies;however,interactiousamong

them which determine that the importance of anyone depends` on other factors. Mainly,

combination of a mesic habitat, open site and low or absence of herbivory may allow a

significant  reouitment  of  these   species   and  therefore  to  increase  their  invasion

probabilitywithintheMediterraneanregiono`fChile.



CApiTUL0 I: INTRODUCCI0N GENERAL

/

Invasion de especies ex6ticas

Como consecuencia de €diferentes actividades antr6picas, y en forma intencional o no,

practicamenteentodoslospaisesdelmundosehanintroducidoespeciesprovenientesde

otras regiones biogeograficas (Elton 1958, Groves & Burdon  1986, Drake et al.  1989,

Mooney   &,   Hobbs   2000).   Muchas   de   estas   especies,   denominadas   ex6ticas   o

introducidas  (sensu  Richardson  et  al   2000a),  ban  podido  dispersarse  hacia   dreas

silvestres y formar poblaciones sustentables, proceso que ha sido denominado
invasi6

quchardsonetal2000a).Ademas,numerosasespeciesex6ticasinvasorashanproducid

efectosnegativosenlosecosistemasinvadidQs,constituy6ndoseasienunaamenazapar

la conservaci6n de la biodiversidad  (e.g. D'AItonio & Vitousek 1992, Richardson et a

996, Rodriguez 2001).

•`:  `   `(,
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E16xitodelosprocesosdeinvasi6ndeplantasex6ticasdependedelresultadode/

ie  de  etapas  tales  como:  lluvia  de  propagulos,  establecimiento  de  plantulasj     `Fae*una  sene  oe  era|)ab  unt;D  IJulllu.   [£u'La  uV  t'[Vrut'-^V"  `~~::`_`,i-I_-,__  ;iH;..;i,.^|    9+
1

creciniento  individual,  reproducci6n  y  dispersion  de  propagulos  de  los  individuos

invasores Ovmiamson & Fitter 1996, RIchardson et al. 2000a). El exito de cada rna de

estasetapasesfadeteminadotantoporatributosbiol6gicosdelasespeciesex6ticas(e.g.
-\

caracteres de historia de vida, requerimientos y tolerancias  ecol6gicas),  como por las

condiciones fisica€s (e.g. clina, suelos, topografia) y bi6ticas (e.g. presencia deespecies

competidoras,facilitadoras,depredadores)delosecosistemasinvadidos(Lonsdale199

Shea & Chesson 2002, Myers & Bazely 2003).

1
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En  plantas,  rna  de  las  etapas  mas  criticas  del  ciclo  de  vida  y  fuertemente
`deteminante   de   los   patrones   de   distribuci6n   y   abundancia   poblacional   es   el

reclutamiento  de  pldrtulas,  en  particular  los  procesos  de  germinaci6n  y  posterior

obrevivencia de las plintulas Qlarper 1977). Consistente con esto, el reclutamiento de t
Jf

\
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de  invasi6n de plantas  ex6ticas  (Johnstone  1986, Myers  &  Bazely  2003).  Diferentes

factores ambientales pueden afectar el reclutamiento de plintulas de especies invasoras

qonsdale  1999,  Shea  &  Chesson  2002,  Myers  &  Bazely  2003).  Los  factores  mss

ampliamente   documentados   ejerciendo  un  rol   importante   en  el  reclutamiento   de

plintulasdeespeciesinvasorasson:lasrestriccionesanbientalesfisicas,elefectodi

otrasplantasresidentes,ylaherbivoriasobrepl`intulas(Shea&Chesson2002,Myers&'

Bazely 2003, Sax et al. 2005).

El ambiente fisico de los habitats puede generar estr6s fisiol6gico o restricci6n

la producci6n fotosint6tica (sensu Broker & Calla8han 1998) en semillas y plintulas

especiesex6ticasyasiafectarsuestablecinientoenformaindependientedelapresencia
',

de  otras  especies  de  plantas  o  aninales.  EL  general,  se  ha  observado  un  mejor i`

reclutamientodeplintulas,asicomomayorabundanciayndmerodeespeciesex6ticas'

enhabitatsmenosestresantes,especialmentemashinedosymenosfiiosquchardson&

Bond  1991,  Beerling  1993,  Lonsdale  1999,  Stohlgren  et  al.  2005,  MacDougall  et  al.J
2006).

Por otro lado, plantas ya presentes en los sitios invadidos (denominadas plantas

residentes, Levine et al. 2004), las cuales podrian ser nativas o incluso otras ex6ticas,

pueden  modificar  el  microambiente  donde  crecen  y  asi  afectar  la  geminaci6n  y

2
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s/obrevivencia  de plintulas  de  especies  ex6ticas  (Davis  et  al.  2000,  Shea &  Chesson

i¢002,Levmeetal2004,Brunoetal2005)Sehaobservadoquelasplantsresidentes
pueden tener tanto efectos negativos (inhibici6n) como positivos (facilitaci6n) sobre el

clutamiento e invasion de especies ex6ticas (Simberloff & Von Holle 1999, Bruno et

al.  2005),  lo  cual  a ..;u  vez  puede  depender  del  nivel  de  estr6s  generado  por  las

fisicas  del  habitat  (Bertness  & 'Callaway  1994,  Bruno  et  al.  2005).  En

ambientes  poco  estresantes,  los  efectos  negativos  (e.g.  restricci6n  de  luminosidad,

competencia por nutrientes, eto.) serian mds inportantes que los positivos (incremento

de humedad del suelo y nutrientes, disminuci6n del frio, etc), por lo que el efecto neto o

total  de  rna planta  sobre  otra podr'a  ser  negativo  a3rooker  &  Callaghan  1998).  En

cambio, en ambientes comparativamente rna-s estresantes Ios efectos positivos serian mss

inportantes y asi el efecto neto de un planti sobre otra podria ser positivo @rooker &

Callachan  1998).  Se  ban  propuesto  diversas  fomas  mediante  las  cunles  se  podria

producir esta modificaci6n de los efectos a lo largo de gradientes de estres (Callaway &

Walker1997).Unadelasmfsdocumentadaseselcambiodelosefectosgeneradospo(I

el sombreanriento que ejerce el dosel vegetal desde positivos a negativos en un gradient?

de  humedad  (Holmgren  et  al.  1997,  Kjtzberger  et  al.  2000,  Anderson  et  al.  200±',I

Ifastwen & Facelli 2003, Lenz & Facelli 2003, Prider & Facelli 2004). Asi, en habitats\

x6ricos (con estres generado por restricciones de humedad del suelo, comunes en climas

semiatdos y aldos) el sombreaniento puede producir un incremento de la humedad del

suelo  y  asi  un  efecto  positivo,  el  cual  seria  mas  importante  que  el  efecto  negativo

generado por la disminuci6n de la luminosidad. Esto determinaria que el efecto neto de

tina especie sobre el reclutamiento de otra en habitats x6ricos sea positivo. En

3



mfs m6sicos, donde la hunedad del suelo puede no ser limitante en sitios sin cobertura

vegetal,  el  sombreamient`o  ya no  ejerceria un  efecto  positivo.  En  canbio,  este  ath

produciria el efecto  negativo de disminuci6n de luminosidad, determinando un efecto

neto negativo, expresado en que el reclutamiento bajo dosel seria similar a menor que en

sitiosabiertosadyace£`;es(Holmgrenetal.1997).

Finalmente, si rna especie ex6tica ha podido germinar y establecer sus plintulas

bajo las condiciones fisicas y vegetacionales del habitat, el 6xito del establecimiento de

plintulas  tanbi6n  puede  ser  afectado  por  herbivoros  residentes   depredadores  de

plintulas  (especies  herbivQras,  nativas  o  ex6ticas   que  habitan  las   localidades  de

invasi6n)(e.g.D'jintonio1993,rmon&Vm2001,Hobbs2`001,Chanetonetal.2002,

Bellingham  &  Coomes  2003, Levine et al.  2004, Kuijper et al.  2004, Colautti  2004,

Bruno  et al.  2005, Parker et al.  2006).  El trecto directo  de  los berbivoros  sobre  una

planta ex6tica es negativo como consecuencia de la depredaci6n de las plantulas.  Sin

embargo, los herbivoros podrfan tambien tener un efecto positivo indirecto, si depredan

preferentemente   sobre   otras  plantas   competidoras   (nativas   o   ex6ticas),   liberando

competitivamente a la planta exotica ¢arker et al. 2006).

Especies ex6ticas de estudio

Una  de  las  principales  fuentes  de  plantas  invasoras  son  las  plantaciones  forestales

realizadas con especies ex6ticas aiichardson 1998). En Chile existen pricticamente s6lo

dos  especies  utilizadas  masivamente  en  la  industria  forestal,  Pz.#zrs  rcrc7z.dra  D.  Don

(Pinaceae)yE#cdypfasg/oZ}#/z/sLabill.(Myrtaceae).Entreambasespeciesacumulanya

4



mas de dos millones de hectireas plantadas, especialmente dentro de la zona de clima

mediterraleo  del  pals  (Donoso  &  Lara  1995).  Estas  especies  son  tanbien piantadas

frecuentemente  en  otros  paises  y  continentes  del  mundo  aiichardson  1998,  Etierme

2001), y en la mayoria de 6stos ya han sido reconocidas como importantes invasoras,
f

dondehanalteradola;'omposici6ndeespeciesyestructuradelavegetaci6n(RIchardson

et al.  19'9-0, Groves & di Castri 1991, Boyd 1996, mggins & Richardson 1998, Etieme

-      2001, Lindenmayer & Mccarthy 2001, Rouget et al. 2002). En Chile ya existe alguna

evidencia  de invasion  de  ambas  especies  (Tabla  1)  q3ustamante et  al.  2003, Becerra

2006),  aunque  este  proceso  es  ath  reciente  y  poco  evidente.  No  obstante,  la  gran

superficie plantada de ambas especies conforma rna importante fuente de propagulos

disponibleparadispersarseeinvadirlosecosistemasnaturalesdeChilecentral(Figueroa

et al. 2004). Debido a estos antecedentes, res'ulta importante estudiar la potencialidad de
'

I

invasi6n de estas especies en la 2`ona Mediterrinea de Chile y los factores ambientales

que la regulan, en particular aquellos ya documentados por ser los mas relevantes para

losprocesosdeinvasi6n(habitatfisico,coberturavegetalyherbivoria).

ElconocinientoSobreelroldeestosfactoreseneldesempefiodeambasespecies

ex6ticas   es   ate  dispar  y  poco   concluyente.   Ambas   especies   son  originarias   de

ecosistemas mediterrineos, P. rcrcJZcrfcr de California qusA) y E. g/obzi/#s de Tasmania y

Victoria  (Australia).  Si  bien  anbas  especies  se  encuentran  adaptadas  a  las  sequias

estacionales  tipicas  de  los  climas  Mediterrineos,  en  sus  regiones  de  origen y rangos
:

introducidos  se  distribuyen  principalmente  en  los  habitats  mss  m6sicos,  e  incluso

hidr6filos  como  en  el  caso  de .E#ca/}pfz/s g/ob2//#s  q€aufmarm  1977, Richardson  &

Brown  1986,  Keeley  &  Zedler  1998,  Boyd  1996,  Becerra  2006).  De hecho,  existen



ensayos   de   laboratorio   que   indican   que   ambas   especies   mejoran   su   desempefio

(geminaci6n y tasa de crecimiento de plintulas) con mayor disponibilidad de agua del

suelo (Correia et al.  1989, Einufroann 1977, L6pez et al. 2000). Sin embargo, no existen

experinento de campo que demuestren el rol de la humedad del habitat en el desempefio
'.'.`

de ambas especies. Por otro lado, ambas especies son consideradas sombra-intolerantes

q}jchardson & Brown 1986, CoITeia et al.  1989, Keeley & Zedler 1998, Walcroft et al.

~      2002).   Sin  embargo,   pricticamente   no   existen   estudios   experimentales   sobre  los

requerimientos de  luninosidad para el reclutamiento  de estas  especies. En P.  rt7c7j.cr/o

existen efectos negativos del sombreamiento sobre el crecimiento de individuos j6venes

(Walcroft  et  al.  2002),  pero  no  sobre  reclutamjento  poblacional  de plintulas.  Otros

estudios observacionales  indican rna mayor regeneraci6n  y densidad poblacional  de

ambas especies en sitios perturbados o con baja cobertura vegetal qiichardson & Brown
I,

1986,  Lindermayer  &  Mccarthy  2001,  BecelTa  2006).  No  obstante,  tambi6n  existe

evidencia  de  que  ambas  especies  son  capaces  de  reclutar  bajo  un  dosel  arb6reo

(Lindenmayer  &  Mccarthy  2001,  Close  et  al.  2002,  Bustanante  &  Simonetti  2005,

Williaus & Wardle 2005, Becerra 2006). Por otra parte, las plintulas de ambas especies

son depredadas por herbivoros vertebrados en sus ambientes nativos. Las plintulas de

Pz.7zas rc7c7z.cz/a son depredadas por cabras ex6ticas caichardson & Bond 1991)`, mientras

que  plantas  de  E#ccr/rypfzfs  g/ob#/#s  son  depredadas  tanto  por  vertebrados  nativos

(O'Reilly-Wapstra et al. 2004; Moore & Foley 2005), como por ex6ticos (O'Reilly &
1

MCArthur 2000, MCArthur & Appleton 2004). En cambio, no es conocido el rol de la

herbivoria de vertebrados en el establecimiento de plintulas e invasi6n de estas especies

en  sus  rangos  introducidos,  aunque  existe  evidencia  de  que  ambas  son  fuertemente



depredadas por herbivoros vertebrados dentro de las plantaciones forestales de palses o

ecosistemas  donde ham  sido  introducidas  (e.g.  Ferriere  et al.  1983,  Mufioz  & Murda

1990,  O'Reilly  &  MCArthur  2000,  MCArthur  &  Appleton  2004).  Sin  embargo,  los

ambientesdelasplantacionesdeestasespeciesgeneralmenteposeenescasacoberturade
r

plantas   lefiosas   y   hgrbaceas,   son   seleccionados   por   ser  mss   productivos   o   son

fertilizados, y la abundancia y distribuci6n de las plintulas es mas espaciada y regular

`.      que en los ambientes naturales donde ocure la invasi6n (Williaus & Wardle 2005). En

cousecuencia, resulta importante  evalur  experinentahnente bajo  qde  condiciones  de

habitat,  cobertura  de  vegetaci6n  y  herbivoria,  plintulas  de  ambas  especies  ex6ticas

poseenunamayorprobabilidaddeestablecerse,conlocualconocerlascondicionesbajo

las cuales ellas tienen rna mayor probabilidad de invadir.

Ecosistema y propuestas de estudio

Los  ecosistemas  mediterrineos  poseen  un  clima  senriindo,  caracterizado  por

precipitaciones  concentradas  en  invierno  y  veranos  secos  @i  Ca§tri  et  al.   1981).

Ademas,  dentro  de  la  mayoria  de  los  ecosistemas  mediterrineos  la  heterogeneidad

topografica genera diferentes condiciones ambientales fisicas, marcadas por diferencias

de hunedad a)i  Castri et al.  1981).  En Chile  central  este  contraste se  produce  entre

laderasdeexposici6necuatorial(xericas)ypolar(m6sicas)(Armesto&Martinez1978).

Esta diferencia entre  laderas determina  en  gran medida variaci6n en  composici6n  de

especies vegetales  nativas  y reclutamiento  de  especies  arb6reas  nativas  (Amesto  &

Matnez  1978, Fuentes et al.  1986).  Sin embargo, no es conocido si estas diferencias



abi6ticas  determinan  tambi6n  diferencias  en  la  probabilidad  de  invasi6n  de  plantas

ex6ticas. Por euo, en esta tesis se propone evaluar el efecto de la exposici6n de la ladera

sobre el reclutaniento de pinos y eucaliptos en la zona MeditelTinea de Chile.

For otro lado, 1a zona Mediterrinea de Chile presenta una alta concentraci6n de
E]

poblaci6n humana, p6.I lo  que muchos  anbientes ban sido  intensamente perturbados

(Aschmam   &   Bahre   1977).   La   vegetaci6n   arb6rea   ha   sido   la   mss   afectada,

-.     principalmente a trav6s de incendios y tala masiva por lo que actualmente se presenta

formando  p'arches  distribuidos  altemadamente  con parches  herbaceos  (Aschmarm  &

Bahre 1977, Di Castri et al.1981, Fuentes et al.1984). Esta heterogeneidad vegetacional

tiene un importante rol en la composici6n y abundancia de especies lefiosas nativas y

herbaceas y en la dinamica de regeneraci6n (Jcksic & Fuentes 1980, Armesto & Pickett

1985,  Fuentes  et  al.  1984,  1986,  Holmgreh  et  al.  2000a,  2000b).  Ademas,  ha  sido
.,

docurnentado  que  la  exposici6n  del  habitat  (ecuatorial  vs.  polar)  puede  modular  las

interacciones  entre  plantas  lefiosas  nativas  en  Chile  central  ¢uentes  et  al.   1986,

Holmgren et al. 2000b).  Sin embargo, no se conoce la respuesta de especies arb6reas

ex6ticas a esta heterogeneidad vegetacional, ni si esta respuesta es modulada por las

•..       condiciones anbientales fisicas contrastantes entre laderas de diferente exposici6n solar.

Una de las especies arb6reas nativas mfs abundantes en Chile central es el Litre (£z.£forecr

co#sfz.ca (Mol.) H.  et A.  (chacardiaceae). Esta especie posee rna amplia distribuci6n

geogrifica y ecol6gica, y se presenta tanto en laderas  de exposici6n ecuatorial como

polar,  generalmente formando parches de diversos tamafios q7uentes et al.  1984). Por

ello,  en  esta tesis  se  propone  evaluar  el  efecto  de  la  cobertura  de  especies  arb6reas

nativas sobre el reclutamiento de pinos y eucaliptos en habitats de diferente exposici6n



solar, empleando al litre como especie nativa focal, lo curl a su vez pemitife realizar

predicciones a escala regional.

Finalmente, los herbivoros de plintulas de especies arb6reas mss comunes dentro

de  la  zona  central  de  Chile  son principalmente  vertebrados  ex6ticos,  tales  como  el

couejo ENIapeo (Orydtolagus cunicuhasD> vacas (Bos tourusD, cab; altos (Equus caballus)

y cabras  (C4pr¢ fez.7icas)  (Jaksic  1998, Henriquez  &  Sinonetti  2001,  Vazquez  2002).

-     Tambien se ban documentado a algunos roedores nativos, tales como OcfocJo# cJegrs,

OcJocJo#  Z7rjdgesz.z.  y  4b7iocoRTo  be7772e#J.,  depredando  plintulas  de  especies  lefiosas,

aunque  estos  tendrian  una  menor  abundancia  en  Chile  central  (hiarte  et  al.   1989,

Saavedra 2003) y menor inportancia relativa en esta funci6n respecto a los vertebrados

ex6ticos `(Fuentes   et   al.1983).   El   efecto   de   herbivoros   vertebrados   sobre   la

sobrevivencia de drboles nativos,  asi como  sobre la abundancia de hierbas nativas y

ex6ticas ha sido ampliamente docunentado (Jaksic & Fuentes 1980, Fuentes et al.1983,

1986,Holmgrenetal.2000a,Holmgren2002).Sinembargo,esescasamenteconocidoel

efecto  de  estos  herbivoros  sobre  la  sobrevivencia  de  plintulas  de  arboles  ex6ticos

invasores. Por ello, en esta tesis tambien se propone evaluar el efecto de la herbivoria de

``       vertebrados  sobre  la  sobrevivencia  de  plintulas  de  pinos  y  eucaliptos  en  la  zona

MeditelTinea de Chile.



Objetivos

Esta tesis tiene por objetivo  general evaluar los  efectos  de las  condiciones fisicas del

habitat,  cobertura  de  drboles  nativos  (en  este  caso  litre)  y  ataque  de  herbivoros

vertebrados residentes de la zona MediteITinea de Chile,  sobre el estableciniento de
:.d

plintulas de las especies ex6ticas Pdras rflc7z.crfer y Ewca/}pZ#s g/ob#/zis. El efecto de las

condiciones fisicas  del habitat se evaltia colxparando laderas de exposici6n ecuatorial

qabitat xerico) y  de  exposici6n polar (habitat m6sico). El  efecto  del  litre  se  evaltia

comparando sitios bajo y fuera de parches cubiertos por litre en laderas de exposici6n

polar y ecuntorial. Ademas, se examina experimentalmente si este efecto es producido

por el sombreamiento generado por el dosel de esta especie. Finalmente, el efecto de la

herbivoria se evalha examinando el nivel sobrevivencia en plintulas ex6ticas excluidas y

no excluidas de herbivoros.

Hip6tesis

Ef;ecto del hdbitat faico

Si  laderas  de  exposici6n ecuatorial poseen menor humedad del  suelo  que  laderas  de
(

exposici6n  polar,  entonces  el  reclutamiento  experimental  de  plintulas  de  Pz.j3zfs  y

E2Jca/){f7f#s debiera ser mayor en rna ladera de exposici6n polar.



Eifecto del lire boy o diferentes condiciones fosicas

Si el sombreamiento generado por el dosel de parches de litre produce un incremento de

la humedad del suelo respecto de sitios abiertos en habitats x6ricos, pero no en habitats

m6sicos,  entonces  :el  reclutamiento  de  PJ.##s  y  E#cc7/)p/z#  debiera  ser  mayor  bajo
¢``

parchesdelitreenhabitatsx6ricosyensitiosabiertosenhfbitatsm6sicos.

rty     Ef recto de ha herbivoria

Si existe  de'predaci6n de plantulas  de Pz.##s y Ezfccr/){przrs por vertebrados residentes,

entonces  la  sobrevivencia  de  plintulas. en  sitios  excluidos  de  herbivoros  debiera  ser

mayor que en sitios sin exclusi6n.

Estas  hip6tesis  son  evaluadas  y  presentadas  en  dos  manuscritos,  el  primero

referido al efecto del habitat fisico (ladera ecuatorial vs. polar) y de la cobertura de litre,

asi como de la interacci6n entre ambos factores sobre la geminaci6n y sobrevivencia de

plintulas de ambas especies ex6ticas, y el segundo, respecto del efecto de herbfvoros

vertebrados sobre la sobrevivencia de plintulas de ambas especies ex6ticas.



Tabla  1.  Densidad  de  individuos  (mayores  a  1   in  de  altura)  de  Pz.##s  7itzt7z.c7f#  y

E#ca/)pfas g/ob2i/#s establecidos espontineanente en ambientes naturales de diferentes

localidades de la zona Mediterrinea de Chile. Tambi6n se indica la fuente de propagulos

mss probable (individuos plantados en forma omamental o comercial). Fuente: Becerra,
i.4`

datos no publicados.

Localidad P inus radiata
No ind.Aha         Posible

fuente        de
DroDa"los

Quebrada S'an Ram6n,    0.22
Santiago (RM)

Caj6n     del     hdipd,    1.56

Santiago (Rro

Quebrada   de   hhacul,    0.33

Santiago (RM)

Rincon'ada  de  hfaipd,    0.11       i

Santiago (RM)

Parque          rmuida,   0
Santiago (R M)

Quebrada      Alvarado,    -
Olmde (V Region)

•~       R.N.LosQueules              50

(VII Regi6n)
P.N.  Laguna  del  Laja    20

(VHI Region)

Eucalyptus globuhas
No ind.tha        Posible

fuente     de
DroDaoulos
Plantaci6n

omanental

Plantaci6n

ornamental

Plantaci6n

ornamental

Plantaci6n

omanental

Plantaci6n

ornamental

Plantaci6n

comercial

Plantaci6n        5. 5 5

ornamental

Plantaci6n        4. 2 2

omanental

Plantaci6n         16 0

omanental

Plantaci6n        0.22

ornamental

Plantaci6n        3. 67

ornamental

60

Plantaci6n        -

comercial

Plantaci6n        -

comercfal
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Summary

The importance of physical hahitat conditions and resident vegetation cover for invasion

processes of exotic tree species is investigated. Invasion has been documented to occur

predominantly in le:ss stressful habitats. On the other hand, the resident vegetation often
{

v,`

affects plant invasion negatively, although positive effects have also been documented.

However,  habitat  conditions  under which resident vegetation produces negative  and

-      positive effects on invasion processes have been few assessed.  The  stress hypothesis

states that negative interactions will be more important in less stressful habitats, while

positive interactions will be more important in more stressful habitats. We evaluated the

independent  and  interactive  effects  of contrasting  physical  habitat  conditions  and  a

native tree cover on the recruitment of two cosmopolitan invasive tree species, Pz.7!#s

rtzdz.c7fc7 and E#cc7/}f7Z#s g/oZ}„/#s, in a Mediterranean-type  ecosystem  of central Chile.
.,

We also assessed whether native tree cover effects are due to shading. We evaluated the

effect of physical conditions by comparing recruitment between a xeric habitat (north-

facing  slope)`  and  a  mesic  habitat  (south-facing  slope).  We  also  compared  seedhing

recruitment  of both  exotic  species  under patches  covered by  the  native  tree I,z.£forec7

ccr„sfz.ca  (without  other  woody  species)  and  in  open  sites,  without  Zz.£ferecr.  Shading

effects of I,I.Zfarec7 were evaluated by comparing open sites with sites where an artificial

canopy (shade cloth) was installed. We evaluated two phases of recruitment processes:

germination and seedling  survival.  Germination and seedling survival  of both species

was hisher in the mesic habitat, although mainly in open sites. On the other hand, there

wasapositiveeffectoffz.ffarecrandshadingongerminationofbothexoticspeciesinthe

xeric habitat. In the mesic habitat there was no significant fz.fferecr or shading effect on



germination.  Seedling survival of both species was negatively affected by I I.£ferea and

artificial shading in the mesic habitat. In the xeric habitat there was no significant effect

of fj£7zrecr or artificial shading on seedling survival of either species. Our results suggest

that  differences  in  soil  moisture  between  habitats  and  cover  of I,z.£farerr  ccrzisfz.ccr  are
{.`.

drivers of the invasion of these exotic species in the region. However, our results also

suggest that the effect of I,I.£¢rea depends on habitat conditions and stage of the life

cycle,  and  that the  effect  of physical  habitat  on  invasion processes may  depend  on

resident vegetation. In addition, for each recruitment phase separately (germination and

seedling survival) our results were only partially consistent with the hypothesis on the

relationship between plant-plant interaction and physical stress. However, if the whole

recruitment process is considered our results are quite consistent with  this hypothesis.

Finally, our results  also  show how negative as well as positive interactions between

native and exotic species may help to explain invasion processes.

Ke}J-words,:  Plant  invasion,  facilitation,  biotic  resistance,  plant  establishment,  alien

species, plant-plant interactions, shading effects.



Introduction

Biologicalinvasionshavelongbeenrecognisedasanimportantecologicalphenomenon

occurring in natural conprunities a31ton 1958; Drake ef a/.  1989; Sax ef a/. 2005). More
I.`.

recentlyinvasionshavereceivedconsiderableattentionduetotheirdetrinentaleffecton

biodiversity Orooney & Hobbs 2000), motivating ecologists to understand the factors

and mechanisms influencing invasion processes.

Once  propagules  of  exotic  species  have  arrived  into  a  new  site,  physical

conditions   of  habitats   and  resident  plauts   may   critically   determine  whether  the

recruitment of the exotic species will occur or not (Lonsdale  1999; Davis ef CZJ.  2000;

Shea & Cheeson 2002; Levine ef c7/. 2004; Mitchell ef a/. 2006). In general, it has been

docunented a higher invasion of exotic species in habitats with lower physical stress,

mainly moister and warmer, or where productivity is higher aiichardson & Bond 1991 ;

Beerling  1993;  Lonsdale  1999;  Stohlgren  ef  cr/.  2005;  MacDougall  ef  cr/.  2006).  h

contrast, the effects of resident plants on exotic plants are less obvious as both negative

and positive effects have been documented a3runo eJ cr/. 2005). According to the stress
•`       hypothesis proposed for plant-plant interactions (Bertness & Canaway 1994; Brooker &

Callaghan 1998), the effect of resident plants on plant invasion may depend on physical

stress produced by habitats. In less stressful environments, negative interactions may be

moreinportantthanpositiveinteractionsresultinginanegativeeffectonrecruitmentof

an exotic species. Under high stress, positive interactions may become more dominant

determining the effect of a plant on an exotic species is positive. Different ways have
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beensuggestedbywhichthischangeofinteractionsalongphysicalstressgradientsmay

occur(Callaway&Walker1997).Oneofthemostdocumentedwdysisthechange from

negative  to  positive  effects  with  increasing  droucht  (Holzapfel  &  Maliall   1999;

RItzberger ef cr/. 2000; jinderson ef cr/.  2001; IIastwell & Facelli 2003; Lenz & Facelli
J.

``

2003; Plider & Facelli 2004). Thus, in xeric habitats, where stress is imposed by soil

moisture constraints, increases in soil moisture due to shading may be more inportant

-     than the negative effect generated by light reduction. This may then cause the fmal (or

net)effectofonespeciesontherecruitmentofanotherinxerichabitatstobepositive.h

mesic habitats, where soil moisture is not limiting in areas with no plant cover, shading

may not produce a positive effect by increasing in soft moisture, but it would stm be

having a `negative influence via a reduction in luminosity. Under these circumstances

recruitment  under  a  canopy  would  be  often  sinilar  or  lower  than  in  open  sites

quolmgren  ef  cJ/.   1997).  Few  studies  have  evaluated  environmental  conditions,  in

particularsoilmoisture,underwhichplantinvasionisfacilitatedorinhibitedbyresident

species  (e.g.  Williamson  &  Harrison 2002;  Lenz  & Facelli  2003;  Von Holle  2005),

despite the acknowledgment that physical conditions of habitats have a large influence

•`       on plant-plant interactions (Goldberg ef a/.1999; Lortie & Callaway 2006).

Some of the main sources of exotic plants from which invasion process originate

are forestry plantations (Riehardson  1998; Mooney & Hobbs 2000). In Chile, forestry

plantations   are  predominantly   composed  of  Pz.##s   7icrc7j.crfer  D.   Don  Pinaceae)   or

E#ca/}pJ#s gJobzj/2{s Labill. quyrtaceae). Both of these exotic species have widely been

planted  throuch  the  Mediterranean  region  of  Chile,  thus  generating  an  enormous

propagulesourceavailableforapotentialinvasionofthesetreesinthisredron(Figueroa



ef ci/. 2004). in fact, the invasion process by these species is already beginning to occur

in several Mediterranean ecosystems of the country (Bustamante ef a/.  2003; Becerra

2006).Bothspeciesarealsowidelyusedasforestrytreesinotherpartsoftheworld,and

have become recognised aggressive invaders with detrinental effects on biodiversity in

most of places where'rthey have been planted (RIchardson ef cr/.  1990;  Groves & Di

Castri 1991; Boyd 1996; Higgins & RIchardson 1998; Lindermayer & Mccarthy 2001;

-.     Rouget ef cz/. 2002, Williams & Wardle 2005).

The Mediterranean region of Chile, hike other Meditenanean ecosystems, has a

semiarid   clinate,   with   precipitation   concentrated   in   winter   and   dry   summers.

Furthermore,  within this regiv)n exists  an inportant topographic heterogeneity which

determines  contrasting physical  conditions,  mainly respect to  soil  moisture,  between

north-facing (more xeric) and south-facing (more mesic) slopes (Armesto & Martinez

1978). On the other hand, within the Mediterranean region of Chile is present the most

part of the human population of the country and hence has been intensively disturbed

(dschmam&Bahre1977).Treevegetationhasbeenthemostaffected,determiningthat

curently  is  distributed  as  isolated  patches  surrounded  by  shrubby  and  herbaceous

•-       patches  (Aschmarm  &  Bahre  1977;  Fuentes  ef  cJ/.   1984).  One  of the  most  widely

distributed and abundant native, tree species in this region is I I-£fe7iecJ ccrasfz.ca Orol.) H.

efA.(Anacardiaceae).Thisspeciesisdistributedinxericaswellasmesichabitatsandis

common in  different vegetation-types  of this  region.  In this paper we  evaluated the

effect of the physical  condition of habitats,  the presence  of I,z.fife7iec7 patches,  and the

interaction of both factors on the recruitment of Pfrozfs rcrc7J.crzcr and E#ca/){pfas g/ob"/ais.

Additionally,weexaminedwhethertheeffectoffz.£frrecrisproducedbyshadingeffects.



Both  exotic   species  studied  originated  from  Mediterranean  ecosystems,  P.

]iac7zdra from Califomia (USA) and E. g/ob#/"s from Tasmania and Victoria (Australa).

Although  these  species  are  adapted  to  seasonal  droughts  typical  of Mediterranean

climates, they tend to be distributed in moister habitats in their native country as well as
.+

````

in their introduced ranges (Kaufmarm 1977; Richardson & Brown 1986; Correia ef crJ.

1989;  Boyd  1996;  Keeley  &  Zedler  1998;  Becerra 2006).  h  addition,  experimental

evidence indicates that both species improve their perfomance (germination and growth

rate  of seedlings) with increasing soil moisture  (Correia ef c7/.  1989; Kaufinarm  1977;

L6pez ef c7/.  2000; Humara ef a/: 2002). Therefore, we expect that the gemination and

seedhig survival of both species is higher in moister habitats within the Mediterranean

region  of Chile  (polar-facing slopes).  On the other hand, both species are considered

shade-intolerant  (Correia  ef cz/.   1989;  Keeley  &  Zedler  1998;  Walcroft  ef ¢/.  2002).

However,   no   previous   expeririental   studies   have   experimentally   evaluated   this

statement.  Only,  it has  been showed negative  effects  of shading  on growth of Pz-Has

rerc7jc7fer saplings  (but not in  seedlings)  (Walcroft ef c7/.  2002) and a positive  effect of

shading on seedling growth Out not germination and seedling survival) of E#caJ)pfas

'`       g/ob#/#s (Close ef ¢/. 2002). Other studies indicate that both species regenerate better in

naturally open and/or disturbed sites with low vegetation cover aiichardson & Brown

1986;  Higgins  &  Rjchardson  1998;  Lindenmayer  & Mccarthy 2001;  Becerra 2006),

although  both  species  are  able  to  recruit  under  a  plant  canopy  qindenmayer  &

Mccarthy 2001; Close ef ch 2002; Bustamante & Simonetti 2005; Becerra 2006). We

expectthatthegerminationandseedlingsurvivalofthesespeciesisnegativelyarfected

by  shading of I,z.£ferea when  sQfl  moisture  is not limiting  as  in mesic habitats  of the
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Chilean Mediterranean region, and enhanced by cover when soil moisture is limiting,

such as in xeric habitats.

Methods
(.c`

STUDY SITE

The study was cared out in a watershed immediately adjacent to the East border of

-. -J                 Santiago city (33°30' S, 70°30' W), central chile, specifically in the "Sac Ran6n River"

watershed.   Climate   is   semiarid   Mediterranean-type,   with   5-6   dry   months   and

precipitationconcentratedduringwinter,reachinganarmulaverageof330mmandan

anualmeantemperatureof15°Ca)iCastri&Hajek1976).Thetopographyofthestudy

siteisdoinatedbyanorth-facingslopeandasouth-facingslope.Thestudysitehasnot

been disturbed during the last 10 years (extensive fires, domestic livestock, and logging

of trees)andcurentlyisprotectedbytheChileanForestService(CONAF).

The vegetation is  spatially heterogeneous, composed of herbaceous, shrub  and

arboreal patches. Woody (tree and shrub patches) are composed almost exclusively of

native  species (£jlferea cc}%sfJ.ca and jzefa#J.//a frJ.#ervJ.a/ while herbaceous patches are

composedofnativeplantsincludingj}rom#s6e7.fe7ioc}#zjsandPasz.£faeacoe7"/"aswell

ace;ITctiehetosswhasConiummaculatum,CentaureamelitensisandFumariaspp.Tlee

patches  of the  watershed reach  approxinately  30%  cover  (70%  of shrub  and  herb

patches)andaredominatedbyfj.£feJieaccJzfsfJ.co.Thisspatialheterogeneityofvegetation

isimportantfortherecruitmentofnativetreespeciesincentralChile,becauseseedling

recruitment tends to be concentrated under woody patches in xeric habitats but not in



mesic habitats (Fuentes ef c}/.  1984,1986; Holmgren ef cJ/. 2000).

EXPERIMENTAL DESIGN

h order to evaluate the effect of physical conditions on the recruitment of pz.#as rHCJz.ofer
\'

and E#ca/){pf2is g/ob#j.its we compared two habitat-types:  a xeric habhat located in an

equatorial-facing slope and a mesic habitat located in a polar-facing slope. Within each

habitat we  evalunt?d  the  effect  of I,I.£fej`ea  patch  on  the  recruitment of both  exotic

species.Thetotalorneteffectoffj.£fereoonrecruitmentwasevaluntedcomparingopen

sites   (without  woody  plant  cover)  with  recruitment  under  I,I.£fore4  patches.   This

comparisonassunedthatrecruitmentdifferences(iftheyexist)maybeproducedbythe

canopy,thelitter,cheroots,microorganismsassociatedtofz.£farecr,andherbcomposition

Out not herb  cover, see results). In order to isolate the shading effect, we compared
...

"artificial" canopies with open sites. Artificial canopies consisted of a 4 x 4 in piece of

black nylon shade-cloth, suspended 1.5 in above the ground from iron posts, located in

originally open sites, thus sinulating the reduction of light protection of soil moisture

andlowertemperature(seeresults)measuredunderpatchesoffz.£ferecr.Intotal,weused

•`      three canopy treatments:  open sites (without woody canopy), £J.£forea covered patches

and artificial canopies.   h order to evaluate the hypothesis on the effect of physical

habitat conditions, we compared recruitment between contrasting habitats, pooling all

canopy  treatments   per  habitat.   However,   comparison  between  habitats  was   also

performed per each canopy treatment separately. To evaluate the effect of I/.£fere¢ and

shading under contrasting habitat conditions, we compared recruitment among canopy

treatments within each habitat.



Each canopy treatment was replicated ten tines, giving a total of 30 replicates

per habitat-type ®olar vs. equatorial slope) and 60 replicates in total. Replicates were

located  at  least  10  in  apart,  separated  by  other  patch  types  in  order  to  maxinise

statistical independence among them.  In each replicate we installed a 1  x  1.5 in plot,
EI

•.`.

fenced on the sides and the top by a wire mesh in order to exclude mammals and birds.

Each plot was separated into two contiguous sections: one 1 x 0.5 in section and a 1.x 1

-.     in section. The smaller section was used to evaluate seedling survival and the larger one

to evalu;te seed g;rriation. At the beginning of winter (20-25 June 2004) we planted

three  seedlings  of each exotic species in  each replicate,  separated by 20  cm between

them and 30 cm fi-om the fence. Seedlings of each species were ten months old at tine

of planting.Seedlinghei8htsattineofplantingwere19.7cm±0.15and22.9cm±0.19

(mean±1SE)forPz.#asandE#cc7/ypftysrespectively.Inthelargersectionoftheplotwe

sowed 50 seeds of each species at a depth of no more than 1 cm in order to simulate the

depth at which seeds are located after a natural seed rain.  Seeds of each species were

sowed in alternating rows with 8 cm separating each row (20-25 June, 2004), thus using

a7.2x72cmspaceforseedsinthecentreofthelargersectionoftheplot.Seedlingsand

seeds were obtained from the greenhouse of the Uhiversity of Chile,  Santiago.  Seeds

have  certified  viability  of 95%  and  were  collected  from  plantations  located  in  the

Mediterranean zone of Chile. Seedlings were produced from the same seed types.

MCROENVRONREr`ITALREAsuRERENTs

We  measured photosynthetic  active  radiation  (PAR),  soil  water  content  (SWC),  soil

nutrient concentration Or, P, K),  soil pH,  air temperature  and herb  cover.  PAR was



measured at the soil level and at 30 cm from soil (in order to differentiate ligiv on the

topofseedlingsandli8htaffectedbyherbs).PARwasquantifiedineachreplicateonce

inspring(October,2004)usingaqutunsensor(LI-190)duringoneclearsumyday,

registering one valu.e of licht per height per replicate per treatment between 12:00 PM
``

and 13:00 PM of the same day. SWC was evaluated using the gravimetric method and

wasmeasuredonceineachseasonforeachexperimentalreplicate.Statisticalanalysisof

.,..          ~     SWC  (jINOVA) was  conducted with  the  average  values  obtained  for  each replicate

drring the four seasons in order to obtain a global value of SWC per treatment. Air

temperaturewasmeasuredonceinsunmer(January,2005)byanairthermo-hygrometer

@eltatrck `13307, resolution:  0.1°C), thus registering one value per replicate during a

clearsumydaybetween12:00PMand13:00PM.SoilnutrientsandpHwereevaluated

oncebysamplingthesoil(10cmofsoflwithoutleaflitter)onasunmerdayinJanuary,

2005.  Soil  samples  for  nutrient  analyses  were  collected  in  three  randomly  selected

replicates per treatment.  In order to account for the  large variability in the height of

herbs,herbcoverwasevaluatedattwoheightsineachreplicateusingtheinterceptpoint

method. Cover was recorded at soft level and at 30 cm above soil level.  We used 10

``      points per stratum and thus a total of20 points per rephicate.

PLAI`IT RECRUITRENT ASSESSRENT

We evaluated germination and seedling survival in each plot. Gemination Probability

(GP)  was  evaluated by  the  percentage  of seeds  that  geminated  from  the  50  seeds

initially sour in each replicate. Because seed gemination occured very synchronically

since  two  months  after  seeds  were  buried  ®ers.  obs.),  we  considered  GP  as  the



percentage  Of emerged  seedlings  four months  after  sowing.  No  recently  germinated

seedlingdiedbeforefourmonthsandnoseedgerminatedafterfourmonths.AIlanalyses

for the germination experiment were performed with AVOVA Qiabitat and canopy as

factors).Seedlingstirvival(SS)wasmonitoredeachtwomonthsduringoneyearsincef

planting (June 2004-Jie 2005). As the percentage of living seedlings per replicate at

the  end  of the  experinent  did not  satisfy the  norndity  assumption for paramedic
)

I-.    statistical tests, we randomly selected one from the three originally planted seedlings

with  which we  perfomed  survival  analyses?.  Thus,  the  comparisous  of SS  anong

treatments were performed by comparing seedling survival coves using the log-rank

procedureandHoin-Sidckmethodforpost-hoctests.

h` order to  quntitatively  evaluate  spatial independence  among replicates  we

performed spatial autocorrelation tests  (hfafitel test)  within  each  canopy and habitat

treatment.   For   gemination   we   evaluated   spatial   autocorrelation   of  germination

probal]ilify (GP). For seedling survival we quntified the seedling survival probability

by  the  percentage  of living  seedlings  at  the  end  of the  experiment  from  the  three

originanyplanted.

Results

MlcROENvmoNRENTAL MEASuREENTS

PAR at the soft level as well as at 30 cm above ground differed significantly among

shaded  and  open treatments but not between habitats  (Table  1).  Also,  no  statistical

interactionwasdetectedanonghabitatandcanopytreatmentsforbothmeasuresofligbt



(Tablet).hibothhabitatsrmwassignificantlyhigheriropensitesthanunderfz.£frrea

patches  and  artificial  canopies,  and  no  difference  was  observed  in  light  conditions

betweenfjffrograndartifieial-canopiesa=ig.1).AbsenceOfdifferencesbetween£#feran

patches and  atificinl canopy  sites  indicates that in terns of ligiv intensity artificial
¢.r

canopiessimulated-efficientlyshadingeffectsOffz.£fareacanopy.

Soft  Water  Content  differed  significantly  between  habitats  (Table  1),  being

-      higher in the mesic than in the xeric habitat (Fig. 2).  Witlrin each canopy treatment

mesic sites ®olar-facing slope) had hither SWC than xeric sites Gig. 2). On the other

hand, SWC showed significant differences among canopy treatments, and a significant

interaction between habitat and canopy type (Table 1). In the xeric habitat open sites

hadasignificantlylowerSWCthanfj.£fareopatchesandartificialcanopysites,withno

differencebetweenthesetreatmentsqig.2).rhstead,inthemesichabitattherewereno

significant  differences  among  canopy  treatments  a7ig.  2).  Absence  of  differences

betweenfjffereopatchesandartificialcoverinterusofSWCshowedthatthistreatment

simulated efficiently shading effects of I,I.£fare¢ canopy.

Herbaceouscoverdidnotdifferamongpatches,althoughtherewasamarginally

•-       significant  difference  given by  the tall  herbaceous  cover  in  the mesic  habitat under

artificial cover relative to  open and I,jffem patches  (Table  1, Fig.  3).  There was  no

significantdifferenceinherbaceouscoverbetweenhabitatsandthestatisticalinteraction

was not significant (Table 1, Fig. 3).

Air  temperature  varied  significantly  between  canopy  treatments  and  habitats

(Table  1, Fig. 4).  The  interaction between habitat and patcb type was not significant

(Table  1).  Globally, air temperature in the xeric habitat (equatorial-facing slope) was



higher  than  in  mesic  habitat  (Fig.  4).  However,  within  each  canopy  treatment,  air

temperaturedidnotdifferbetweenhabitatsa?ig.4).Ontheotherhand,inbothhabitats,

air temperature was significantly higher in open  sites than under I i.£fereo patches  and

underartificialshadingwithnodifferencebetweenthelasttwocanopytreatmentsqig.

4). This indicates that `.inficial shading accurately simulated air temperature effects of

Lithrea c;over .

There  were  no  statistical  differences  in  soil  pH  and  nutrient  levels  between

shadingtreatmentswithineachhabitatCrable2).However,inthexerichabitatsoflpH

was significantly higher than in the mesic habitat and phosphorous was  significantly

lower in the xeric than  in mesic habitat (Table  2).  The  absence  of differences  is as

expectedinordertosimulateshadingconditionsundersindlarsoilnutrientconditions.

SEED GERENATION

The germination probabifty (GP) of PJ.#%s rfld;." seeds differed significantly between

habitats and canopy treatments and the statistical interaction between these factors was

marginallysignificant(Table3).GPinthexerichabitatwassignificantlylowerthanin

`'-      the mesic habitat under any canopy condition Gig. 5). On the other hand, GP differed

betweencanopytreatmentsonlyinthexerichabitat.GPwassignificantlylpwerinopen

sites than under I,J.£7Irea patches and artificial shading with no difference between the

lattertwocanopytreatments¢ig.5).histead,inthemesichabitat,GPofPz.#%sshowed

the  same  pattern  as  in  xeric  habitat,  but  no  significant  difference  between  canopy

treatments was observed Gig. 5).

h the case of E#ccr/){pf#s, GP differed between habitats, canopy treatments and



the  statistical  interaction was  also  sigriificant  (Table  3).  GP  in the xeric habitat was

significantly lower than in the mesic habitat but only in open sites.  h other canopy

treatments  there  was  no  difference  between  habitats  Gig.  5).  GP  differed  between

canopytreatmentsoulyinthexerichabitat.GPinopensiteswassignificantlylowerthan
•,

in either I,z.£ferea patches or under artificial shading, with no difference between these
•.,

shading treatments a7ig. 5).

There   was   no   spatial   autocorrelation   among   replicates   for   gemination

Probattility of each species within each canopy treatment per habitat, or witlin each

habitatingeneral(Tables).Thisindicatesthatreplicateswithineachcanopyandhabitat

treatment were spatially independent.

SEEDLING SURVIVAL

InPz.#%%thereweresignificantdifferencesamongsurivalcurvesforeachcombination

Ofcanopyandhabitattreatment(Chi2=35.69;d.f.=5;P<0.001).Seedlingsurvivalof

P.  rcrdz.ate was significantly higher in mesic than in xeric habitat but only in open sites

Gable  4;  Fig.  6).  On the  other  hand,  in the  xeric  Habitat  we  observed  significant

•`      differences in ss only between artificial shading andz,I.lferea patches (Table 4), being ss

higher  under  artificial  shading  (Fig.  6).  h  the  mesic  habitat  SS  in  open  sites  was

significantly higher than under artificial shading, which was in turn higher that under

I;.fferecr patches (Table 4, Fig. 6).
i

in  E#ccr/}f7f#s  survival  curves  obtained  for  each  combination  of canopy  and

habitat treatment differed significantly (Chi 2 = 25.39; d.f. = 5; P < 0.001). There was a

significantly higher SS in the mesic habitat than in the xeric habitat but only in open
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sites (Table 4, Fig. 6). hi the xeric, habitat we observed no difference between canopy

treatments  Gable  4,  Fig.  6).  Histead,  in  the  mesic  hal]itat  SS  in  open  sites  was

significantlyhi8herthanunderZ,i.£¢7ieapatchesandartificialshading,withnodifference

between these last two treatments (Table 4, Fig. 6).

We observed ri.a spatial autocorrelation among replicates for seedling survival

probabflityof;achspeciesinanycanopyorhabitattreatment(Table6).Thisindicates

thatintelusofSSreplicateswerespatiallyindependentinbothspecies.

Discussion

EFFECT OF PHYSICAL HABITAT ON INVASION

We confrmed that polar-facing habitat is moister, colder and thus more mesic than the

equatorial-facing-slope  habitat.  Both  invasive  species  had  a  higher  gemination  and
>

seedlingsurvivalinopensitesofthemesichabitatthaninopensitesofthexerichabitat.

Inaddition,GPofPjj9#swashi8herinthemesicthaninthexerichabitatunderZ,j.£ferea

andartificialcanopiesaswell.Bothspeciesrespondpositivelytoexperinentalincreases

of soil moisture (Correia ef cr/.  1989; Kaufinann  1977; L6pez ez a/.  2000). Hence, our

results suggest that differences in soil moisture between habitats  may have produced

significant  differences  in  recruitment  probabilities  and  that  soil  moisture  may  be

determinant in the distribution mostly on moister habitats in both species either in their

native or introdrced ranges (Kaufmam 1977; RIchardson & Broun 1986; Correia ef crJ.

1989; Boyd  1996; Keeley & Ziedler 1998; BecelTa 2006).  These results are consistent

with previous studies which suggest that inusion probability would be higher in less



stressful habitats, in thi; case polar-facing slopes, as long as shading is low (Richardson

& Bond 1991; Beerling 1993; Lousdale 1999; Stohlgren ef a/. 2005; MCDougall ef a/.

2006).However,theseinferencesshouldbemadewithcautionasthereweredifferences

insoilpHandphosphorousbetweenhabitats,whichmayalsohavearoleinrecruitment
j'

f
success between habitats.

I.    EFFECT OF I,Jzfl:RE4 COVER ON INVASION

h general, Lz.£ferea cover had a sinilar effect on the recruitment process of Pz.#as and

E#cdr}pf#s.  The effect of fz.£fe7ie¢ on the  gemination probabitity was positive in the

xeric habitat and null in the mesic habitat for both species. Because seed germination

was hither under artificial shading than in open sites in the xeric habitat the positive

effect of fj.tiforea was largely due to shading: Instead, in the mesic habitat possibly the

absence  of  difference  in  soil  moisture  between  canopy  treatments  determined  no

difference in germination. Thus, light exposure does not seem to affect the gemination

of these spec`ies as under similar conditions of soil moisture, the higher light level in

open sites did not increase seed germination of these species.  .

TheeffectofLz.£fereacoveronthesurvivalofseedlingswassinilarbutnotequal

for the two exotic species. In the mesic habitat, £z.£ferea had a negative effect on SS of

Pj.##sandEztcaJ}pf„s.inbothcasesthiswasproducedbynegativeshadingeffectsasSS

was higher in open sites than under artificial canopies. In the xeric habitat I z.£fere¢ had

nosignificanteffectonSSofPz.#asorEaccdrzp!%S.Eithertherewasnoshadingeffectin

the xeric habitat. However, SS  of Pz.J?zfs (but not Ezfca/prpz#.g) in artificial canopy sites

was significantly higher than in fjffeJ`e¢ patches in both habitats.  These two types  of



canopy treatments had very similar light  intensity, soil moisture, air temperature  and

even herb cover. Thus, differences between artificial canopy sites and I j.ffrrea patches

may be mainly related to son conditions such as litter, soil micrcorganisus, nutrients

®elow10cmsoildeepassoilofthesuperficialstratumdidnotdifferbetweenartificial

canopies and I z.£foreo Satches in nutrients and soil pap, etc.  This suggests that soil Of

I,z.£fareo patches had a significant negative effect on SS of P;.Has, but this effect was not

-     enough to produce a negative total effect of £J.£fore¢ in the xeric habitat. Instead, in the

mesic habitat this negative soil effect of fjfferea may have contributed to produce the

negative total effect of fz.£fare¢ on SS Of Pj.7!zis. Other studies have used the comparison

between artificial canopies and natural patches of plants (thus contrasthg two sites with

equal  shading  and  different  soil)  to  evaluate  sofl  effects  globally  (e.g.  Holzapfel  &

rmall 1999; G6mez-Aparicio ef a/. 2005), observing in some cases stronger soil effects

than shading effects (e.g. Belsky  1994; Holzapfel & Maliau  1999;  canade & Brown

2002;G6mez-Aparicioefcz/.2005),sinilarlytoourresultsinthexerichabitat.

Our results suggest that the effects of native I i.ffoJ-e¢ cover may change with the

physical conditions  of habitats  and life-cycle  stage  of the  invasive tree.  h the  xeric

•`      habitat we found only positive effects of I,j.£fere¢ (on gemination) produced by shading

and in the mesic habitat only negative effects (on seedling survival) also produced by

shading.Thus,consideringthewholerecruitmentprocess,theresultwouldbeapositive

effectofz,j.£ferecrontherecruitmentinthexerichabitatandanegativeeffectinthemesic

habitat.  These results  agree  with Bertness  &  Callaway  (1994),  Brooker &  Callaghan

(1998)  and  Lortie  &  Callaway  (2006)  who  suggest  that  plant-plant  interactions  are

drivenbyphysicalconditionsofhabitats,andtoHolmgrene/a/.(1997)whospecifically



suggestthatsoflmoistureofhabitatsandshadingeffectsofplalltsaremaindriversofthe

outcome  of  plant-plant  interactions  in  semiarid  and  arid  regions.  However,  these

hypotheses   are   only  partially   corroborated   if  we   consider   each   lifengycle   stage

separately. Other schdies have also documented dependency of this hypothesis on life-
<

cycle stage and perforiance variable of plants (Berkowitz ef cr/.  1995; Goldberg ef a/.

1999; Holzapfel & Mahall  1999; Hastwell & Facelli 2003;  Siemarm & Rogers 2003;

~     hhaestre ef cr/.  2005). This could be due to shifts in ecoloScal requirements with age.

On species  of Pdeas  and  Eztca/}f7fas  are  considered  shade-intolerant (Correia  ef a/.

1989;Walcroftefa/.2002).However,thisecologicalattributeseemstobevalidonlyfor

more advanced life cycle stages than seed as we found no negative shading effect on

gemination, and even they tuned positives in the xeric habitat. Probably other factor

such  as  soil  moisture  is  more  important  for  germination.  Iustead,  for  seedlings  we

observed mainly negative shading effects, although only in the mesic habitat. Thus, we

observed that under mesic habitat conditions the effect of I,I.£j!recz changed fi.om a null

effect on germination to negative effects on seedling survival in both species, and under

xeric   habitat   conditions   the   effect   of  fjfferecr  changed   from  positives   to   nulls.

Bustamante & Simonetti (2005) also documented a good germination of Pz.#as rtzc7jcz/c}

butsubsequenthighmortarityofseedlingswithinamorehumidMediterraneanforestof

Chile.  These  ontogenetic  changes  of plant-plant  interactions  have  been  documented

previously (Shupp 1995; Callaway & Walker 1997; Miriti 2006). Therefore, in order to

understand '.and predict the whole  invasion process  of a particular exotic  species, the

entire plant life cycle should be taken in account. Then, the effect of fj.£ferecr on the later

developmentalstagesmaybedifferentthantheresultsreportedhere.
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Finally,  it  has  recently  been  highlighted  that  both  negative  and  positive

interactions between native and exotic species may play a role in invasion processes

Ouchardson ef ¢J. 2000; Bruno ef cJ/. 2005). In particular, positive effects of natives on

exotic species have; recently been documented (e.g. Lenz & Facelli 2003;  Siemann &

Rogers  2003;  Von  H';ne  2005;  Cavieres  ef  cr/.  2005).  Our  results  corroborate  that

negativebutalsopositiveinteractiousmayhelptoexplaininvasionprocessesinthecase

-     ofpinus and Eucalyptus in central chile.

Conclusions

P;.##s rtrdfafc7 and E#ccr/"f}¢as g/ob#Jus are widely planted in central Chile and other

parts of the world. These plantations are lagged every 15 years. Because both species

canreproducesincetheyaresevenyearsoldapproximately,plantationsareininportant

propagule  source  for  invasion.  Moreover, PJ.#as  seed rain  has  been  documented  in

nail ecosystems of central Chile outside plantations (Bustamante & Simonetti 2005).

Therefore, propagule availabitity does not seem to be liniting invasion of these species

at least closed to plantations. Hence knowledge of the effect of physical habitats and

native trees, such as I z.£fl7iecr ca2fsfz.ca and eventually other native plants, on recruitment

of these two exotic species is needed to determine their invasion probabilities in this

region.Fromourresultswecanpredictthattheprobabhityofinvasionisthehi8hestin

open sites of mesic habitats. In these habitats, £J.£ferea patches (and possibly other trees

and  shrubs)  tend to  slow the invasion process.  In contrast  in xeric  habitats, £z.£farea

patches  may  facilitate  invasion,  although this  will  depend  on  shade tolerance under



£ztforeo canopies  during more advanced stages  of the  life  cycle of these  exotic  trees.

Finally, invasion into open sites in xeric habitats should be unlikely.
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Table 1 Statistical results of the effect Of canopy treatment and habitat on environmental

variables (ANOVA). Categories of variables are Canopy treatment:  Open, £z.£frrecz and

Artificial canopy; Habitat: Xeric and Mesic.

Variable            Patch                              Habitat
`.

Patch x Habitat

d.f.     F          P              d.f.       F           P              d.f.      F           P

Licht  at  soil    2,54    30.99 <0.001      1,54       3.39       0.071 2,54      0.98        0.381

level
A     Light    at   30    2,54    93.49    <0.001      1,54      .0.01        0.939        2,54     0.53        0.591

cm level

Soil       water    2,54    12.65    <0.001      1,54       73.73     <0.001     2,54     4.36       0.018

content

Temperature      2,18    57.49    <0.001      1,18       12.45     0.002        2,18     0.02        0.983

Herbcover         2,54    2.97      0.06          ,1,54      2.97       0.091        2,54     0.76       0.475



Tabl.e  2  Nutrient  and  soil  pH values  (mean  ±  1  S.E.)  per treatment  (N =  3  for  all

treatments)  (different  letters  indicate  significant  differences  with P  <  0.05  between

patches and habitats, ANOVA).

ELbitat     Canopy        pH                  N®pm)          P®pm)

treatment

K ®pm)

Mesic        Artificial       6.13a±0.12 50.Oa ±11.5

Mesic        Open              6.33a±0.12     39.3a±||.6

..~.            ~    Mesic        Lithrea           6.20a±0.21     26.Oa±4.0

Xeric         AFtificial       6.70b±0.15     27.7a±4.4

Xeric         Open              6.67b±0.32    20.3a±2.9

Xeric         Lithrea           6.73b±0.23     21.Oa±|.5

45.7a.C±.4.1

59.Oa ± 10.2

70.3a ± 2.7

24.ob.C ± 7.2

21.7b>C±4.8

15.3b ± 6.3

452.3a ± 80.8

608.Oa±153.4

587.3a ±127.3

280.Oa±42.6.

259.3a ±14.2

3o5.oa±2|.4



Table 3 Statistical results of germination probability (ANOVA). Categories of variables

are  Canopy:  Open,  Lithrea  and  Artificial;  Habitat:  Xeric  and  Mesic.  Germination

probability of pz.J7zis was Arc-sen transformed.

Effect
`±!Eucalyptus                                 p i"s

d.f.       F                 P                 d.f.        F                P

Canopy                              2            11.21           <0.00012             15.00          <0.0001

rfabitat                               1            5.92             0.018           1             47.28         <o.00ol

CanopyxHabitat          2           3.66            0.032          2            3.07           0.054



Table 4 Statistical comparison between survival curves of experimental seedlings by

Holm Sidak post-hoe tests. Comparison are shown between pairs of canopy treatments

(L: £j.fferec7, 0: Open, A: Artificial) per habitat (Xeric, Mesic) and between habitats per

canopy treatment type. Significant differences are in bold (P < Pcritical).

Coapwisous                -              P inus                                     Euealyptws
Chi2     Pvalue    Pc          Chi2      Pvalue    Pc

Lvs0
Xeric                    O vs A

AvsL

Mesic

Mesic vs Xerie

4.54       0.0331

0.19       0.6650

7.52      0.0061

19.11    <0.0001

7.93      0.0049
8.72      0.0032

1.88       0.1700,

10.96    0.0009
0.41       0.5240

0.0085     1.20       0.2720       0.0085

0.0500    0.28       0.5920       0.0170

0.0064    3.03       0.0819       0.0064

0.0037    18.23    <0.0001    0.0034
0.0057    8.29
0.0051    5.73

0.0102     012

0.0043    9.69
0.0253    0.28

0.0039      0.0047
0.0167       0.0051

0.7340       0.0500

0.0019      0.0039
0.5950       0.0253



Table 5 Results  from mantel test for spatial autocorrelation for gemination of each

species within each canopy (Open sites, Artificial canopies, I,i.fiferea patches) and habitat

Oresic and Xeric) treatment. Level of autocorrelation is indicated by the coefficient of

correlation ai).

Species                 Habitat             Canopy R (rmtel)         P value
Pz-jI2ts                       Mesic

Xeric

ELcalyptus           Mesthic

Xeric

Cpen                     -0.092
Artificial               -0.223
Lithre a                 0.060
Total                       -0.201

Open                       -0.880
Artificial                -0.115

Lithrea                 -0.024
Total                       -0. 07 9

Open                      -0.289
Artificial                ro.173
Lithrea                -0132
Total                        -0.151

Open                        0.181

Artificial                -0.152
Lithrea                  -0.2.10
Total                       -0.093

0.541

0.142

0.711

0.161

0.625

0-552

0.911

0.667

0.054

0.250

0.393

0.317

0.223

0.281

0-153

0.596



Table 6 Results from mantel test for spatial autocorrelation for seedling survival of each

species within each canopy (Open sites, Artificial canopies, I,I.£tirca patches) and habitat

Oresic and Xeric) treatment. Level of autocorrelation is indicated by the coefficient of

correlation al).
f

Species                  Habitat Canopy                 R (Mantel)           P value
Pinus Mesic

Xeric

Eucalyptus            MestNG

Xeric

Open                        -0.118
Artificial                -0.2 82
Lithrea                  0.199
Total                        -0.139

Open                       ro.218
Artificial                -0. 08 8
£z`£fzrecr                      -0.148

Total                         -0.113

Open                       0.076
Artificial                -0. 8 5 6
Lithrea                  -0.041
Total                       -0.078

Open                        -0.171
Artificial                -0. 2 0 5
Lithre a                  -0 22:3
Total                        -0.152

0.549

0.061

0.219

0.387

0.154

0.549

0.291

0.578

0.253

0.158

0.143

0.315



I Open patch at soil level
I   Open patch at 30 cm level

I Lithrea patch at soil level
A    Lithrea patch at 30 cm level

ESS Artificial patch at soil level
o   Art.rficial patch at 30 cm level

Xeric Mesic

Fig. 1 Midday light levels at 30 cm and at soil level in each type of experimental patch

(Open,  £z.#2recr,   Artificial)   (mean   ±   1   SE).   IV  for  each   bar   and   symbol   =   10.

Measurements  were  made  in  October,  2004.   Different  letters   indicate  significant

statistical differences (P< 0.05) within each hahitat (Mesic and Xeric) and within each

height  level  of  measure.  There  were  no  significant  differences  between  habitats

(ANOVA, HSD Tckey post-hoc tests) for. any type of patch or height of measure.
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Xen`c Mesic

B'a

Fig. 2 Soil water content (SWC) (percentage of water weight in a volume of soil) in the

top 10 cm in each type of canopy treatment (ftyen, £z.£rfereicJ, Artificial) per habitat (Mesic

and Xeric) (mean ± 1 SE). IV for each bar = 10. Measurements correspond to the average

of four records, each taken in a different season between June, 2004 and June, 2005.
•`     Different uppercase letters indicate significant statistical differences (P< 0.05) between

habitats for a single canopy treatment and different lowercase letters indicate significant

statistical differences (P< 0.05) among canopy treatments for a single habitat (ANOVA

HSD Tckey post-hoc tests).
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a

Fig. 3 Herbaceous cover (evaluated by the intercept point method) under each canopy

treatment (Open, £z.£fojiecr, Artificial) in two contrasting habitats (Mesic and xeric) (mean

± 2 SE). IV for each bar = 10. Measurements made ip spring, 2004 during the potential

maximuni  herbaceous  cover  in  this  region.  There  were  no  statistically  significant

differences (P > 0.05) among canopy treatments within or between habitats (ANOVA,

HSD Tukey post-hoc tests).



Mesic Xeric

Fig. 4 Midday air temperature (°C) at a height of 1 in in each canopy treatment (Open,

£j.£fe7iecr, Artificial) and in two contrasting habitats (Mesic and Xeric) (mean ± 1  SE). IV

for  each  bar  =  4.  Measureme.nts  were  taken  in  January  (summer),  2005.  Different

uppercase letters indicate  significant statistical differences  (P< 0.05) betwee; habitats

for  a  single  canopy  treatment  and  different  lowercase  letters  indicate  significant

statistical differences among patches for a single habitat (ANOVA, HSD Tckey post-hoc

tests).

60



14

Xeric Mesic

Fig. 5 Germination probabflity of pz.;q#s and E#ca/]{pats in each type of canpy treatment

(Open, £j.£ferecr, Artificial) and habitat Oresic and Xeric) (mean ± 1  SE). IV for each bar
= 10. Measurements were made four months after seeds were buried and two months

after seeds began to gerininate. Different uppercase letters indicate significant statistical

differences  (P<  0.05)  between  habitats  for  a  single  canopy  treatment  and  different

lowercase letters indicate significant statistical differences among patches for a single

habitat (ANOVA, HSD Tckey post-hoe tests).
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+Mesic-Artificial
A Mesic-Lith Tea
®Mesic-Open
+Xeric-Artificial
+Xeric-Lithrea
+Xeric-Open

Junfl4        Aug-04        0ct-04        Deer.04        Feb-05        Apr-05        Jun-05

EMesic-Artificial
ri Mosic-Ltthrca
oMesic-Open
+Xeric-AIificial
+Xeric-Lithrea
+Xeric-open

Jun-04        Aug-04        0ct-04        Dec-04        FOB-05         Apr-05         Jun-05

Fig. 6 Survival curves of experimental seedlings of pz.7}#s and E#ccr/FTprfus in each type Of

experinental canopy treatment (Open, £J'ffarea, Artificial) and habitat quesic and Xeric).

Values correspond to percentage Of surviving seedlings per treatment (IV = 10 for each

cure)-
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Abstract

Herbivory may become an inportant factor controlling plant invasion.  In this

paper we evaluated this hypothesis in a Mediterranean-type ecosystem of central Chile,

by examining the  effect of vertebrate herbivores  on  seedling  survival  of two  global
Ea

commercially planted iud invasive tree apecies, Pfro#s 7ifldzdrzz and E#ccr/rypfus gJob#/ass.

An  inportant  role  of herbivory  on  seedling  survival  of these  two  species  in  their

introduced  ranges  has  previously  been  documented.  However,  this  has  only  been

evaluated in forestry plantations in which habitat and vegetation conditions differ from

wild  habitat  where   invasion  occurs.   We   established  excluded   and  non-excluded

seedings  under  different habitat  conditions  (a mesic  polar-facing  slope  and  a  xeric

equatorial-facing slope) and vegetation physiognomies (open sites and tree patches). We

found that regardless of vegetation  and habitat condition,  herbivory,  in our case due

mainly to, exotic vertebrates,  significantly affected  seedling survival of both species.

Furthemore, the effect of herbivory on P. JindJ.cJf# was significant in any vegetation and

habitat condition, but only in the open sites of the mesic habitat for E. g/ob#/afs. These

results  ,suggest  that,  as  observed  in  forestry  plantations,  vertebrate  herbivory  may

'`     dininish important seedling establishment of these two exotic trees and therefore play

an important role in the resistance against them, and possibly other exotic tree species,

invasion. However, the relevance of herbivores may vary depending on the vegetation

and habitat conditions in some species, as is the case for Ecfca/}!pf#s g/ob#/#s.

Ke);-wortzs: Alien plants, alien herbivores, biological invasious, biotic resistance.
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1. Introduction

hvasion of alien species is considered an important ecological phenomenon and

conservation issue qircke et al.,  1989; Mooney and Hobbs, 2000). Many factors and
4'

hypotheses  have  been  proposed  in  order to  explain  why  exotic  species  can  become

successful invaders (Shea and Chesson, 2002; Bruno et al., 2005)... Herbivory is a major

-.    factor commonly used to explain the success or failure of the invasion process of exotic

species q\dron and Vila, 2001 ; Keane and Crawley, 2002; Levine et al., 2004; Parker et

al.,  2006).  Invasion  of -a  plant  species  may  be  hindered  by  herbivory  due  to  direct

cousunption,   or   facilitated  by   it,   if  resident   herbivores   preferentially   consume

competitive  resident plants  (Maron  and  VIla, 2001;  Colautti  et  al.,  2004;  Joshi  and

Vrieling, 2005; Parker et al., 2006).

Forestry  plantations  of exotic  trees  are  one  of the  main  sources  of invasive

species ajchardson, 1998). In Chile the most common tree species used in the forestry

industry  are Pj72#s  rc7cJ;.crJc7 D.  Don  a'inaceae),  originally  from Monterey  (USA),  and

Ezica/)pfro.  g/ob#/g#   Labill.   quyrtaceae),   orignally   from   Tasmania   and   Victoria

•i      (Australia).  The extent of these plantations has grown rapidly during the last decades,

coveing  more  than two  million hectares,  especially  in the  Mediterranean region  of

Chile.  Both  species  are  also  widely  planted  throughout  the  world  and  have  been

recognised as important invaders in different countries where they have been planted
i

qiichardson and Brown,1986; Richardson and Bond,1991; Boyd,1996; Rouget et al.,

2002; Williaus and Wardle, 2005). h Chile,. invasion by these species is still incipient

but it is already beginning to occur in several localities of the country (Bustamante et al.,



2003; Becerra, 2006).

A number of environmental factors such as clinate, and vegetation cover and

type, are known to be related to invasion of these species (e.g. Riehardson and Brown,

1986;  Boyd,  1996;  Hggins  and RIcbardson,  1998;  Rouget  et al.,  2002;  Williams  &
Ea

Wardle  2005;  Becena;i  2006).  In  contrast,  the  role  of herbivory  on  their  invasive

capabilities has as yet not been assessed. Curently, evidence exists for an inportant xple

~   of seedling predation on the survival of these trees within their exotic ranges, but only in

the  context  of forestry  plantations  ¢erriere  et  al.,  1983;  Mufioz  and  Muria,  1990;

Richardson and Bond,  1991;  O'Reilly and MCArthur, 2000; MCArthur and Appleton,

2004).  This  is  important  because  inside  forestry  plantations,  natural  vegetation  has

generally been logged or etiminated and habitat conditions selected or altered to inprove

productivity,  hence,  environmental  conditions  in  plantations  are  very  different  to

environmental conditions where invasion occurs. Furthermore, seedling abundance and

distribution  of these  exotic  trees  under  invasion  conditions  are  generally  low  and

clumped (e.g. Wihiarns and Wardle, 2007). h contrast, inside forestry plantations there

are.. generally  a  high  density  of seedlings  that  are  regularly  spaced.  Therefore,  the.

•`     behaviour of herbivores and hence the extent ofherbivory on exotic species may differ

between natunl habitats and plantations.

h central Chile, exotic vertebrates such as rabbits (Oryc/oJcrgzrs c2£rcj.czf/#s), cows

(Bar fcz2fj"s), horses (Egz£#s caba//#s) and goats (Cc7prcr fez.rczfs), are the mann potential

seedling vertebrate predators of exotic and native woody seedlings (Fuentes et al.,1983;

Jaksic,1998; Hem'quez and Simonetti, 2001 ; Vdrquez, 2002). Nonetheless, some native

rodeITts  s"ct+ as Octodon degus> Octodon bridgesii and Abrocoma  bennetti heIve drso



been docunented to predate seedlings of tree species (Fuentes et al., 1983; Mufioz and

Muta, 1990). Of these predators, at least rabbits are known to predate on seedlings of

both P. rclc7f.c71c7 and E. g/ch2{/zAs in forestry plantations in Chile (Ferriere ct al.,1983). In

this  paper  we  experinentally  assessed  the  role  of vertebrate  herbivory  on  seedling
.

survival of P. 7itrdJ.c7Z& aid E. g/ob#/cis under natural vegetation and habitat conditions in

a Mediterranean ecosystem of central Chile. We predict that hich predation by vertebrate

-I    herbivores  in this  envirorment may  significantly  dininish seedling survival  of these

exotic trees and therefore hinder their invasion.

2. Methods

2. I . The..study area

The study was carried out in the San Ram6n watershed, located at the East border

of the city of Santiago (33°30' S, 70°30' W), central Chile. The clinate is semiarid and

Mediterranean-like, with 5-6 dry months and precipitation concentrated during winter,

reaching an annual average of 330 mm. .The annual mean temperature is 15°C @i Castri

and Ifajek,  1976). In the watershed two main habhat types occur:  a north-facing slope

and a south-facing slope, which generally differ significantly in moisture conditions in

the MeditelTanean region of Chile (Armesto and Matnez,  1978). h all these habitats

vegetation  is  coniposed  of  tree,  shrub  and  herbaceous  patches.  Tree  patches  are

dominated by the native tree species I z.£ferecr cazis?z.ca, shrub patches by native species

smch  as  Colliguaya  odorifera  and  Retanilla  trinervia>  and  beibzLceous  patches  aFTe.



composed  of native  species  including Pczsz.£feecr coeJzj/ec7  and Bro]##s  berferocwzzis,  as

well as  exotic herb  species including FztFTcrrJ.c7 spp.,  Ce#fcrafJiec7 me/ztensr.s and Co#z.zf"

maculatum.

The watershed has been protected (from logging, cattle and fires) for the last 10
.<

yearsbythenationalfidJrestservice.Largeexoticherbivores(cowsandgoats)havebeen

completely excluded from the study site by forest service management, although on rare

•-    occasions, horses are freed into the watershed. Evidence of their presence in the  study

area  is  presented  in  Table  I.  On  the  other  hand,  the  presence  of other  potential

herbivores,  such as the  diurnal caviomorph Ocfoc7oJc  c7egas, can be established  either

drectly by visual observation, or indirectly by burows, faeces and bare zones prodrced

by their activities quentes et al. 1983). h order to evaluate the presence of a. c7egrs we

established 20 transects 200 x 2 in each (10 tin a north-facing and 10 in a south-facing

slope) to record some  of these indicators.  We  observed no  evidence of any of these

indicators of a. c7egrs in the study site, hence we are confident that they are not present

in the study area or at least their abundance is very low. h addition, this rodent has been

docunented to be a less  important seeding consumer of native trees than rabbits in

central Chile (Fuentes et al. 1983). Other species of the Ocfoc7or! genus are not present in

this  locality  (Saavedra 2003).  Finally,  another potential  seedling predator,  the rodent

4aroco"cr ben;7e#z., seems to be scarce in central Chile (Iriarte et al.  1989), especially in

the pre-Andean zone of Santiago and its influence (if any) as a seedling predator may be

negligible (Fuentes et al.  1983). Thus, the main herbivore tree seedling predator in the

study  area  is  the European rabbit  (Oryczo/crgcfs  c#7zJ.ed/2/s),  although horses may  also

play a nrinor role.



2.2. Experimental design

To  evaluate  seedling  predation  and  the  effect  of this  herbivory  on  seedling

survival of P.  rcrc7z-crfcr and E.  g/o4af /"s, we  established sampling  stations  in the  field

containing protected (excluded from herbivores)  and unprotected (non-excluded from
I

riE

herbivores)  seedlings .of  these  trees.  nre  to  natural  environmental  conditions  of

vegetation and habitat in  the  study area include  a mosaic  of woody  and herbaceous

patches and at least two main physical habitats (slopes), we distributed these stations in

herbaceous (Open patches) and tree patches (dominated mainly by the native tree I,z.£ferecr

ccrusfz.ca),  in  a  xeric  (north-facing  slope)  and  mesic  (south-facing  slope)  habhat.

Exclusions consisted of 1 .0 x 1 .5 in plots, fenced on the sides and the top by a wire mesh

to  exclude mammals and birds.  In each station, excluded and non-excluded seedlings

were located adjacently. We planted three se`edlings per species (each separated by 20

cm from each other) outside the exclusious and three seedlings per species inside them.

We used clumps of three seedlings to partially simulate the clumping of seedlings during

the  invasion process,  as has been documented for P.  rflc7z.crftz (Williams  and Wardle,

2007).However,iliordertoavoidpseudorephicati;nweselectedonlyoneexcludedand

•`     one non-excluded seedling from each station to perform statistical analyses. h total we

used 10 stations in open sites and  10 in tree patches (£jffzrecr patches) in each habitat.

Thus, we established 20 stations in each habitat and 40 in total. Within each habitat, the

patches that were selected in which stations were to be located were distributed at least
1

10 in apart and separated by a different vegetation patch type. This mininized spatial

dependence among stations. Preliminary observations confirmed the efficacy of fences

as we observed no excluded seedlings with signs of browsing.
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Planting was carried out during winter (20-25  June,  2004).  Seedling height at

time of planting was 19.7 cm ± 0.1-5 and 22.9 cm ± 0.19 (mean ± 1  SE) for P.  rz7cJj.cr/er

and  E.  g/obzj/#s  respectively.  Seedlings  were  obtained  from  the  greenhouse  of' the

Faculty  of Forest  Sciences,  University of Chile.  These seedlings  are produced from
.,

seeds collected from plantations located in the Meditelranean region of Chile.

2`3. Herbivory assessments and analyses

Seedl'ings were monitored every two months, from June 30, 2004 until June 30,

2005. Thus, we obtained six records for each seedling across this period. We `performed

two  analyses:  i)  seedling predation  and  ii)  effect  of herbivory  on  seedling  survival.

Seedling predation assessment considered only nomexcluded seedlings  and measured

the proportion of predated seedlings at the end of the experiment (one year long), from

10  seedlings of each species randomly  selected for this analyses per combination of

vegetation patch and habitat. Predation was recognized by the absence of the original

seedling. We observed no browsed living seedlings, thus, all browsed seedlings were

•completely killed. In order to evaluate differences between vegetation patch-types and

•`     habitats in seedling predation we performed .logistic regressions (GLZ procedure, logit

function) considering each one of 10 selected seedlings per treatment as a replicate and

assigning  0  if the  seedling  was  alive  and  1  if it  was  browsed  at  the  end  of the

experiment.

To evaluate the effect of herbivory on seedling survival we compared excluded

and  non-excluded  seedlings  per  species.  Here  we  performed  two  evaluations:  one

general per species ®ooling data of different vegetation and habitat condition) in which



we  compared  all  excluded  seedlings  (40)  with  all  non-excluded  seedlings  (40).  The

second analysis was also perfomed separately for each species, comparing excluded

with  non-excluded  seedlings  per  vegetation  patch-type  and  habitat,.  and  using   10

seedlings of each species as replicates in each comparison. All comparisous of seedling
{,

survival were  perform6d  by Log-rank  survival  curve  tests  and Holm-Sidak post-hoe

tests.

To  evaluate  the  spatial  dependence  among  stations  we  performed  a  spatial

autocorrelatibn  analysis  Q4antel  test)  for  the  proportion  of non-excluded  predated

seedlings at the end of the experiment, quantified by the quotient between the number of

browsed seedlings and the three oriednal seedlings planted per species in each station.

.~        The analysis was performed for each vegetation patch-type per habitat in order to detect

spatal  autocorrelation  for  a  particular  vegetation  patch-type  in  each  habitat  (ten
`

replicates per combination of species, vegetation patch-type and habitat), and general per

habitat in order to detect spatial autocorrelation among stations within each habitat (no

differentiating  vegetation  patch-types)  (20  replicates per  combination  of species  and

habhat).

3. Results

3 . 1 . Seedling predation

By the  end  of the  experiment,  predation reached  92.5  %  and  57.5  0/o  for P.

7ididz.c7fgr and E. g/oZ}af/2rs seedlings respectively. Considering different vegetation patches

and habitats, predation on P.  rtzdzcr/ar was  100 0/o in both vegetation patch-types in the



mesic habitat and 90% and 80% jn open sites and fz.£ferecr patches respectively in the

xeric habitat .Gig. 1). Predation on E. g/obzi/z4s showed a different pattern, reaching 900/a

in both vegetation patch-types of the mesic habitat and only 40 % and 10 % in open and

I;.£*7iecr patches respectively in the xeric habitat Gig.  1). In P.  jiflJJ.alt7 as well as in E.
L`

<.,

g/oZ7„/#s  we  observed  significant  differences  between  habitats  in  seedling  predation

arable 2). Overall, predation on both species was significantly higher in the mesic than

in the xeric habitat (Fig.  1). h tom, we observed no significant difference in seedling

predation on'both species between vegetation patch-types (Table 2). Also, no significant

statistical interaction between habitat and vegetation patch-type was detected in either

species (Table 2).

We observed no spatial autocorrelation for seedling predation either in Pz.jj#s or

E#cc7/}pzas under any vegetation and habitat condition (Table 4).  Ths  indicates that

stations used to evaluate seedling predation were independent among them.

3.2.Effectofherbivoryonseedlingswrvival

Considering  the  two  pooled  habitats  and  vegetation  patch-types,  survival  of

``      excluded  seedlings  was  significantly  hither  than  non-excluded  seedlings  in both  E.

g/06%J%s (Log-rank test:  Chi 2 =  19.73;  d.f.  =  1; P < 0.001)  and P.  rcldJ.crfa (Log-rank

test: Chi 2. = 58.31 ; d.f. = 1 ; P < 0.001), (Fig. 2). In E. g/obzt/2ts, excluded seedlings had a

survival probability of 15 °/o while only 2.5 % of non-excluded seedlings were present at

the  end  of the  experiment.  In P.  7i¢dJ-crfcz,  survival of excluded seedlings was 27.5  %

while no non-excluded seedling survived by the end of the experiment (Fig. 2).

Regarding  the  comparison  between  excluded  and  non-excluded  seedlings  for



each species, per habitat and vegetation patch-type separately, we observed that in P.

rc}cJz.czfcr the effect of herbivory was significant and negative in all types of habitats and

vegetation patch-types (Table 3, Fig. 3). In E. g/ob#/#s, herbivory significantly reduced

seedling survival only in open sites of the mesic habitat (Table 3, Fig. 3).
r

4. Discussion

We  observed  significant  negative  effects  of vertebrate  herbivory  on  seedling

survival of both P. rcrdz.crJo and E. g/obzf/zis. This effect was stronger on P.  7icrt7z.c7£cr than

on E.  g/obg!Jzfs as  differences between survival  curves  of excluded and non-excluded

seedlings during all monitoring time were greater in P. rcrt7j.cr/a than in E. g/ob#Jas. This

result was most likely due to observed higher predation levels on P. rtzcJz.crzo than on E.

g/obzf/z{s. A high inportance of vertebrate herbivory on seedling establishment of these

species  has  already  been  documented  in  forestry  plantations  (Ferriere  et  al.,  1983;

Mrmoz and Muta, 1990; Rjchardson and Bond, 1991; O'Reilly and MCArthur, 2000;

MCArthur  and  Appleton,  2004).  However,  our  results   suggest  that.  under  natural

•`'      conditions  of  vegetation  aiigher  cover  of  woody  species  than  in  plantations)  and

different  habitats  (mesic  and  xeric),  vertebrate  herbivores  may  strongly  reduce  the

chances  of seedling establishment and thus play an inportant role in the community

resistance to invasion of these exotic species.
I

h addition to these general findings, we also documented some species-specific

differences with respect to the role of herbivory on seedling survival. For example, while
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the effect of herbivory on seedling survival of p. rzrcJj.crftz was significant throughout the

different vegetation and habitat conditions, the role of herbivory on E. g/od"/as survival

dffered depending on the vegetation patch-type and habitat. Herbivory on E. gJob2£/as

was significant only in open sites of the mesic habitat. The high importance of herbivory
.€

on P.  r#dz-crlgr across b6`th vegetation and habitat types conesponds to the high seedhig

predation  on  this  species  under  any  envirormental  condition.  Likewise,  the  hich

inportance of herbivory on E. g/ob#/zls in open sites of the mesic habitat is consistent to

the  high  seedling  predation  under  these  conditions.  Also,  the  low  importance  of

herbivory on E. g/ob„/#s in both vegetation types of the xeric habitat is consistent to the

low seedling predation on this species in this habitat. In contrast, in spite of the high

seedling predation on E. gJob#/#s in I z.£ferecr patches of the mesic habitat, herbivory did

not have a significant effect on seedling surfuval. Under those vegetation and habitat

conditions, mortality by desiccation (for example due to lower light availability q3ecerra

and Bustamante unpublished data)) overides herbivory effects. This pattern has been

observed in many other studies which have documented an important role of habitat,

phut productivity and vegetation physiognomy in modulating the effect of herbivory on

+`      perfomance  of native  and  exotic plants  ¢uentes  et al.,  1986; Hobbs,  2001; Fowler,

2002; Dewalt et al., 2004; Kuijper et al., 2004).

Our observations indicate that the main seedling predator in our study site is the

European rabbit. The higher seedling predation level in the mesic habitat in both species

contrasts with a previous study which documented higher browsing on native trees by

this herbivore in xeric habitats (Fuentes et al.,  1983).  We can not infer differences in

rabbit abundance between habitats or vegetation patch-types based on faeces frequency



due to possible differences in faeces decay rates between them (Simonetti, 1989). Thus,

causes for different predation may be related to higher rabbit abundance in the mesic

habitat, but also to  a lower availability of some of their most important food sources

(some  herbs)  in this habitat,  which might have forced rabbits to  prefer these  exotic
f

~

species there. Other studies have found that rabbits have preferences for certain plants

(Crawley, 1990).

....                             Despite the  great number of studies assessing the  effect of herbivory on plant

invasiona)'Antonio1993;Holmgrenetal.2000;MaronandVila2001;Bellinchamand

Coomes  2003;  Levine  et  al.  2004;  Parker  et  al.  2006),  the  role  of exotic  vertebrate

herbivores .in the invasion of exotic plant species has been poorly studied (Parker et al.

2006). The effect of exotic herbivores on exotic plants has been observed to be mainly

positive,  determined indirectly by higher predation on native plants relative to exotic

plants, thus reducing competition on exotics ¢arker et al. 2006). The main herbivores in

our study site (the European rabbit and secondarily horses) were exotics, although the

possibility  of minor predation by  native  vertebrates  (such  as 14broco"cr  benjge#z.  and

much less probably OcfocJo# c7egrs) can not be discarded. In contrast to most previous

-`      studies, we found that the effect ofherbivory, when signifroant, was negative despite the

presence of berbs (natives and exotics) which also are consumed by rabbits, horses and

native rodents. Thus, there was no important indirect positive effect of exotic herbivores

on P. rcrdjcrf# and E. g/ob#/zfs through their predation upon herbs. This result contrasts to

findings in central Chile, in which the same herbivores were found to indirectly facilitate

exotic  herb  survival by preferentially  predating native herbs  (Holmgren  et al.  2000,

Holmgren 2002). However, our results are consistent with other studies where negative



effects  of exotic  herbivores on exotic  plants were  more  inportant than  any possil]le

positive  indirect  effect (e.g.  Chaneton  et al.  2002;  Fowler 2002;  Valone  et al.  2002;

Dewalt et al. 2004). Thus, our results contrast to the meltdown hypothesis that exotic

species facilitate invasion of other exotic species (Simberloff and Von Holle 1999).
/.I

The inportance of native herbivores as resistance agents against plant invasion

has recently been highlighted Oraron and Vife 2001; Levine et al. 2004; Parker et al.

2006).  Likewise,  the  role  of exotic  herbivores  on  native  plants  is  also  a  relevant

ecological and conservation issue (Jaksic and Fuentes  1980; Relva and Veblen  1998;

Cabin et al. 2000; Holmgren et al. 2000; Vasquez 2002; Parker et al. 2006). h the latter

case,  a logical  conservation  action  would  be  to  eradicate  exotic  herbivores  if these

negatively affect native plant species. However, if exotic herbivores also have a negative

effect on exotic plants, their explusion may.hive undesirable consequences, for example,

an increase of plant invasion (e.g.  Cabin et al.  2000).  Therefore, control strategies  of

exotic species must be performed with caution, for example controlling exotic plants as

well as exotic herbivores.

Overan, our results suggest that, as observed in forestry plantations, vertebrate

-i      herbivory  may  diminish  seedling  estabrishment  of these  two  exotic  trees  and  may

therefore  play  an  inportant role  in  the  resistance  against  invasion  in  wild  habitats.

However, this importance may depend on the vegetation and habitat conditions in some

spedess"chasinEucalyptusglobulus.
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Table  I  Frequencies  (%)  of rabbit  and  horse  faeces  in  each  type  of habitat  and

vegetation patch. Values correspond to percentage of ten 10 x 10 cm plots with presence

of faeces. Plots per 4.5 in long transects were separated by 0.5 in Or = 10 transects per

type of vegetation patch in each habitat).

Ffabitat-Vegetation Patch Rabbits                                           Horses

Mean (%) ± 1 S.E.                         Mean (°/o) ± 1 S.E.

Mesic-Lithrea

Mesic-Cxpen

Xeric-Lithrea

Xeric-Open

28 ±  6.79

63 ±  6.33

50±  5.96

75 ±  3.73

2±   1.33

3±   1.53

5 ±  2.24

11 ± 3.14



Table 2   Statistical results of logistic regression for a comparison of seedling predation

of each exotic species between vegetation patches a,ithrea vs Open) and habitats (xeric

vs mesic).

Effect Eucalyptus globuhas Pinus radiata

d.f.       Chi-           P                 d.f.        Chi-          P

s quared                                       squared

Vegetation patch

ELbitat

1              0.93                0.336           1

1              19.79           <0.0001       1

Vegetationpatchxlfabitat               1            0.86            0.352          1

0.37              0.545

4.43             0.035

0-001           0.999

84



Table 3  Effeet of herbivory on seedling survival (excluded vs non-excluded seedlings)

per species, habitat and vegetation patch-type. Results correspond to Holm-Sidak post-

hoc  tests  from  a  Log-rank  test  of survival  curves.  Significant  differences  between

excluded and non-excluded seedlings are in bold.

Species                 Habitat         Patch Chi-squared    P                      P critical

P. racJz.drfe              Xeric             Lithrea          8. 56

Open              17. 75

Mesic            Lithrea           11.11

Open              21.19

E. g/qb#/2t5            Xeric             Lithrea          1.88

Open              0.32

Mesic            Lithrea          4`. 3 6

Open              21.19

0. 0034              0. 0051

<0.0001            0.0023

0.0009               0.0037

<0.0001             0.0021

0.17                     0.0057

0.5720                0.0170

0.0367                0.0037

<0.0001             0.0019

85



Table 4   Results of th'e Mantel test to detect spatial autocorrelation among replicates

(stations,   see   text  for   explanation)   for  seedling  predation  of  Pin#s   7it]dz.drtz  and

Ezfccr/}p£2Is   g/oZ}#/as   for   each   habitat   and   vegetation   condition.    Also,    spatial

antocorrelation within  each habitat no  differentiating between vegetation patch-types
jr

(total)isshoun.Thele`;elofspatialautocorrelationisindicatedbytheR(hhantel)value

and its statistical significance by the P value.

-     Species IIabitat                 Vegetation R qutel)         P value
Pinus Mesic

Xeric

Eucalyi]tus            MfgstNc,

Xeric

Cto en                       -0.279
Lithrea                  -0.17 6
Total                         -0.171

ftyen                      ro. 229
Lithrea                   -0.Oq 1
Total                       -0. 220

Open                        -0.133                       0.391
£j#77iecr                       -0.180                         0.241

Total                         -0. 1 15                       0.453

Open                        0.060                        0.711

Lz-zfe7iecr                       -0.138                          0.3 85

Total                       . 0.095                        0.535



Mesic-Lithrea     Xeric-Lithrea      Mesic-Open       Xeric-Open

Mesic-Lithrea     Xeric-Lithrea       Mesic-Open        Xeric-Open

Fig.  1. Seedling predation percentage of pz.J7„s rcrtzJ.czftz and E"ccr/}pfas g/ob#/#s in open

and  Lz.£fe7iecr  patches  of a  mesic  and  a  xeric  habitat.  Each  value  corresponds  to  the

proportion .of predated seedlings from the  10 originally non-excluded seedlings at the

end of the experinent (June, 2005).
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Jun-04        Augro4        0cro4        Deco4        Feb-05        AprL05        JunJ)5

Fig. 2. Seedling survival curves of excluded (without herbivory) and non-excluded (with

herbivory) seedlings of pz-73#s 7iurdzatcr and E#cal)pfas gJoO"/as. Each point corresponds

to the percentage of living seedlings from a total of 40 originally disposed per species

and herbivory treatment.



JUTt"   Augo4   0cto4   Peoer   Fepe5   Apr05   Jtmus                  Jund4   ALig44   ctto4   ttoD4   Feb"   Apr:.o5   Juts

Jund4   Aug04   asro4   Pecr04   FebJ35   Aprg5    JurH35                    Jurfe4   Ang04   Ou04   beo04   FebiH   AprLes   Junus

Fig.   3.   Survival   curves   of  excluded  (without-herbivory)   and  non-excluded  (with-

herbivory)  seedlings for each species  (Pj.##s rtzt7z.crfcr and E#ca/}f2Zafs g/obzj/zfs), habitat

and vegetation patch. Each point corresponds to the percentage of living seedlings from

``       a total  of 10. originally  disposed per species, herbivory,  habitat and vegetation patch

treatment.
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CApfTULO IV: DISCUS16N GENERAL

Efeeto del habitat fisico, cobertura arb6rea y herbivoria sobre el reclutamiento de

P!.##s y E#ca/pprfus: respuestas a las hip6tesis propuestas
.i

La .hip6tesis  sobre  el  efecto  del habitat fisico  indica  que  el reclutamiento  de PJ.r!ers

rclt7i.drty y E#ca/){ptrs g/obzf/zfs seria mayor en el habitat m6sico que en el x6rico. En esta

tesis  se  observ6  que  en  general tanto P;.#zis  como E2£ca/]pfws  geminaron en mayor

proporci6n en el habitat mss m6sico tat como lo propuesto en la hip6tesis. Sin embargo,

al  examinar  las  diferencias  de  germinaci6n  por  tipo  de  parche  de  vegetaci6n,  esta

tendencia se observ6 solo para Pz'J3e££ en anbos tipos de parche. En cambio, E#cul]{pf#s

present6 :sta tendencia solo en sitios abiertus. Sinilarmente, anbas especies presentaron

mayor.,sobrevivencia de plintulas en el habitat mss mesico, aunque esta tendencia fue

solo observada en sitios abierfos. En consecuencia, en sitios abiertos las  dos especies

presentan'an  un  mayor reclutamiento  general  en el  habitat  mss  m6sico.  Ademf s,  en

Prfu„s el reclutamiento tambien seria mayor en habitats mds mesicos bajo los parches de

Litre  como  producto  del  proceso  de  germinaci6n. -En  cambio,  el  reelutamiento  de

E#ctrf]pfz!s  no  seria mayor  en  hfbifats  mesicos  bajo  parches  de  Litre  ya  que  hi  la

germinaci6n ni la sobrevivencia de plintulas presentaron diferencias entre habitats bajo

este tipo de parche. No obstante, estos resultados son cousistentes con otros estudios que

docunentan que .Ia invasi6n se produciria  mayomente  en habitats menos estresantes

para las plantas  como  son los habitats  de laderas de exposici6n sun de Chile  Central

Q{jchardson  &  Bond  1991,  Beerling  1993,  Lousdale   1999,  Stohlgren  et  al.  2005,



MacDougall  et al.  2006).  Por otro  lado,  1a hip6tesis  propuesta en  esta tesis  sobre  el

efecto de la cobertura de Litre plantea que este drbol nativo tendria un efecto positivo en

habitats x6ricos y negativo en habitats mesicos sobre el reclutamiento de ambos alboles

ex6ticos como cousecuencia del sombreamiento generado por el dosel. En esta tesis se
E]

observ6  que  cada  et;-pa  del  proceso  de  reclutamiento  por  separado  (geminaci6n  y

sobrevivencia de plintulas) se ajusta s6lo parcialmente a lo predicho en la hip6tesis. Tal

--     como  era  esperado,  el  efecto  de  la  cobertura  de  Litre  a  trav6s  del  sombreamiento

generado pdr su dosel, fue positivo sobre la germinaci6n de anbas especies en el habitat
\•x6rico, pero, contrario a lo esperado, no tuvo efectos negativos en el habitat m6sico, e

incluso la tendencia fue tambi6n positiva. Ademas, tal como se esperaba, ]a cobertura de

Litre tuve un efecto negativo sobre la sobrevivencia de plintulas en ambas especies en el

habitat m6sico.  En cambio,  y contrario  a fo  esperado, la cobertura  de Litre no  tuvo
`

efectos positivos sigrrificativos sobre la sobrevivencia de plintulas de anbas especies en

el habitat x6rico. Al conjugar las dos etapas del reclutamiento analizadas (germinaci6n y

sobrevivencia de plintulas), en el habitat x6rico habria un efecto positivo del Litre sobre

el reclutamiento de anbas especies, determinado principalmente porque la germinaci6n

se ve incrementada. En camhio, en el habitat m6sico habria un efecto negativo del Litre

sobre  el  reclutamiento  de  ambas  especies,  generado  por el  patr6n  de  mortalidad  de

plintulas. Asf, en forma global, la hip6tesis general sobre el cambjo de efectos desde

negativos a positivos a medida que se incrementa el estr6s de humedad del suelo desde
..

un habitat m6sico a un habitat x6rico (Bertness & Callaway 1994, Holmgren et al. 1997),

es  corroborada.  Ademas,  estos  resultados  sustentan  la hip6tesis  de  que  interacciones

negativas y tambi6n positivas entre especies nativas y ex6ticas podrian pemitir explicar



Ios procesos de invasion Qichardson et al. 2000, Bruno et al. 2005).

Finalmente, la hip6tesis del efecto de la herbivoria indica que 6sta ejerceria un

efecto negativo en la sobrevivencia de plintulas, 1a es colToborada por log datos. En esta

tesis  se  observ6  que  las plintulas de  ambas  especies  son depredadas por herbivoros
f'

vertebrados de esta z6na. En terminos generales la herbivoria tuvo un efecto negativo

sobre la sobrevivencia de plintulas de ambas especies ex6ticas. Si embargo, solo sabre

•-     Pj##s el efecto de la herbivoria fue significativo bajo todas las condiciones de habitat y

vegetaci6n estudiadas. En cambio, sobre E2iccdypfas, esto dependi6 del habitat y parche

de vegetaci6n. En ambos parches de vegetaci6n del habitat x6rico la depredaci6n sobre

E"ccr/}pf#s  fue  lo  suficientemente baja  como para no producir  efectos  significativos

sobre la sobrevivencia de plintulas. En cambio en parches de Litre del habitat m6sico, a

pesar de haber una alta depredaci6n,  el efecto  de  la herbivoria no  fue  significativo,

probablemente debido a rna alta mortalidad producida por desecaci6n de las plantulas.

Finalmente,  en  sitios  abiertos  del  habitat  m6sico  hubo  una  alta  depredaci6n  y  baja

desecaci6n que generaron un efecto significativo de la herbivoria sobre E"ccdyp}3fs. De

acuerdo  a  estos  resultados,  la  herbivoria,  en  este  caso  principalmente  generada  por

•`       vertebrados  ex6ticos  (conejo  Europeo),  afectaria  negativamente  la  invasion  de  estos

drboles ex6ticos. Esto. contradice la hip6tesis del "invasion meltdown" de Simberloff &

Von Holle  (1999)  de  que  especies  ex6ticas facilitarian  la  invasi6n de  otras especies

ex6ticas, y mas bien apunta a que la herbivoria generada por vertebrados generalistas

producina una resistencia a la invasi6n (Levine et al. 2004, Joshi & Vrieling 2005).

En cousecuencia, 1os tres factores analizados tendrian influencia en el proceso de

invasion   de   ambas   especies,   sin   embargo,   existen   interacciones   entre   ellos   que



deteminan que la inportancia de uno de ellos  en los procesos de invasi6n de  ambas

especies dependa de las condiciones de otro.

En funci6n de estos resultados, y en base al conocimiento existente respecto de la

ecologia de estas e§pecies arb6reas ex6ticas, es posil)le plantear diferentes predicciones

sobrelapotencialidad4aeinvasi6ndeellasenChilecentral.

-    Potonctal de invasion de pinus radiate ¥ Eucalyptus globulus en chHe con+ral

Los procesos de invasi6n dependen en prinera instancia de que exista rna fuente de

propagulos  y  de  que  6stos  se  dispersen  hacia  areas  naturales  qonsdale  1999).  Las

plantaciones  forestales  (tanto  comerciales  como  con  fmes  omamentales)  de  Pz.j?as

]edz.c#c7  y Ez{cdy!pZ24s g/obz{/2ts  en  Chile  central  confoman  una  importante  fuente  de

propagulos disponibles para dispersarse hacia areas mas naturales Q7igueroa et al. 2004).
-'

De hecho, existe evidencia de lluvia de semillas de PJ-#2£s rczcJj.crfcz en ambientes naturales

aledafios a plantaciones q3ustamante & Simonetti 2005). Esto se ve confimado por la

presencia de individuos de Pz.J22# regenerados espontineanente en ambientes naturales

(Capitulo I esta tesis, Bustamante et al. 2003, Becerra 2006).  Similarlpente, si bien no

..       existen  estudios  sobre  lluvia  de  semillas  de  E#ca/yptws  en  ambientes  naturales,  la

presencia  de  individuos  regenerados  naturalmente  en  diversas  localidades  de  Chile

central  (Capitulo  I)  sugiere  que  semillas  de  esta  especie  pueden  dispersarse  desde

plantaciones hacia ambientes naturales.  En consecuencia,  en  ambas  e'species  existiria
i

disponibilidad  de sel]rillas  en ambientes naturales  cercanos  a plantaciones,  y asi  este

proceso  no  seria  restrictivo  para  la  invasi6n  de  ambas  especies,  al  memos  en  zonas

cercanas a las fuentes de propagulos.



Posteriormente, 'el 6xito de la invasi6n de una especie puede depender de que las

semillas sobrevivan a la dapredaci6n durante el tiempo que se encuentran en el suelo

previo a la geminaci6n (revision en Maron & Vila 2001). Hasta la fecha no existe algtin

trchajoquehayaevaluadolaimportanciadehadepredaci6ndesemillasdePjHaslftrdz.afa
E=

yEziccrtyp£#sgfob#/#s€nsusambientesnativosointroducidos.

Posterior a ha diapersi6n de semillas y su periodo de permanencia en el suelo, el

6xito  del  proceso  de  invasi6n  tanbich  puede  depender  de  si  las  especies  ex6ticas

reclutan bajo las condiciones fisicas y vegetacionales de los sitios donde se dispersan las

semillas (Lonsdale 1999, Levine et al. 2004, Bruno et al. 2005). Un primer paso critico

en el reclutanriento  es la  germinaci6n  de  semillas  quxper  1977).  De  acuerdo  a  los

resultados    observados    en   esta   tesis    (Capitulo   H),    ambas    especies   presentan

probabilidades de  gerriaci6n superior  a cero en situaciones de habitat tanto x6rico

como mesico y en sitios con o sin parches de Litre aunque con variaci6n entre ellos. La

mayor  gerhinaci6n es  en parches  de  Litre  del habitat m6sico y  la menor  en  sitios

abiertos del habitat xdico en alnbas especies. Esto sugiere que la germinaci6n no es rna

etapa   fuertemente   restrictiva   para   la   invasion   de   estas   especies,   aunque   las

•`       probabilidades  de  gerinaci6n  son  en  general  bajas,  menores  al  12%  (Capitulo  11).

Posterior a la germinaci6n, 1a sobrevivencia de plintulas puede ser una etapa decisiva

del 6xito del reclutamiento e incluso presentar patrones diferentes a los de geminaci6n

¢Ialper 1977, Schupp 1995). De acuerdo a los resultados de esta tesis (Capitulo HI) 1a
A

sobrevivencia de plintulas es mayor en sitios abiertos de habitats mss m6sicos y menor

en parches de Litre de habitats x6ricos. Ademas, en sitios abiertos de hatitats m5sicos la

probabilidad de sobrevivencia de plantulas al cabo de un afro es bastante alta (50% en



E"ccr/}pZ#s  y  90%  en Pz.72#s).  Similarmente,  en  sitios  abiertos  de  habitats  x6ricos  la

probabilidad  de  sobrevivencia  de  plintulas  es  superior  a  cero.  Luego,  dada  la  alta

frecuencia y cobertura de sitios abiertos en Chile central en ambos tipos de habitats, Ia

sobrevivencia   de   plintulas   no   seria   rna   etapa   fuertemente   restrictiva   para   el
'

establecimiento  de  p6blaciones  invasoras  de  estas  especies,  aunque  si  variable  en

funci6n del habitat y cobertura vegetal. Por otra parte, tanto la gerinaci6n comp  la

-.     sobrevivencia de plintulas fueron mayores en P;.##s que en E#ca/)p£#s (Capitulo 11), 1o

cud  sugiere  que  al  memos  en  funci6n  de  las  condiciones  fisicas  del  habitat  y  de

vegetaci6n estudiadas en esta tesis, Pz.#as tiene una mayor probabilidad de invasi6n que

ELcalyptus.

Posteriomente, si la germinaci6n y sobrevivencia de plintulas son posibles en

funci6n   de   las    caracteristicas    fisicas   y'   vegetacionales    de   un   ecosistema,    el
•,

\.

establecimiento final de plintulas y con ello el posible 6xito de los procesos de invasi6n

tambi6n puede depender del nivel de herbivoria que sufran las plintulas (Lousdale 1999,

Maron & Vila 2001, Shea & Cheeson 2002). De acuerdo a los resultados de esta tesis

(Capitulo IID, ya sea en P;.#zfs como en Eztca/)pZ#s, bajo ninguna situnci6n de habitat

•`       fisico y vegetaci6n estudiada la depredaci6n alcanz6 al 100 %  de las plintulas despu6s

de un afro de observaciones aunque la sobrevivencia de plantulas resultante tanto  del

efecto de la herbivorfa como de la desecaci6n fue nula en sitios bajo Litre. Sin embargo,

dado el bajo ndmero de plintulas utilizadas como replicas (10 plintulas por combinaci6n

de habitat y tipo  de parche  de vegetaci6n)  es  posible  que  con un  mayor ndmero  de

plantas disponibles, por ejemplo generado por una mayor lluvia de semillas, e incluso

con los mismos porcentajes de germinaci6n y sobrevivencia de plintulas resultantes del



efecto del habhat fisico 'y vegetaci6n, mss de alguna (un porcentaje mayor a cero) pueda

sobrevivir.   Por   otro   lado,   especialmente   en   Eaiccr/FTpzzjs,   existe   rna   importante

variabilidad del efecto de la herbivoria tanto entre habitats como parches de vegetaci6n

(Capitulo  IH).  Finalmente,  si  bien  PJ.#zrs  rzzc7z.drt7  tiene  una  mayor  probabilidad  de
•<

reclutar   que   E#ccr/)pZJ#s   g/ob#/„s   bajo   las   condiciones   fisicas   y   vegetacionales

inperantes de Chile central, las pfantulas de PJ.#as son mayormente depredadas que las

-.    de  E„cc7/"pf!fs.  Asi,  las  probabilidades  de  invasi6n  en  funci6n  de  los  factores  de

reclutamiento estudiados en esta tesis podrian equipararse entre estas especies.

Los resultados de esta tesis, 1os cunles corresponden exclusivamente a la etapa de

reclutamiento de plintulas, podrian ser generalizables a la region mediterrinea de Chile.

En  cuanto  al  efecto  del  habitat  fisico,  es posible  que  en cualquier  localidad  de  esta

region del pats ambas especies ex6ticas tengan rna mayor probabilidad de reclutar en

laderas  de  exposici6n  sun que  en  laderas  de  exposici6n norte.  Ademas,  serfa posible

predecir que ambas especies tendrian rna mayor probahilidad de reclutamiento  en la

zona mas IIieridional de esta region. Por otra parte, dada la amplia distribuci6n del Litre

caodriguez  et  al.  1983)  y  la  alta  frecuencia  de  sitios  abiertos  dentro  de  la  region

•`      Mediterrinea de Chile (Fuentes et al.  1984, 1986), el rol de los parches de litre y de los

sitios abiertos podria ser generalizable a toda la redr6n mediterrinea de Chile. El efecto

del litre podia depender de la expos.ici6n de las laderas tal como fue observado en esta

tesis, pero tanbien de la latitud. Si consideramos que el area de estudios se encuentra en

rna  localidad mas bien nortina dentro  de la zona de plantaciones  de  ambas  especies

(comerciales y omamentales), el mayor reclutamiento en sitios abiertos que en parches

de  Litre  observado  en  esta tesis  en  la  ladera  de  exposici6n  sur,  debiera  mantenerse



practicamente en todas las laderas de exposici6n sun de la red6n mediterrinea de Chile.

Mss ado, este efecto negativo del Litre podria comenzar a generarse tambien en laderas

de  exposici6n  norte  en  latitudes  intermedias  y  mds  surefias  en  la  medida  que  6stas

lleguen a presentar hunedades  del  suelo  simflares  a las  observadas  en  la  ladera  de

exposici6n sun del aleagr+de estudio de esta tesis. ASL el mayor reclutamiento en parches

de ritre que en sitios abiertos quedaria restringido a las laderas de exposici6n ecuntorial

~    de la zona mas nortina de la region Mediterrinea de Chile. Finalmente, con respecto al

efecto de la herbivon'a de vertebrados, es posfole que el patr6n observado se repita a lo

largo de toda la regi6n mediterrinea debido a la amplia distribuci6n del conejo europeo,

asi como del ganado y otros herbivoros nativos (Jaksic 1998).

Independiente de la generalidad de los resultados de esta tesis dentro de la region

mediterrinea de Chile, el reclutaniento tambien podria verse afectado por factores no
'

a

estudiados,  como  por  ejemplo,  otras  plantas,  tales  como  hierbas,  arbustos,  y  otras

especies   arb6reas,   asi   como   por   herbivon'a   de   insectos,   pat6genos   foliares   y

nricroorganismos  edfficos  (Maron & Vila 2001,  Shea  &  Cheeson 2002,  Bruno  et al.

2005).Dadoqueel1itregeneramenorluminosidadbajosudoselqueespeciesarbustivas

y herbaceas (Del Pozo et al.  1989), es posible que su efecto negativo sea mayor que el

efecto generado por hierbas y arbustos. De la misma manera, es posible que su efecto

positivo en habitats x6ricos tambi6n sea superior al generado por especies de plantas de

otras formas  de vida.  Sin embargo,  segh]i lo  observado  en  esta tesis  el  suelo  de  los

parches  de  litre parece tener un  efecto  negativo  (Capitulo  11),  y  no  se  sabe  si  otras

especies lo producen.  Luego, no sen'a posible  generalizar  los efectos  del litre  a otras

especies  de  plantas,  incluso  arb6reas.  No  obstante,  el  hecho  de  que  ambas  especies
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ex6ticas  tengan  un  alto  reclutamiento  en  sitios  abiertos  con  presencia  de  hierbas,

especialmente en el habitat mis m6sico (Capftulo 11), sugiere que las hierbas no generan

rna fuerte resistencia al reclutaniento de estas especies. Por otra parte, es conocida la

influencia de diversos insectos y microorganismos sobre plintulas  de anbas especies
'

aunque  estos  pocas  vety6es  generan  alta  mortalidad  en poblaciones  de  estas  especies

ex6ticas arbdreas (Cogonor 1992, Baldini & Pancel 2000).

Posterior a la etapa de reclutamiento, diversos factores, entre ellos los estudiados

en  esta  tesis,  podian  afectar  la  probabflidad  de  sobrevivencia  y  reproducci6n  de

individuos  adultos  de  estos  alboles  ex6ticos.  Por  un  lado,  el  efecto  positivo  de  la

humedad del habitat observado sobre el reclutamiento de ambas especies probablemente

no canbie fuertemente con la edad de los individuos. Asi, la proporci6n de individuos

de mayor edad que mueren en cada tipo de habitat debiera ser superior en habitats mds

xdicos,  especialmente  durante  eventos  de  sequta.  Similarmente,  1a  reproducci6n  de

individuos creciendo en habitats mds hiinedos podria ser mayor que la de individuos

presentes  en  habitats  mas  x6ricos.  En  cambio,  el  efecto  del  litre  podria  canbiar

fuertemente sobre individuos de mayor edad respecto de lo observado en la etapa de

•`      reclutamiento, tal como se ba documentado en otras especies (e.g. Schupp 1995, Miriti

2006). Por ejemplo, individuos adultos de Pz.Has y E„ca/prp£#S podrian requerir mayor

luminosidad o nutrientes y por lo tanto incrementar la competencia con el Litre. Luego,

el  resultado  final  de  la  interacci6n  entre  ambos  drboles  ex6ticos  y  el  Litre  puede

depender del momento en que estos sobrepasen el dosel del Litre o sus ralces alcancen

sitios no ooupados previamente por las raices del Litre. En este caso, debido a la mayor

tasa  de  crecimiento  de  Ezfccr/){pfros  que  PJ.J?#s,  el  efecto  negativo  del  sombreamiento



tendria  menor  duraci6n  en  E#ccr/)pfas  por  lo  cual  esta  especie  podia  verse  menos

afectada  que  Pz.#ars.  Por  su  parte,  es  probable  que  la  importancia  de  la  herbivoria

generadaporvertebrados,especialmentedeconejos,disminuyaenindividuosdemayor

edad debido a que los tallos mds anchos y las hojas a mayor altura podrian permitirles

resistir la depredaci6n (.:.g. Ferriere et al.  1983, O'Reilly & MCAIhur 2000, MCArthur

&Appleton2004).Finalmente,otrosfactorespodriantenerefectossobreindividuosde

~   mayor  edad  de  ambos  alboles  ex6ticos,  especialmente  la  herbivorfa  de  insectos  y

pat6genos, la cunl si bien pocas veces  genera mortalidad en foma masiva (Cogollor

1992,  Baldini  &  Parcel  2000),  podria  afectar  el  exito  reproductivo  y  asi  afectar

significativamentelatasadeinvasi6ndeestasespecies¢+ockwoodetal.2005).

En`  conclusion,  dado  que   i)  semillas  de   ambas   especies  ex6ticas  se   estin

dispersando hacia ambientes naturales  cercanos a las plantaciones,  fi). ambas especies

pueden reclutar especialmente  en  sitios  abiertos  de habitats mesicos pero tambien  de

x6ricos,iii)existeunaaltafrecuenciadesitiosabiertosdentrodelaregi6nMediterrinea

de Cbfle (Fuentes et al.1984,1986), iv) sus plantulas no son completamente depredadas

por herbivoros vertebrados (aunque se debe evalur la intensidad de depredaci6n por

herbivoros vertebrados diferentes a los involucrados en esta tesis), y v) la herbivoria de

insectos  y pat6genos  no  genera alta  mQrtalidad de plintulas  e  individuos  adultos,  es

posible predecir  que  ambas  especies poseen rna real potencialidad de invasi6n  en la

zona mediterrinea de Chile, aunque con variabilidad espaciaL especialmente generada

por  las  condiciones  fisicas  del  habitat,  vegetaci6n,  y  composici6n  y  abundancia  de

herbivoros.
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