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RESUMEN 

En este estudio se abordóel análisis teórico y experimental de la variación 

cuantitativa en rasgos.de i~s plantas (resistencia y tolerancia) involucrados en la 
'/·::.. ·: ··'··: ·. ·._··,,. .·· 

interacción con énemigo:5 I}ªtUrales (patógenosyherbívoros). En particular, la 

primera etélPª d~l ~f()y~~t~'c~nsistit? en eldes,~rr,c?.1,ic~·-~~·~ modelo de optimización 

~~31~\!i(f ll!~~~~lllt~f.~::l~ª~~: 
estrategias de '(fofensa'iiiixt~s (apoyada por la evicienc~él·empírica), podría ser más 

;::::::b~~l\f 1§?!~!1:~:::,::;~~~ff¡:'::::nd~:odelo 
poblad~~~~ ~ri'i6~ c:'bst~s y/ o beneficios de a1xfb~~·f6i~~s de defensa (tolerancia y 

:.~ .'·:'-_(-~:-:-:·.;f/::: .. ·\~\~: ;, : '.· ·., , r( .. ·/¡\~:<'.:.~~-?'::··<~+:·.:,:>, ·<· _· -
resistencia), y'Ja}orijia de la función de los cos(9sy péf:leficios. La parte experimental 

del proyecto{p;eF~~~~~.ci en los Capítu~~s}í;)~(1r#:~oi1firmó la variaciórt espacial 

(interpoblaciona~)e~ la.m~gnitud d~l:v~cir_adfiptativC> ·dela tolerancia. Además los 

patrones de selec~idn:divergentes p~~ i~'~bleI'~~i~ entre poblaciones a nivel 

genético también apoyal'ori'l~~~-c)t~sl's\J~;qhe el resultado de la interacción entre 

plantas y enernig~snathr~ies}~~~e1yaitar;~ntr~ poblaciones como resultado de 

diferencias entre és~~s ~~ el.~aibJ:·~d~~t~tiv() de lasdiferentes estrategias de defensa. 

::::::2~~1~~1~;~~,!~1"~~~~::::~:::::l:ala 
existenda de es!=f~tegia~Iiiixt~s~ y:1a~ariación espacial en los patrones de asignación 
a la defensae~'p}~~~~Y . " . . . 
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ABSTRACT 

In this study I theorf!tically and experimentally evaluated the adaptive value of 
--- -- ------ ,-- ,-- -,, :- -o 

quantitativevariation in plantdefensive traits (resistance and tolerance) against 

·natural ene:áúes(her6i~o;e~·ánd pathogens). The first chapter of the thesis presented 

an optimizatiori~·ga,·~}6f\;l~fdefense evohition; The main goal of the model is to 

.· propose a test~bl~:b~~,()'fB~sÍ~ th~tcould betterÚnk empirical evidence with theory. 

Hence, the mod~l~~i~'4fstrthatfü~presence.~f.iriixed strategies may be more 

common théll1 pr~SioJ~ inocie1s proposed.·i~~ ~~.st important parameter behind the 

behavior oftheu{bBerwas the magnitudeof;c~~t~ •• ~d·b~nefits•ofresi~tance and 

~j~i~f i~t~~¿~f jf ~l?lit,t?li'~~i~~~~~;~p.~· 
variationin theJo~~co111e. of theintera~tion betweenplants andnaforal e11emies is, 

· expecte~: Oye;~f¡;·,:;~~J~;~senceof additive genetic v~riation; ·~llo~ational costs, and. 

'divergent,s~l~¿hori:oritol~r~c~ partially ~~lida.tethe ciodel p~oposed, and can help 

.···to uriderstand spatialpatterns óf plant defense alloéation. 
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INTRODUCCIÓN GENERAL 

El estudio de las interacciones bióticas consiste básicamente en el análisis de la 

respuesta feilotípica de los individuos de una especies en relación a los fenotipos de 

los individuos de otras especies (A~awal 2001). Históricamente, las inte.racciones 

entre plantas ya~imales hart atraíd~)a atención de los ecólogos evolutivos, debido 

probablemente, a que un~ PtC>P;~rC:~~H~0portante de las adaptaci5>né~q~e ~oy ,· 

;::::t:;~¡~.;.~t~t$!~~;~r~~~;~~~~~¡~;~tii~~t 
plantas y animales ha. motivado'.el éstuC:lio 'dél origen Y; lás:.causas 'del mantenimiento 

• , .. , ·• -. ·'.:_ :,'.>,. .. <~::.r.: .'·fr:;.\.::;:(: ·~ttt;;·; <~'.~~;·~_,,--:i~~-ci ~;~·::~ .·:~:~~\.,- ;;·_<\\i~!·.f:r~:·;.,,.,~::; .. ~.:~:~~:/:>;~~-~,:~-~:~f:~~~~-~:'.\:~::-':J~"~1.-·:.;· :~~·t:. \: .. ·-:.~ '..,. '. ·· · 
de la. d1vers1dad.biológ1ca•,Wutuyma .. 1998; Kare1va'l999; Rau.sher,~OOl);•En particular, 

. -.. :- -. --~:'.¡~~;;: ; =-·;·~>y:\. ;~r;zc .·~.:_¡>\,:::: :~f tf ·.'i:t-~;~:;< .~~;;~::~: ~~~~.i,·~;\·;·_··\.7_· e')~%/,-_:·:"/. ;·_;~,¡_;JI~~-·;_:~ i~:t::o~f.ft>;~.;i:;.:; ;-~-:>.::~::'{~~::::t~· ::?'.:'_:;~:_-~·.: :, :: ::·_:_·-: · :,_:, · . · : -.' •. 
las interaccioriés ántagonist~((clép~e,gá:Cloi-présa,.plarita:'..p_a:tógeT\()~pJaj:ita-I\erbfyoro) 

/· -, _·. - .:·_. ·. :; .~ _: __ ::.:·.- .. ::.,;;;~_.:,<, '.1~i.~#·~·:~~~{:;:-;:-~t"<~~~- ·Sii;~,--:·.:_·:~ .. :';·:f~~'~t\'i,f.::::i:.:;:/.~-~:.~~"'.~:-·\·,;·5·~;'i(f)~~:.;·;~,:~: ·'\ 5'.'Z{.? ·'-~~}'..::~-:~~!·J~i/2(t-.' 1."~··;>X.:~, ·· . .: ~:~--=: ·. _ ,: . ' 
han· sido los·sistemas:titiliiáaos para désáfróllá:r.)• evalúá:i:<la existerida':del 'fenómeno · 

- : • :! __ • . ·:\· .-:~-·- -· ;:·:; -: .. :.:.:. 1:~;{\\'.·-~~{:;.:~->~~:~.-~:~- .. : ~',f i~~-·:'.' ~Y/~;.">·">:)~H~ ·.::~,~/;.:~;~~;,u< .. · ;~~::.:..>·.-~l:~.:~~::_:;~f:f_.<:.:~;-~~·;{'<-;.~~{~~~~;-~,:\:'<'~~.~::- ',:''.(:/: ._-· ··:.' ·: 
de la coevolución·como.resultado: de una;'.' carrera ármamentista'.,~1;(vanValen'•1970; 

. - \ ~· .. ~. ~--'¿_~- :··/{~'.~·":1 ~~/ti~~;-~<rf:-:·:\\~:·~·;~:t:Y(.;li};::;J·¿;~~~:·H-~~;;;-~;\i{~c~:~:i~~·(;.)f~li~"',)i'Y-~'i:~t~-tL~~;;:.lt:..::'.';/·",:;. ~ ' ' 
Janzen 1980). En esta dmám1ca;Jantojlasy1ctimas co_mo,s,tis e11em1gos naturales 

, . . > ~' j .. : ·,:-~;~·,º :.;;'.~f·~·.".~;_ :1}i~,:~ ;·\11~:.\;.;X\.-~~ _.-:·, ~'i~~f"'.;_:;{,;~,~:;i,·'.-~7i·i;~~;~}4-1;<;~.;,\~?f<·;(~~~-f~~'.":~:~1:'~: ·,.:-:~y,~::_-":.~:¡;·:·.-:· b ~.~-·. . : . · , 
responden de manera recíproca•ala.jyariació,ri feñotípicade:la;esp~ciefofrla'que 

interactúan. Debido.aqu~,f~~~'.'~,~f •. ~~,i~~:~~s.7f~B',fs~~s;~~:Ir~~~f,f~f~~~º~·•'. ....• 
reciprocos entre las especies,-: la !'.carrera·. arJ1.1ári1enti~ta'.~~, és ~na' met.áfora'que hace 

referencia al hecho. qu.ea~~jf; ~~f .edi,~s.ifoe~~·¿2~Er~f ~E~;g[;~iJ~J,~~:~~?~.~I~ única 
salida es la evolución de respuestas .:volutivas·(defensas \•'co~tra.:defen,sas)qu~ · 

reduzcan o elimin.en lci~éf~ct~s ~eg~ti~~s~~bre ia ad~~~,;~¡~rl·~5*~ ~~~~I~~e~i~~: 
interactuantes. " .... >~. \} 

A partir delestudió de Erhlich & Raven (1964) sob~e la. coevolÜción é~trelas 
·~ : '-- .. (." .. ' 

mariposas y sus plantas hospederas, se consideró durante aproximadamente 30 años 

que la única forina de respuesta evolutiva de las plantas a sus enemigos naturales 

eran las defensas químicas y físicas. La función principal de estos atributos 

defensivos es la de reducir o evitar el ataque por parte de los enemigos naturales 

(Strauss & Agra.""al 1999). Así se definió a la resistencia como una forma de defensa 

cuyos componentes incluyen la presencia de (1) tricomas foliares y caulinares, (2) 

dureza de las hojas, (3) producción de compuestos secundarios como taninos, 
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alcaloides, glucosinolatos, etc (Rosenthal &: Kotanen 1994). Estos componentes de la 
•. _- •. e -

resistencia pueden ser inducidos R.ºr el ataque de los consumidores o presentarse de 

manera constitutiva antes de ql.l~ el dáño ocurra (Strauss & Agrawal 1999). Estudios 
' - ' ' ' ·~ . -¡ .. : 

experimental~s indi~an que laspobÍ~Ci6nes de plantas más atacadas presentan 

. niveles de defens~ co'~stii~'f{~~;g'j5:ci1~vados con respecto a aquellos de las defensas 
·-. :· ... >- . :,:·:·:.-·:::: ·-·-;·.---~·:.~<~>x.-:·;y·~;v .. ,r::<.;_~:·:.~1v,, --, · -.. i _ 

... inducic:Ias (Zélr1gerl~'..B(;!z:en!Jaulrl1~90).'Er1aquellos sistemas donde la magnitud y 

;:~~~j(¡j~f ~~~~li!!}t/~~~~;: :~:::~· ,::::,:~:.1:ue l• de 

las defensas fricfuC!das (ZañgérF&::SazzáZ.1992), .· .. · .. ' 
· -.~! :. -:~---J ;.--·-~r~x::::.:~5~f;! ~ .1·::~)~'.:\1r:,;=-;::~~ ;i;:,,é-~': _t;~!::..,~:~;- :fs_::'.A\ :·~~~~;. :~'.}J ·:: -~~ ·, .. -~ ~. :: _-. -. .. . ._ 

·· .· . A'fin.ale~ de)ós.años:so, tiná:formad~ respuesta de las plantas ante la presión 

••. d~· l~s;~~~m~~~~s~i~~f l~~~~,i~~~~~·:~t:~~f r~~i.~. evo.lutivo,. 1~~.tole1·a.nfia .(P~~t~f.·.1958; ··· 
Burdon 1987; Roserithal & Kotanen•1994). Esta forma de defensa consiste en reducir 

:- :_-· :" ~-. -.::\.~::.:;:--.<:g{~·~>~~'.:i'-:;-~-,h~-,,-~/-~,:. ~/i}.J;:· :;f :~\~:·:'?--~.,:.::-- -~~·:_:2 ,·->. :_. .. :·':·"::. ~~ ... -,·'. : ---.. : .. :· :·'": ·. :·.. -, · ... ·--·~· ":: .. :. : . ;-_~::::;_:.::·:~~~\.:":~(}::··-}:)y: :-.:,1>~~ ::.:. :,:·-~~~--~-:~.; 'i 

el impact~ !1eg~ti\109-eldañóe11 téz:mir'ios de adecuación ?esp~~S, de qt.J~'~l,,d,a_ñc) ha 
• .' _.:,· • ,.· :''::· _-'·:: •. :-' "(·~: .-.~- ~:;,_~·, .,:/·'.:; .... _:-::. ;:· . .' ~-)>' .• •. - .,:·· .... . '" • • :-:,..<· > ., ·.·;::' -·~- .. -.,:.;_:~~<~:pt:~~,'~--;:;.~';f.;;~-~(?.i;f. >" .. ;:·-~·:·.:: '.'. .· 
·. ócurrido (Burdon1987):'Es decir, no évita el ataque; sino queredu'cé.su'éfeC:to sobre.· . 

.. · : · .: .. --.:º~ .. :< ,~:;\~.:-- :~,:J/ :~-:-h · : -~,:!_;: : ·- · :~-;- . i·:<_· :>., .:.-_. , ~ .. :_:: : -::. .· ... -: · .. : .<.'" .-.~: :-'·''· .·;;::-t~ -tt.t:·~: __ ·y;.~_}"\\;~;~·~:1·-~,;~:;,::-7-::_t~ ;~:: :::; --~: ... · 
las plantas: A ·pesár de que lós mecanismos involucrados'en'la'toleraricia·delas 

• pl~~tª~,'a.1'.~~+~0~··•a'~.,s~s enem~gº5..na.furale5;:~·~··~~·.~~~·'~f \S~~~~~I~~)';~t'r~J);;·· •... 
experimentalmente;varios estudios coinciden en que'éfmécañisriio,básko ae la 

:-/.:: · .:·f ;; -_;·._·_>-~,-,:·_~.·:::~._:·'.~:-:o· .. ._.~;~ . .(:·.·'. :_:. ··¡.:. •:: ·.<·\, ."}°(:· ~:_:.~;?:· -:-:~~:{.'i;'.~-'.~~'.~.{.:_~;;.~·'.··;·::~i~F/0J~;~.:~;~!~~/'."'i.'.\;·';•{;,~.>;_::.~~-:·: <':·~:, ··>,.·:' 
toleranda es.úria respuesta relaciónada difectá•() indfreetameritecórilos .procesos de 
'.. , :.:- :_ ·.' :·_- / .. _, .-·,:.:~ ... -_ ·:-~',)--: , .~<:::~ :.:·~ ~~_:.: \ .. ;:-'. .: ':_:_:,~::! .. ·::.~·:/"'_.,_,/:·;·~- ::~::t>:,~../;~i:.~-;_?'.?~}::i::~1/t.~},'.- ~._2~'.:i(::~.'.~-:~~r:~~~1.:~~~·~;i~::~;:,,y::~·;.~:~~~-'::; -~·:S\·:· : , . ·: · .. 
crecimiento (~oserith~l·&: Kotai;e111~94):-,J_;a' áC:tiváC:ión1de'méri~temos se.~uI1darios, 

:::~n~;~;;¿~~I;~.~tt~~~~~l~l~!i~i!tif ii?~~P 
almacenados en estructuras de:reservá;'e increm'entó en la'.'.tasa:de'érécimiento son . · . . . . " ·. :: ::. ·: -_'._- ~-:-~·: __ ._:·:/(: ~·:·-:..;-~ > ~~:<:~\·:·;:';~\ "". °:::>'! ~-:~-~?::";· __ :,;::·;;_: .- ~::~.~~_-; .. :~Y'.~·~'.·';:;t,_y.:~-·i:":~~~c::->~'.~~1·c;~~:::>::·~"~;-,· .. :_.:·::.:_-. · e. 

parte de los. a tribu fos delasplan tás eque, ~e su'po'nel'l partidpar{'en)a_I:é~pu~éS,ta de. ' 

tole~ancia frente al· herbiX~4~~~;,f R,,~ss-~pt~~Í. & Ko~~l1ci~·'i9~~1;~~~~~}~'.~Vii~~~~l 
1999; Stowe et al. 2000). E!l l~',áctüalidád no existe evidencia que corifirmela 

• . .P--'" , ·,;:~ -,· ·•. ,, . . • ' 

existencia de correladone:;¡ gci?nética el1tre estos atributos y la tolera'ncia (Stowe et al. 

2000). Debido a que eri p;¡fl¿f~fb el ~eneficio de ambas estrategias de defensa 

(resistencia y toler~n~i~) s~~dnsideró redundante, se propuso que ambas formas de . ,_ . '. . , . . ,_. ~: ·."':· 

defensa podrían íU:Tici.(;l1ar cbmo alternativas defensivas en los modelos de defensa en 
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plantas que ~é d~sa;;'()¡J~~;I1 a p;Jti~,d~l~~ ~f\6~ 96 (Fhiebii.iÜ1ÚRausher1995; 
-,.,_' .. , ·~ .-;;,,_ .. ·~··· ·-;-~:.· .. __ ,,_,_.,_,_··~ .. ·:~~·--··, ___ . 'o'i·' =··-""'---- ·.--:----'-=-

.· Ab>oha::Jr~~~i~~~~,t~~~~~1~~i~~;;~~f ~~~!~1¡~~:~,f~tivo a 
la resistencia cu'i:istiorió úno'de:los,súp:uestós rriás importantes de la é:oevoluc16n en . 

'<. __ ::t:':; ·::~::;);·-;.}~: .. (. <:::-ft:.:i'~::i, · ;'-::.-~);,~:-;' /--\·:r,_:_t};\.·.:~-1~~\J'.:1~i'.~-:s:.:-f~':i i~~:~~~:-':::~t\:);.J}}}~f,~· :Jf/;~<:·,".S~/'.:f·.~:-~,:;:t ·. ·.::;.:: ,):~:~·: · . ~= . 

las interacción es al1tago.nist~s: éfectos ~eg~tjvos·recfpróco~:entre• .. Ia(espedes in~erac"'antes. 

Debici
0 -~·,~S~{E~\~(~~~~~I~E~~~.;J.~~~~f~~11ERJ~~i:~P-~~lii~:~~G-~~f~~K~'.:mr~~es . 

sobre lás plantás;:~sta:f()raj~ dfdef~11sArefc:iu.~é)~s.:OE':?i,tUnifia(le,~.d~'q1:1e. oc~r,z:a un · 
':_· ·: · .. :'.~ '-.~: --. :00··:.\:~. ·;-.'·,:):;~::V::·.\·.-. .-:'""~~'. J ·~~.:·,¡·'o.·· ·.-¡f. '.':.,,e·¿;:;:~"·· ;xi:' .• '.\'·t-«1,.\~.;;· :~;-/~·'.·:¿,:· -~:!:::'.:"-l: 1 -'ri~;';),....,·.:~:'f?Yf'r'.;_c !.:<.:~_~ ~~i·'.·-~:,·''' ., ':-::d:_: 1._;.-:-;-_.; ·:'; \'/, ~ '.':- --· : ••• <';., ~- :· .- _ 

proceso coevolutivo:(Tiffin'2.ooo; Cáp:' Í); Sffas:planta·s pu'eden eiifientiir'Ja presión de 

.1os·_ene+~~?.~:fri?:~f~l~~,~fü'.~~~l~~~Í~~~{f~¡~~~%~~~~~~~t~~~~~~~te~~~~~~~~~·. 
tolerancia; no ha orí a razones para esperar, adaptación local. entreJas poblaciones de 

:., . ::: .::: ·:. ,,}:':..\·'.~.:~·:{":·::·\/!..-:\: _/'::)< Ct':~':·. ::~::. ::.: .-~ \ ·(-~ ~.;.~>f(.- :/-><' .. )?1~/'._.:~-{~i·:r<;.~f~1r>·l~~;~1~_'>·f;:;;·(~?:)~:~· ,':· '.,:::~~;:-~. ·~:_.'.,-:\·-:-.: r:?:.: .- '..··.·.:·. : · 
plantas eri·atribufos de·rf!~istercia.fren.te a'lava.rfadó~:geriética'~es~s eneil1igos 

::~~i~~~¡§J~fu·~~:,'.Il::"5:;fü~1f ~~~~~~L2:~::;~,:anw 
(Linh~rt e/G!~;t~Í99~; Schluter 2000), sugiere que~~~ta:h~p6tesis podría expÜc~r la ,-. 

ausen~ia 'ci~\i~ ;~trÓn de especialización lo~~l,d~- Í~~ poblaciones de pla~tás. Sin 
. ':- ... ·>:·<:··~·-:? .. ;'-.,~:. ,: _,.·_.--:>.·; .... ·'.·:·' ', ' .. " . :' ... _-··:'.·. '"<·:_· -·~:.·.-_:;" 

embargoÚa ~~lde¡.;cia empírica indica que tá~to l~ tolerancia como la r~sisfe;,-cia 
. ·~·-', •. ,'./" '"" ·-."'-''·:.~:,.·,'·,_e,,' · . •'"e ·."~ 

pueden presentarse simultáneamente en Ull rriism? Í•ndividuod~ntrcrde la~'\ , __ ·. · 

· ;;~tr.i:iil~lWiltiif Jíi~iiill~~itE-" 
Paralelamente:ál desairóllo de'm6delos"té6ricos'sobre'la evolución de la· 

· <-:-:·;'::· _,:_::·. ·::<.:\; ~ ;~-·;··:::.~, :: ·\".-\:'". :,:}w::~-~;?~· ;~:\/Y·::_ ,62'·:~i~J~~:~\t.~:~~~.;~_,;s~~t~~,::-S~>:<.:>~> :·~.~-- <::"'·.· / .. :·.; ,·: 
toleranciay"i;esis.tenciadelás plán~ascÓI"ltr~'.suséríe!TligC>sriaturales (Fineblumé & 

Rausher 199s~··M~•id~io.~~·~iYi~ffa~.~i~~.~1·:~c1cW?~t~fin2obo), comenzó a 
acumularse eyidenciá experimental sol:>re el.valor: ádaptátivo de la tolerancia y la 

- - _ .. - - - ' "- '> , - - -, ._ ., • ·~ '.-·. ' ' - - >..> •. -,.-' -. - - -.. ·.-- ,. . . ·>': - '::; · . -. 

resistencia y sobre las, posibles r~strÍccioi;iespa~a l_a evolución de las diferentes 

estrategias defen5iv~s (Shnrn~ &:T~i;l~tt 1~94iFineblum & Rausher 1995; Mauricio et 

al. 1997; Agrawal et al.1999;Tiffin & RatÍ~herl999; Fomoni & Núñez-Farfán 2000; 

Mauricio 2000; Pil~on 2000; Stinch~on::b~2001;Valveide et al. 2001, 2002; ver Cap. III). 

Sin embargo, los estudios empíricos revelaron. un¿;: fuerte inconsistencia con las 
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predicciones de los modelos teóricos (MaurÍci~ 2ijo,oi cáp.I). Po~ un lado, los 

modelos teóricos predicen inicialmente que la)ol~rinci~ y resi~tencia representan dos 

alternativas mutuamente excluventes '(Ffhebl~~\~~"R.l~~fi~i•199s;'Mauricio et al. 
" .:·:·.. _·\\ =.r~-t:',-,._:·~_'.::.~~~:\%~~;:f;;.~,,i·;_/¿;~~-'.s;~K-~~r~;c:f:._::; ... -:_:::~.-:: '.> :·. 

1997). Es decir, que dentro d~ las P.()9lélc,i~n~s,lo~S."ge,!l<:)tiP,~5'.p~~rían se,~ o totalmente 

resiste~t~s·O, .•• to~~l~~·~~Cto,l~~i0:~:,,~e~~,~~;~~f ;;~:r:~~~~~~t~•~·~·~:i~~'~lecci~n·nél.tu;al 
aquellos.geriotipo(pardalmente}9le,rantes y,resi~ter1te~ a; la~yez. ·~()rotró.lado,, la 
--_ .- --,_: : :-.t'-:.:'~:~_{.:: ~s,~·,;.\'.-~"'.:*l=~1./;. ::'.:,:_-'/t5i~:.::.:y;;,:~L~-~ht/~f~\;:J!1i~~{.~:: Y~~:-,\·:~~h~t:¡~:í~-t;,i-~::l~X ~~~~·~t ~-~-~~<~ ~-t~i~::~; ,:o;_~:!,·<·'.-·~.:~;:~'..·::·---~::;.~--~-, : ::·;;: · :- -

. ev1denc1a ,expenmental.reyeló que .. dentr(l, de las'.poblac1911es l\ay;gen()tlpos,tolerantes : · __ ._: >~ , .:_,::;~>~;i·~t:.~:· 1 ~-:~~d;:-:,;;"}r+ Ji} 1';;(:~,f~~f':':./;~',::·;·t~~<t,:,~~}~:~i~1-~~¡.:·~~~ ~~'.A~;::, ·:;-~r~~J- ·. ;t,~\~;j}'~;~:i-¿:._;~;?~'. .. :~;.~~~·?.".'~f~~~.:/-~h·;.t: ~'.;¿~:2 ~-~3-~~~;.): · ,_. , 
y res1stentes;•y que;Ia selecc1ón_operaJayoi:e_c1enci?Jª.• c:.oe;><1Stc;?l)C!a;., d.~ a111bas .•. ~· ... . : . . . ,.r: · .. · '.· ;·;-< ~/,U~/--~~\'~( .. ;;~~~~~L-:;~·s.: ·'. '.<~~~i:,;·t\;:·~·Í";i'.~;-. ~f~J){ :· .. !~,~~ L.-J.;.;;_';1::.·.;;? ~:S~\·I~·!~;-~'--~.~:}L\,~:.-_JS;_¡:;J'!;,N~'S:x o'.,::~rJ:'»-, D\<~j:*~~;.k'.- .:~\~-~<)~- -~s<.-:·: _;:~ 
altérriátivasde;aefensaJenl(ís)rid~v.idüo,s;(Má,ud~i.6~tal/;l?~?;;Pils~-l1;2q()O);.B~sado 

~ . :. ·.'· '. .-:.>. :~ ~-~ -~ ':'.:j: .;:._~·:~; />.~~1i ~/~i~?~:/(.: ,·.'.·' {1t'\'V,:~./-'.·::\-!¡.~_:,: .. ~;?t~F::-,:·:::;~;.,·;,\~~:'9f-;:-:~~ -~.:,:-,-;f ;:·;:¡;~.'.!G'.~»~"1' -, ·}·~::·.f·"'.rf;;;/_¿.:\.'.7',:~'.J"~:r_//. ·:·-":i,:>::·> ·;.~Li .-~c.- , __ :' ' . -
en estos aritecederités él ;própósitó'"genéral 'de:Iá :tesis' flliÚricrémentar 'el "conócirnientO 

,. .-_.;·, .::.:)-: . :. ·:.:;2 : .. "~~ .. é<!,~~··?/?.f::",:.::.;;;'-.... ~~)::- -'.:\:-'.·'< .. \~;-~ :·}~~~-~~:~:~?~·§.-Y:'}:.{; ;r.~:~~'::.;.~?.;~:k.-:· ':J?~;;::?f:.~:\~_-:;~·¡·:·~-~'.:t::~h-:~s~.':~ttr~<~::~~~-h~:<"·f .:~,, ~:·· /: .... 
sobre ·la evólúdóiú:onjiinta"de las: do(eStrátégias 'de:cieferiS,aefi'plantas"a<través de 

, ,·/: -'.- ». :.:.~ J.'.'.:'·;,J {':~·;<'-.'.;.~_ :>-~i;:·".\,-::<;:.'' .·. :.-~:'..:-: ·., --.(:~ ~-.<i;~;-~--:~·~;·t(;::·,~~:~~~\~:;.f.~.(::{f!4:t)'i:0+~-c-~~~~~'~'.~'..'·:~~'.:;:·>?Y·:.::-:·~~·~f~_:~.:;_;:i~:~;~>.i~··n -··-. ~~~-- ; .. -.. 
una propuesta teórica éoinpleinentada'con evidencia' experimeritat'.~ :-.;;;; Ji'\:,,,' ; ',•' 

- . _, :: .- · ·. : _ _. ·: · "-. ~'.·:·:.:-.-~; :-::~.· .. :~;.'-.-'.':·:> ~ i---:.'.:~J··'.:::~~-',_:'.~~ .... :~:~~~;f:'-f:~~-f ) .. :~??:~t.;:f;~y;;,/f~~.:::i;~.~-:;<;;_.~~:t'.~/{~-;'/~~,~:~r-Y~~t~~.~~;;; ;y7:.~,ét:~·:'.~;-·; ~'.~<· .·:-, 
En él· Capltufo I se presentá el análisis teórico ilá'propues'tá' de.:.iiri mci'delo de 

. . . : -'· : ::·· ,. :.:·. "~.-_\··;; · ·: .. :/~·: >~T·~~(·:~?;-/;_;\~I~:~~~:~~}~l>_:,-.;~;i1~,.~·:~:~:~·¡:::,:: ~,,~~~·t:.FJ~~;:-?\~;,it;~.:.'·',,}~.1·~ .... : .. :~ .. ~,~ .. , ~: ::·:" .-· ·, 
optimización sobre la evolución ae la"resistericiá;)1'toleranciá en'.plantas cóntra sus 

, · . ": ·:·. ·::· : : ·:~,· ·:, ·;/·\ :--~" )::~:~-.~.\~;~.~; .:;IJ:s(::~·;'.f".:..:~-:''~~~~1~" -~,,:~ú~'::::w:~~~'--~--~.t"!~~:;.M. j:::.:·_..:jt. ~ .. :'. .. ·;:'<: · 
enemigos naturales que incorpora supués'fos;más'reálistas á'lós:utilizados por.; / ' . 

. : . ·- :_-::::'.\.-.;:·~-:~.::i-~~~;f)}b:~·~{<~~j:<t'.:-y~:fr:_.::;_~;-~·;;_:.'.~:q;,~;<{~~fc:~::~-}·;,~~·i::¡~¡,S,~~:y~·i~'-:: -\~:.:_. :·; --'.' .. 
modelos anteriores. Debido a que ~n~'gr,~p,,f~~W:!.ª~l\:i~~·~,~nf;i!?,~;~,i:_gi~i:e~que a~bas 

. ·>" . .e . .. " '.: .. ,, ':: <;;".':i'{'.·· --~;;:,:.·, ~ ;~ •. :·f- ':·~:k~·:·~:·;_,~l'·~:;.-i; ~;~ '~;;,~·,:-.1 ·~;~·'>--:.::<>'.:.;·~~ :,-y;;¡;_t:',; ~: \;<: -: : ·-~ ~ ._ : ,. z 

alternativas defensivas se presentan ~~ 16~s:iri'diV:ia~o'sde'Ias pobláéionés;\mo delos 

objetivos principales del análisis t~~ri~í:~%~ {,f~'~~~Hí$!~~,~~;~g~~~~;~~fi~~~~' ~ar~que 
la tolerancia y la resistencia sean f~vo~.~cidas)iriüiltáneáñ.1E!rite,: 7s·Ciecir, las·> · .. · .. · 

~:::~::::.::::,~;=~:~)~t¡f~~liii~~~~¡~~~·f~~ 
El sistema de estudio ~legi~o l'<t!ªil<l ,¡:)arté;~xp'ér~rr,ii:1üé1Lfue la herbácea anual 

Dntura stramonium. Esta es~~ci~.~ii~tl~~~~~I{~'.¡~~~,~~d¿j¿~~·~~~echa con insectos 

herbívoros generalistas (Sp}1e~~rj~¡n 1',rrp~i~~j¿~~h'~~p~cialistas (Lemma trilineata, 
, . _., ....... ·"- :.:"'·~ -? ·~-:~--- -"~-'" - " .. •\- ' ·-:"' . .-, . -,-- . -. 

Epitrix párvula, 114a11ducáse:Xta)JNú,fiei-Farfánl991). D. stramonium se caracteriza por 

, la presencia de ~lcal~ides (s~op61ami1uí e hiosciamÍna) con función defensiva (Shonle 

.. &Berg~ls¿n'2oÓO); ytrico~~s foliares (Valverde et al. 2001). Estudios recientes 
"·. • 1,_·-.,' . t ,..,.. •• 

indican la.au~enciacle inducción en los niveles de resistencia (Shonle & Bergelson 

2000). Las poblaciones naturales de D. stmmonium en México experimentan niveles de 



daño por herbÍv~oros~arfable (ib .:§O%) pero regular entre generaciones (Núñez-
'., '' ' .. _ ;< ·, .. , ... ':'.' __ -- ··,_ ·_ - '_''·: ',:_·_ 

Farfán199l; NÍíftez-Farfán &Dirzb'1994iNiifiez~Farfán et al. 1996; Valverde et al. 

2001, 2002). Estas caraé:térísticas hace~de'esia especie un sistema apropiado para el 

estudi6 de la ecoÍC>gía evolt1tiva'ae'la' i~~erél2ci~n con enemigos naturales. 

En el Capítulo U ff~r~o~i &:'~~~~:i~~ar~án 2000) se preserita un estudio 

considera la posible existencia de costos de'asign~ción pa~a Ja· tolera~cia"a' Iá ·.·,·.· .·.·• 
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::i::::::~"::'J~l~i::::~f :;~~~~=&~!:¡~~~l;f ~ll~1l~~r~~:· 
de las plantas ¡da defénsa como resulta.do de limit'acióíf dereCúrsOs por elarnbiente u 

~=~~,::~:~~:::.::::;d~~ii1~~~t~~~~ii~!!!f s~. 
poblaciones naturales en el valor ad~~t~¡¡~(.)''<l~11a fi)J~r~néia en Datura stmmonium 

para poner a prueba Jos supue~tós ~e(di;iéi~ió (cap. I). El estudio abarcó el análisis 

de la variación genética aditiJa d,~)~-.tóÍ~~anda en dos poblaciones del centro de 

México, y un análisis de deleccióh'nafut~Í que opera sobre la tolerancia en ambos 

sitios. Este análisis se basó·e;, {¡~·~'¡;~f;~de transplantes recíprocos combinado con 

material proveniente dé c;uz:a'i':d1~lélicas. Por último, este estudio también evaluó Ja 
~ - .·'. ,;.' -,,:, .. -· !.<" i· ·. ::,;,;-

presencia y la variadóri'enlÓsccís'tós y beneficios (en términos de adecuación) de Ja 

tolerancia. En con.j~n~~-~s~~·g~p¡~lo permitió validar parcialmente la propuesta 

teórica del CapftuIO I. ' 



Los Apéndices r y II presentan estudios experimentales complementarios al 

proyecto de tesi~ doctoral. Ambos estudios abordan la evaluación de supuestos y 

predic,cione~ de la t~orí~ p<ll"a la resistencia al herbivorismo. El Apéndice 1 (Val verde 
.. ·• .· ·,.·,,-•. • - 'c;·· ;·-·,·-
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et aL2001) explora'~'tr~~é~'(Ie'ul1 estudiode campo' y un experimento en condiciones 

contr~ladcis~i ~~ioPdelos ~icÓi~ui~ foliáres c~m~ componente de la resistencia en D. 

:;:~~~~;~f~{~~iii~t.i~\~~~ifiii~~~;;•c::::p:::'.'° 
de la re'sisteficia al. herbivoi-isirio; El 'ApériCiiceJI• (Yá!Verde'et' al'. 2002) explora 

_'.; ·. _:. __ :~:i~-~'.é·· -:·;.' ~~:'.~:~:ó · 6'.~--~~:~i -!~ff~ \:i:?i .: 1~/-;v }4"{~: et-~~{¿:. -~·v_;:::..:; ~~~5-~-: ;-~):: f-:i._:~1~~~>-_--;;·x~r~ -~-;r :.¿.:_· __ !_·:- :·< · 
expedmentálrnente a:través'd~ u:r1:dis~ño' de jardín cómún, la asociación entre la 

--·¡<:1 ·.; ~:·_·:::-~ :~:y::'.:;,:·_·_~·(;~<;;_:~J::.i~>t>~'.·¡-::::·; .. :·;-1~</;:.1:'.¡.~::-\_¡;:;~::{(fJ::~,- -'::'.\\:·:~.-_;-_:·.;;:<.:.:r ·--~:,~::~,- ~·~-·"<· -_.: __ , ;:' -. ·; --~-

, resisténcia yun;compon~rte;pote~ciafC!e.'Iatofer~nC:ia: el crecimiento. El mismo 

·• est~~ie ~.~~f~~~~~J~:ft~~°fÍ~~~~·~~-:~~~~,fü!~~,i~~~~ ~1llb6~··~~~~~5 d~ las plantas en 
presencia· y á iJsend~'d.e)os'I:iérbívoros.';' 
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ABSTRACT 
: :_:··.' _.- -.. 

In this sttidywepr~s~I1tEt'simple optimization model far the evolution defensive 

strategies (tolera._rice·aAci ~~~istance) of plants against their natural enemies. The 

m~cietsp~~clAg~il).'~~Ii~.~~~·itheconsequences of introducing (i) variable costs and 

benefits o(~<?.i~r~~~)1~~ '.~J~i~.~arice arid. (ii) non-linear costs and benefits functions far 
<-: -.,, ':-~ :<. ·_;--~·-'.\·7:·".\~~t:\~?i\¡~":·";:;-;~.~}' :--:f~:;;< -_:_:_~·_"_i '. 

tolerarice and resistanée.'lncorporating these assurnptioris, the present model of plant 
~-> ._..,_ ··,::_:-_._ .. -:~~-'. .. ~;/·:;;:\~;r:>'.:~-:\~;·~-::::f:·-··-.~~-/~~--;:·:<· '.:.-'·.':. -·_ -·-. -... - ·:·."; -_·_ . ·:- .:·. ·¡: 

e .• ~ def ense~pi,eci!~ts):iiffereitt evolutionary scenarios, nof e?'pected by previous work. 

. Ba~ié:~11;1,·\~~1};~~~~¿~6f ~. adapti~e peak corre~poh~Úng to interrnediate levels of 

.··· allócatibí:i'tó'i:fü~;;~J:l~é ~~d·re~istance e~ iiri~·~ v.1he~ ~h~ shape pararneter of the cost 
·-:~:--"·ty-·:-·:;:i.~'.~:;_:~-~;~~¿-}~1if~::::::Y~);:..:·'.···:.'..· .··--. --~- :~- .. -_··-_·.-· : _ .. _-·.:._· ,-:--.. :.~:·,=::·'>;·~'.'.:).-::-~_F···:: < .... 
rfunction.is high~.r than the corresponding of the ,benefit function. The presence of two 
: · :· /. ·.-,.:·.~:~-2-~:-: '.::;'_:.;:;- ·:F:·:,~.:.: ·-::~~,<~>'t;~\:·;· /:·:·: .-.- ;~::·: -~ -~'i>. ·-:'·: , ·: <' , ··, ... . ·-·~:~.-.::· . ;'<--:-.-: .. ,::::>/>·};·i ·;-_:~·;·~:<-:~·: '·.: 
alternatives peák:s of máximum folerarice andérriáxiil1u:m resistance occurs only when 

····: .. -·:_:··::·;:~,:.:·;_·:; 1f{/<~~:-?S;··, ~~fj¿';·.~/f;,t~~:.·· ·;\:·.:~~- --."·~.!)~'.: .. ·'.-· f {::.-'.· ,;·;·(_~~:::·. :.~; -~-.-~ .;.":\-~-~·-, ?{:.: , ~-/;;-~:~:-~>;,~~:~:~;L~~:'·:; .. ':_'~~'.i\·:~~.::_:;.·. 
·,benefüsof}()lérl:t.ftce)tn(:! r.esisfance,ii:tteract'1ess,'tliánadditive. Finally, the presence of 
:/.· ··'.·_,··.·:.::"~-: .. ·.: .. : : ·-:t' _·~: ;._-~·:· .;:: ·.-!.~\:_ ::.~ .;~~:-: --. F ':~~:_'. -~ \\·~· .. -:~--i;¡7;<;::::~:~~,<·,:: ~ ·.:\! :·;, ~:;~;- .-~"~ ·_\-._~-~t? ;:-~);·<,: ·::~~;~·~.·)~:-.:;~:\:~:.:".~~. ·'~:-:.=.:: <, · .. 

··Cóne.·peák'qf rriaximürn'.resi~tané:e~or)naximüm'.tólerai\C:e deperids on the relative 

;~~1J~~:~f}~~;,~~~~:~~:;~~I~iif ~tr~~{~{~t~~~~~~H~i~f~ce~·.An important outcome 
of o,urmodeUs füa(urider'apla~sible ~et °'fc~nditions,. variable costs of tolerance 

· &~~~;~~i"~\~D~*;'.i;~~~~f~;f~~t.~;¿}W~.~h~~i'i:fr~~~i~~f.?}~~d in the maintenance of 
intermedia te 1E!y'els'oftóleréll1cé ~d-rei;istaftC:e~'an~. ~favoring adaptive divergence 

'i11 pÍiu{f'.·a~ÍE!K~j~·r~~~~t~gi~s a'Jio~g:~·()~J~i~~.~~:j:fj,Q'inodel offers a framework far 

futUre theóreti~aI and einpirical work.to;iihder~tand spatial variation in levels of 
·-·'" '., .. ... _:. -_' ... ·:.,---·: .. ·-·,, .. -·-- '','·' -_ - .: .. :..: .--··,_.·-,.· . ·-' ·-

· alloc:aticm to clifferent defensive ~trategies:'.: 
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INTRODUCTION 

During the last decade, the understanding of plant-enemy interactions has benefited 

by the incorporation into models of an ubiquitous type of defense (i.e., tolerance). 

Tolerance has been defined as the ability~f •. ¡-~lant genotype to reduce the negative 

effects of consumers (e.g., herbivor~s,páthogens) on plant fitness (Rosenthal & 

Kotaneri 19.94;'stiaiiss &. Agrawal l999; Stowe et al. 2000). Unlike resistance (i.e., the 

.. éliJility C>Í ª!PI.-~Ú§f~.9,~i:~é~t~~-élttack of natural enemies), tolerance is not considered 

····~º~.:,1~~~Wll~1l~f~:·~~~::~:: ::~:~::::~:.·::; (~::::~~ly. 
1:h~ ~vol:.iti9nf~f{9i~~¡fil~~.·¿~·Hmit reciproca! coevolution between plants and their 
: · .. '>-.... -:._ .. :. :-'>"<':'?'~·;;.~··:·:.::~··'.:~-."¡'':··"-'<':,~·--".·:--;'·-'_·_~ 

er{emies; ~;¡.¡-~~~~~1'ti-i~:~~61i'.ition of resistance prolongs such coevolutionary 
·:.·_·-. . "'.'. :·_.·.: -~·:; :·~- -·~l<~,_-.·~-~;-~!;~~\¿·'~~~§;t~,_~~1::·:_:::~tt1: -,,;-· .... 

relationships '(Raüslief2001). 
- _.·- ·-·<-· /-:~:: :.:-~!·.;,~-~,:~'i'.-;:.-:'.:?·:r;71:.:·):~_~f:.~',rNF·:·:._·:··_ · · , 

· 111eJc:iint ey.ollltión of plant tolerance and resistance to natural enemies has 

~ttraded·s~b~;f~~~i'"tÍig~~E?,tlcala~enqon oyerthe,last seven years (Rosenthal & 

Kotanen 1994;· Fin~bltim'&,;; Rahs}-¡~~ 1Q2~fsfi:·~1'.ij5s ,&, A~~~éll 1999; Mauricio 2000; 
·. - :.- . . : · __ . · '· · .. :':,'.:.. ·- ·.··::\»: · :?~-·-_;··:_-~·-::;-:«:..:;~)~c-:r/~~3:·:·'.~·~Y1'.\S,.;;:~-;:;J·~~\:~:1?~:')Kt.<.:)','.;:<~:·-:.~;~:~~~;-:.'.:;.,,:"_ ' 
Roy & Kirchner 2000; ·.Tiffin 2000á;" St'6Weet:·az:2000):' Se\, eral experimental studies 

; . • >.:- · -~y ~/:-:.,:.;~tJ-:':~M~:,,,~j:·:-;,~~~~-->·, ;\-~~-::7.; .;;.~~-~{ ~:~/S<~-'i~f~,f:'..:~~7-'~ ~\<:·:·;.?:1 
/: -

. have tested sorne of the pre~ic~p~s-nj~c!e'by,;~~ese.9'e6r,etical analyses (Simms & 

~::~~~~;~1~~jjf ~{~;l~f #!Ef,~~~~:::;~~2:~~
1 

et 

investigations oftend~ fbt~~tipydrftl{~o~~tlcal expectations (see Mauricio 2000; 

· :~:~::r~:.',~;~~i!~i~li¡t~b:~::. :::·::;::,~/:: ::::::.º1 

evoluti~~a~)~:~H~:~~~~ 6i;'d~t~~~e, (Fineblum & Rausher 1995; Mauricio et al. 1997; 

Roy & Kirc~¿E'.~qo,d!''y'~Yv~fd~·~t~l. 2002). Specifically, these models predict a fitness 

Iáridscap~~ffütt~~~~4apti"e peaks, one corresponding to complete tolerance and the 

otheriob~U,:~i,~,t.~·i,~~i~~~ce. The expectation of mutual exclusivity arises from the 

assumpti()J'~ll~tcg~~~:~bf tolerance and resistance are increasing linear functions of 

resource ~~~§a~Boriai-ui ~aving both strategies would be redundant. Thus, natural 



.- --·-------···----·--~ ......... ---;:._,;."""'--'---·· ----· . - .. 
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selection would not simultaneously favor an increase in toleranc~and resistance 

(Sinuns&Triplett 1994). 

Despite the reasonableness of this argument, thereis little empirical evidence 

suppoitirtg'the existence of two mutually exclusive p~a'k~'iR_'\h.~ resistance-tolerance 

fitness)ands~ape (e.g., Mauricio et al. 1997; Tiffin ~ Ra~~heJ:1999; Roy & Kirchner 
c •. -.. -< ~--: .<'--- - -,::.:-.+<··::,~;)!.,';· ·,_t:-.· . -., .---~.:,·;_::-. T~-.-,-.:. ,:_, ·_: . :.··_·, .. _., . .'_> · 

2000).0n: the'cc>:ntrary, numerous studies h~vefound the existence of intermediate 

levels 6t bbt~'tolera.rice éll1~ resistance_~ i:!a.hii~Lpo}Julation~ (Simms & Rausher 1987; 

·t~~~?~i~,i~~~~~~~l~~;;t::::~:;~:::~~~~~::::;, 
Shonle& 13ergelsoü~2pob)\'filese'.Yesllltsindicate that the maintenance of intermediate 

.· '.::¡~º~1]1i!~~1~~ijí'~f ti~a::::.:~::~~:::::º.:;:::• fue'e 
. ·.·. additiohal~~~eJs'_f~.í-'.fü~j~infev~l~ti0.11'.o(toI,~rance and resistance. We show here 

t~at th~ p~~~{c,E~~"3&'f~~;~B~~~~~5e ~t~~::~l~~~a:tive peaks in the selective surface 

arises out from só~é specific assumptions that have been made about the nature of 
.. -._ <.· . _ ~- "··:~ ... - ;;~_-. ~~-;~v;,~·:·f,_~:-_i¡:f,~::: ...... ::.: .... _ .. ·. _ .- _-. ·-· .. ··..: .. ,,-.··--e:··-:, .. _. :· 
costs and benefits of these characters:Jnáddition,we show that alteration of these 

assumptions in vvays consistent with empirical)nici'ffüatton about the nature of costs 

and benefits leads to predict that intermedi~t~·f~\1~1sbfbothtolerance and resistance 
• ·;.!_;' ' . 

may often be favored at evolutionary equilibtj.iim~ : 

EMPIRICAL BACKGROUND 

A substantial body of empirical evidence. ha.s accumulélted regarding the nature of 

costs and benefits functions of plant deféI1~iV'e C:haracf~rs; This information not only 

indica tes that sorne assumptio11s lnac:fe b;i. :I'f~~Íot.is models were not completely 

correct, butalso.suggestin:s()~.~~;~~~"~b~~~~se:a~sstimptions should be modified. 

Because t~~,"1{:0,f~t;M?:~~efi~V{fttr.~;.fü~'~f~(,i~;;~~diwe relaxed these assumptions 

in our rnodel,:\.\'e,firs.~di~,ctiss !he}IJ:l:PlicatiC)~S :~~ µüs evidence. 
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The shape of cÓst and benefit JUncÚÍms 

. The scardty of ~rrrpi~ical.e~ideiice regarding the shape of cost and benefit functions 

has led prf?viou~ ino9elsto ª~i:l~etJ;lat~J:"lese functions are linear (Fineblum & 
--'- -".--~~-=o- <-:'~~-o-___ .:~'.~:--;:·~ -o~->·~;o'.-<-~:--~,=--0:-:,_=._2~--:'.:_..3:..=..:~--·"'--;:cc-~~~=-->_:_\=---~y--:=----:'::'·:i'-'--:'~-; ·--:----->-

-o Rau~her 1995; M~~ridci ~iJiÚi997; Rof & Kirchner 2000; Tiffin 2000a; Weis & 
- -' ' -. - ' . '. '.; ' .. ·' .. ·· •. - -. . .. ' .~ .. ,' - ·'. ~ -~ -: ,~.,, '.-.• ' , ''. - . ; ,, . ' . ... . . ._. 

Hoch~~rg?90.Q).:t{o~~y~i;'.!~c~J1fshidies have revealed that non-linear cost and 

. · benefiflunbti·~rs.fu~~;:i;~-ii,or~ common than previously expected (Skogsmyr & 

···::~Rii~&tli~~~°Ft;~:::~ ~~:rJ~t~~~9;.":::.-:::::~~001>· 
re¿istance( e~~iiiated.asr~duced growth) cM'v~'~i;;fydfu being alrnost linear to being a 

·•:~?1?,~11\1~Titºfo:::~'::::=~0t~=~~J~~t~::~:~~~~~:l::::ent 
fewei. shictrn~ h~~~'.;,.if~rnpted to estímate th~ ~~~~~;~f1h~;~dsts'function for tolerance 

,, • -~¡> ·, :·:;· -<;.:._', '.. ::.\;~\·: ·.:·~ .;>·:_';~.:::.:. ·~ -.- : . '._ -~-. ~, :/.\-. ):·~~,·~-.·:·~/'.~\/.'.~~:J( ::t~:):·· .. -
to herbivory, 11on-.~l"le~rityappears also to be the cásefe>i\tl}i~ type of cost (Mauricio 

et aLi99J; :flif~'. ;a R~?sher 1999; Pilso11 2009r TB~~~.f~,~~~~ thus suggests that the 

c:oriseqÜ~né~s'C?{~~ni,Ínearity of cost and benefit ~ric:~~l1smerit exarnination. We 

evaltiated this, by using qualitatively similar for:r:n of c()st functions like that 

pre'sent~d bySkogsrnyr and Fagerstrom (1992}f~rWhich a clear rnechanistic basis 

,.Vas tleveloped; In our case, we simplified thenU.~b,er of parameters associated with 

th~forrn of the cost function while maintairliri.g áqualitatively similar shape in order 

to make the analysis tractable. · 

. Relative val u es of m(l,J:iniutlicosts .oftolerance~ andresistance 

. ·~;~:;t~~~:\~f ~~~;ij:r::::~:;~;, ::::~::::: of 

ev1de11ce callmto,quE?,stion·~he:app~opriélt~ness ofthis assumption.·First, the only 
. . .. -. . . '.;·.-: .. -:···- '\J:~,.·· :'<:\J.~· .. ~,-;J_';"~.<:'.;(;,~,:~\~~~~:,;·~·i~}~~;·,~~~~:~x;:,:;;~;~~:-·';.¡·~:;~~~J. :\:.- .. ~:. :<::~::.: ·:,, . .-::: :>:.~ ':--; . _.·.: 

empmcal sttidy,thathas.:estiniated:ailoé:atiOri costs of.tóleral"lce and resistance 
·\ .· ~ -. ·_:;~ .. :·_::::_. ::\<.:; ;. '/~~: ;:~~'~1'.~';:~~;~,~r ~~;}~~~:)f~:J:><.j~r~~~~~~~-~1.<r~~~,;,~):':~~::r·).-~:- .~:·... ··fo· · ;-~:::. é · ·. :- __ ... :,. • .· 

simultaneóuslyreyeale~th~~\:ffeseéósfSdiff er' (Pilson 2000). Second, two studies 

:r.:ti~~t~~~~j~¡&~~~~~jff f;f kf::.~d~;:;:c;º:i.~~: .. 
toler~c~ ~nd r~~isct~c~ ~~-freq'~~~tlygel"l~~cally uncorrelated (Simms & Triplett 



1994; Mauricioet.aZ.1997;.Tiffin &: Rausher1999;deJo·~~&van der Meijden 2000; 

Stinchcomb~ .2002) imd~r~ .· th~s controHed by ~iff~~~Ílt siri~s; éÜíd physiological 

. proc.esses,}tsee~s lik~lY}~éitfhefr c§st~'will'. !Je affect~d by different environmental 

r~s~~rce~~~~~¡~~~;i:~~~~~;~~fSJ~ii-~f~~s-~ie'íik~Iy to vary independently, it is also 

Iikely that, ·c,()~~s BlJ?,I,~~~~~\s~:aii.c:f:;~~si,s_~élrice will differ, and that the relative costs of 
.,. . :.: ·:' ::·:_» f,::·· \::·;~--~.;· !:~·f.":tf:<·Vl::r.::<~.~f'.;_:'-,~ .,~~~~,.. 1 ·'·'-'·~\'i.<:.:1:;~'.·{>.:'-.:>:::: · - · 

these tv¡o ijpesófAéfénsei~i!Lvary'along environmental gradients (reviewed in 

r.Iei:w~&)~4élff~~~;9Ji)'\~i'..Í~f~~thg the assumption that costs of resistance and 

. tolerance á:re equal, we aré ab!e:tó explore the consequences of environmental 
- .. ' ' 

variation on the magnitUdeof costs of tolerance and resistance. 

THEMODEL 

The standard approach to modeling the evolution of defense is to assume that each 

additional unit of resource investment in defense increases both the benefits and 

costs of resistance (Si:inn-is & Rausher 19S7; Fineblum & Rausher 1995; Mauricio et al. 

1997; Jokela e{al.2000; Tiffin 2000a). This phenomenon is typically modeled by an 

equation ofthétC>~m ·.· .. · 

(1) 

where W¡ Ís th~fitn.ess o{a ~la~{~f,g~A~tYpe:),·.wo·corresponds to the fitness of a 

plant with no tole~arice 'and::tio 1~~sI~tari¿~;i;~d R; are the amounts of resources 
·.. - - : ''<-~,- L~,· ·.:_'-~~-:~· {~-Y-~--- 1:;;~~:~~-·'.•:)~+::.:·,;,_:,~,::,:-_;_:;:;;,/:_···:<·~:·::~·:·,.: :.· . 

allocated to tolerance. andresistél!\c:~,ji;?s~~ctively, by genotype i, B(R;,T;) is the 

.· inérease in fitnessiassbci~!eá~~~;Jh~~~h~fi~s· of resistance and tolerance, and C(R;, T¡) 

is the decrease in fitne~s'du~ Mªci~t~· bNSierance and resistance. 
: : )· .. _ \ ~:,~ .·\:J.~··'.~~;:i.;/~··.~: .. r·~1-:);,¡·~~v:r;!~-'::.-~-~(<-; 

Equation (1) represent~:a'.'.fu,o~d.imerisional fitness surface, where fitness is a 
• ':" ·;··> ·.·.·--;_ :.-~:.~:·:'.(</:~~f~-:::~~~~~}!:~-it~!};.y:~:h;\•'.(:·.- ' : 

functíon of allocatíonto tolerarice and res1stance. The shape of that surface will 
. :· /.::,'._:· ·:.·-.·~: :~~;;·,:{;~~{}:~\~~:J~~-~~>:::.~;~'.i~i~:\~,~~j~¿ .. :·'.:~:- - ~ 

depend onthe detailedJ~r~}~f}l}eh.#,lc:ti?nsB(R¡,T¡) and C(R;,T¡). Because the model 

developed by Matlrkf·b.~z;!jli('.i~~VJ~~?~~P~~sentative of previous assumptions about 

the nature of thes~ fu~cttbh;y~J-,~~h~'~~ryes as a basis of comparison with our more 
__ •o' __ .-_~_'.,~--,--- c,,;.-.-o-~.-·--o-••-¿.-_~_--:-~-:.~:--~ -.--~ -.-

~"< 
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general model; we begin our analysis by describing theii assumptions regarding 

these two funétiol1s: 

. ' 

(1) Unit ~osts of ~llqc~'tion to r~si~tance .or tolerance are constant, i.e. costs increase linearly 

with allo~atlo~·t¿~ie~f~t~c~·ºl" toÍerance. Tlús assumption is represented by the 

;~(lf llli~~~~~i~f i¡li~i~:: 
O ancl 1 ánd'reP,res'erit:'thé prOpOrtions of the maximál'fillocatforis;reruizédn • .· . 

:::~~¡1¡1¡r11I~~~~1~b1~!!t~~~~r~~::.,. 
allocations 'é~rrés?"ó~f i~kto'R~ax and T máx I and thus need nothe considered. 

(2)The intemetfo11 b{tiJJ.eeh}o~t~·iJ/ t~ler~n~e and resistance is additivé,i.e., C(R;T) = C(R,0) 

+ C(0,1). '.; ,, ' . ·:.;·: .. ' 

(3) Benefits of tolerdnc~,ca~'d of 're~iÚance, when present alone increasé iihearly with 
'· ... - ,·i·>., ·;;e· ,'- . '~:."::~ ·\'.:C;·_ ,'.; ,_'.;_;:,: ; ' :. ·: ·¿:;c. : .. i .' •',., 

allocation. to, tole1;~uíc~ J(,~esisfrinc~. This assumption can J:>.e stát~a.ás B ( '}1Rmax,0) = 
.:· :<. >. ~: .: :~<:.::::- .. :i~i;::~,.<--'.:>/·:··.;:.~:/.:<;·/< "-::" , ·,. . -· : >. . }t:·-· -1 .<::;.->'.1S~~F:...':=</, :.: ::_·'. 

y¡ B (Rmax,O) far the;benefit i:>(resistarice, and B (O, ri T~ax)':===. Y.zB(O, T~ax) far the benefit 
' .. :.- ···.< ', ·)i~~:,;/;··:;~ .. ~:~~~~·; :;.·~·:.::~~.~~.: .. :,~~:~~:- ~~{·-~;:: .. : :\~:::: ~ '<.:.;_·. -~ .>~,_,.,; ><::·;-: :<.-/::~·:;;.;: .. (.~-~ ,;,::\/~')J: .: ·:·\·· -> 

of tolerance. This assllmptioh. iridiC:ates that benefits·~ofresistarice and tolerance 
- · -~: -.. -- --'-.:\- :.'. '. ,~,'.~-:~:::~:~t-r,.:,-· ;->-~~: '..-:~:~~<~--.;.r;~_f:/~---~t:~~~:-~~;::y~r -~~;i{:. ~1r.\f~;.:~'.j~~-:-~~:.}:~~~~ .. \;~:1~}~~'.:fi::f:;;~(.~,¿:~~- . ·: -, .·; 

increase linearly up. to Rri1ax'é11,1d/fmá~;:\y},1,e.11,tj}i:t~irilt1:rn}?enefit is attained. Further 
'.·;· -' · .. _ ·-.'. .-... :._: ,-': ~-- -:~:.~::/. :~'. ;•;·:. :~::·::·:,'>.·;;}.''.':-.:~-~.¿~:.,e ·~~.it·: .':%:'~-~---~:-.;~;~.~-<;)/ -~-~¡;' .. ::º: 

alfocation will s}:\oV.1
. a di?iiiii~hir\gfitr;t~sS)'.\'!!iJ.rij'.:;}-Ience; the model considers the 

.- -. ·, • __ :
0

:·- ·.·._: .~-~'-·:'.-:.:¡t·:.'~;~',S:<· ~~~ .. ;/::~'f~-\~·:.: .... \·,~~-:--;;:;~~;,," •. ~~t~y,·j.\'?'.':' · .. ~,: · ... -
parameter space far which ariy,benéfi(ofanocáfióri'to defense is expected. 

· · · .. -. : -.· ··<-::. · .::3~t; .. ·.-/;f;_:_:~:~!:f:·>':;:f2.~><~\\',>:>r:-.· ·_; 
(4) Benefits and costs pe,. uni.t allo.catiorz, if~r~:e,C/~~q,l'.(or.r~sistance and tolerance. This 

assumption implies that T ma~;,,,'Rii.füiifü\ii~n=~ = CR. 

(5) The combined benefits of ,.esistd:n~c¡,~~~~'.j'oze;·mice are less than additive. This assumption 
'. ,'• ....... . 

implies that far an inciividual plant being completely tolerant ar resistant results 

in a greater benefit returrithan having a mixed strategy of partial tolerance and 

res~stance: lrl Mauricio et al.'s model, a multiplicative interaction between benefits 

of resistance and tolerance was employed to produce this kind of sub-additive 
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relationship: 

B(R,T) = B(/'JRmax,Y-zTmax) ·. 

= Bmax[T~ (1,;~ ')j)(l - ~)]·: .. 

Combining all these assumptions into eqú~tiº~ (l)resüÚ#in the following equation 
_,' . . . <;;.~'".' ' ... ~ .-· .. .. ::: ": .-; ~ 

to estímate the expected fitness of a giv.en ge.n,o~pe (Wi)' as: 

. . W.= Wo+ B~:[1.;-()f-~~~~~1jii~~~~1~~t.;, . e (2) 

Equation (2) produce.s él}ifuesss1:frfacé~itb~~cí'~9-a}:>tiye·péaks,isolated by a valley 
. . _ :,.-, .. \ "'>· :~-~--~_::._<'/:~~;~;·rJ:!:T!'.·_·,:;-::.;:::-'':~':.{?;~.'"~~":·-,;::· -~--';_~/7_-,~~-,·:~~~, ~r~:;>;~t({:·.~";:'.-'.~ .. -~.·(}:' __ ._-:_ ·( ~- . :-::- · :- · 

of suboptirnal combiriations ofpartially resistant and,toleranfgenotypes. One of 
• ·, - e __ · - - ·-:~:/-':~ \.>.'.:-:-;.~- ,' !-:•', .: ;'.; : '_. '-· . ,_· ~~~··J.·;:,·<~~':·:\:5_:!\,·.~,::;~:>< ,. 

· . these péa~s é:orrésponds to the fitness of a córitplételf'résistant genotype and the 
,;. - - ·:\·-·.:_: -'.·-~--··.>:_;_:::·:.· _-:~--:,~.,1~<~/)\~:.:· ··:.:~·,:· . . . .·,: >::· =:-·.:·:'.' / .. ··t·~. <->~: 

other to.thefitiless of a completely tolerant genotype,(Figl) . 

. /ANÁLYsis ANO RESULTS .... ' ·,.-· •· .. 

. ·.· ,r:W.o sel°ies of analyses were carried out. The firsti:;e.ries consisted in relaxing 

~eq~en:ti~ny assumption (1), (3), (4), and (5) .. Fo~:c~~rik~~cnéls~urnption was relaxed 

~~~!r~il~i~~;~¡~if l\f J(tlili!~i~i~i~[~:·ct 
examined the effects ofrel~~~g Ir\?re_t~* one:élssumption shnultaneously to 

visuallze ~i<c6~bU,eJ.ef~~iNt~i;f:ª?~~~i'Jh~;i~pe .. ··· :·,······ 

::~:::::;::r~~1~,~~1i1í~iii~i~~Ffü: ::~:::::º, 
C(YiRmax,O) -:./'J, qRma.:,0)- ·· 

·' .·.~ .-.~"'· ,·:;~""·:~-~·;::·_\··,{:··t:'.J•-.; .. ·· .... ·., 

and ·. < .· '° :.:.·: · · ;•."' .,·,_ '·<·"' ·:·'.'. /;~· <:<; ~·,_,; ·.,'·'.¡ 
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where a is a shape par~mete~ thafde.scrib~s ~()~ctJ~~~bf defense increase per unit 

~iiiill.iltr!~!¡~~f~i~;.~f:~~ª:::. 
· possibfüt)rwillbemofelikély'.to.·o~cur under resource limiting conditions if resources 

·~e::;~~:t!~~i~lf r~~fts=:~::~:~::::::::~~· The 

tolerance j{<l}~~i~f~~~?'·iit'tltl{case, the shape parameter is represented by b. 
. ' ., -'1·--·'"• --::-.... "·.··. '1· . : 

· General b~n~fú:fl.J'.h~tionsfor.tolerance and resistance can thus be written as: 

and 

B(O,r.zTmax) = "nbB(O,Tmax). 

Again, we assu~e forsill1plicity that b is thesame for tol~rance and resistance. 

Although for v~ldés ·6t b's1 this shápe para~e,ter h·~s been interpreted as the 

. effectiveness o(défense (F~gerstroti-ietaH1?~7;.§i~s & Rausher 1987; Jokela et al. 

. 2000), we also evaluated the cÓ~dÍtloh ~~~e.b ~1... Introducing these assumptions into 
. ,-~, 

equation (2) yields: 

(3) 

The fitness surface corresponding to equation (3) was generated for a number of 

different values of the paraÍneters a and b, by calculating V\T¡ for each combination of 

(/'l, rz), where /'l and rz tookv~lues between o and 1, and using increments of 0.1. 

Equation (3) was evaluated for severa} values of a and b between 0.2 and 2 (see Frank 

1994). The other parameter values were Bmax = 1 and Cmax = 0.7. 

Allowing cost and benefit functions to be non-linear produced, in sorne cases, 

adaptive surfaces that are qualitatively different from that predicted by previous 

models (Fineblum & Rausher 1995; Mauricio et al. 1997). While sorne pararneter 
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combinations do produce a. fitness surface with two adaptive peaks, one 
. . ·.-.' · .. '-

corresponding to· co#\P~E?t~ tolerance, the other to complete resistance (Fig 2A), other 

parameter valu:s yi=~~.~~~ss surfaces with only one adaptive peak corresponding to 

intermedia te ~~hi~~:BEBcith tolerance and resistance (Fig 2B). Moreover, the 

evolutiona& ~~.e~~¡I'f~s.4~~fct~~ by Fig. 2A and 2B seem to depend in a regular way 
;·:·~.<::: .. · .. ·-;t;:-:;:J¿~::,~,~::.-.l~~:t;~t..~~J;::·.~~·~.:l~r.-~ :,:·;::~; ~--·:;':' --~. í\ .-.. , . . . · _ ... 

on the relátive(valiieij;ó(frie\Sl1ap~ parameters a and b. In all cases we examined, 
· · .~:\-;~ }-':(/::<~t~~?~el~p:"'. :~:f1_:·:~·,;> .;t\ ,.-;~;'. ·}2·r-; .~<.-: .. ~ .. h~-;'. · .> ---:· .: :-:~~~ -.. _- .. >.: · . 

when a_> bth.e fih1ess'fllncti~ñfofctolercmce'.and resistance present one adaptive peak 

ro:~::::-·~~~f~~~i~~~~~f $~~::~:::a;:;,0:o:~:~~:: :oA). 
either maximurn;bi~mi:lhttol'erm;c:~.and viceversa far resistance (Fig 3B). When a 

> b, theheigh! of~h~7~daptivep~ak cwril~x) increases as a function of the positive 

difference be~e~n a i:i.nd b (Fig 4A). Col1~ersely, when a < b, the height of the 

adaptive peak~ecre~~e~ as ~he negative · difference between a and b increases (Fig 4B). 

A negative diÍf~r~11ce between a and b will correspond to a situation where there are 

little scop~ Íor any.fitrless return per unit of defense allocation. According to the 
• '· ·-- < -- •• , •• ·" • º' . 

results (Fig;,3,)~:.c¡Li~tf(:,11.(3)),subsequent analyses were carried out using values of a 

and b of0.5,{~d.2~s represe~tative of the linear and non-linear functions far costs 

artd be~efit~;':~~\ ·{,.',> . . 
·,·.,:::·< 

. ·. Diff.ererit.11itz~i1#aí.'~ost5fo,- toierance and resistance. We examined the effect of allowing 

· 111axi111al c6~fs)>f tC>~er~ce and ~esistance to differ. We did this by incorporating 

· • separ~te maxfu,_al'C:o~t~ of resi~tancé ~nd tol~raitce, CR and CT respeétively, into 
equation (2)to yield ·~ . ·. . . . . . . 

. :: ~ . - ·. ' ' .·~ . :-. ', . .·_. .. ". 

W; ~ Wo + Bm:x[l ~· (l- n)(l- ;;)] - C~n ~ dri. 
. ;·~~: .· .·· ·}·;: . ,·. 

::>::_:.;::.< 

(4) 

Equation (4) .was n.~merically~~solyecl 20Ó times for every combination of CR and CT 

values betweeno'élI\ct21todiif!r~als, and letting Bmax = 1. Values of ¡Is were the 

same as iil pre~lo~~,~~l~~~s; ÑÜ~erical exploration of the (CR,CT) space indicates 
- -- , •. - -, - • -• ., - -r 

that the conditio~~fo; th~ ~~isten~e of two alternative adaptive peaks depend on the 
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relative values o(CR and.CT with respect to Bmax (Fig. 5). For instance, when CR and 

CT are bothle~s fu~ Bln~~ I any combination of CR and-CT results in an adaptive 

s~~fase5~it~-~-CZ:~!~rj:ieA~~~ F>'?aks (lower left regionill Fig. 5). When CR < Bmax < CT 

orie pe~_of'~~;ii~~iif r~~istance is predicted (upper left regían in Fig. 5), whereas 
· _ ·/ ·::.~-~-· \'.~~-;.:·_\(~~'s\:·,.:>?r_>t·:~,:-~.:)~:+::.·-~\>·· ... _· .. _ · , _ -· -
> when CT: .:;:Bri.a~ <;C:R,í:>I'le;,peak of maximum tolerance is predicted (lower right region 

'· ··• Íil Fi~. 5~'.'.~#~-.~~p~~~~)~f-~¡~~~::€R ai1ct CT higher than Bmax is maladaptive and neither 
tolerancenor,ºresistanc~is}favOréd;(upper right region in Fig. 5). These results 

~di~~~e'i~~S~~f~~~~~;,f~;}~~~~~~~ cost (or cost per unit allocation) of one type of 

defense lÓwer~ltne J:teighfofthe adaptive peak corresponding to that defense, until 
·::-: ·:_-.- -· . ·; ;,- -{--:~:-:'._:!~:<:~~-~;{::_. ~;;_~pr::~ :~;-.~~.> fr~~·'!.-.. :_0~K~~: -~:':/-.. -~1~·:.'· . . . --

the péakdisa~pears'~hei\themaximum cost exceeds the maximum benefit. As long 

as co~;s •. ¿f,,;~~~~f.~t~~~~~r~~~ce are linear, the adaptive surface retains two peaks 

everi-if the relative;c(ists•Of,_tlje tWo types of defense change. 
:··.-" ·- · :~}\_ -::·:·:~-' ~;:·t.~1:knx/~:_:i~~::¿(:~;:{:;.-;f;;~~f~1~:1:~:~< · · 

. , . , -·:.·_· .. :, ; .. -~:~~ ~~;,.::;._:;~:-,._ ·: .. ::~ .. :·~~¡:/:~J:·~'; .. ~~}:f:::;::.:~f t~~~:I:·~-·~~c. ·, : 
· Aqdi~ve,~M'i~~ffJ~1y~~ff1i ~\~'~Hi~e· benefit interaction. The interaction between benefits of 

··., ··_ :.:, :·,;º:/.'.'----~·'1·'~.~:':::::::./.·i;~·-;~;;, .. ~:.:-;S:,.~,: . .;">:'??>::-;~·.:.· .. ,·~:· ·:·: .·· • 

resistance'and;tolerance had,been considered previously to be less than additive. To 
- :··:.:~ .. ··.·:./: ·::?:··-~.:;~;-~:.~>.:'.~I:;)';~'-·1.\<1~;\~~)-:f~'.~~·:":.".~ .. -'~-- ... ·_, 

· relax this"~s~~~pti_(:¡n'.~d allow the possibility of additive or greater-than-additive 

benefits, we ino"d~led the-fotal benefit associated with resistance and tolerance as 
:~ .,_ ~~.;~~::::5·'·., .. · .. -

B(R,T) = Bmax (/1 + J2 + kn 72), 

V\There O ~k ~ l;';r°h~ situation k = O corresponds to an additive interaction between 

tolerance_and)Jsi~f~~e b~nefits,while k > O corresponds to a synergistic (greater

than~additi0.~) hlt~Y~~~ori.'.V\7,hen k <O correspond to a less than additive interaction 

betweenbe?~fÍf~;'(iq~wlcÍ_b ~;al.'1997). A similar rationale was previously followed to 

evah.i~t~ th~·h,;;~~~~6k~~Z~:h~benefits of allocation of resources to resistance 
·, -.--.. · ~:.'.¡\:'.<.··-';·,-.-. -; ' . .. ~- . .., ) ' 

· againstdllfe~~~~h~fur~l,eh~l11ies (Hougen-Eiztman & Rausher 1994). Substituting 
·.;· : .... -. -'' , .. ,,,,,·,,_.,,. ';,,.:, 

our modlllc~tic>iú~tc>;eq{lation (2) yields: 
__ ,_ ' '· .· , ... .'i" 

Wi =: Wo .¡. Bmax(/1 + J2 + kn 72) - Cmax(J'i + rz). (5) 



· For1~~ni, Núñez-Far:fá11, Va/verde, Rausher 12 

When benefits are ad di ti ve or more than additive (i.e'i, k;;:: O), the fitness surface has a 

single peak corresponding to a combination of maxifuhrn tolerance and resistance, as 

long as the maximum benefit, Bmax, exceeds t}1e ma~im~l costs, Cmax. 

Relaxing Multiple Assump~on.s.In the s.econd series of analyses, assumptions (1), (3), 

(4) and (5) were relaxed si:qi.~taneoU:sly by incorporating equations (3), (4), and (5), 

in to. egué! tio; •• (:),·~?i[t~~f ~~~-·ic·; :.•.··· 
W;.~~¿h .. ~JIJ(A6+~nb+ k11bnb) - cRw- cT~ª· 
- ' <;,·~·::~::':.. º'-, .. J/:;::·:·1·:::>' 

(6) 

Equation (6) wasshn'ülated for éa~h ofthe three types of benefits interaction 

(additive, s~badditive, andgreate?tBélll)dditive), andcombinations of values of a 

(i.e., 0.5, 1, 2) and b (i.e., 0.5,·1, 2);:)'ieldin~ atot~lOt77-:_cR~CT phase spaces. Each CR

CTphase space was evaluated for'~'rahge,of,~aÍÜ~~bf.¿cind CT between O and 2 at 

0.1 intervals, letting B~a~ = l, follo~ing the same ~~:JdA"cu~as for the evaluation of 

Equafion (4). Nume;icaJ:~xpior~ti~~ of540Ó_ad~p~~~~4iíaéeswas conducted to 
< . ._'.: .·< '.·':·-- -_ . .,.· ,. __ .\·> ~, . .,-:·.}L'-·:·~_,// e_· .·->··. -.- ;-- ::_;:~.; .. -s·:>·;¡_:;_;-'f,>··:.-'.._'_ .•: ___ :_·_._.,·:>· · . .-,.·--·\· 
.·· deteri:nine the lbcatii:ínófmaximum within the,surfac'e;;T.he.results ofthis analysis 

-_ -- ., .. : . _ -· , _ ---- . ~--- ~--~---:\·r:~;:~:r- tr-.~,·: .. :',~·:\17:::.: · .·.>.. .:.: :·.: .. ·.'·~:--.~ .,. ·:~-:<'-::'-::;~)~·~\~'.;~'.<,. ·::~~~~ -:· ·:_::.;,._··,/ ;/:.<--:: ~~~~:~r:;·;<r· --~:-; .. ' .. -.. · · 
· indicated .that. thréé quru~~atively different ad_af!tiY.é i;A#~c::E?s: c::al\:?ccilr.'depending on 

::·, ::.; .>- .. ' . . ; :. -: \: ·,';'\o·: ~-1 ~'.:i~·<-.;·~r,-:.~ ;,:;g~;~~\.;;:;? :.:·:::-:. :- '· :.;.: .. :. - '-.~: .. ,- . '·{:~ ',\ /(;(;::f,~J.~\)'!.~:7~t;,~i.~~~{i\t~~r;~r;:;:>:~~~-~.~.;~;~~':~;'¡¡~:~r;,·.y_:~;;. ·'._. -
the typ~ of. beiiefi t in teraction; the rela:tioij l:>~weei:t:füe.sha pe parru:n~ters 'and rela ti ve 

";~;~f l~~¡¡~t,!~~~iif l li~i~i~f~tlf l::o::,:::::g 
'cost for eaéhsfi~tegy~}~E?f\,''co~tsoft9~~t~C:E?iif~:fügJ:leit1)anthose of resistance a 

~:i .. · . -~ . ··'·-: .' ··. ~._: ,;~~;<:...-·:·<;< -~·-.--~:>-::> ·--.r.:.;· .. _{._'-\~:.;~.::K?,:~ ·:: :11;~f(/·f.'(· .. ~:}·t,,~·~- -!.-iz;,·\··,:~;:r::.:::·~J~t. -~~~.~~~--::· .. :·"·· :. ·. 1·· .. · 

peakofmaximumcfr'almostm:aximUID.resistancéisexpected (Fig 6A, B, e, D). The 
· _·. ,:·:: · .. -,·;: <;~-~ -_"'~:-.,·'.·;·;·:/:.\\_.:_-:.>/:~-}:~;y¡_;..;,,):::~~;~, ~-:~'.?;z,\.\tt~>;::;1~:>:.,.:{~¿2;f'·~~;':;'!,)-.:l·-.;~~r·.::·1::.:r~·>>~-~,~ .· -

reverse willóécur,when: cbsts'ofresistari'ce'are higherthán those of tolerance. The 

p;~se11c~ of ~~;~~~.~~~;~~i;,~:~~t~~,~~~~~t~h1~tive peaks of maximum tolerance 

. ancÍ resistance oci:ursi~heri:Beriªflts iñte~ací:foss than ad di ti ve (Fig 6A, B). The size of '· . -·:. . ' '.··.' : _·:.:-.:·- ... <<·/" .,'_:_~·:- '· .. ::~!':'.:l~_-.. ~1\~;:,·:~,'.~\·:~'..<.'> ~ ·::.:·~;-.. ;~·.;:::.·:::<: :'.'· 
the area correspoz:ldiñg}fris'~pe'cifad~ptlve surface in Fig 6B depends on the relative 

v~uesofa án~'/7 .. ~~h l:A~ ~io~;~~~. difference between a and b in crease the 
- - - . . -

opportunities for ~h~ '~xi~terice of adaptive surfaces with two alternatives peaks is 
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proportionately reduced. Conversely, when a= b, the area below Bmax will 

C()rrespond to adaptive surfaces with two alternative peaks as that predicted in Fig 

6A. 

Firially, the presence of adaptive surfaces with one peak corresponding to 

intelTI\ediate levels of tolerance and resistance appears when the parameter that 

describé.th~ shape of the cost functions (i.e.; a) is greater than the parameter that 

d~¡;sr!~~-ili~,~~tlªPE:! of the benefit tu::ic:?~I1 {i.e., b.) (:f1ig 6B, D). In this scenario an 

intermedi~t~peak will represent a.stiife·of evolutionary equilibrium . 
. •·.· '·:•-,, . '···;·· .. 

. . V\Tithir\'these combinations of costs and benefit functions whether the peak is 

. bias' tovf~~dznore aUocation totoÍerance than resistance depends on the relative 

. values of costs far both strategi~s. Far example, when costs of tolerance are lower 

than thoseof resistance (i.e./P/:< CR) the intermediate peak will be biased towards 

more allocationto tol~r~c~thlk resi~tance (Fig6D). The reverse is expected when 

costs of resistance ar~ iowe/lli¡~ 6os~~ of t~lerance: ·. 

DISCUSSION. : . :.: · 

Our results indicate that severa} diffeient~o~i~~irie~·af thejoint evolution of tolerance 

and :resist~~e>~repossible depending'aBt~~.'~~~"~finteraction between benefits of 

tol.erance'~d resistance, the relative magiµfü~,~~:()f~osts and the shapes of the cost 

ancl be~'~fiÍ ~ctions. In particular, three g~W~;~Íii~tÍ~ms can be drawn from our 
- - ·- ·.':-~-·,··e. ;; _. ~ ',,,,. 

analysis: 

(1) In arder for fitness su1faces tol~~v~ t'l.l!º al.temative peaks, the combined benefits of 

tolerance and resista¡ice1nust be less tJ,ianad~itf~e (i..e., k <O). Mauricio et al. (1997) 

demonstrated ~~~üf'~~~~j,~~,~-fi~;,f~.{i~'?:r,i}f P· Our analysis extends this result and 

demonstrate thát ~'.''pe:~~,:can~¿,t..~?s§iirif k >O. The general explanation far this 
.·-.-~·_<:·.'.:'i;~;:<r\;·~~~<:· .i~if'·~·-·'.//~:-~·:./~~ .. ;/°~',:;,:{-'.-''.::;·1'.;~r: :-~~·:.:-. ·_ 

resultis that maj~~!e.pe:al<s'c~ ari~e:,()n1Y if resistance and tolerance provide 

redundant bim~~t~~"'.~hlch'is ~ossibl~ only if increasing one of these types of defense 

has little effect:~~ºÁ~~ss when the other provides substantial benefits. Two out of 

three studi.~~"th~t have evaluated the joint pattern of selection on tolerance and 
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resistance.have found significant correlational selection between tolerance and 

resistélnce (Tiffin and Rausher 1999; Pilson 2000). However, while the Tiffin and 

Raush~r (i999) study support the existence of an adaptive landscape with two 

ad~pti~~ p~~s, the othe~- report,an ~daptive surface with one intermedia te peak of 

tolerélllce/fdre,sistélllce (Pils~~ioOO). Interestingly,these studies indicate that 

.. ~::~j~¡~~~~¿~~~itE~E~:~~::;:::~:::: 
: . '.:'->> ·_+·:/:·\::~~~,Jj :-.~~:~·~\ .. \ ~~~f:'.·:·<1~'.~;_;~?~1~~~-.S~ :~:·i. _ ... ~;\".:-:··· ~- :·.r·,. ¡.: :·' ·,:·.~ ~ \ ·-'",.:: -__ ";' --. , j ·, ;.-;-_ < , 

interac:t a(iCi~tfv~Iyi,"S;;;i.yE:?ri'.th~tfew sfyt;i~E:?~ !1ªY.E:! E:!valuated the shape of the fitness 
., - _:>:._'. .; ' ->':_.~~: . ~-(-'~ --"---'.''.''';,;. . .;'..:-~"<:_~!'l'c-l-:1.-:.\~~ .'"":· '::~-~'.'-:!~-·.¡.:;- r ... _,, -': ~ -.. ~;, -:·:·.\_·· - _: .. :>;: -- -~- ~ ,-_: __ -,;. r :: -:-· • --~-~ <; ... ~-, '. 

Iandscap~·fQ.i:~ó'íer~c~·'.~dresist~ce;;~tú:fuef.s~~~es.are needed before assuming a 

'~cili::1Ji~~i:~~,\~i!i~~~~iiil;:~~:,:::::peak 
corresponds tómaximal ol· alliú1st 1Jia:dfncil resisthj-z'cé/~l':fo maximal or almost maximal . . ,:. . ' . . . ,,. - , .~. - , ·. . . . .. . - ' 

tolerance depe~dson •the}e[citivéco;ts 'a¡ t~iemnce a~d r~sistance, i.e. on the relative values of 

CR and CT. Th~ former occ~rs~ when CR < CT, the latter when CR > CT. This result - _.· . ' " " . , ; . ' . - . 

~akes inhiitiv~:5~z1~~ i~ that it indicates that selection will favor the cheaper of two 

~edundantd~f~ri~e~r·.···. 

, Pr~~i~~s;fü:cige1s suggested that the evolution of tolerance and resistance 
--. 1;'(• •. : ~ 

wit~ BO,P1;1,1~~8~s'#tay be determined by the initial frequencies of tolerant and 

resistant ~i.rl~~~~s;{M~~ricio et al. 1997; Roy & Kir~hn~r 2000). This expectation 
- '·.:·,,;_·_;/.·.,-: ·· .. _,-:\:.'}"•·._ ---,, . ·, '·. ·. ,·_ 

depends on fJ1~'~?lstenC:e of tWopeélks inthe fitne!ss surface, a condition that, 

· ·a~c.or~~S,/~o~i8}*~§e.f iH~11 i~~:~~c?~2;~d~?·b~i;ain: conditions. Under a different 

scenano, the ev?:lutionaryo~tcome 'WiUd~pend not on initial levels of tolerance and 

:~~~~~ii€l~~~iill:f ::';:u~d::~'.:~!~::: ::' resi,rance 

may be caus,ed [>y;erivirO.J:ifnefüaFdifferences that influence the relative magnitudes of 
. ,. • . • ' ,, ~- ••• , •. :, l. ",:-•. - .. - ·. ~- - .... - .· ' _ ... , • .,.,.., ..... 

· thé respediv~"'cri~t~.~·'Aii:h'O'Ügh a recent review at the species level pointed out the 
. . , <.: -~-- _.:> :' ·:\· ·:.,..;;::•;-' '"'·.» ;". :.::· :',.·-- -

wi~e riü1ge'o(}1él~rélJ_v~iátion in the rnagnitude of costs of plant resistance (6-73% of 

fitness loss,fu' th~ absenc~ of herbivory; Strauss et al. 2002) no study ha ve examined 
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the natural variation inthe magnitüde'ofcosts'of.áefe~~·~c>rigl1afural populations 

(Cap. III). E\T~nthcn1gh proporti~11a.tel~ fe~ 1~~Cl!~;·~J~iu~~cl~osts of tolerance sorne 

found sigruficantaÜb~ati()n~tc~sts.(S!~~~~?·TrÍplett 1994; Tiffin and Rausher 

·~:;it:~iirf lf ti!t~~t~~:~~::E::~~~::::. 
limitatiori increasitalloc'á.tiorúil'costs ofresistance more than those of tolerance, 

.o---:~--·'.'.-.-~:·-·· . _: - ~~----~-:·~-~~::~~>;~~:f':~-~;1~~4:,:{~~f./dI:~kJp¡~;\i~:~;XJ~i~_;:~-:~~::\L>-· _,_.: -.. -- - .· 
seleé:tion is expeded tcdavoi'a'strategy of tolerance rather than resistance. lt remains 

;,:; ": · .'.. -~; ·;· :>/~~;·_·-~~r-~.:;;.: +'1~~~:(~~-~.'.;:~·~;,J,'.Ji-:o'-'.~~~·~-~~.-·::<{~f'.~:'.i}1~~:i: ·;·':_-~> -.'. :~~~---. _ . . 
to be det~rz;rllne,d;I:f~~~.V~.r1 li.()W'.2frequently this type of variation in relative costs 

/·. :·.~- -·- :, _·-:·.'';-:':-~·-:~-,::\·-:e -:..;?/{'.:1~;-x·r-~':t-~~¡,~;.:.- ·,;;-.;;~)---::·;~i,~1~.: ·.:;7y·<·_:;·:.'~.·:- ,._;·¡:: :· · '., _:I ·,. - -. :_·_. _- -· - . -~ _ - • 

.. ac~.ally coi)g!l)iit~~'.,to,S~.ariatl?ri;.~~?ijg P.~pulations in defensive strategies. Also, 

wit}tl~P~f~~~1?.r~;~'.~~~~~1.~~ri~~6~jh)l1E;,ay~Íl~bÍfity of resources can generate 

·selective'heterogei{eit)ré;él(alocalscale mafutainiÍ1g genetic variation in ecologically 

imbortéli-lt;tr~;tn~·~#tt.~~:i994). Specifically, it is expected that costs of resistance will 

in~l"ea~e~~ci~/~i'~~f;ífutit~Úari when plantsdefend themselves by producing carbon

•fod~d.~eC:'cirid~r~;:¿~~~~~ls. Onthe other harÍd, under nutrient limitation costs related 
;'·/--:~'--·~.,,:-;~:.: -~""-~-'-·"-~~:;-·~·:~·.'e/'.:--~,.~~<.f-·=·- -~:~·:-: _,._, .:-: - -'.': .. _.. . ._ . . . . · . 

.. : to the pr()drictiori'ot.r1tfr~gen-based, secondary chemicals are expected to increase. It 

;$~~f ili~lil~~I~~~~§~~~~~:~' 
gradiel"lts:·'.A.~ iriipcir\~;t ~'Üt~ome of our model is that under a plausible set of 

--..:- . ·,. :_~> .. ·<-; :· ,~> ,~:-:'::: _::~..:_!',_-·-;:,:,~:~~--}).:;.~L~~:~?'./.'.~ :::;-:_ -·. __ : 
conditionsvélJ:"i~l::>JC:?::C:o,s,t?,~ftol~rance and resistance can representan important 

· ~spect inv;l~edifu'iR~ih~t~Aal"lce of intermediate levels of tolerance and resistance, 

and lnfa~()rii~.~~~~i~f~i~~t~~~S¡~in pl~t defensive strategies among populations. 
:,.·~~-:j:~---.-=i:~~? -~:/Y'; 

'(3).~·11íi;i:~izs!tai~f;);g;fa~:,.aziy can only occur when the sltape parameter of the costs 

/unctiorz is' 1zÍgl~~'.1?~1;~~, ;,i·~t ~jtÚ~ benejit fa'nctions (i.e., a > b). Recent studies for several 

plant specÍesfudi,c~t~d that the shape of cost and benefit functions are comrnonly 

non~lhtear' Úvfauricio & Rausher 1997; Tiffin and Rausher 1999; Pilson 2000; 

Bergelson et al. 2001; Stinchcombe 2002). Based on the recognition that a cost of 
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defense represents redirection of resources away from sorne other fitness-enhancing 

functions, under resource limitation cost functions are expected to increase more than 

linearly with allocation to defense Gokela et al.2000). This argument suggests that 

. ;it~ the range of habitats a given species occupies, non-linear cost functions may 

be more common in areas with higher level of resource limitation. To the extent that 
' ·, 

thls e:cpectation isré~ized, our model predicts that a mixed defense strategy 

consisting of partial allocation to both resistance and tolerance should be more 

common than previoúsly noted (Fineblum & Rausher 1995; de Jong and van der 

Meijden 2000; Jok~l~ et al.2.oOO). 
Future em~iri'd~Iwork should be directed toward the examination of the effect 

of the environment on the magnitude and shape of cost functions for different 

alternatives plant strategies of defense to improve our understanding of spatial and 

temporal patterns of plant defense allocation. · 
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Table l. R:esults of simulations using Equation (6) under different set of 

pararnete'r cc>mbinations. Asterisk indicate the occurrence of a given fitness 

surface. 
- - -~~--

Benefit . . ··. 

interaction: 

k<O 

k=O 

k>O 

Relative 

concavity 

between 

costs and 

benefits 

a<b 

a=b 

a>b 

a<b 

a=b 

a>b 

a<b 

a=b 

a>b 

One peakof 

max. (R) or 

max (T) 

* 

* 

* 

* 

* 

* 

* 

Type of fitness surfaces 

Two One intermediate 

altemative peak of partial 

peaks of max. levels of (R) and 

(R) and (T) (T) 

* 

* 

* * 

* 

* 

* 
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Figure Legends 

Figure 1. Fitness surfaces far resistance (11) ~d iC,ierance (n) using Equation (2). 

Values of the parameters are Wo= 0.1, Bmax = 1, Cmax = 0.7. 

Figure 2. A. Fitness surface produced using J3quéi~On (3) far a = 1 (linear cost 

function) and b = l. B. Fitness surface for a .:: 2 (cori~a~e upward cost function) and b 

c.~~· 'The :positive signs (+) indicate the locati~n ~f thé adaptiye PE!~s -within the 

suftace. The negative sign (-) indicate the region of the lowest fitne~s values within 

the fi.tnes~ surface. Values of the parameters are Wo = 0.1, Bmax = 1, Cmax = 0.7. Number 

cif~o.I1tours where adjusted to facilitate a clear visualization of the shape of the fitness 
. ·., . ·, .·:.:, 

. /~:<,-.·-.. 
~ •• > 

.·Figure ;,;1(>Pitness function for resistance using Equation (3) for severa! values of the 

shape'p~~~eter b (between 1 and 2 at 0.2 intervals: left panel, and between 0.2 and 1 

arn.2inte~-v'~s: ~Íght kanel) leaving a fixed at 2. B. Fitness function for resistance 
- ~. . .. -· __ .,. - r '" .. .. . " - · .. -,,-,. . .. __ . ,_,.. - . 

using.Eq~~t{3ii'(3) for);'e~·~r~r~il!ues of the shape parameter a (between 1 and 2 at 0.2 

::~11i:¡~~~~ti1~~~en 0.2 and 1 at 0.2 ffitervalso right panel) leav;ng b 

p;~r..~~~~[t~~p~etween the magffitude of the adaptive peak CW=.) and the 

diÍfer~né:éib'~~~'~n the shape parameters a and b using Equation (3) when a > b (A), 
• - ' ;< ,. - .. ,_. ~,., ":1 ,: .. : 

and wheri.'a'~ b (B). Values of the other parameters are Wo = 0.1, Bmax = 1, Cmax = 0.7, T 
; ·~ . . ' ' . . . 

Figure 5.'FmJr regions in a (CR,CT)-space with different implications for the evolution 

of toleranc~'and~I'esi~tapce. Letting Wo = 0.1, Bmax = 1, when O ::: CR ::; 2 and O ~ CT::; 2, 
' . . ' ..• ,,,, __ -.. : -. :,·,; ... ·: .. _ ->.:· ·-- ;; ~ 

· Equati°:n ~4)/pr~dicts that the lower left region corresponds to an evolutionary 

scénariO wi1:li.tw9 ajtemative peaks of maximum tolerance and resistance (i.e., when 

. CR, ci< B~~~):.f~~ upper left region corresponds toan evolutionary scenario with 
-

one optimuijt p
0

eak of maximum resistance (i.e., when CR < Bmax < CT). The lower 
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right regían corresponds toan evolutionary scenario withOn~optimum peak of 

maximum tolerance (i.e., when CT <.Bma~ <:: CR); '[he 1;1pper~~g~t regían corresponds 

to an evolutionary scenario with no adaptive peak (i.e.¡ ~h~~ CT, CR > Bmax). 
- - - , -.; -,- -;:-, ~:--- - '--, ·""'~:- _-:-~.-=·,~_,_!_, __ 

:::;:::::~~;~~{ l~l,lf llilll~~~=::;::i 
indicates the regiorí: iri.which:'fuio/peákS.are.pfosent;irithe-a:daptive landscape, one 

corresponding :~-~~~~~:~t~-f~~f ~f~~t~~~~~~~:,~~l~~~;'¿~~i~g to complete tolerance. 

A. CR,CT-space ~het' a'S b;}aI"lq.·~~1 q:01J.:;9i~CT7¡;pace when a > b, and k <O. The white 

:~::tJ¡r~({f j¡1~~~i6cWíif~~~~~=.::::~~n°:.:::::~:~ "'"ªin 
:VJ'hich tWci'aifernati\l'e péaks ofmíStximum R and Tare expected. c. CR,CT-space when 

,' .. :)1 ·<~-: '. .. >:·,~~';·<:>;~<''.· ··>·->: .:·--· . ··'O:. <: .. -.:"':,:.::;'\~.::.;'.;\.,;~·; .. ·; .·.· 
a sb ~dlc2! O produce adaptive surfacepfonly one peak corresponding to maximum 

To~ R'. D. CR;2-r-sp~ce when a;; b~d·~-~O. The region above the diagonal line 

corr~sponds to'~ mixéd stiategy,biá1~d'.-~6ward more allocation to R than T (i.e., n > 

y.z). Bel~~ the diago~al linether~'Ts.y~~~C,ri where a mixed strategy biased toward 

more ~llo~ation to, T than ~is ~x~~é~~d·'(Í.e., y.z > n). The combination when a = b and 
. . . ·. ._ :,.,,' ·'·.\" .... ', . ' 

k >o als.o produce afitriés~;su°Eface withintermediates peaks of tolerance and 

resistance~·F~r~ll p~l"lel~,Wo:=o:J.,and Bmax = 1. 
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Abstracr.-Thc incorporntion of plant tolerance after damage as a new altemative to cope with herbivory, as opposed 
to resistance. opened new avenues for our understanding of coevolution between plants and herbivores. Although 
genetic variation on tolerance to defoliation has been detectcd in sorne species. few studies havc been undertaken 
with nonagricultural species. In this study, we explore in the annual weed Datura stramonium the existence of genetic 
variation for tolerance and fitness costs of tolerance. To determine which fitness-related trait was responsible for 
possible differences in tolerance. growth rate, total flower and fruit production. and the number of seeds per fruit 
were recorded. lnbred line replicates of D. stramoni"m from a population of Mexico City were exposed to four 
defoliation levels (0%, 10%. 30%, and 70%). Our results from a greenhouse experiment using concrolled genetic 
material (inbred lines) indicated that significant genetic variation for tolerance was detected across defoliation en
vironments. Defoliation reduced plant fitness from 15% to 25% in the highest levels of defoliation. Differences on 
tolerance among inbred lines were accounted by a differential reduction in the proportion of matured fruits across 
defoliation levels (up to 20%). Within defoliation levels. significant genetic variation in plant fitness suggests that 
tolerance could be selected. The correlation between fimess values of inbred lines in two environments (with and 
without damage) was positive (r.< = O. 77), but not significant. suggesting absence of fitness costs for tolerance. The 
finding of genetic variation on tolerance might be either due to differences among inbred lines in their capability to 
overcome foliar damage through compensation or due to costs incurred by inducing secondary metabolites. Our results 
indicate the potencial for norms of reaction to be selected under a gradient of herbivory pressure and highlights the 
importance of dissecting induced from compensatory responses when searching for potential causes of genetic variation 
on tolerance. 

Key words.-Costs. Datura stramonium. genotype X environment interactions, herbivory, phenotypic plasticity, tol
erance. 
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The large variation in plant damage among populations, 
individuals, and years encountered in plant-herbivore systems 
(reviewed in Marquis 1992) suggests that the intensity of 
herbivory might be highly heterogeneous in nature. Planes 
can prevent or compensate fer tissue damage by means of 
resistance or tolerance, respectively. Whereas resistance is 
usually measured as the reciproca! of the amount of damage 
experienced by plants (Rausher 1996; but see Mauricio 1998), 
tolerance has been defined as the capacity of a plant to buffer 
the negative effects of herbivory on fitness through growth 
and reproduction (Burdon 1987). However, this definition of 
tolerance does not consider the fact that the amount of dam
age a plant withstands is usually environment dependent. 
Considering that the intensity of herbivory is variable, one 
may expect a given genotype. or its progeny, to experience 
a range of herbivory pressures. In an evolutionary context. 
tolerance should instead be viewed as a fitness nonn of re
action of genotypes under a gradient of herbivory pressure 
(Mauricio et al. 1997). The analysis of plant responses using 
phenotypic trajectories under different levels of herbivory 
may offer valuable insights on both evolutionary constraints 
and on its potencial consequences on the evolution of plant 
defenses. However, the existence of genotype-by-environ
ment (G X E) interaction has rarely been assessed in evo-

' Present address: Department of Ecology and Evolutionary Bi
ology, University of Connecticut, Torrey Life Science Building, 75 
North Eugleville Road, Storrs, Connecticut 06269-3043. 

lutionary studies of plant-herbivore intcractions (Edmunds 
and Alstad 1978; but see Via 1984; Strauss 1990; Bergelson 
1994; Schlichting and Pigliucci 1998). 

If tolerance has inherent coses, a negati ve genetic corre
lation in fitness between damaged and undamaged plants of 
a given plant genotype might be expected (Simms and Trip
plet 1994), provided that planes with high levels of tolerance 
will pay fitness coses fer being resistan! (i.e., avoid herbivore 
attack). Thus. tolerance evolution can be constrained either 
by its associated costs anci/or by coses of resistance (Fineblum 
and Rausher 1995). Despite the vast literature on resistance 
(Fritz and Simms 1992), few studies have attempted to assess 
the amount of genetic variation for tolerance (Simrns and 
Triplett 1994; Fineblum and Rausher 1995; Mauricio et al. 
1997; Agrawal et al. 1999). The constraints on the evolution 
of plant defense characters deserve further study. 

Previous studics analyzing tolerance among genotypes 
within a population have found significant genetic variation 
(Simms and Triplett 1994; Finebium and Rausher 1995; 
Mauricio et al. 1997; Agrawal et al. 1999). Nevenheless, only 
the study of Simms and Triplett (1994) has detccted costs 
fer tolerance to a pathogen species in lpomoea purpurea. The 
present study was aimed at experirnentally evaluating in the 
annual weed D. stramonium, the existence of (1) genetic var
iation for tolerance to defoliation: (2) genetic variation in 
fitness (number of seeds per plant) and four fitness rclated 
traits (growth rate. total flower and fruit production. number 
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of'seeds per fruit); and (3) fitness costs of tolerance to de
faliation'. In · addition, we attempted to determine which of 
the fitness-related characters measured was responsible far 
po_ssible differences on tolerance among inbred lines within 
a pópulation on central Mexico. 

MATERIALS ANO METHODS 

Plant Sysrem and Srudy Sire 

Datura stramonium L. (Solanaceae, jimsonweed) is a cos
mopolitan summer annual species. This herb inhabits dis
turbed areas and borders of cultivated fields (Weaver and 
Warwick 1984; Núñez-Farfán 1991). The amount of Jeaf tis
sue damaged by herbivores ranges from 0% to 90% of the 
plant's leaf area (Núñez-Farfán and Dirzo 1994). The plant 
material used in this study was collected from a population 
located in the Pedregal of San Angel Ecological Preserve in 
southern Mexico City. A complete description of the species 
and study site can be faund elsewhere (Núñez-Farfán and 
Dirzo 1994; Núñez-Farfán 1995 and references therein). 

Genetic Material 

We created six partially inbred lines of D. stramonium by 
randomly selecting seeds from a pool of genotypes belonging 
to a population studied in 1989 in the Pedregal of San Angel 
Ecological Preserve (Núñez-Farfán and Dirzo 1994; Núñez
Farfán et al. 1996). During two years (1989, 1992), seeds 
from the original families were germinated and resulting 
plants automatically self-fertilized in common-garden con
ditions to dirninish environmental maternal effects and to 
increase genetic identity within each family (self-sibs; Geber 
1990; Mauricio et al. 1997). 

Experimenta/ Design and Protocol 

Far each inbred line, 60 seeds from the first five fruits were 
selected and subjected to 12-h temperature changes (5°C to 
20ºC) in darkness far dormancy breakdown during faur days. 
To stimulate germination, part of the seed coat was removed 
near to the arca where the radicule emerges: the seeds were 
then allowed to imbibe water far 48 h. Ali seeds were placed 
over filler paper in petri dishes in controlled environmental 
chambers (Conviron 630, Winnipeg, Manitoba, Canada), 
with a 12: 12 L:D photoperiod, 28ºC {day) and 22ºC (night) 
temperatures, and constan! humidity (85%; Reisman-Berman 
et al. 1991 ). The first 18 germinated seeds of each inbred 
line were planted in plastic pots (3 L) filled with a commercial 
homogenized soil. Filter paper was placed at the bottom of 
each pot to prevent soil losses during periodic watering. Seed
lings were transplanted when the first two true Jeaves 
emerged. Although approximately 50% of the initial sample 
of seeds germinated, seed mass of seedlings planted covered 
the range of seed mass present in the initial seed pool (Kol
mogorov-Smirnov test. Dma• = 0.01, P > 0.05: Sokal and 
Rohlf 1995). We established an experimental population in 
the greenhouse using a completely randomized design with 
six inbred lines and faur defaliation Jevels. One hundred 
fifteen individual plants (6 inbred lines X 4 defaliation levels 
X 4-6 plant replicates per combination) were maintained 
under the same soil, water. and light conditions throughout 

the experimcnt. Each plant of each line was randomly as
signed to one of faur defaliation Jevels: 0%, 10%, 30%, or 
70% of Jeaf area removed. Defoliation range sclectcd falls 
within the natural range of herbivory that D. stramonium 
plants experience in this population (see fig. 1 in Núñez
Farfán and Dirzo 1994 ). Plants were randomly rearranged 
every 30 days during the first three months to avoid envi
ronmental heterogeneity within the greenhouse (Potvin 
1993). 

Treatmenr Application 

To analyze fimess differences among inbred lines, leaf arca 
removal was carried out at the same phenostage far ali plants 
(see Coleman et al. 1994 ). This proccdure allowed us to com
pare reproductive output among plants by assessing environ
mental (defaliation) and genetic, inbred line effects on tol
erance without confaunding effects due to developmental 
variation among plants (but see Rice and Bazzaz 1989). Be
cause flower initiation is sequential, Jeaf area removal far 
each plant was performed when the first flower at the faurth 
branching arder was in anthesis. At this time, three characters 
related to plant size were measured: total leaf area, total 
number of Jea ves, and plant height. The relationship between 
Jeaf Jength and Jeaf area far D. stramonium (leaf arca = 
0.329[1eaf length]2, r2 = 0.98; Núñez-Farfán and Dirzo 
1994), was used to estimate total leaf area and the amount 
of Jeaf area to remove under each defaliation Jevel. The re
sults of a multivariate analysis of variance (MANOVA) far 
total Jeaf area, total number of )caves. and plant height re
vealed that there were no differences in size among genotypcs 
at the time they reached the predetermined phenostage 
(Fwnk"u = 1.33. df = 15,304. P > 0.1). This result indicated 
that the criterion chosen far leaf area removal time was ap
propriate to avoid size variation in subsequent analyses. 

Artificial defaliation was carried out by making 27-mm2 
boles in each Jeaf with a paperpunch. Leaf discs were re
moved without damaging the main and largest lateral leaf 
veins. This procedure allowed us to extracta given percentage 
of Jeaf area relative to leaf number and size variations within 
and among plants. Leaf arca removal of plants assigned to 
the highest defaliation leve) of 70% was carried out in two 
extractions of 35% each. The second extraction was per
farmed 15 days after the first defaliation, because this is the 
amount of time herbivores take to consume almost ali the 
)caves of a plant (J. Núñez-Farfán, pers. obs.). 

Befare imposing defoliation. we examined whether seed 
mass was correlated with seedling (days to emergence) and 
adult (leaf number at 60 days. the time of first opened flower, 
and total number of flowers) characters in the same plant 
material used far the experiment. None of the correlations 
was statistically significant (P > 0.05 in ali cases. correlation 
coefficients ranged from r = -0.20 to r = 0.06. n = 167; 
J. Fomoni and J. Núñez-Farfán. unpubl. data). Thus, seed 
mass was not considered as covariable in the fallowing anal
yses of tolerance to defoliation (but see Schmitt et al. 1992). 

Characters Measured 

Absolute maternal fitness (number of seeds per plan!) and 
faur related traits were estimated: growth rate fallowing Jeaf 
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arca remova!, total flower production, total fruit production, 
-and nuinber of seeds per fruit (i.e., seed set). Growth rate 
was calculated as the number of !caves produced per plant 
from the time it was defoliated (0) until the end of the ex

-perimeni (1), divided by the number of leaves at defoliation 
(0) ([number of leaves 1 - number of leaves0]/number of 
Jeaves0 ; Fineblum and Rausher 1995). 

Individual plant variation in herkogamy (spatial variation 
between stigma-anthers position) can generate differences in 
fitness in predominantly self-fertilizing plants due to differ
ential opponunity for selfing among plants (Webb and Lloyd 
1986). Although D. stramonium is highly self-compatible 
(91.8%; Núñez-Farfán et al. 1996) and fertilization of ovules 
is not limited by pollinators visitation, an effect of the her
kogamy leve! on the plant' s outcrossing rate has been re
ported (Motten and Antonovics 1992). Because pollinators 
were absent in the greenhouse and seed set resulted from 
natural self-fertilization, herkogamy was recorded for each 
flower to determine its relationship with number of seeds per 
fruit. Regression analysis showed that herkogamy explains 
only l % of the variance in number of seeds per fruit (r = 
0.013; F = 1.4; P < 0.05; 11 = 476; J. Fornoni and J. Núñez
Farfán, unpubl. data). Thus, differences in fitness can not be 
attributed to differences in herkogamy. 

Data Analysis 

Data analysis integrated previous approaches for the anal
ysis of norms of reaction and standard quantitative genetics 
analysis for full-sib experiments (Fry 1992; Sultan and Baz
zaz l 993a,b; Simms and Triplett 1994; Falconer and Mackay 
1996; Mauricio et al. 1997). Variables were transformed to 
ensure normality assumptions. Growth rate was square-root 
transformed and total fruit production was log transformed. 
The Barlett test was used to assess homogeneity of variances 
(Sokal and Rohlf 1995). Univariate mixed-model analyses of 
variance (ANOVA. Type Ill SS) were performed using the 
multivariate general linear hypothesis (MGLH) module of 
SYSTAT (vers. 5.2.1 ). For each of the five characters, inbred 
Jine was considered as a random effect and defoliation leve! 
as the fixed effect. The F-ratio for the random effect and the 
interaction effect term were calculated using the model error 
MS as denominator. The interaction's MS was used as de
nominator for the fixed effect to calculate the F-value ac
cording to Schefle' s model (Fry 1992; Simms and Triplett 
1994 ). Following these estimations of F-values, a significan! 
interaction would indicate potential genetic differences 
among lines in their response to the defoliation gradient (i.e., 
differences in fitness among inbred line across defoliation 
Jevels). Significan! defoliation treatment effect would indi
cate whether defoliation has negative or positive effects u pon 
plant fitness across the defoliation gradient. Unplanned com
parisons among defoliation Jevels and inbred lines were de
termined using the Student Newman-Keuls test (SNK) for 
multiple comparisons (Underwood 1997). The probability of 
Type 1 error was controlled using the Bonferroni adjustment 
procedure (Day and Quinn 1989). 

Because tolerance is operationally estimated as the slope 
in the relationship between fitness and damage (Mauricio et 
al. 1997), an analysis of covariance (ANCOVA, Type III SS) 

TABLE J. Analysis of covariance of relativc fitncss of inbred Dalura ·-: 
stramanium lines subject to defoliation. Sums of squarcs Type Ul ·wcre ' 
uscd. · ' 

Source oí varia1ion df ss• F- p 

lnbred Jine 5 0.940 7.61 <0.0001 
Defoliation 1 28.472 1153.15 <0.0001 
lnbred Jine X defoliation 5 0.710 5.75 <0.001 
Error 102 2.518 

was performed (MGLH module, SYSTAT 5.2.1) to decom
pose the inbred line X defoliation interaction derived from 
the two-way mixed ANOV A. Relative fitness was estimated 
by dividing the total number of seeds per plant by the max
imum total number of seeds per plant. Relative fitness was 
considered as the response variable, defoliation as the cov
ariate, and inbred line as the fixed factor. Thus, a significan! 
inbred line X defoliation interaction will indicate truly ge
netic differences on tolerance among inbred lines within the 
population (i.e., differences on overall reaction norm slopes 
for fitness among inbred lines; Simms and Triplett 1994; 
Mauricio et al. 1997). Because the use of full-sibs does not 
allow an accurate estimation of additive genetic variance 
component, a conservative estimation of genetic variance 
among inbred Jines was preferred. Thus, when the inbred line 
effect resulted significant in the two-way mixed-model AN
OV A (following Scheffe's model), separate one-way ANO
VAs (model II; module MGLH, SYSTAT 5.2.1) were per
formed to assess genetic variation within defoliation Jevels. 
This procedure was performed using the model variable = 
constan! + line to see whether the significant line effect de
tected in the two-wav mixed ANOV As indicate consistent 
genetic differences (Sultan and Bazzaz 1993a). 

A two-way mixed ANOVA (module MGLH, SYSTAT 
5.2.1) was performed to detect a potential reproductive 
"trade-ofr' between damaged and undamaged plants of the 
same inbred line (i.e., fitness costs of tolerance to herbivory). 
Here, F-ratio for the inbred line effect was obtained by di
viding the inbred line MS by inbred line X defoliation MS 
(Hocking's model in Fry 1992). This test assesses whether 
the fitness of an inbred line expressed in different defoliation 
environments is correlated (see Fry 1992). A significant in
bred Jine effect test for the presence of a significan! genetic 
correlation (r~ > 0) of character states between environments 
(i.e., no costs of tolerance). In contrast, if the interaction 
effect is statistically significant, costs of tolerance may exist. 
The magnitude of such costs should be detected as a corre
lation of family means of character states between environ
ments (i.e., defoliation levels). lf fitness of undamaged plants 
is negatively correlated with fimess of damaged plants (r~ < 
0). fitness costs for tolerance to defoliation mav exist (Simms 
and Triplett 1994; Strauss and Agrawal 1999). 

RESULTS 

Genetic Variation for Tolerance 

The results of an ANCOVA indicated that inbred lines 
differed in their response after damage provided the signif
ican! inbred line X damage leve) interaction (Table 1). This 
means that inbred lines differed for the slope of the rela-
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Fto. l. Means (+I SE) for five fitncss components of Datura stramonium undcr a dcfoliation gradicnt. (A) Growth ratc; (B) total flower 
production; (C) sccds per fruit; CD) total fruit production; (E) fimess (sccds per plant). Differcnt lcttcrs bctwcen pairs of defoliation 
treatmcnts indicate significant diffcrences at P < 0.006 following Student-Newman-Kculs tests with tbe Bonfcrroni correction. Data 
wcrc graphed using untransformcd valucs. 

tionship between fitness and damage (i.e., tolerance). Thus, 
genetic variation for tolerance was detected within the studied 
population (Table 1). Nonlinear terms were not included be
cause in a previous analysis the second-order interactions 
were not statistically significant. 

Defoliarion Effecr on Fimess and Four Relared Trairs 

No differences among defoliation levels in growth rate, 
total ftower production, and number of seeds per fruit were 
found (Fig. lA, B, C). Significan! differences were found 
between the control and the other defoliation levels in total 
fruit production (SNK; P < 0.05; Fig. lD). No differences 
in total fruit production were observed between interrnediate 
levels of defoliation (SNK; P > 0.05; Fig. lD), whereas 
significant differences were found between both intermediate 
defoliation levels (! 0-30%) and the highest defoliation treat
ment (70%; SNK; P < 0.05; Fig. lD). On average. ali ge
notypes of D. srramonium showed a significant reduction in 
absolute maternal fitness (number of seeds per plant; Fig. 
lE), indicating fitness costs of defoliation. Thus, tolerance 
differences were due to the effect of defoliation on the pro
ponion of flowers that matured fruits (i.e .• fruit set), because 
there were no differences in total ftower production. lndi-

vidual plants with 30% of their leaf area removed hada fitness 
reduction of 15%, whereas in those with 70% of leaf area 
removed, fitness losses approached 25% (Fig. lE). Plants in 
the control treatment produced approximately 20% more 
seeds than the two highest intensity defoliation treatments 
(SNK; P < 0.05 for each paired comparison; Fig. lE). How
ever, no differences in fitness between the control plants and 
the lowest defoliation leve! (10%) were observed (SNK; P 
> 0.05), suggesting that either the analysis was not able to 
detect srnall fitness differences or that plants can tolerate low 
levels of damage without a significant fitness reduction (Fig. 
lE). 

Responses of inbred lines across the defoliation gradient 
accounted for a significant amount of variance in fitness and 
in the three reproductive traits (total flower production, total 
fruit production, and number of seeds per fruit). Significant 
inbred line effects were found for total fiower and fruit pro
duction, seeds per fruit, and fitness, whereas no differences 
in growth rate were evident (Table 2). Similarly, ali char
acters but growth rate showed statistically significant inbred 
line X defoliation interactions in the mixed models (Table 
2, Fig. 2), indicating that inbred lines also differed in their 
phenotypic trajectories across the defoliation gradient. 



TAel..e 2. _, Two-way mixed-ritodel analyses of vnriance (Scheffé's model) for five fiuiess-rela1éd traits' in six inbred linés of Datura .iiramonium· 
under four levels of defolia1ion. Sums of squnres Type III were used. '-. ¡., ;'.,::-. _-, '.: ·.:·-- >"' :· ,-.- -,_,_- ·-/ · -•e::·_ ·-, _____ :. · •,. · --_ 

Source of variation --'df 

inbred line '•'.S-
defolialion 3 
inbred line X defolintion IS 

Tola!_ Hower prod~~[i~n 
error _90 -
inbred line s 
defolialion ,;3 
inbred line X defolia1ion IS 
error 90 

Toial fruil produciion inbred line s 
defolintion 3 
inbred line X defolia1ion IS 
error 90 

_Number of seeds per fruit inbred line s 
defolintion 3 
inbred line X defoliation IS 
error 90 

Fimess (seeds per plnnt) inbred line s 
defoliation 3 
inbred line X defoliation IS 
error 90 
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lnbred Unes 
o 1 
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Fro. 2. Norms of renction of six inbred lines of Datura stramonium undcr a dcfoliation grndicnt. (A) Growth rate: (8) total Hower 
production: (C) seeds per fruit: (0) total fruit production: (E) fitncss (seeds pcr plant). Data wcre graphcd using untransformcd valucs. 
Bars indica1c :!: 1 SE. 
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·TABLE 3; F-~alue~ from 'one-way analyses of variance of five fitness
related traits·in Datura·stramonium within each of four defoliation 

~i::;,i , levels.·Numbérs iri parentheses correspond to sample size within each 

~~f; def~liation level. 

'('.~ 
'•>t 

Defolialion Jevcl 

0% (30) 10% (31) 30% (28) 70% (24) 

Growth rate 
Total flower production 
Total fruit production 
Number of seeds per fruit 
Total seeds per plant (fitness) 

• P < 0.05; ns. nonsignificant. 

0.73ns 
0.59ns 
l.07ns 
l.30ns 
3.43* 

F 

0.90ns l.9lns 
2.79• I.27ns 
0.94ns 2.25ns 
l.4lns l.87ns 
3_35• 4.32• 

Genetic Variarion on Reprod11c1ive Trairs 

0.94ns 
J.07ns 
J.31 ns 
3.23* 
3.41 • 

Although the initial analyses indicated a significant inbred 
line effect for total fiower and fruit production, number of 
seeds per fruit, and fitness (Table 2), one-way ANOVAs with
in defoliation levels (environments) revealed that only plant 
fitness showed statistically significan! differences among in
bred lines. Thus, only absolute maternal plant fitness showed 
consistent genetic variation among inbred lines within en
vironments (Table 3). Significan! genetic variation was also 
detected for seed set on the 70% defoliation leve) and for 
total fiower production in the 10% defoliation leve!. How
ever, given the sample sizes, the absence of differences 
among lines must be taken with caution. 

Fimess Cosrs of Tolerance 

The inbred line effect tested under Hocking' s F estimation 
was not significant (SS = 1.451, Fs.s = 1.83; P > 0.05; /1 

= 54), indicating no significan! covariance in plant fitness 
between the control and the higher defoliation leve!. Al
though the inbred line X defoliation interaction was signif
icant (SS = 0.789, Fs.4~· = 5.42; P < 0.001, 11 = 54), it was 
not as strong as needed to detect a negative correlation be
tween the control and the higher defoliation leve! (rR = 0.77, 
P > 0.05, 11 = 6). Power analysis indicated that a sample 
size of 17 inbred lines would be necessary to detect a sig
nificant correlation of that magnitude (Cohen 1977); how
ever. a positive correlation does not support the presence of 
costs for tolerance. Even when the overall model was sig
nificant (F = 6.29, P < 0.00001, 11 = 54), and with a strong 
power test (1 - J3 = 0.99 holding ex at 0.05; SAS lnstitute 
1995). the results showed no evidence of constraints on the 
expression of fitness between the control and the higher de
foliation leve!. 

DJSCUSSJON 

The results for D. s1ramoniw11 indicated the presence of 
significant genetic variation on tolerance. In addition, no ev
idence of fitness costs for tolerance was detected. Variation 
in tolerance among inbred lines was mainly dueto differences 
in the proportion of matured fruits, because differences in 
total fitness were more related to total fruit production than 
to total fiower production or number of seeds per fruit. The 
results of this study showed that leaf damage produced a 

reduction in total plant fitness, which supports previous ob
servations in the field (Núñez-Farfán and Dirzo 1994). 

Although genetic variation on tolerance to defoliation have 
been found in severa! recent studies (Fineblum and Rausher 
1995; Mauricio et al. 1997; Stowe 1998; Agrawal et al. 1999), 
few studies measured the negative effects of damage in terms 
of fitness (see referencs in Strauss and Agrawal 1999). As 
in D. stramo11i11111, it has been found that fruit production 
accounted for differences on tolerance in J. p11rpurea and 
Brassica rapa (Fineblum and Rausher 1995; Stowe 1998). 

Severa! factors could account for the existence of genetic 
variation in tolerance found in D. stramonium. For instance, 
if different lines allocate different amounts of resources to
ward induced resistance after defoliation, differences on tol
erance might be a consequence of a different amount of re
sources devoted to increase resistance after damage rather 
than to diminish fitness costs of defoliation through a com
pensatory response (i.e., tolerance). In a recenl study with a 
congeneric species, D. wrightii, induction of sticky glandular 
trichomes has been found afler foliar damage (Elle et al. 
1999). However, in D. stramonium a positive correlation be
tween early versus late foliar damage under natural conditions 
has been detected (r2 = 0.04, P < 0.0001. 11 = 338), sug
gesting no induction of defense (P. L. Valverde and J. Núñez
Farfán, unpubl. data). Thus, only after further evidence sup
ports the absence of defense induction in D. stramoniwn can 
this hypothesis be ruled out. Nevertheless, our results high
light the importance of dissecting induced from compensa
tory responses when searching for potential causes of vari
ation in tolerance. 

In contrast, genetic variation on tolerance may be related 
to many growth traits in volved in the response of plants after 
natural or experimental defoliation (Strauss and Agrawal 
1999). For instance, tolerance to herbivores can be promoted 
physiologically if damaged plants can reallocate resources to 
undamaged branches and stimulate their further growth (Bil
brough and Richards 1993) or increase the metabolic activity 
of remaining photosynthetic tissues (Whitham et al. 1991; 
but see Kimberly and Reekie 1995). Morphologically, tol
erance afler damage may result in the activation of secondary 
meristems (Coughenour 1985), if resources and meristems 
are not limited (see Geber 1990). In D. stramonium, resource 
limitation seems to explain the negative effect of defoliation 
on fitness. Firsl, damage reduces leaf area, and thus resources, 
suggesting a higher metabolic activity of the remaining tis
sues given the absence of differences in growth rate (mea
sured as relative leaf production after damage) between dam
aged and undamaged plants. Second, in D. stramonium the 
production of new branches. leaves. and fiowers is sequential 
and the damage by herbivores is concentrated in leaf tissue 
rather than on meristems. Thus, the negative effect on fruit 
production but nol on flower production indica1ed that de
foliation exerted a significant negative effect on the propor
tion of fiowers that matured to fruit. In summary, our results 
for D. stramonium indica1e tha1 lhe pattern of fitness decre
ment after damage was a consequence of resource limitation 
(i.e., defoliation). expressed as a reduction in the proponion 
of fiowers that matured fruits. Given the great morphological 
and developmental limitation of this species. compensation, 
if any, seems lo be expressed al the leaf leve!. 
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The absence of differences in growth rate between dam
aged and undamag·ed plants found in other species (Bilbrough 
and Richards 1993; Rosenthal and Welter 1995; this study) 
is in agreement with the hypothesis that tolerance in D. stra
monium may be expressed as an increment of metabolic ac
tivity in remaining photosynthetic tissues oras an increment 
in leaf size rather than on the production of new lea ves (Whi
tham et al. 1991; but see Kimberly and Reekie 1995). Thus. 
genetic variation on physiological traits related with tolerance 
might be expected, but additional studies are needed. 

Ecologica/ Genetics of Tolerance 

The apparent absence of an across-environment negative 
relationship in fitness indicated no fitness costs of tolerance 
in D. stramonium, because its expression seems not to be 
constrained under low versus high leve!s of damage (see 
Sirnms 1992; Simms and Tripplet 1994). Similar studies did 
not detect costs of tolerance in Arabidopsis thaliana and Ra
phanus raphanistrum (Mauricio et al. 1997; Agrawal et al. 
1999). If there were no costs of tolerance. it may imply that 
traits related to tolerance to defoliation might be beneficia! 
for plants even when herbivores are scarce or absent, if such 
traits constitute a buffer for plants from other environmental 
stresses (Rosenthal and Kotanen 1994 ). If so, other factors 
than herbivory may select for high levels of tolerance in 
natural populations. 

However, an upper limit to the beneficia! effects of tol
erance is expected in environments with strong herbivore 
pressure. This limit may be expressed as an allocational ad
justrnent among reproductive cornponents to buffer the neg
ative effects of leaf damage (allocational costs; Simms 1992). 
In the absence of costs, natural seiection will increase levels 
of tolerance within populations and will reduce genetic var
iation in tolerance. However. the presence of genetic variation 
on tolerance may be maintained if a trade-off with other traits 
constrains the effect of natural selection on tolerance. If, for 
instance, an ecological trade-off between defense and pol
lination exists, gene tic variation in defensi ve traits could be 
maintained in the absence of allocation costs (Simms 1992: 
Strauss 1997). 

Regarding the cost-benefit model for the evolution of tol
erance and resistance (Fineblurn and Rausher 1995), costs of 
tolerance might be obscured by equal or greater costs of 
resistance (Sirnrns and Triplett 1994 ). Thus, in our case. un
detected costs of to!erance may be a consequence of resis
tance costs, although at present there is no evidence regarding 
this issue in D. stramoni11m. In contras!, if costs are expressed 
only when damage is present. undamaged genotype replicates 
will not pay any cost for being toleran! and no coses would 
be detected. If the mechanisms related with tolerance to her
bivores a!so buffer fitness decrernents caused by other stress
es (i.e., fire, physical darnage. competition), coses may be 
more difficult to detect when planes suffer no defoliation. 

Previous studies have addressed the lack of significam ge
netic variation within plant populations as a potential bias 
for the detection of costs of defense to herbivores and path
ogens (Sirnms and Triplett 1994). Despite the presence of 
genetic variation on tolerance in D. stramoniwn, the lack of 
a genetic trade-off between low versus high levels oí damage 

may result from the small number of lines used in our ex
periment (i.e .• low power test; but see Results). In addition, 
another potencial source of bias of our results is the fact that 
the expression of costs is environrnent dependent. In that 
case, the water and light regime that plants experienced in 
the greenhouse might have been sufficient to attenuate fitness 
costs of tolerance. However. because the life cycle of D. 
stramonium occurs during the rainy season. in open disturbed 
sites, at least a probable excess of water and/or light should 
not be responsible for the apparent absence of costs for tol
erance. Finally, the use of inbred lines following two gen
erations of selfing could also bias the experiment toward 
finding a positive correlation between darnaged and undarn
aged plants, if hornozygous individuals for slightly delete
rious alleles appeared during the selfing generation (Roff 
1992). However, for the same population, no inbreeding de
pression on fruit production. plant survival, and growth char
acters have been detected in D. stramonium (Núñez-Farfán 
et al. 1996). Finally, although inbreeding depression was 
found for number of seeds per fruit in the sarne population 
(Núñez-Farfán et al. 1996), the nonsignificant effect of the 
defoliation environrnent on seeds per fruit (cf. Table 2) and 
the absence of genetic variation within defoliation environ
ments for seeds per fruit (cf. Table 3) indicate that inbreeding 
depression might not be responsible for undetected cost of 
tolerance. 

When viewing tolerance as the norrn of reaction for fitness 
along a defoliation intensity gradient (Mauricio et al. 1997), 
the evolution of the response might be retarded because of 
significan! phenotypic plasticity. The evolutionary impor
tance of phenotypic plasticity relies on the existence of ( l) 
G X E imeractions (i.e., genetic variation for phenotypic 
p!asticity); and (2) genetic variation within the environrnent 
(Via et al. 1995). These two conditions would lead natural 
selection to optimize the overall slope of the reaction norrns 
along a defoliation gradient. Our results dernonstrated sig
nificant G X E interactions. indicating different genotypic 
responses to foliar damage. Also. genetic variation in fitness 
within environments was found. Both results suggest the po
tential for norrns of reaction to evolve. Although the existence 
of a significant interaction between inbred line and defolia
tion in rnany reproductive characters indicate the existence 
of genetic variation on norrns of reaction, the magnitude was 
not as strong as needed for the detection of a significam 
negative correlation on character states between environ
ments (i.e .. defoliation leve!). The presence of a negative 
correlation in fitness between defoliation levels would con
straint the evolution of genetically differentiated phenotypes, 
provided the existence of fitness costs. Thus. in our case the 
evolution of a plastic plant response after damage may be 
favored (Schlichting and Pigliucci 1998). The absence of 
coses for tolerance may have resulted from selection favoring 
plastic responses to defoliation. if the intensity of damage in 
natural populations is highly variable within and arnong gen
erations. 

The use of a norrn of reaction perspective in the analysis 
of tolerance would provide additional inforrnation regarding 
the shape of the response after darnage. For instance, it has 
been found that damage can result in a positive rather than 
a negative effect on plant fitness. but this response depends 



796 J. FORNONI ANO J. NÚÑEZ-FARFÁN 

on characteristics of the environment (low competition, high 
nutrients; see Whitham et al. 1991). Experimental studies 
with more than one treatment of dcfoliation can incur an 
additional problem because the interaction term in mixed
model ANOV As will not indicate truly genetic differences 
among genotypes for the slope of the relationship between 
fitness and damage. In this case, a significant, nonlinear fil 
in the relationship between fitness and damage would indicate 
that the operational use of the slope for the mentioned re
lationship could not properly describe the pattern ofresponse. 
Additional studies should consider this approach to test the 
linearity assumption of the response after damage used on 
previous studies, particularly if tolerance is measured under 
natural conditions. Furthermore, if tolerance diminished fit. 
ness differences between damaged and undamaged plants of 
D. srramonium, the amount of phenotypic plasticity far fit. 
ness-related traits may expresses an adaptive component of 
phenotypic plasticity. Because phenotypic plasticity can 
mask differences in fitness among genetic lines along a de
foliation gradient, an upper limit to detect genetic differences 
on tolerance might be expected. 
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ABSTRACT 

The study of adaptive.ge~eticv~iél~ºn;in'.thefüdlci r~m~in,s, p~e ~~fue major goals of 

evolutionary biology. In this. ~~~~Je~plore f~r füo 11élt¡ir~lp'?ptiiations of the 

2 

:;,:~:.:;::;S'trr~tI~~i~i~~~lL~r~~~~t:~.~~::~:::::g 
paternal half~sibsfélrnÍÍi~~GTR~ ~alyses indicated·th~;~j.~~ence of significant additive 

.· genetic.variatio~.ºzl}~l.~~AAc¡~;to~e~bivory .. Two~~ªY .. ~OVAs revealed that one of 

· the popu1~tions;;(i.e·:~\iisJ~:áh) was iocany actapted a:~á.senetica11y ctmerentiatect for 

;:~t~'p:~~~~;i~~~~:;1.;•:1::.:0~~i~\~~,:;::go). 
allocational costs óftolerarice indicated that at Tieúmári'costs of tólerance were 

;: : :; ~·:·. . .::~:f:/.:';:t:.:~~: ;:;.~\~: Jl:~;·¡.';~.·{:.\:~ :;)·,' .. .":Y~~<·_:,._:. /~;,·:'.:··/.\l.:;;'.: .. -,/~--' '.)i~:f? i::>/;}l~-~<,·~~f?r/'.'~:-{;;_~\;:-~((':: .~·-<. . . 
·. higher.thari. af Stci.: Dofuingo>The. pattem of: contiástilig':selection 'ón tolerance 

-~ _ -.- .-.:_ .. --",:: .... .:_ .. ,(·- :· _:-.'.~--/_:·~:;:~i:~-.: '.-?:~~JY'~_rY::~?'.:1 .. :,1.~,:,~_~¡~'.::,' --~~:~:>.-': ·<~~~ .. : --,/;\~:::,~·?:·7\-.:~:.)\' ;s>~;:,\;·r~-%:-,.:/(:> ''.~-~··~0~-~-::.~~::.::t¿.~_ \ ~\- -,:;- _,. .. , 
.·indkated that.:Whllé'negative'.selectfon was detécted·on':Tiéúmári,·positive selection 

, ...•. ~tªf dit~~\~d'}~~~~~YLBB~J~~~;:~~~~; .. f ~,~r~S6~~~;~:~~;~~~r~í~~~t~~~~~~~~~t····· . 
. selection on. tolerance. can;IeadJO adaptive:differeritiatión a:mon:gnatüral populations 
\·.:;~·.· · · .:::(:-·:- -:-~ :~· -·;_:::::~:;·- · :-'.!_;:/;~. -.. :;·~;·~~/ .F':;~ll~F?t\ -~ -'~21\~,~~:.r.:·,~--~ ---.:~:.;,_~:-· · < :'. ;_" < '. ·: -: :'_:. :--~~~::.~.--~' .~; ~~;::~:. h:{}··~~~{i~;.~~:~:/~ ::,~:~~~~~~,:~~ffk:;.<.'.~~'f!{'.{7~~/-',,~;1::\. :...,~>-· -
~f D.strm~.onzu":z .. Thepattern'of·con~astin~ .. s~le~ti~l1cm~toleran~e;,~asfurther 

fr:J¡~t~~f ~~!~!~~~~~~1WJk~~~~~~r~~r~lit~:~t.~h· 
genera te diff~?en~e~}a_rri(,ngp?pülations in.ti-te '.evohitioi-iary outcome of plant

herbivor~ int~~;ctÍ~~¿··· 



INTRODUCTION 

The study of adaptive genetic variation il:1 th~ V\Ti~d 'ierrüuns one of the major goals of 

evolutionarybiology. (Fisher,1958¡ Endler ~9~?i}~iQ~5-eél!1 et aL. :2000). Accordingly, 

underst~dÍng,ch~racter evoluticm:~ieqaj{~~t~~.!~~lfsi~:()f.~election under different 

abiotic and biotic environmental cci~dltl~~qg¡~¿h.:t~~:f PºP:1la~o.~s often experience 

;:::,n~;Qr¡,~:~j~;~I~f ~~~~!~~~~~~~i~:i;;:~~1~0n 
>her.itableyariatiórt'in·fraitstlfat·.eill-t~ce.·.fitriess;·and(2).differEintial~att~inof 

· . s·~!~g~i·Fm~f ~;.~~~~1~B~gs;~tlW~~~~ff~Its. If both conditio~s ª;~.~~0~~:~bsent any 
. othérrt)rce§pf:u:lsirig natiirál s'eléé:tion (i.e.; genetic drift, gene flow)~Jocéll adaptation 

·. · ~s.e~~~.c~~$·,~j~:,·~"J <~~\,~iJ{J''<f $'}.~ifr·'.~.:\V ·. · ..•.. · .• . . . ; · ,ji[ .:···· 
•.. · · ·< ;··,p1~;t.cJ~élracfé~E; .. il"\Y.Ply~.d)n plant-herbivore. interactiol1:5.}~~~ f>~rticular 1 y 

5:u~i.ab,~~··~*~~l:!+{:~~é·~~~.~f i,~.~~gv~. v.ariation in the ~il~· .. b~~~~:~~.f t~ .·phenotypic 
expres~itjn of'.c1efensiy~'planttráits is. affected not only by tl)e E{~<:>,fogical dynamics of 

; .... ·_ >~».- -,-_:'';-:·-; .. :_.'_.:::;-~ .. ~·:: :·~~;-.:', ·:t',~'. ~?~;:_,,·,~--:;_;::;' > 'J :·.'·.·¡. ·.>.;~/<- ?,- 0: ·.:':; _· ~ _'.,. ;: • _ • • . ,_ _ ,, . , : ··,:::-;- -, :.>.<o;~~~, __ :~r;:~;.;.::~'·:w:> :-: .. 
· naturaleii'errues~ti(alsooytheoiotic.aíi.d/or.abiotic,enyir(?riIIlentalconditions 
. -· ·._ '", -;\':> ::·---~,/~·:·>1,;;!~:-'.!1• :_;:,::·'; --~r,'; ,..:-;~': .. ): ~--~>~-: -..:--:/·,_·. ·-~:.--';_'.- · '. ~~-,.-,, · ·.>:.·::/ , '. ~:::.:· .:·;·/ ~-= }·. ~- r~·,::- :-~'.~-~~·;.:: -~~~;:~t-ri~:~&::!:;:;;-::-: .-~_. · 
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· (M:ashi~ski .• and)Vhith.ªiTl.1989; .~erms.and)vlau~on:1992; Rosenthal .and Kotanen 

··.19~~;.·~~i~~fu~~~;~~i;~~~;~is}997; ~¡oJ~·ff.ai,iI~~&8I~:~l~~~·~.~e~,:significant heritable 
variiltióri.withii-i;popúlátioris aria differeritiatseiectiOn ori defensive plant traits 

· ·'.·- . _ _.-~, :<:\,«:/:_:_,.y::~~'.·,:'.·~···/<,>r\:<·:·r:'--' '.,>/·/_·::/;,_: · :~ -:·;::-;__:_·,'.::·::·.·-~~;:: .. --?({.: . .-:~r,;:~;'._~:~~·;¡:t::)~·:-~\~_;:t~:~/" ::·:¡>:~{ .. ~\~?"~:_· .. :-.· · 
•· am()11g·popul!1tiol"lS, h~ye l:>eeri r~portech(~"~r~l}ba~.~:~p ~éingerl 1992; Benkman 

·1:~~;.Jl~~·~hi:~i~~B~~::~~9,[:f~ig~.~i?~}:~~~~~~§f~3g~o; Goméz and Zamora 
2000;· Valyerde étaL'2001J 2002) f<'Ho~ey,er/ai$pl-6pórtionatel)i,rew studies ha ve 
. . .. <~:'.::::_, · .. '/ .'.):.'r'.~~-+ '}·~~-?: -~:·~\'.? <:t~--~-::::;:3 ~''~}/~<: :··f}~·-< :· ·~~::~:(~'.,::.'.t~ .;:_~ f:~t{.:;~·0i¡} \ ~:r~ .. -~:':>0}:·\ \:;;~~~,~-;.f:~~ ~- ~','.,'.~~::: .. (·; ~:~:·. · ·:_:.; .,;~ :- : ... 
detect~cl,¡l9ca!;aci~P.!~.ti?rtii,1.ec()l()giS::any;~P.Cl,}~~i:t!.~~éU}t'~ª.it~j(v,an~ienderen and 

van .. ctef,~~~~~B,~3·?~~~~M~~ff ~~::$~~~;!i¿~~).:.fi~~t~{~~~~~~~~~WU:;~9·.~~ve evaluated 
thewt?s~~ée?r·10,c~l'.a~apfati§ft~.·PI@für~it5,wyolie'd:mt}1eiriteraction·withnatural 
enemies. •.· .. · .. · .·. · ': ·· . : {::>·~;~~~::·i~>Jtrw\:1,}~~~:.,~c.~~~E;;t .·~'. . . ..,, . . 

Plants can respofid~t() }1ej:l:fürore~damage either avoiding attack (i.e., being 
.- . · ~--,<,_::<:\<;L~/~;~'.'~)t~:f';;::~·::::-.:_~:·/~'~:·r~ ·.·_-~--

resistant) or dimirllshingthene'gativé'effects of damage on fitness through a 
' ·,3!"1 -·· ' 

compensatory response (i:e~, b~ing tolerant) (van der Meijden et al. 1988; Fineblum 

and Rausher 1995). Given that significant amounts of genetic variation as well as 

intermediate levels of tolerance has been found in sorne plant species, the analysis of 



the genetic cémstraints on tolerance has received mcreásing attentioll. (Fi~ekiunl.ánd 
Raush~r 1995; Mauricio et al. 1997; Tiffin and R~ush~r J.999;F6rnoniaridNiñ~z~ : • 

Farfán20,~0;~o¿and Kirchner 2000; Tiffin20EO)~'· ... ~/- :;_;;;e_;:_-~' < ·.: ..• ·• 
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ol"i~ ~1..l~h~ ~~nstraint is an allocational cost (f~tr1ess'.co~ts) •csénsu Simms 1992); 

If a tolerant gen()type ha ve higher fitness whe~ ~erbiy2f.e~.~~~;~r~~~nt but lowfit11ess 

when herbivcjres are ahsent, an allocational cosf~~~·-~~-iS,i (Sfxruns and TripleU 1994; 

Mauricio19~S;lgra~~l Jt.aL1999;Tiffinand R~~~h~fi9~9). Although recent studies 
- -_· -~- .:«_::--.: _>·-,: _··:·_.-- .?:· _:·--~·,,::~':_ '. ::,:.:: '. _ .>.: ,._ ~:- ·. . . '. . _'. ·-. '. . ·~· ·:- . :.}_:~_:'.~·;~?-._~ ~~·:;,~~:~:~\;· ,._, .. . . 

showed the e"ist~l1de ~fthis typeof cost irt natural.pppulations (Simms and Tripleu 

.;:~~t~\~~1~~~TI~i[J~~1i~~lf E·"L:::::::·;=enon 
· Prévious·;theóreficál'sttidiésprédiCfthat tolerance and resisfance .are mutually 

re~unf~~t~~~i~f Í,~~!~~~i~~~tiJ·~~~f4~~~~~:~~t.~~;~~-s,~m~¡~~~·.~f:;~~~4'.fiXed costs 
of plant defens1ve strategies w1thin populations (Fmeblum·and Rausher 1995; 

~: _ .-. : _ >: -~- .· .: ::l~:;: __ ,;,{·f f t'.f{:;~:::.:f "~'.:.{:.<-:.--;/<·>-::: ;¡:~e:. :é~: ·: ~ \~}; · .. ';sv:r-·;:~:Y:.:· .. _·:.'} -1: ,,~; >~¡~:;~~, -~? 1~{~¡ ~ :::Jt3 ;::~ ~)%:.":" .. -Z;:t-~,; · .:v; ;;,ir~:, ~~~t~~~~ .. : ~.~~;i'.,_'. :· ~.~--."... . 
Mauricio,et al:,1997;Tiffiri:2000): Howe"er;< a recent rríodel,demonstrated that if unit 

: costs ~f~t~f er~¿~\~~~'~Jyi:~~e~~~1f~~~~~~S~~1?~·~fil~'.~H~in~'~n~~xif iation 'can 

generate differert tolerance-fitness Íl.11:15=~~,~~·~mqi¡ig:¿()~ul,~,Péz.:tsi(fap. I)~ and hence 
. · . . :· _: · .<. -.. · ' __ :->- · _· · · · .· · . · . .:----- ::~;·~ ,.·:_:\:/:·=::·,i~t',:_~-:/:~~.i~1,-:i~:-~--~.;:;.: · •. ~.'::¡~,-~ /~··;.'.f;:~.~·:4.~ :',;~F;f ··; ~·;~<-.. ->~>; . _ .. :_ 
differeni:es in the adaptive value óft6léf~ñé:e'{,afu~J:1g'popÜ}ati6ns,;41 a recent study 

. ._ ~- ·,:<".~:;;{~l'. .. ~:t$ú;-_:_'..~;;·;;~;·~:(::'-~\\· !:~;::i/-/ :~é -~::~\f.~~. '~t/·(/·,\·:::· ';~ ·.-.: ·-·· :-
using plant genotypes from one populati9~¡;f:)_tjfchcor.ribe (290.l}c~J,U~ined the 

• :':::~::::: :~:,~:.::~:'.'~}~,~~!f !~~i!ª!~~~~::::::•d<raaa, 
1 '-· ' ·,: ,''. -'.;. ·' ·: : '.,:-~ 

dependent fashion. However,:stilfrei'naihs unanswered.wlletl{er the environment-

dependent expression. ofbe,n~fhland~osts. fer toleranc~,scih:I~ad ·to adaptive 

differentiationin this d~fe~siY~ .stra~egy among poptllatior,&. J'hus, the evolutionary 

dynámics .of tolefkice ~~~~ld~b~~addressed in mor~ thari\.,R~ ¡:>bpulation. Given that 
. . . -; -·.e·:·.: ''.·:·:··._:i,::: ~<.:·:_,~·":_-,:::~:~.j~~,=~{f;(/;-:\:.'.- '~\/.' ,¡ ~::" - . ~-- -,. ··. .,. '.·-·· -\-~: ::t::~·-~>\~~:(;:,~{{S~-:;::: :~:~- · :-:· :_·: 

studies of natlJ.réll,s~lei:tic:i1})aijd quantitative genetics:()f.tolefifrié:e have been 

::t:~~~~t~~!l~~~E!~~~!!!~t~::~::::~:~:c . 
. aT1d if itÍs'~¡::izii;~;t~ntcomponent of the evolution offolerance among populations. 



if anenvii'.orurientalcoinponentalters the cost/benefit ratio of allócating 

resources fo fo1~iéirt~~,·0ve hypot~~si~~cithat selection on, tolera"ncewlll ~~~ 'ciifferent 

on a givensetof~ien~tYkes1Jet~e~n •• environments. Absentot.11e,r e~ohiti~~ªryr .. ·.·., 

we ffrsf,determin~au.\e'.~xi~tenceof á:~(iitiye,gefletic;~ariation for tolerance to 
;'. , ~; .' .- · _:.' << , .. P»-'' _-_~'-;' :?<'.~-'.~1.·> _•J:-~":l :.:':·:'\,y:;~~·;;--:-_· . . ·.:'. · . '>'-· ·-. '·-'"·: . --:-:'.:_· ·-· .... ; -.:;_ : , ''.:';·.', ··<:'!..'-::.·. ·:~.'_( · · ··::· ~ .-_ _: .. 

herbivdryil1~the~~p~dmental.populati~~s. Se~o~d,~,~~a~ked: (1) Does the pattern of 

. ~~;:r::of ;.1~:!€~1~:í~.;:::::~~0~:~:;;~1rik:ulatioru?, If so, (2) Are 
. ; -~' ' 

MATERIALS::AZ'n ~ETHODS 
Plant Species.al1d ~tíidy Sites 

Da tura stramonium,L.(Solanaceae). is ~nannt1alherb·.·ciistri?ut~cl in North America. In 

5 

:::::::~~~~i~~íii~~~~~ff.!!~~:t:::::· 
ranging from 10 t,p'~P.fi8fltu:?,!3t~}eafarea (Valverde 2001). Among the main 

folivore insects that cons~~s·f~Üage of this species are specialist insects (i.e., Epitrix 

sp., Lem.a trilin~ata:Coleb~tera: Chrysomelidae), and generalist insect (i.e., Sphenarium 
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pmpurascéns: Orthoptera: Acrididae;1nd Manduca sp.: Sphingidae) (NlÍñ~~~Farfán 
and Dirzo1994; Ni1fi~z'..FaÚfui~t al. i996; Valverde et al. 2001). . _. ~, 

_. Froma .pr~iib~ssüijef. ifrseveral.natural populations of;[)·•.~tr~~~11ium. in 

-Centr~1f1~:~i~~St;~i~?,~;~~83}i'!f if opul~tions .separated.~b~~.~~~TH;~l~e;~. -.. · · .. 
selected for ourrecipi:oéal .ti-~!>Plant experiment.. However:t!t~rc:,clgfe,rigt.~atly in 

:· -':'-,.- .. · ... -~;?;i~:::.,~~-~1iº~~::t:,,.-;.-~;tJ>?.~S::.'.:i(:;/·~.::_~t.:::·-??):<·'.~->.-:.::· -.:'./:_'.,, .. -.. - · ., .. (<;.:_ '::._-.:~ .. ·;:_:'¡:> :;:J;_r;··,r;~"'-~;~~-~{l;\'.F·:.f:H~:;);,)·i';f,'::·,, -. ;'-'·- _· .. · 
... al ti tu de above ·.sea lev'el'.. Orie 'popula tion. (hereafter Ticurriárt/'18~\ 45'N'and 99_º . 07'W I 

·····•.:;:~~t~~t~~~~i~,;~l~~jt~~~~~jf iiJ~(~~~{mm. 
Domfil~o,·19:º,_ºº.'.~crii(i'~r·º3'Wj;:205.Q_-n~asl)isin•·api!lé~oa~for~?~~~i!l1.~~1}1eéln 

. ·~~f~tJ~~~!~t~~Í~~~a\i~:~i1~~Jf ~1il~~~~~1•M . 
. . • area damaged·by herbivórous iriseéts hás;been deteéted (P.<;0;01;.X,í-ié~illtri'.=,0.109 ± 

· · ·e,-:. : ·. . . ...:_.. -: :_ ·:: .. ·. · :~::/· ·. ·. t> '. /·/?:r,~i.::·::.\;,:t,:·: ?·'.¡;>~;-·:-~~r?.~·'.<: ~.-~_;;· ,::: : }j::_:;,i~. :--~~);:~ ~:.:· f,,f~k<, :Ji_j~:-~ \fi:;p~~ .. -~~~~~-~!:·./:\!1{\i)§fü~P~-?~-:~r.:! :~-~~¡;·:--.:~?~;::<:<: -__ ;; -. ,_·_ :· _:, . 
. 0.004, and X Sto. Doming~ = 0.441 ± o,014;:respectively);(Valyerde efaE;200l);"Jn both 

: :-,:. . . . _ .·:.- : .',.::. ·· \;_·> '. ':'\:>" '/~}·~·,; .. :_t;_>~~~:~;;~~:;~:-:~--'\ .. ~~~-:. :X-\·,0:,.:~~-'.;~~(\:'.~!>!,~:/~:~?~,:<S~H<.:~t~,~-~;:~~,~.\Y1'._f;~t~;~~~~:-~?::;~~~~'.,F~-'.:i?·~-. ·;f :·; :---_; ·: 
populations posi tiv~ direétio_!Íal 'seleépqr¡ oti'.,r,esistaJ1se'. t<:)'f,oliyo_fa#s ifí~~~t~ \Vªs 

- ·. ~ : . . -·, · -. _ ·:_,.~. ·. - .::.,.,' · · :_~>:{~ ·_.':+.~-~- :r}x,_··:<·:~1(-~,:::·='.;:~~< :/;':~~~;.:·-'.T{,:::'~;·:>.:r:~ii_.;·~''.'.·''.-~~;::,.:::.1:~~1.~:~ :«;ta.?;):Ji~~:-;:";.hJ~f?·;~1~~~~ .. ::~~::·->-:'.f~~;~_.-.-:,. · -~ ~ 
detected (Valverde 2001)~ __ iI1ciiC:á~t}~g thélt!'l7E~~~q~Y'.~gJ:it;c~B~!it;it,e:éi~.elective 

pressure .favoring pl~t ·def~ri~~·-·-~-~~Í~~~'-~~~~~~;~~~~~;·;}f:·~¡~lt~~~~,~~bs~quent 
corrunon garden experiment'reyealé?;t}-i(i! .. E!;i.$ti:?fi~eofge.11eti<differentiation in 

resistance against herbivorous in~~~t~"b~-~~~ri\f~~·~o~~l~~6As.~f Ticumán and Sto. 

Domingo (Valverde et al. 2002~.~~:bgtblbc~~ci~~:~~periciental plots were settled in 

cultivated areas at less than1kJri fr.ciaj;ti-i'~ ri~ar~~t nahiral population of D. 
' - - .. :~ -, .,. .. ,· -

stramonium, were the parental s'eeds f~r the breeding design were collected. 

Experimental Design 

Experimental plant~ of our experil'nent .were obtained following a North Carolina 1 

cross-breedingclesignto obt~in}Ja\ern~l half-sibs progecles·(Falconer and Mackay 

-1996;, Lynch .and ~al~h J.g9g)~.·c:·bi-r~:oiled. ~rosses wére.performed between January 

and May 1999 obtainfug 2~. ~~·(~;~a~~ciétl haU-sibs fámilies for the populations of 

Ticumánand Sto. p;~'ig,;'ie~;e~~vely. Each sire plant was used as pollen source 

for matin~ w}tl}_.tw,~ ~~~·~zi,jy selected dam plants from its corresponding 

population~ ExperÚl1ental
0

seeds (half-sibs) were germinated in the greenhouse 



plé1nfs.One.~eel<).fterthéfi~sftranfPlant; less than 3% ofthe original plants were 

:~~j~~1\~~f t~I~l~~~if t~~~~~~~~~~~¡~~~:.~ 
growing .seáson);•·hálf the leaves ·of:each.inCiiyidua[plarit-,:W,ere.used'._fo;óbtainithe.· .. >.• 

·-.. · proportion. ~f.Ieaf arna consumed by. f~fiy;~:f~'.~~i~f ~~,l~'.;~~~~~J~~~~'.~~wt'.!f~'..tm~:0,1llly 
selected after collecting ali the leaves ofthej:>lants: For.'eáchleaf#he'téifal área} . 
'. . :~ .. ~ -: ',<:::~/~~~:h.-.. :·)~~/f.~.;::;;l~{r ~y~:-t·:~:n~~.\:~~~.:~'.;, ,~,l:;< ::.:)'.,~i~?: ·~-;;t+'. :·::.r:r;<\:~.~~:: <. ·;-~>/-. ·./,-'.· 
damaged was calculated using an IIl1age'Jul~ly~i~.syst~~º(vyin[)IAS-]3asiC/])elta-T 

~:::::~::: =:~~~!:~~:g~:::::~;~TlK~~l¡tJ~ff íir~íU1~~"1:. 
conectect anct the tota1 number ot s~-~d~p~i f;Y~nt was counte<:n6 c:ibt~fu'.m estímate 

- - - - - - . :, : ~ . 'o· _ .. ,' ." . . :.- , . .,_ ··-;oo· ; --- " . ~. ._ .· .~ , . ·:- - . , . . 

of maternal fitness. 

Toler~nce•E1tfm~l~s·: ¡ 

Toler~C,~~:~~~~-F~~t~d as the norm o[re:~ti,on()f_tÍ,°1t?~~}c~c)S~ a damage intensity 

gradient (Ab~ahélmson·and Weis 1997;Maüddo etaC1997]TiÍfin and Rausher 1999; 

• ::t:t~~~~t::i:,::~:z~ i,1~iiFJ!~~~:~p::~~,;::~an;:;·' 
. da~agedb. ;,~erbivores (Mauricio ~tal. l~~;;;~~fin and Rausher 1999). Since 

.· ..... "'·,·· 
' nonliI'l~~i, effects were not detected in previotis ANOV As, tolerance was estimated 

usiti.g only linear regression coefficients. 
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Additive Genetic Variation on Tolemnce 

Befare statisti.calanalyses,the proportion ()f leaf Ct_re~ d~age~ by l-tE!rbiyores was 

. tr~fo;med-;~:;.c~~e jp;·(~~ere, pis ~e .;~o;or~C,rt ()f d~~a~e ~Í~.Pl~t);.For the 

·· .. ;~tj~~ii:S~º:~t~liill!l~\f lil~~~r 
existence of additive genetic variatimüi{t()leráiice, .. t:0)1:~r(j~y:qJ:Y,·:~~s eyalúated by 

-· : '.<··:-''. ; . _ -. , . . · . ::_ (:; ~· .-.::;y~ ·, -.~:.-~;~.'·::> ~:~;h·~_'.::_:~:~t;;~~J{1_:.·;,:r:?.:~\Jr;.1;~~-jff~·1 c~_~(·(~ :~:;~::-~1:~;t:-)~;;~_: ,./:/f ;-
rneans. of nested ANCOVAs (Type)ItSS).ií:(ea~ft~~it~~\Jc).(~a,ch'poJ5Jlla,tion, using 

: ... ' . .-_:.-.· -. -'--~- - . · : . . . _ .. :.-·.::~ . __ ._, i'.(:;-:'º~2%-'.· :;:~:·¿~.,: __ : ::fr~::,};7;;-~'.-~ ~:~i~;/~:~-~:~~t~/~~::;i~~·:<~;~::·¡~}·0•S:;'~ "~~{·>· :"'·: ·_· 
PROC GLM in SAS (SAS, 1999); J'.'>:ccé:)rdiiigfoJ~e'ópei:atio:rlal:definition of tolerance 

. '.- ··· _"_.,:;. :·>~!,_ :·:\;<.:- ·,¡~;w~-.,:~f~~r~ ... ~~ffJ:~:-=;:;&~ff'~:<;f.t~\' .. ~-~~~rrr~'.:i:j~~;~~-~-:,~\f~;;_,.:(f<> ... :.~(·:.:· . · .. 
as. a norm of reaction offitness o!}''.d.afuage (Abrahamsgn;ar1a.weis·1997), lag 

::: "_' _:::- ·. -: ,..-.' - . .. . . . :-:~ . . <~: ··. -·>~~::.-' ,'; .. ~~_{;.>-< ~-h'~.¡.:{ ~E'.~~.::.:~~~:<0Í-~-~;#I'.:'.·<:;'.;:,~;': -~\1,~1;:1~:~_:;~l~r)_-~.°t*t;(~.~r¿~:.~~fY/ -. : . - . 
.••. transfoJ:med.relativefl91e§S)V\'é1.s ~Dtt;.l'.~4J.~s~t,h~.·~~pen9,~~t>'::éll'.lé'lble and the 
· -· _ .· ·_·: :_ ~" · · "· .··. ·. ! :. :.-~ _ -.'>> ;_: ::,.-:·~-: ~-;::¿fe¿,'·:~:iJ):~!.~;}:§·.::·~:/f{t~·<?.:w;~.~~:.s~~~~~.:- :_P:'.~: .. ~~\/}; ... =r~~'.*:;!:~i~.~~ri::~~~¿t '.f.~_ 
proportion of damagé v.;iás'~nte!ed•-ás-a/'c<;>v,~,riélte ir,i tJ:ié él,riálysis. Beca use far this 

·· . -:,._:-·· · .: :·'.·: >. ·: _. · x-.:· .·· .· ~ :\ .. , " .. ~-~;~~; -.. · -~:"\'. __ '._:·.-Í.:i;J:~ ... :··;Yr:;·{:'\~?\!:~~'..J.:{:::~~ff\-.. ~-~~~~~·.:-A;~~\<~i~~<r~:~~~;c.:g.~:1:~~~-- .:H~~1~;,}~;?:r.:<- ~' ... ;···'. . • 
· analysis,\<V~ di_dripte§tiJ:l1ate éll}YCJli~?E!él:ti_y~ -g(;!netic.PélE~ll}ete,I"; relative fitness. was 

: ~--: - .'>::-:, ... _:;:t; :,:-.~--~_.::e:.;-_~-,?:.:~'·::. )t¡:_':V~,:}·:~_;l:'.'. .. ~~~:·::~;·.-:::::r:::·:·'._·.~:~.~.:· :~:JJ.'f~·~·:.-.. :,··2:," i7/f; ~;~;¡~:·~:_n~·;:·;'.·tf-~;.\~~·'/J\"~5> :-~'..;~~~.'\~:A?·! ' . .t':::: :. :_. ;_, .. ·_: 
. transform~d'.to,.el1súftnC>riU~Hfy<(Mitchell~Ql~saI"ldSha~.198?) .. Sfreand .. Dams 

··~:.1~~~l~iil[~~lffit~~:~~:~~~::::::~:~ ... 
•.· oehv~eD~~e~~él,tjd.pr,()}'.'P?::~ºnofleaf area damaged). The RANDOM optionof SAS 

·······;;:~~<~~~i°.f f~~iff~frjrbt::~~"::~·;n:~::::::;·~:~::::":.c:d 
usirig the MS of~ti;~·¡~~'3<)Í?O.in, (Sire) as denominator of the F-test (see Appendix B 

· .. in•Hou~~~f ll~t~i1~:~@fT=e:::,:::•:o~::~~ dueto dmerential 
effects ofglanfsize 6]1 t(jleraDce,,aino~gpaternal families, we calculated the relative 

. :~:f~¡~~·~~rl1¡1?]~i~~:.~1~~ili;;' :: :::.::: ::::~:f ,;ze 

fitness was regressedagairist pláritsize to obtain residuals of relative fitness . 
. :· - - . ·.- . ,., •, · .. ':. "-""·---··.-. ···,"1-' ·._ -, J.·:'~".; .. .-:-¡ .. ,.,'~·' __ :·-'; ,_-;, o .·_ • .-

Estlmates b{to~er~~~·usfug-'rei'a.ti\Te fitness and residual relative fitness (without 
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potential size effects)was usedto perfor~ aSp~armarirankcorrelation betWeeri b~th 
: . .•_ ,. •• -· - ,·.·., ', ,! "" .,· .. : .... ··,. - --_ - -·- ,: -··,. ,:.."i.; ,,., '':: . -

estima tes of.toleiance •. for.efichpopÚlatioñ.ateac~ e~périmeritalsite'.'~TI1ese élllalyses .··. 

:::::::~~~~~ti~~~!~f :¿~~~~~r:~~~~~;,i~Ig~~~9i6:· ~ 
(range o .. ?D ,-. O:~~i'f.i'=¡:p2~:'?.§~~c:i!~g~héltP.lant siz.e did notalt~r ~iff~re~ti~ly• our 

estimatesof.:~91~e.S~,i~:a~?.~~;'~·~t~}f~t~~lies·~·.Thus the.final ari~ly~e~·of.genetic 
. variation 6í{tol~r~¿~~~~-refü~rf_o_ri:nec(without considering plant size. In addition, 

O--- -, - - • ·:-~~'.- -~:--_~:~f~'.:·:),r~<f~~(~i'.:\it·{~~->.:J;ft:l!:.\:;,~:-,fr\:\··-~\;_:,:~----:~.:· -::· . _ : . .- · · 
paraUel)i~~ly~é,~-~~J~éll~qino'eY,i~é.t1ce of nonlinear effects of herbivory on plant 

·· .. fitn~ss(~,~~?.~~~'.'~~~~~.:ti~~-;t~~:~i&sv~s ~ere all not significantF'·~r.~vi~ence that 

. nonlil1e~r:effects ofih'erbiypry onfitness differ among paternal fami~es {Dámage2 X 

. ··~B~~i!ll!ili.ll&~~:rt;:;~t i:~~t~1~:~;:· of 

.'.--v···: ,_: .. \ ·- ,·,·.·.·.•.-~-·- -.,.··,· 

Tésting LcicaiAdapi'atiaii 01fToleÍ:a1i~e 
: .•· .· .: .l., >·'7- ,;.;,. .. : <."f·· .. · .. ·i~ .• _ .. 

U singa .reciprocaftransp~arit experime11t,a. localadap,tatio11 hypothesis predicts that 

populati~ns in their site cif Ó;igi~ ~~tPerfor~'~It~n'.~b~~l.~;~~s in terms of fitness 

(Clausen and Hiesey 1958; vanTienderena~~·.;t,.~~r:T~6~'.i9~1; Schimtt 1999; 

Núñez-Farfán and Schlichtingí·2~Di), a~e~\1!t;~~ªt\'.~I~:~~ieg;~der random 

differentiation. Statistically this pr~di~tio~:,c~~~··~~~;~rted if a significant Site x 

Population interaction is detect~d fu a twª-~'a·~~ANOVA using paternal mean fitness 

as the response variable.\IU{impÚ~s'tB~f·~li~~i{d~e ~opulation changes its average 

fitness in relation to the 6tti~fi;,~p~l~ti8h.~·~~{'~~~~;sfte. However, if the pattern of 
,: r: :· /,_'·~~-:~,,:.~xlA;·.:_:} ~~}/,?t;.:~),~:S;<:·?~7lf~l~f.K:~\;}-~;:·,/~·: :'.{:, ·-;· , 

fitness differences a111o~g pop~l~ti.oí:l~·;cip~s:n<J~:111ªch the local adaptation hypothesis, 

a significant Si te ><'.JlOp~l~tlSh'fu~~!~~ti6~ ~ill'rib~·~~cessarily indica te that 

populations are lof~ns;'i~~~~,t~d;~Í.h order -t~ i::onstruct an adaptive hypothesis of 
'" • "> ·-· -' • '' • • ' ; : '"· - ~ • <· ., '. ' 

population diffei-eP.,ti~#op'rin tolerance genetic differences on tolerance between 

populations ac~ps~)~it~s should be detected first. This was accomplished performing 

the same tw~-;ay ANOV A as for fitness. Second, a significant relationship between 



values.oftoléi~c~~{~~~h·'§It(Apos~tÍ~e·aifci/Ór stepper slope for the relationship 

shouldc?rrespoi{d tcúh~si~~ ~i~)1ighér·ayeJ:~gelevels of tolerance. Conversely, a 

···~ili~~~~~~}~~~~il~i~~tf ~:~4'=~~::::::::i 
... divergencé betweenipopufoti6ris:';To 'arurwer.; this. poinf~::AN.CC)V Awas performed 

. ·::::::~t:if llllllli~~1E[~it!5t~::::,::: w 

family val u.es of:tgl~:i;~nce;;x ccn::r,e,sponds tothe mean value of tolerance (across s1te), 
. ·~ ':· ,:i,~~;-i,:'.:,'.:~--f~:,¡<~\.:.·t',}_:\;;~.~~·~;,.:;~~\\~/: .. t{} :'.·:.:-:',:':;:: :'::._' . 

and stdX reipreséJ1t,tJjé stéltjéiarél.4éviation of tolerance. This analysis specifically 
,_. _._; ·_:!·/:~-:-~·~-~~,:-::·~:;~~~~-/~;~\~:. :_:/t{f'':~:x?::i:t.~:-~':lt~~~::; --;~~~;:í:. '. .,·_ ._ _ _ - . . . . _ _ . .: .· ._. 

evaluated th~pr~~~~~e of;diffe!~l"lé:es between sites in the relationshipbe~een 

$~J~f !lif llf ÍÍ~::i3~if i~i~E~~B:ss:ºm 
Natumz·:sez~iú~'Ji~g~.;º:;er~~:ce> . ,. ···. ',.{: :.: ·.· ,.:.: ;:.:~' .~'.'·: "e'§c ·,, ·. 

~~-~ 
analyses w~recar~ie~'.·o~t :i~it1g n9n{tJ:él~sfo_i:~ecitelatiy~fiti1es~ p~r site.and 

.~~~:~i~,,t!~~1~1~f ~iif lif *1i~&;;~ ~:::,g=~~~~;:~ 
• regre5;si~n c~eJfi!=i.~f.lt~;f,~'.\1~.;tise~f tc:>.·~~.ti~ate selection gradients (Lande and Arnold 

• · .1983; R~u~hkr;\~-~~)H~J~~~~~g~1t''.(~1~:c~.~~ on tolerance was estimated using linear 

· regressions ~f r.E!l~tiy,~;~i~~s§; .. ~~-s-~andardized tolerance, and stabilizing and 

disruptive seiectibn ;J~~'.~iWritif'e_d,~smg linear and quadratic terms in the regression 

analysis (Lfilid~ ~·a k~6li19s3)'. Selection gradients were estimated using the 



program FREE-STAT (ver~iori ~}O) <Níitch:1-0lds 19.~9)Jackl<nife procedures were 

.performed .• to •. es~ma~e'staridardeI:fe>rsaJ:ldpró~a,bilitiesforeach·s.ele,ction gradient 

the GLM module iri SAS (sA.s' 1999).' < . . . 
' \. ·' ' ' ·. - . - .'-•, 

Costs of tol.erance 
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Allocational coststotol~rance· ateach si te were .estimated .usU:g tlle relationship 

between ~elativ~ fitne~s.abd ~amage for ea ch sire family'. lJ~ing the x-~tercept val u e 

:::::~:::rri1l:~J~~~~~;::: ::::~1:~~~~~~:(!1r~::· 
regressfon between fitriéss arid 'damage) will indié:¡:tte th~:pr~sénc1fof costs for 

.- ", . · . _·: _ , -: · ·. ~:'. .':.- ,:~::._:.~·-.:<.' -,._:- -·.=·'.:-_ - , : · .:. . .. ~-- -'/ ."· _L;_~~--\~'.!~~J;':~;·fs~.:~.'!.<~~~~á -:?:~~~/,~~:~:. ,-.: . -:_ 
tolerance (Mauricio et al. 1997;;Tiffin and Raus?ér1?9~;Stfu.chcombe 2001). However, 

thls analysis produces ·a .bias kthe esti!l1ati;~·Clf¿~~i~·c{~~·~'~ ~~n~independence 
between the Y-intercept (fitn~s~ in tlié ~l.1~e;c~~oÍ'B~;biJ¿r;) and the slope (toleran~e). 
Thus, a correction for the bias on th~ sampl·~ ¿~vari~~e was performed to estima te 

the true covariance (Appendix B in Mau~icÍb~t
0

al.l997). Standard errors for the 

estimated corrected covariance were obtained by means of a jackknife procedure 

(Sokal and Rohlf 1995). Because this analysis was used to determine if the true 

covariance differ significantly from zero, a one-tailed t statistic was used to calculate 
. . 

95% confidence intervals. The presence of Il.on~linear costs functions was also 

evaluated, 

RESULTS 

·. Additive Genetic Variation for Tol.erance 

The analy~esindi~at~clthe presence of significant additive genetic variation for 

tolerance toh~rbi~oryin both sites (Table 1). In Ticumán, significant additive genetic 



. . . - ' 
' . . - -

variation .for tolera.rice was detectedfor.the native populaticin (i.e.,Ticumán), while 
. -: -, .. '· ,•, ··.·,. , '·' .. - . ' 

onlyamong matei-I"l~Lpar~nts'.~ifferencesfortoleraricé was detected for the alien 

population (i;E?.; ~t~;::J~~Iltlng~) }Jro~id~d the sigiUfic:FtDamage X Dam (Sire) 
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;ir:;:~~~~¡~~~¡~~~~t:~~~*~:~::.h:s~~~mternction w"' 

.L~~ti~~\l~~tii~~~f~if rt~t~;;;~;;~O: ~d· 
seeds than atSt(iI:)omirigo (Fig. lA; Table 2);';'.!'h~mc::ii~@J'c:>PtJ,~§1.tj~11.i.!i: its; native 
~~: ·:·. ; __ ::.:~:':_ ,:·:~~--·:,~ -·; r :·'~\ -'~-~,,-~~~--~:;_~;' ,-.: ·0-·>-~-~- ·:,~-:~ ~-. · . ··.-:; .'·.~. :::: ~~\~: f -~'i'.:·:~f1_:_\-<:"'._f{~'.F,J~~1:{~_,,;):;::J-:'.:~;:..,::-·::~-:~{-_;::<'.·-'./)'.;}-:::·--~-~ ::\_":::· -- . ' 

.• site outj:>erforÍ?éa · Sfo.' Domingo popula ticin .. (!".ig~~l),.)'i~§,ccfri~~s~))}:i~,.clifferE!nces in 
/'.· -::~- ,:--' __ . __ ,,_,_ ._ .:,~,--_:·· -,;,i;:.t :·:/~,;.: ___ : ?'.~_/_ :.:. -.' _ _. . .·:· .. '.-~(?{!,,~~1.:.\;;'~~~r~1~~2;:.:,ú:::,,i:-~·'.~.!.:~t1,/: ~J-~1,~~-:~~~i:i!i\\~~1.4."-. <.:~'.:~·.;-:: -:.-
. relátive fitness wére detected between populatié)ns.in)he,site qfSfo;''1)6füirigO (Fig. 

:_ -,- ·._.::::·_.-·,~;:·<<?;·,:<>;7:~ :-::· .. :;>'·j ;~/f'.'.:·,:_.;-.~::::-.. . .. : · . - ... '. · . ; ~;/;'. '.f~f:,\~:l~0f)\.~t~~~{$~,~,:~?V1;1/::~f~~·'.::~'.¡~~r;:hl:!~~'..if:/:?~,:·.~ ->:. 
'.: ; ;lA)>The sigriificant interaction Site x Populaticiri'.indicatE;?d»t}1atJfiéiperformance of 

~:\.~,~·~.-~~~:: .. -·,:-~'-/~< :·-\>t:<~·f:: /~·-:~l·- .' </<'·', <:. • • . : ":. :·.:~:> .-~,~~-f~·;{.r·~1~r;~~f~~~1,f:~~~:fa!{(~~~~~ftx~;{f{~;2:J~f(üit:~::::: --·; ,·.. . 
':populations d1ffered between sites md1cated local;adaptéltion.ffél'ble2); .The results 

, --.-.'".·. :>_.:: .. ·-:.1 :-~:::. ::·_:;::·: -·.\·-: . ...-. - .,.- /· .·-.' , . . . .. -.<-~_,_·;~·:<>_·:. -,~:~::•.::·."(_}~ )_._;·;~~~:..- ~·:~ :;f~::?;'./~~-::7: :"~·.:·~-;:;F·::'\::. ;/:;:·.· . : - . 
· ~: ·.· indicatethat orily .thepopulation of Ticull1án i~)oC:ally ~c.iapt~ci;/ 'W,' > 

. . .•.. · .. fo~ each site, mean damage was},:;cJ,~~~·~b~23os'~ Ci.'i2~i'~nd Xsio. Domingo= 

. o.2.~Sl ± 02200. An ANOV A revealed n() dÍfferences betvveen sÚei
1
fa'the average 

levél·of foliar dama.ge (F u127 = 0,44,.P = 0.5055). Within both sites;;,t:h,~:Ticumán 
. , , ·. ...:'~:;~,'.~}::';_i~T .· )« ... 
population was significantly ,less damaged than Sto. Domingo poP,ul~tiC>t (F1,1127 = 

22,48, P < 0.0001). Despite the absence of differences in average._i~Q~!~~f'cf¡rnage 
. . . . . · .. :: ::"::~::_.::;:~t.':WF.':'c . >, ... 

between sites; significant differences on tolerance were detected'(1'able2)rThe 
- - · · - :· -.-.·.:.:: . . . . · ... _; ·-.~.:.:··~'.-~·~~-u/;i~:,~.;Rí~:;.~_:=s~:~:~>-,:~~(_ <·,'·_. _ ·_ 

ANQV A indicated that~t the si te of Ticumán plantswere ~6_.,%;l~s}>)o,l~f~~:tó foliar 
'.';. \ : ... ~ .,__ . ·-. '._ - ,· ·, ,·_~~;~::-. ::<_\:.~_ .. · . . . . ·,·· . ·; _._, ·> ::: ' .. ·-_ .. ! ·--~-·::~\--.>_'.-~~·.'.:if.~~~;:;;<,::::g:~1l:~~:::.~·~f;'..·~'.{~':j\-.:-."-:;; ,, 

dairlage füan atSto~DoFI1.go·~Fig~ lB; Taple3):.Althotigh tnepopúlanon''ofTicumán 

.•,·,.:•.\Vas 9:n .•. ~v~.~~~·Í.:~~s5;.~{i1;~~~~;i~.f~iti~.z.,~~~r:~~ •. ~r±:st?. Do~go ~~p~1~~on (Fig. 1; 
•.··.·•·.Table 2), only;withiititne si~e óf:TicuIIJáil.)igfüficarit differences in tolerance between 

<- . -:·(,J.-~ .. ,: .. >:~::-?: . ,-.. _ ... < _.~ J:~.-_- ?:-~::>:-.-¿.~t'.::,::::'.:;:.t;:·-::\::·>St~r:-::~fúJ',..-t!~:;~·-;:( ~t;:~~::r€~~=;::J{Y±;~~1::~ ... '..,:::·~ ::;· ":--·~ .:--. . 
··· ·:· popul~ti~~s ~~r;::;l~!~.S:.~~~;t!i;};,~~~t,s;Ü~:~Jj,~ B?plllation of Ticumán was 24 % less 

ct9ler~tthéln the,~·6R~l~~$~~J;~f%~l~g~¡o (Fig.1). The differences in tolerance 

between sites'forthej~()pulaticfüOíTi~:üíílán accounted for the sigriificant Site x 

.. Population inter~~~;b,fu'th~~~q\r,;(Ffg.'1; Table.2). In Ticurnán damage was 

mainly caused byth~sp~cÍ~Ü~~l:>~étl~ EpÍtl'Íx parvula, while in Sto. Domingo damage 
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was mainly caused by the generalist grasshopper Sphenarium purpurascens (Valverde 

2001). 

Costs of toleran ce 

. Allocation to tolerance against herbivory represents a fitness cost for plants of D. 
- - - .- ... - '"·· .· --· ... - ·, .' - ' . 

stram~niu1ii! :In thesite of Ticumán, obseryed product-moment correlation coefficient 

between.tÓÍ~~~cé'andfitness~Ú!z~rd_~¡~age) was. -0.96, which. correspond to a 

º'~ov:r~aJ~:gj'Jó.oii~f·~~;;~t~ri2fJd 1cbfrilati~n and .·covariance between tolerance 

. :i~~~~~~,~-~~~t1~~:u:~;~;,~~ig~º:r~; :~~6:~:'.hU:, 
. site no eviderice,ofnori:.lmearcc:ists oHolerance were detected;:Iri'the site of Sto. 

·: · ·: .i·e · _,: • .: ·_, ·_:·-~~:·~~::·.~,F~is,~~~;;~~i~~:~;¿:.?~·::: ~~0~-<-_·;:_~~\f(~~Nl ·_:· ·. ~.~: >. · ·:-~'.-~. :> · , ::. . :~. :. ~- ·_::.: .. _:. -. ·~-~/-;_<··;/~:.-:Cy;-,;~:~'<:\-.~.::,. ·.-\'··; 
Domingo n~' ~Yid~ili:~)Jf;~~sl:S of,,tolera~ce V\Tere detected: Eve:n though observed 

:~:!~~!~~~f ~if~~~~;::~~:::2~~~:.~:;:;:d 
suggests either

0

th~;7~J:J?~if8~·8{~6~ts at this site or our inability to detected small 
· ' . ··,({:• _:. '~-~: .!<:.'cG~.;~;'[r~V~}f(::~~/}:~~:::~(.~~~~:·:- ·.~:·::;:;\ : ~·: 

values of costs 'oft9ler~n~E!:J3~f!sides bo.th possible causes of undetected costs at Sto. 

Domingo,th~ ;~~illt's;;~Ü~~:C,~fth~ expectation of differential allocational costs of 

tol erance •• b~~f~rt~~J~~;2;;i~\{"!¡,~~.:; ;•• ···.·•· . .·· .· 
• The san,e.:.ar\alyftis;}X~~,J'~!"formed using only. thepopulations at their native 

:~~:;¡;~~~~~~i~~~{~~~~if1I0't;c~cz~:.=.;,~~:::::,;:,~:::::: 
costs of tol~ia.i1~~; ~~ ~9t~'#'a,~~pl~t. ~i~~ the na ti ve population express significant 

; :>:· '- ·\'·."~~·; ~>1~,_!)-::,:;.1.··, .. :''.,;'-~¿':·~.~ .'-::;;:: _-.' -~::-~". >::~·~:; ... :'·'.;~: ~-. -.~ ~':_. ' 
costs oftolerance.'Qbserv,~d.C:ovlil"ia~c.e.Sfor Ticumán and Sto. Domingo were -0.0156 

and -o.oo~4!tcá:~:¡:.~~~{~a'.~,i#~1iiri~e'..~c/¿oitfidence interval at 95% were -0.0062 ± 
,, _;;,. -_~;-·.·~:,.;:i·'.'..:'<:~";.'f.)? .. "3·:~ ... t:·.;·J~~~~-;«.·::~;·.';'~::::~;~ ·:· '"'·'·~ ..... 

0.0001,al1ª·~Q~()9:1?:±().gQ()~.forJ'icumán and Sto. Domingo, respectively. Again, this 

patterr\ s~~~p~t·{¿~~ ~i~tio'tl.~ ~~~ult'thát costs at Ticumán were higher than at Sto. 

Domfug~ ~ll-tC:e ~ol'lÍict~it~~.int~r:Vals show no overlap between corrected covariances. 
\ . .· ',, ·.,' ,• ._ .. : 
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Patterns ofselection on Tolerance 

Results frolllANCQV A{c.f:Table 3) revealed a significant interaction Tolerance x 

Si te indicating th~t the r'elatioru;hip l:>E?~~ell: t()lt?r.ance and fitness differed between 

. ':::;:~~j~~l~~~~~~~~~~~1r:::::::::::~::::::d 
plots. Predictedva1Ües;ofbot11'analyses;Were'ccirrelated using a Spearman rank 

'".',; ... 

. · . . . . > · · Par?al regr~ssi,~ri:fil1itly~e~\W.iili!n,:::s,it~~ i?.dicated that the pattéin ()f .selection 
. ·~~ . ·. : : '.· --. -~-~·:··~ -~~:-;;,:.·,:,;~e--~"·;:\;~·~·:·· .·::t·;::'.f\;,:::i~~'.~::'· '.·\ ~5I;<:_rJ'. __ :~- :~:;J·-??)i~:.:::~,:-~_-.¡. :·~f.)·.·. - ·Y, .· •. · :-· ._· .. , .' :-·· · ''._:~;·. '.·'.::.~-'.:.:~:_; -,·':.:. :·: ·· 

.· on. t°'lerélnce was ·differe~t •. b.e~~en'.site?S, {Tá~Ie'4) .• Whilepositi','e directional selection 

, . ~~s·.~efoc.~~~.,~.~:t:8·8~:%i.~~~'.:;,:~~:~~~~~k~·~J.r~'.c?o;tal selecti.o,n~~i'.4€~'~~Fted in Ticumán 
(Fig,· 2);•Paired.ccíntrasts óflinear selectiori gradierits betWeeri sites'for:bcíth 
:}\,, -.~:-.:~<·: -:~\::\::;,·. ,:~~é:::-';::::·~>~·::\',).::: .:?/.~:'.('~r.:·:;: /\::~:\,-:~?:<··:}\~{~:-.~~-/(·, -::·;:J·.: .;.:>_·;_ .·.-'": :.- -· • .· .··-,'.'--~.<-·:.~~).;:/~~,~~:~.ti}":~,::·::;:· -

PºPl1latioris als() s11pp()rt ºÍ¡rfü'd~ggfcO.ntJ:astirl~ se,lectioi}pl"l~!oJE:Eance (Table 4) . 

. ••• .. :·~e·f~tte,rhs.of;sei.~¿·~i,oS~'.?~l~cii.~0~26\~·~~~·~Senii~t~sSsi~~.~~\~,i~Í~~~nces on mean 
•··•val ues of folerance, · FOr exa:ínple~Jne:sité.6f Sto. Doffiingo/::'"7neretcílerance was 

.. ••• ·.P8~i~vely ,select~.dxhf;d':~e~~~s~~t;¡~í~i!0~íi{~i'{f {~f~~~.;~*~~§e•·~ite of 
TiCumán, where tolerfé:ewas1:1egaHyely~5;elected,'had,tl1él()\Vést mean value of 

... tolerance. Within site'.~'.i~.ff .~ .• i\~~~,~~~?~tí<~~ií~~~~~~t~f~~en populations 
were detected inthe,i!,lte¡\sin'.~e>hel~ctic>1 of1_toforélJ1~é;•ffá8le.4):Jn this site natural 

selection was si~fsi~~~~~;;~g.f~l~~J~~f ~~J~:f ;:~f ~:~~J~fyf~2~t~9·;Pfmingo) than on the 
native (i.e., Ticumán}•poptllatiori. Inbot11sit,es/h0si.~kant nonlinear selection 

~~:::.::;;;!i~~~~~t~l~~Jf ~~=:::•: ;:i;;:m the 

farnilies availabl~ f~rthe~e ~aiys~~'. . . . . . . . 
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DISCUSSION 

The resuld ~f thl~ sfu'.dy sh6vvitha;~ e~virofunent-dependent selection on tolerance 
-. ,., ., ... -· ... 1:"' ·- ··- . ' ·- . 

canle.adt.o.aqapfi~e·diff.e.r~ntiati?,P ~etWeen nvº natural populations of Datura 

. ~:~*~~j?¡I~~~~~~!~~~~~~::~::~~;:::::~:::~ 
tolerance'.V.ier·e·:defod:edf:whlle::a.ühésité.were:foleiraricewas positively selected, 
: : '-.. ':- .·- -_:~-.--- ~ .. -:·- :·~;~;;;_--.:-_~;~-~:.~: :·~~;;~~--~}~-;~I;-r~~.;~:)~ .. .; .. ~~:~~:)~-/'.: ~~_t0}J:~-:;;~? :~:<t~;_;::{':~:.i~~~/~:\~W~::·}~~:.:: <>.?-;::._: ¡'.;~ --
costs of folérance·:weréJower:~Despitethe preserice ofcontrasting selection on 

-: -? :· _. ~~ /~:~~ -~-ú>V-:: tf::~?/ Ff;~~1 >:::t:f ~~~,:-;2-!.,\~"\--'.W:(-·;~-:- ~;~:~rf:-;~~-,.,::;.-::8<~;;~~ ~-~ ~~·\.~.:· :~-~t\: :~% ~> · ':'/ f::, :¿ ·: ·,- - ·. 
tolerancé l:ietweeri~sites;'orily}or óhe'.ofthé popUlations we found evidence of local 

_ . :~~-::<. ~->{~ ~ ('.:.r--:y,;;,<~¡~~· i~-~~~w·~~:~}¡r.~; <~~~~:: ~:i1~~~,-~.:~~:~~1:':~1~\t~ -\~( .. >-.~ ~ -~~!·i~' :;~·.::<::.:, ;;:3 .. ~~>:::t": · .. '.":/ . . . 
adaptatiori;forJower:levelS:óftolerancé to herb1vory; At thls s1te the native 
- · :! -·. :::.-.;-~, .. -~:·_~:~~>:··):-?\:i;·;'.;~-f;:~:1:;_;_:~~~.:.::J:.·:>:~I_.~~~~}:\'-:Y<>r~~;-;::;:.:~s~~t-:r-:~s.~,L~:::.'~~-'.~\:·;·:-/:::·'":;:·.::):':?~:--- ::;.; ·: :· :~··~. , , 
pop:i;iJatie>ri;(T~~~I,h~~te~pr,~~S,~c:i·fi;ighe:rfih)~~s,~riC:l·genetic differentiation for being 
· . :, . > .~. ..·r. :: -·, ·(:; :/~- ";;·f;i!;t.."-;,:;?;{;;.:;~~.'~i~·i:}:· · :;;.:~:,t:·.i~;-~~~--~ ,.: ~'{{-' -~~·.:/~'.\', .\·T~·:·,; :--::·_:··· <· (' :, '/: -í.~·>·(: -.. - ·.::~:~:- ~-: · x., :~ . · .. . 

less tolei::arit't~~1j-(tl;le,;;éj.li~i:(Bopulapon (Stci/J:?oin.ingo).:.Oyei;-all, the results validate 

the .• hYki~~~ii~~l~~~~J~~itf~~~~~~Í~y··.if~~~~~m·:~~fi~~.~p.~n.costs of.tolerance can 
al ter·. the' adaptive~yal ÚéófthiS¡.trait (Cap:' I) i;JhtisXour resul ts ·su pport the theoretical 

> · · . , -.. _: ·<·: .'.;:>·~·: .. ,-:.)-~~": '.?;f ~::r~~l~~-_:.,'.~\~'.~:_::;~·~:~:~-.~f('t:~·.:~-~~~~-'.l :\:fL" :··!;:.-; -,~ ,{: ??;~::· :~-¡~:.'.·:· :'.tf;??:.\;'e¡r:Í; :i.Zff·_: .. .-\·;:}~ ::\=, ·._.: /·-»·- · . ; .· · 
•. expectation thá:tcenyiiónmerit.:dependerit costS:.ófplanfdefeinse traits can genera te 

.·, . ;.f::,·. · ~;;._,·.·: .·:~:_,~;,/;:.:. [t'.i::·;~}··}';_ ... \~1~{~~~:;:~~t2:?:-~r;··~;:h::·-:::~·;;;_;.¡:.: ·::~~;;/ ·.1~2{~~" , .. ~\?.1 '.~. · '.,::~·~!~.-;·~r~w~\-._.A:,.'.~!::,~;~~.~~r:~:{/~" ·~::~~::~·r.;-:¡,:·::.::: ::\ ·_: ·-:'· . , 
· · · differerícés'airiqrig•popu}a tio.n~ in .the 'ev.ol úti6I,1i:iry, fü.i~coine ·of. plant-herbivore 

···•••Env;~n~enj¡(ijl;~~~:~l.i~i~iiilii~~·::·.·····. 
•··•Variationámol'lgipopµl~tiorisO].riJhe[adáptjyey.a1ue~ófplant responses to natural 

': ·.. . ·:' . ~:~: .. -:;,~.;~"7'.:\·~::0~·:.- ,-~·· ;>-?i·,. "-lY'.:_.:.·-::·~\' ..-. .-:-;:~~.:.~.~~·\~.~: :.::··:~~·;··~)·::,;\~~\ :·\~.:~.~'°·?:-~·-.:}t'':"'...fyfk1~';~>--~t:~{;_ <:~'-·. · .. ·... . 

enemies car{'rés~ltfrCnn\aiiation·fu patterrisjof'·seleC:fibn on' defensive traits induced 

:.:~;;~~fJ~t~~~~<~l~l!~f ¡~t:::~:u::u::~::.~::~~¿~e 
s.elec1:ÍYf:!,.ª8~11!),'.;~i.tJ.;i~f:'.~~~!~.l,l).ti2~,'.~~f!,~f~l'.lleritally manipulated, can alter the pattern 

_- .. ._ ''. '~-.:: ,". {~,:.c-'~-:~.Y~:i_.-., ~ _:-:~6--::.~:.,,.;:.,,;~; ." '~:-.·,:· :" ,,r.;~::,~~:(.'z:: -~~,··{.:~.·-'.. :.h¿.0>/·~'.'._' 
of selectlon 'oz:t::aefensi~e.'plarif}taifs?(MaÚ~icio and Rausher 1997; Benkrnan 1999; 
G9ri:~.z~·~~ií~~~~~!:~;g,i~f,~~~~~~~~*;'ioo1). Theoretical and experimental work 

. indicate(i·that :pópúI~HoJ.1S~lfUildance and composition of natural enemies 
. · . ::· ·:;·>::~~-'}}/:~-~:t:~L~~ :::f~'.~/-:<(ti:Q~.::·:A~.\:-{:."·;~p-.~f:,\.-~;;~<- .>;:·... . -
asse~bl~g~s caB ~!~A';~~~S:~i~~m ~he adaptive value of plant tolerance to herbivory 

•. (Tiffui. and R~J~h~~3~s?#;°'stlrichcoinbe 2001). Other Jess direct sources of variation 
;: ·;·-,-·.,,.--·----:-::.-·-.;¡.-·::·-<:-:!,-:·;~·;c.: .. :-;-~'·=--~·-;,-:",--_- ._." , 

that can also affectthe adaptive value of tolerance among populations is the 
¡' .·.:.· ·'. 
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availability of pollinators (Paige 1999). However, the importance of this source of 

variation amongpopulátions is expected to induce changes in the adaptive value of 

tolerance whenever plant reproductive success depends on the availability of pallen 

ve;to;s. B~;rJ~;{the(ief~~~ely scarce evidence addressing direct and indirect biotic 

envirorurienl~ fud~-~e'~~changes in the adaptive value of tolerance, more studies 
· . · · : /::'.;~ .. :·.;_,;~,::\~:.~.;;~.?:.~-,:'i~:~~~/ .";:~~;·í'.:i.nt¡~~::t::/>:::·J~:>·~ ::: ·:- -·· · ·: 
support the hyp6thesis'!}ia(ya,riati9n in physical factors like nutrients, water and 

' ·_ ,- '.. ·.··>\·.· /_:\~<:;._t_;7:~~~g-~t:~:·-.:12~If_%(i(.~.-:\::¡i:.1;1::\"~:';,;:::·-:-.::·;_; .. __ ;·:·_ •• •••• 

_light can altei:.'!ll~~l:)ility~O,f~p},!1.fü~t9 cpfnpensate herbivory damage through fitness 
o 1 _ :. ::::: :. '°'~--"!'._'". ,-5::f.~_~r'-';. :'.f~_: ·.:. --~'::;~- ':<:'.:.;>,·~: -, '.}f''.'·,._-;;:,~---~·_:; -~ ·::--:-¿ 

compensatio'ii;·(i0a~hin~í<l'~é:H.\iVilithá:rrt 1989; Herms and Mattson 1992; Juenger and 
:: .- :_. ":· · :>-: ';i,:;'.~:~~/t~~-~~:~~~~~~?f·:H;-/:;-~}:~t:c'::;;~-~(~\:~f(~:: -_ ~~/::;::· .. -· .. ·. -

Bergelson 1997;Sto1,"7eefal.·2000).,._;,·c.< · 

~~~:}f ~f if llllilf~\¡§;~~~~~f ªI~~~~, 
pollinators is notexpécted<fo'~óí:1Strarrrplantresponse to herbivory nor maternal 

: .. '.: .: .. _ , . ·:· .. -.-:_: ·f':, ,:_ ... ":t(.:·\;._:.¡::~~s-·t\·:..~:~?~~~\/~'::·>--. , 
fitness. Second, beh\'eefr~~R~h~etjtéll sites, no differences in levels of foliar damage 

were detected; sti~g~shhf~~l~t\~~rbÍ\rore load, thus variations on levels of damage 
. . ·:;, .. "':_···:). >:f~":··;;::-~\;·:--.;~~~/:.:+;}~~'.·.~>"·~~.\~}'.'.: ·_-. ",_·-

may not be relat~~ ~()Y:élr,~~~c;ins;~!l theadaptive value of tolerance (but see Tiffin and 

Rausher 1999); Pr~~i6h~ifüai~s?~ho~ed that equivalent fitness benefits of tolerance 
: )<\'>f{h.·:~t¿:~~- ~\~:t~{·~·x: .. };J~::'.:¡:,~;p. · ··:.:·_ ·-:· -::_ ---,.. • 

and resistance w,er~:expre:sedcund(:?r lévels of damage around 10% of defoliatíon 

(Fornoni and N"l1h~i~~~{ji~j~¿g;-yálverde et al. 2002: Appendix II). The results of 

~: ·:~;;~f Ji~l~~I~&~~~:~t,~:l:::::.:,~:::~ ~::;p:: 
beca use of.ci~feren~~l e,!lyi~()~#l:'tal effects u pon costs and benefits on each 

:;~~t~r~!~ii,~~¡~?~~1::.::,:~:71;:;:::;..::~:::i~:~~::,· of 

tol~~ari~e to ~iff~fe~~ s~eciks ,6ffQHvore insects were positively genetically correlated 

. (Tiffin éll1J R1

~il~fi~/l999r:sirit~'ihe same type of herbivores (i.e., folivores) cause 
. • .• · . .... -.,: .·: .- .. · .. ·, . __ ,. 'I "· 

foliar damag~ in D.:stminol1ium fu our experiment, there are no reasons to expect 

variation in fitness J:>en~fitsot" tolerance to different species of folivore insects. 



However, furtherstudies are necessary to confirm if tolerance to the same type of 

damage is a ge,!ier~Lpl~tresponse (but see Stinchcombe 2001). 
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Naniralhl~t()ry of D. stramonium indica tes that this species is always present in 
:· ... '·._: .. _-_ "'.:·--;-.'l."_:-;,;.·:-·-:...,-_,-:'::_·.;-:--_d~-·-. ;-_·--- .. -

. o.pen ~ddi~hi~b°JtÍ~t~~~,'~l"íere no light limitation and intense competition are 

expected (&~~~~~~i{~;i9-?i) .. \,yith respect to pote11tialabiotic factors related to 
. - .. - · >,.._ "···-~;'.·:-,:·~?;:·:'.~,'.;:'?::~-:-~;:f,i;~~;\''::_:}~:·_y,~:;(~1\S;<;~::;·,; ·-:-~>-~-- ::/: ·: ':·, _ .·. 1>:.- <_:·-.>:5·..: /".' (,: -·,,,.;{;; .. · > ;···~·:·, 

variati01\a~9ng'P,§i:fü1~tic>If4\tl-l~ adap~v~ va11lep!}q,l~r~~e,. our experimental 

~i9~l~ilillll~Yilii{l~~~~E:~:~::::tce 
variation in:théiádaptiveváltie;oftolerance oetween•populations of D. stramonzum. 

-· · -~::_-~:-- --: .. /:.--. _ _._-~-í~; .. _ - -··;,,_:r ·;--~~:?: ;\·:.'f: --· ··-- - . ,~ .. :'.. ·.,::"'s:;-~ ~~-r'/,;:(!;_:·: ~:.: ·" ~ 
. ~:·_;:·,: ,· . - .-·. ·,-.: .. , - _,_,. . . :·,- ·;• '/',.- ·;~:",; 

'::', ,-•.t;::·.~·.>\:;\~:·/,~·.: .. :·:· .. ·<.·,·:· _·."~- ,, .. : , ~. . ).:::····<'>.-·· ·.' 
Local adcipiaÚori.fo1; iÓlerance to herbivory .. 

. : .. : ' - .. '. ,.;::-. ~-.-,.. . ' :_ .- . - . . 

Whensearé::hlng for'local adaptatiori; itis generally assumed that populations are 
'-. º">'.• __ ,· •• -.• 

~lÓseto ári ~claptive peak, although this may not be necessary the case. Besides 
, .-. .. ·:. -

natural selection, other evolutionary processes (i.e., genetic drift, gene flow) can 

movepopulations from the nearest adaptive peak (Wright 1988; Thompson 1994; 

Gomulkiewicz et al. 2000). For example, genetic drift can decouple populations from 

the ecological conditions undér which previous adaptations functioned, reducing the 

overall success of the pop1.llaBo~'(WÚ~ht:i932). Similarly, gene flow can reduce the 
. -:_. .. -- · ·" . ..<: ·-_/·:.- >-.'·r:-::·:_;-.: .. :.-_._.ty1:··~~~·-~·'·Vi:-:'i;~:.~:~.:::c~-""·~ ... ::_~~-:- - . , ". 
performanc~.ofél popula tiqn¡by~!nttod tidI1ggén~ti.c ~arfatjon frompopula tions 

.:;~th~\~~i~lf qril~t~~r~~i~r~~~!~º=e~:~:w:::·d 
attairl~d l~~~r/itness'tran at"~ll.{dry~tj:_§p,ica~,forest'{Ticuriiári). Also, in this site the 

native pop;tliti6~ did 11ot shb~e~:~~id~ri~~ 8t l~cal adaptation (i.e., higher fitness 

·. than the-~fi~~popul~tlon)nor~~n~ti~:dffferentiation on the average level of 

. tole;ance'.'This patt~rn suggesfs'ihit uncletected local adaptation for the population 

· fr~rii tl:te t~mperate si te Il1ayh~~eresulted from a lower intensity of natural selection 

upan genetic va~iatiol'las co~pared to other evolutionary processes (i.e., genetic 

drift, gene flow) orthat~r~c:ell.t event of colonization may be responsible fer the 

. absence of fitness diffeierice~ at the tempera te forest site. The presence of additive 
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genetic variation for tolerám:,e sugg~sts. th,at, if any, genetic drift may have been not 

reduced the variation·Ín tol~fan~'e at the tkmperate forest site. Both asymmetrical 

gene flow and/or.~r.~fe;t,cb16i}izati~n event of the temperate forest site may account 

for th~ abs~~~e:bt~Y61Jffá~,~~f~i:ici~?ci~··t~le~~ce. This possibility is further supported 
. . . < ·. . : :\::-."":<~L~ ~,,_:~~~~'.!.:~ ·~(,:~;_:~ ··:\~·(:~··.·:¡ ''/:> ·,::_ .. :·_,:. ;·. 

by the finding ~f;,l.llgJi~/füte~s~fy,.o(selection acting on tolerance at this site, and the 

absence of ctifferen~'~J;'li~m~~l1-~o~t1lations on the strength of selection. 

In the:dry ~'~~:i§~lr-f~~~~.t¡Sh~f~·!~e;native population showed. e~i~~~c~ of local 

adaptation, the iritfü~i'ij.'~(séle~tioii ~X,::folerlll1ce was significantly highedor the 
~:-·-.. '·!,~~,>~ :>C-':.; •~'.~--~:::·~'.e'..":," .. •:''."-',<. •_, ~-~-;~ •' .· ·-:.·,'-."!. .'.,· -.. --_• ' .·;.• " ' ,";".' 

alíen populatio~'th~b'.foeJ;~~·~ep~piilati·~I1 .• Theoretically, it is expected that the 

intensity óf sel~¿'tÍbh~~·;~~1i~,will aixriWsh~~e;'ti111e as the ~rnount Óf genetic 

variation is erod~ci-"(F~Ícd~~r'éUlct Mackayi99§).:The presence of additive genetic 

variationand:c:Ü~ecti()ri~i ~~l~ctlo~ actil1g oi-i ,i:'bí"~~~rice suggest either lack of sufficient 
' ' 

time for natur.il seie~ficmto erode gene'ti~y~i~tion on tolerance, or that sorne 

opposing' f orc~·ajayb~'htéiintainingth~)§if iél#ori in 'this .defensive strategy (i.e., 

. ecolo~~al tri'~e-~tfS,).;·\ ,· /. .· ··.: . • y• :• '.::,~~'.i! .. g'.~.,;!·.f (¿. ·. · .......... ·. , . 
yRegarding tf¡e, gE!pgraphic: J?.Ci~éÜ~;tl}~g})' .c)f c9~~ol.u~on, ,re,cent theoretical 

( ·": '·'. . · ·-': .. : -··, .. ;: .... :.- ... ·::,__ : ... · :L ·.>: :·::'.t· ·,.'·:{'-;t:,_·>·~.?.:t;·i;_\f~~::·;:xt~~1:~(. fJ;.t.;-;,~-,?~)~;-:\~i~?(,.~_,:·:;,"''~;.:·-::::-.-~/:y,:-~'.(::.· ·/.~~---"-: : _ -
... workindicatéd .that selectiorimcisaicsand',the~pattefuqf gene.flo.w among 

'._ ... ~ _ . ,;~ ~~-:- ·: -· _: · _.·,;-:·· ··_:;~--~- · ---<-~:.,,.::.-,_ ·',::~1~(-::·'.f,~~"X\~~1f.~~¿:'.~>~?:r:~~· ... '~\j~-~~,~-.;.f'.;~;h~-:~;z~;:· __ ;~~'.;/}C~\~-(;::t~r::- ,:<::y_::, .. ----· · 

··.popu1ations can· strong1y i:t~f~5t;~~:cfüefY:2JY.~'c>.tf~ty'~rj~ctories'.ºt.populations 
;(fhompson 1994; Gom~lk{~~i~~:~~~~i··:~~-?g~)¡.'fü?J~tti~ of genetic differentiation 
· and contrasting selection 011 tolera~éfsuggest,thépossible existence of hot and cold 

spots in the spatial distrib~~~fr.%{ff~~,{~~·*~}~~~~ªt)' outcome of the interactions 

between D. stramonii1m ari9 ifirts~ct!'j'.hérbiyores; For, instance, the opportunities for a 

coevolutionary respon~0~K~1~~tiº~~f,~~t·t~eir ~~:U~~l enérnies (i.e., a response 

mediate througti.re,~,i~~aj1~~)'.i1"l~~be:higher iri those populations were tolerance is 

selected agairtsLThl~".s~~rÍ;~iS:.~~)r be that expressed at the si te of Ticurnán. 

, .Conv~rsel');,irith.~~Úe'.~fS~b.'Dol11ingo were natural selection favor increasing levels 

• cfr'j~ C>tt~l~f~~e; t~~¿Óe~61{íti¿riary response of plants may be attenuated, possibly 

. ··. rep~eskriti!lg.a cold:sp~t. These evidences revealed the importance of spatial variation 

·~ the selective environrnent experienced by populations in shaping the selection 

mcísaic. Finally, the detection of asymmetrical local adaptation, strongly suggest the 
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possible role of the pattern of gene flow among population as a source of variation in 

the evolutionary outcome of speciesinteractions {Thompson 1994). 

Conclusions 

The present study experiment~Uy.demonstrated that an important component of the 

variatión in the phenotypicéxpressión of tolerance among natural populations of D . 

. st1'mnoniun1 isan ef\XÜ:C>~~rit~fl~p_endent effect upan costs and benefits of this 

-. strategy ofde~~l1~~:-~~~~;~t~~~;iVer~Il1ies. Our results support the hypothesis that 

environment-:depénderifcosts and benefits of plant defense strategjes (tolerance and 
.--.~ :·:.,-· ... -,'"~~:/-;. -~á~-:~~-,-~-r-~,~~}.\!~~l~/-4:r~~:),~~~-:~:<'.~~:!?::: -:;, ... 

resistance),cánJead to',éiifferenfevolutionary outcomes for the interaction between 
. : . ·, -~:-- -2::~:J: :r:¿Y.::;:i;~~f2f:.\ . .S;:#~'.!!:~:T~~~.,~/~:~;:;~:f,tf.~~:i';f:.~1;."'/ 

plants an:dJi.erbivo"fe's::<C::aP'J;))~ffhls in turn, suggest that spatial variation in the 
· . .- - _· .:'· .. -,_:- -.'.~!'..:~,~~·~:-:f?~'{~·~<f;{;:·:__y;~~1t~-~~~w~;_ .. ,.j~·}~ i~4,rl·'.; .:_~~'\,_,, -

toléranée~~e.sisfaricefifi.-\~~s~~til:f~ce.of D. stramonium is expected (Cáp. I), and should 
. · . ~ <. ..-._·_,,- . ·:_, ?_~t·-- -~-:~Xf-~,,:?s!~';_•_:. ~~:{~~:.:&~~~~g-:_~ n~2;-~.2:~~,r~~J.i;~~,~f:;?·;<I:,,y:'" .. r· : :, '.· ·,. -. · · 
he addressed~in future'studiest~Ir(those pcipulations where tolerance is selected 

~'.- ~·,· · ... : /;\:.~: < ~}:~1 i:~>~~wt~~>ff ~~1~f.:~~~:.~~;~}#.·3,s~~rf~~';:tF;~~;:~::·:·;· .. :,~,~t ·:·~ -: ·_·. :. 
against,'pli3:11ts.ó~(j,t.1J9~respf)!1d,'_ti}:rp!igh a resistance strategy of defense. Conversely, if 

:: . . . >:::1,: .: ¿ ~i'.":<,{·?~~'.{;~~;;'.it:~t"·,;&;!~;:~.~,~~;f;<~<i;:~;~/~:~1j(:¡:>·;~·:}~;:</~· ;-,·";·'( :, ··, '• - . 
_tolerance is faV,()tl;5! !Jyzj:at:~u:.~l:.s_e!E?f!i:?n;the evolution of resistance traits could be 

;·- . - , ' .. '. ·:. ~: . :-' ,. ::<~ '.- ; , ·~·~> !'.-~~·:.'.'.· ~-' ."'.'.,~. ~·~:I: :· !~~<'·.:.~~> ;::·:}'(·;.~.' ·,-:r :'.:· .--\:-· ·.:· .. :~: '·. : '.- , 
con~h-~hledif.i-¿<ltiria~gy;b~M~~'n't~l~~ance and resistance diminish the overall 

. . . . .. ...:· · . . : · ::, . ;~-: ':.~-'.~/º:ft-;:~·.i~.:fi;';·:<~,~~i::.<lHf;_(l,~:;~~;:~i~1t~}_,,\::< < 
benefits ()f trai~s c(>h.fe;-rfi:lg i:ésistance against natural enemies. Previous studies are in 
· · · ·-: ::.- .-~- -_'.: '::.:: ::.·~ .;~x·.(?)~:0:-~:t:t·:~-~':.w-~~~;;::~~:~~~-(·,;;:~~gJ :,.\ '-=- - · · 
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average resistance;.tl1an,the;,temperate forest population both in the field and under 
-. - -· '.:,(::. '..;,.·_'-:,-~_~\'.:/::·/;:~::~·1{?~'.~~:,~:::~\':1~!f.'.~?,':-;,'·j~>-- . ' . . . 
common enviionmenfaFcOnditions (Valverde et al. 2001, 2002). Befare further 

' ·., ;.-·- -:· -.:º··:'.·-.'.;··~~-;·~~~;Ji~~:.~;::~~{\I:'..?~-;~1';'~:-~:~\:~:. . -; -. 
generalizatiC:ni: rélatirig'.tne.expression of different strategies of defense with particular 

ecologicál C()~d,i~ª~€~aR'.b~'proposed, limiting abiotic/biotic resources for tolerance 

and .resist~f~~~~é~~-4etermined as well as the mechanisms through which plant 

tolera te. h~~~l~,~~}f ;~ru:ná~e . 
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Table·l.ANCOVAfor detecting additive genetic variation on tolerance for each 
.- •' I'. :•, ...• ·<:f• ::.··. 

· populatÍOn fu·b,oth: sites. Relative fitness per site was entered as the response variable, 

. ... :!;~~!~~ii~t 
Populatio~ :; •l; Sqilré:e of.variation 

.... :··-,~:~1 .. ::: :-!~::::;. 

df TypeHISS 

Sto.Domfugo .• ' Sire • ·: ... :: .. • 
< .. ,._: :'.·::--. >º-- -

T-

18 0.4789. 
. -,-_ -,-:·, 

'· 

Dams (Sire) 19 0.5417 

Dama ge 1 o:ooi9 

Damage x Sire b 18 0.2310 

Damage x Dams (Sire) 19 0.4919 

error 161 1.6947 

Ticumán Sire e 24 1.2597 

Dams (Sire) 25 0.8357 

Dama ge 1 0.0247 
- ,_, _- ___ ---, . 

Damáge xSire d 24 0.9579 
•', 

oajna'g~~D~ms (Sire) 25 0.70,80 
.-e~ :!~·:fr.,; ;,:~----

-·\-.-_:, .•.. -
'h't';: 

error . ., 

342 6.4554 
. :-· 

• F vah1e is Satterthwaite approximation, df = 18, 19.51. 

~·· MS Damag~ x Sire / Ms Dama ge x Dams (Sire). 

e F val~e is Satterthwaite approximation, df = 24, 25.91. 

d MS Damage x Sire / MS error. 

,. 

'. 

F p 

':.0.95• 0.5371 
···: 

.·• 2..í'l· , 0.0004 
,. 

" 
;_ .... ,_ 

0.28 .>; 05954 

1:22· o.2511 

2.46' 0.0012 

1.59 0.1246 

1.77 0.0140 

1.31 0.2534 

2.11 0.0002 

1.20 0.0606 
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Table 1; Continued. 
- . ' . ·: : . '. : : . .. ~ 

B. Site Stoj?óri'lihg~ 
Popú.lation;;:,,,,~ .. •.Source ofvariation 

:·.:-"·'.z.\·.·· . 
df p 

22 0.9355 .· 0.0100 
-.. '"· 

·:·-- ::.·; - ~:-~··.·.~_.-- .: . 

23 0.3663. i.od·.· . 0.4404 

.. 
Dama ge 1 . 0.0007 o.os 0.8235 

Damage x Sire b 22 0.6389 1.86 0.0129 

Damage x Dams. (Sire) 23 0.4969 1.38 0.1184 

error 244 3.8098 

Ticurnán Sire c. 15 0.1484 0.55 0.8768 

Dams (Sire) 16 0.2728 0.60 0.8767 

Da~age 1 0.0146 0.52 0.4734 

Damage x Sire b 15 . 0.1962 0.46 0.9549 

Óél'.rrt~g~.x '6ams (Sire) 16 0.2580 0.57 0.9011 
"• ;.z _· ~ .. ~~-<~;·~-~; -

erroré X 
~<·~. 

123 3.4804 ,-_· -;:.::;;-, 

Y·.: 

ª F value is Satterth'«~ite éJ.pproxhnation, df= 22, 24.64. 
b MS Damage x Sire 'J ivis ~:~;;;l?/\';\ 'Y: .. · ... · ·.· . 

e F value is Sattertl:t\,.'r~ité'. appro~i~~ticm, df = 15, 20.35. 
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Table 2. Results of t"'7o-way ANOVAs for fitness (seeds/plant), and 
• :-.;',' ••. ,_ j• 

tolerance for two natural p9pül~tlons of D. stramonium grown in a 

reciproca! transplante~k~ri~~nt.Values of tolerance were obtained 
-- -. -' .. - -J:~ -~:-':/.:O.~,-·/~~'/:.·'."'°'•'.'.:~·--'~-·L·_ - -- ··o • '-· 

from the regressióri:'ól.fifi{~~,s'ciri;damage for each paternal family. Site 
:. <<>. <i>\~:_j;'_~~~"'.-?'~~~~};r:~·-:,~~~;:.:·._}_-~:.{~ _,:'._:.~: -

and Populatj,~n 'Y~r.e: c(J[t!;ici,~ied}ixed factors. Type III sums of square 

were used!,•. /1\J,'i;~~;,'i1ro"':'it~,j·~:{ :;"'. !::•· ·. 
p 

Fitness , ·. ·ySHe, ,;'Q:;é :/' ,, .. ,,T ..••. 2';7.?59,, 163.78 0.0001 

,. . :~o~.'- : . 
1 2;330 13.74 0.0004 

, Site xPop. 1 1.444 8.51 0.0046 

Error. 79 13.389 

Tolerance Site 1 0.028 23.18 0.0001 

Pop. 1 0.006 5.49 0.0215 

Site x Pop. 1 0.013 11.29 0.0012 

Error 79 0.095 
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Table 3; ANCOV A of relative fitness in Datura stramonium. Si te and 

Populafion,were considered fixed effects, and standardized tolerance was 

entered as.thecovariate (see Data Analysis). A significant Tolerance X Site 

inter~c~~J-Üid.i~~t~s significant differential selection on tolerance 

betwe~f; th~:&o si tes. Sum of square type III were used. 
- . ' -_·,· -.- .. , ·'".~:: .::·:' _-_,...,,.-"'• --· ,- : . - - . . - ·- .. . . 

Site' º'e" · ·' ~7~'.;~ 
-~-. ;·~· ' 

POpUÍa~6~\:····· 

Si~; j~~~¿~Hon' ·• 

Tolerahce x Site 

Toler~nce x Population 

Tolerarice x Population x Site 

Error 

1 

1 

1 

1 

1 

1 

1 

73 

p 

0.3666~· · 1:60;' ; 0.2091 
- ., ''"- :~_-_-.-.-,-,_~). - .. -·:.· .,_,,. -">',-

:o;--=. ,_' - . 

0.0819. 0.35 0.5509 

0.2068 0.90 0.3443 

0.0783 0.34 0.5599 

6.4585 28.28 0.0001 

0.8899 3.89 0.0520 

0.4664 2.04 0.1571 

17.1257 
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Table 4; Linear s~lection gradients fortolerélncetoherbivory 

of twó.populations of Datura stranionÍUni.foilb~fug a 

reciprocal transplant experiment. Ccnnp~fis~rii'of selection 

gradients between and within sit~s tJfi?~~~-~COV A are 

indicated (paired t-tests). Standard:e~~(l~~.¡:¿u;d~robabilities of 

selection gradients correspond to jac~~d,és~mates. Ali 

quadratic terms were notsignifi~~~:'.f ~-b~QS,_,..p < 0.005, 
. ~~ ::'.::~:~:·:ii:h;{ 

***P < 0.0005 

Population , . · f3 (SE) '' .¡ ~3/3§?E)'''A' 
'/,:·:· ," :~~~i ·:. ~:.,, - \.º,.·'.> ~··. ·. 

'tbeiiveen siles 

Sto. Do~go- · ;'~0.9485**~ 3.20** 

(0.1376) 

Ticurnán -0.2288* 9.9939** 2.35* 

(0.0828) (2.9673) 

fbctwcc11 pop(sitc) . 3.20** 0.45 

29 
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TESIS CON 
FALLA DE ORIGEN 

Figure l. Mean+ lSE of (A) log fitness (seeds/plant) and (B) tolerance to herbivory· 

of two populations of Datura stramonium. Different letters indicate significant 

differences between populations within site at P < 0.01; 
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Slte Sto. Domingo Slte Ticumán 
(pine·oak forest) 

3.0 
(tropical dry forest) 

3.0 
(A) (B) 

• 2.5 2.5 
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Toleran ce 

Figure 2. Scatterplot far relative fitness and standardized tolerance far two 

experimental populations of Datura stramonium grown at two sites; (A) Ticumán, and 

(B) Sto. Domingo. 
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DISCUSIÓN GENERAL 

Con respecto a la pregunta inicial de este estudio ¿Por qué las plantas presentan más de 

una fo111za d~ d~fe;Ísa contrd sus enemigos naturales dentro de las poblaciones?' los 

resultados. obt~l1.iéi6s r~velaron que la variación en la magnitud de los costos de las 

diferentes for~i~ c:J.;·~[fe~~a' (tol~ranciay resistencia), así como la no linealidad en la 
: - . ·, - .,.·f.::>_:."·':~'.~~:.1.<-/;/ ... ?_··'.;·~1:f~'.:·f:~-.-~:·'.~:f{~~(~~~5-:~~- -1:_>> ._: ;._·>_ .. '. _,_._ . ;· ··:;-: 

forma de fa fill:icAqn:~ae;ios'cqsfbs~y~k<iDefiC.ios. <;?n términos de adecuación pueden 

~~;lic~fl~~S~f~~~t:~~~~¡~,~:~:+~~jg~?~~:~eiefensa (i.e., estrategias mixtas) dentro 
de las pobláCiories'ae'pfailtas'((Capítülo]):'·A: pesar que, la evidencia empírica sugiere 

-. :. · __ . . ---~---~' .. :'·_; -,-;:~-/: _.:!/~E:_(~~-+:~ú,:;_~t~\~f.o.:.~~ffi1 ~;~Jrf-~i~é;;t~~:;,,~~~;f.~/~~~:)~:-_~:¿~'.~_-; :·.·;:~~·_-:-_ ._ : 
· • que. podría e)(~sti;i.:;un,a·~~laciól)'.énfyeflá<ji:lagnitud del costo de la defensa y la 

·._: - :- -·_ · -:_· 'e; ·.,.::- -;;':/~~~--~:- .. --~;?,; .. ;_~}:-~~~.;_ ~-r,;~t-~f; ·r;~\~~~;,t~f~~4'.·:~~IQ1:r.:~:.M~.'.~~··:·:{~·x·_: \~'.-t;~.:-·. ·.··~,,., - , 
disponibilidélctd.~ir~~~f~o~~(Stg~E!'(it,~a,1~:2000), no hay estudios sobre la posible 

, · :>" --. , .: ... : .. : .:.~ ... y >-::t>~•;{~:·:.:;\'~t .. sr:~>.~J~~;{·~tf'"i~~~·}:~;0;.:::·)·~+s2-·~>~~::-:{'.'·';~':~H~·~,\:f~-·-, ·::>· 
relaciói:t eritre;lél'Jc;>~m~.'.?~ ~!;ls:§:n~i~.iiE!S:C:l:e costo y beneficio y el ambiente físico o 

':·: ','0 ·, . ) :;·,.:'.:-~:'.(,J-.::~,~t::~~~~{f;,.;,;·3kcf~\}~l:~~·/\'.:~t;'c:~~: ;,~~~'.}~' [~{;~·:;· .'.~~1.?f:\'~:;~~<· ~~Y:!: '<·. " . ,.' • • • 
• bió:tico;Al!lb~~ EE!l.a9gi:i.es ner~tj~í,E1!í:hgélr•po~1bles escenarios ecológicos-evolutivos. 

. -,: :· :·: ::·• ~/1·:;.? ·.~:;;~.:~J;:<:f~\~-?~ ~~!¿~¡~: : .. :~f~_z.;:~;3;;~>>(4:§.{' :~~·;;~'.:<~',~~~k~~~.>f;&/: ;:,.:·"::{:. ~ ~:.:<·,. ,. :.;: . '. ·: ; 
El modelci'desarrollaao ásume:que'la abundancia de herbívoros es constante y 

, , , . ·: .. . . : . . :- :.::~:~·>-~ '.)~:~-~L-.~~-;·§~r;·~f f~~;i·.~;.:~~:i~~·:·;·:~Y{é ~~~::~~:~-.'.; -~!~f~Hl{~(::·-~{~~~:~-.~~:;\~~;·:>(~.\,: ,.'._: · .. ·. 
lo suf1c1entemel).!~;~í:m~qr.t~!!:!E!.~º!I.i?,J=?ª!B:e1E!rC:er ,efectos negativos sobre la 

• _ •• ... :· ·' · ~·1.'·._ ·:: <:~.·.;~,:·.~~::¿:t.·¡:« ~:.<~0i.::J:~~~;~p)'.~.:}i,\~J;?;:.~~f.::'.;:(~i::>.;;1(:'l'f.'.:'';:!~~:~:; ;f,:!:~~,~~,Y:<,'.;, -::~:~·, : ·.·•: .. · 
adecuación.de las)=>,l~p~~~'!,§ir:,;~r#J:i'~rgo~';~~:l,~'~,~tú,icianda de enemigos naturales 

.. . . ; . ~ .:.:_.,,. ~·,>.,,~: ''.·'.\\·,_·,;_":J.¡./':~.«:;.:,·:-" J: ... :/ .. :~ .. '.~ .i:·::::-,~';',:~::.:;F~·~::p;:\':r:,:\~·¿:;:tt:~t:· .. :~,· -t/ .. :·.-" .. ·. 
puede condicionar la magriitud',y,.forrna"deJa~~fondones de costo y beneficio de 

, -·· <~ .. : . '.;. · ~.:>. :~~i1·.~·~ .. 'LJ·;·~_:;:~\:: -~ .. n~~r: .. /~~,(~~·:·~-~";~~.::.;?~~?i·~ -~~?1~:: ~·> i: 
cualquiera de las estrategias'.d.efensivas;'ésta'"debería considerarse formalmente en 

• . ; · '. ; ; ·_' _ .-~.:>"~·.· .. :·;?;\/.})~;;~·~:·;.' .. ~E~~~~·j~:;:tx::.::TD~~.:;,;~~~~:~\~]J~i?~:,;;?;E·~:,,'L.'.?:·,: 
estudios postenores.'Actualrriente;·,se;hcúevaluado. de manera teórica corno la 

'- · .. ~?:· .. ··~-:·~.~~;~;i:{~;~\.:~~:-~.~y:·(:~~~,~{;:\ <~~~ ?.~i~f :;~;g,yj:.:~;tif;~,' .:_~Y: .. ~.J-,:" ·' 
cantidad de daño que ex~ériJ.l}e.r}ian l~~j,~Jajlta{afecta la forma de la función del costo 

:::;:;~¡~lililJttt:::: ::ñ:::::::~::: 
las plantas como d(i!térri,rinají.te:;ctel pgtencial adaptativo de la tolerancia. Es decir, el 

nivel de daño a ~~;f~~~~{'~~~[l~~~~~a_iio ~s capaz de compensar al menos 

parcialmente el.c6stc)~é:l.!:!tJ:f~1;1Jiyo'Jisri}(). Los resultados experimentales en condiciones 

de invernaderop~~~~~~~~~~~f ~~~{k1 umbral aproximado a partir del cual las 

plantas (Datum st1'.mnónium)expresim una reducción en la adecuación como resultado 

del daño f()Vª~; E~t~ timbral (10~30% de daño foliar) fue confirmado por estudios en 

condicion~s experimentales de un jardín común (Apéndice II) donde las plantas 

1 

l. 
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fuero11 capaces ~e comp~nsar completamente niveles de daño promedio de 12 %, y en 

.•.. donde t~to l~ ~~siité~ci.á céiritouri:comp:~nente potencial de la tolerancia (el 

· érecimientocomp~nséit~rió)}e~~lt~r.()Üi~almente favorecidos por la selección 

· .:;~Wl~f~il~~1~~~1~:1~!~~~~~:::y~:·:::::::::.:~:-cia 
ccistcis en·con'diCió'ñes'.conti-ofadas'sinlirilitadón' de recursos (Fornoni & Núñez-

,F aff~+A~~~~~'.i?'~~~t(M¡0~~~~~t~)ÍK~~~éié;i /:1(: r~·-;:·;}!'./.0 ~}"~· ; . ..· . . . .. . ; ... 
• · A1.E1'<:afíítulo)n;perirlitió~a i.ar,,1Jri'c5\c1el(>55up~esrosdel mo.delo: los costos de 

. · .. •. •:presencia,.de' selección .negativ'á ·Y l~)na8l:ii!ll:a_•1!uís; e_ley-adá' del co~to: e:i;i la Selva Baja 

·.>.es~;~~~st~BI~;~~Blk~~~gf~:i::~~~X;~~~~~~.~~::~~~I:f~'.~~~~;t~~f~if:~~6:~~i~~~gs·~··1a_ ~olerancia 
supera· al'benefic10;:ésta •no 'deberia;ser¿selecc1onada::•Por.'10 .tanto1ila ·detecc1on de 

·. > :· .. ·: ~ < ~;; ; .. :\;~;~;/, "{1h: '.~ ·/ ;i].~) ::::t'.};~A8J~:· .J{~i;~_t·:.:~~\~~::.~t~~~ff.~::.~f~fii~;:t1í~~~t;;;~~f~~i;;¡J~::*·}:)~.~~~-'f.:~~~~~i:;<9~.¿/~~~~-:~;{;~~~lt?,.~;_<í·::~'.} ·_ ·:. _ -:-
•·sel ecc1 ón ne ga tt va :c:orifirma "esta' predlcc1ón;;, y,'-resál ta que:el costo dela tolerancia en 

9~tíl\t,lliiiilllllf 1~1~.;~~~=:6 
·.•. cori-tpí~t~ril~~~~·pc)~ibM'<l~is~tt~r el hecho de que en condiciones naturales otros 

'. ";, ."'.;., .~·""• .• .'~ • <• '-• • "<• .\ e'" - ' •o"'[:, • •• '.• : • ,_-,- .• • • ·, ,'. 

''.'lg~11Í:esp~diera:hs~~le~éi6na:rlatolerancia (por ejemplo la competencia, Aaerssen 

.. Í99S)/Si ~~t6oc~~;i~s~'los patrones de selección observados sobre la tolerancia 

p?dríari v~rse p~rcial o totalmente alterados por presiones selectivas encontradas 

entre rasgos cm-relacionados, o por sinergismo o interferencia entre agentes de 

selección que actúen sobre la tolerancia. En este sentido, podría no ser tan directa la 

relación entre los patrones de selección y la magnitud del costo de la tolerancia. Hasta 
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el momento pocos estudi()s hru\intt;n~~dó.evaluar el potencial como agente selectivo 

sobre la tolerariCi~,-d.iotr~s titctor~i d¿larnbiente. En un experimento con lpomoea 

purpurea se endonfróque)a6oÍ11~~iencia,~Ó ejerció ninguna presión selectiva sobre la 

to)e,~~:~~~~ii~~i~ll~~~E::~:::;::::::~:'~enrlltió 
deternlhi~r]a:e;¿i~teriCia 1deuñ'C'ómP,otiénte ambiental significativo asociado a la 

'. .. ::· ·.-~ : .. :· :2:), :/}~,:;;,' ~<:)~~;i··~~t~ifiF~T:-~;~_ :~:.>~~'..~:-:~~:·~~F<-~·~\B;; ~t}:~"\'.- -~fr~~~- .',· ·.:·· ;· . . 
var_iadóri éfilAiiriagri!!).ic:L'c!E!l_§6_s_t9_:0.eJii. tolerancia. La evidencia de selección 

~~~llllill~t·~::::::~:::~:::::;:::::~:::::.:l 
valor'ad~ptélhv9 ~e,~agyó:'.de;fül\~.as_.Í(Jrmas de defensa (resistencia y tolerancia) como 

~if l~t~~f ~?l!;~~¿~~~:r:::;:~;:::;~~:::::·:¡~,:~:,:ción en 

.... ' . ~ ·~~ 

Perspectivas· .. 
'~~. 

La evidencia acum,Íllada_e~ los llltifub§ 3$ años a permitido constatar que 

contrariamente a l~:q~~ lat~o"~ía.~b~y~lhtiva predice, las plantas parecen no expresar 

un patron de coad~pt~~i¿ri:a:·~~~~·)a~·¡;~ ~oblaciones locales con sus enemigos 

naturales (FutuymaJ.9~3~--~~i~~;·i~9,~)'(gi~~n~ideramos al proceso coevolutivo como 

un resultado dinámico de E!Jol~¿_iÓri ~ecíproc~ entre especies a través de los rasgos 

involucrados en la intera~ciól1 el1tre ellas, a nivel de las poblaciones locales se espera 

al menos cierto grado de acoplan1.iento entre las especies. De esta manera, el proceso 

coevolutivo tendería a favorecer la divergencia de caracteres y en su escenario más 

extremo la especiación (Thompson 1994). A nivel microevolutivo la teoría predice 

que los mismos pafrones .fÜogenéticos de especialización recíproca que se observan a 

niveles taxo1\Ónú~6~superiores deberían observarse a nivel intraespecifico. 

· Act,u~~~~~t~·la mayoría de los reportes de adaptación local en plantas se 

refiere!Í a'.íadtó¡~s d~l ambiente físico (metales pesados, temperatura, altitud, etc.) 

(Linha.rt iS;é~a'.~~-i9,SÍ6; Schluter 2001; ver Berenbaum & Zangerl 1998). A pesar de que 
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existe en la a~tualidad una gran cantidad de evidencia en favor de la hipótesis de que 

los enemigos nátÜr-;:lle~ de las plantas rápidamente se adaptan localmente a sus 

hospederos (Futuyci~'·&Moreno 1988; Mopper & Strauss 1996; Zandt & Mopper 

J.998;S~hl~téi'i~tJi"-}'?;~~~~Y~~r1tl'asi:ante la,~scaza evidencia de plantas adaptadas 

localmente k:i·~ü,~'.~if~·11{i'~6ªJri~t1lrales (Futl1yma1983; Linhart & Grant 1996; Schlutter 
<.:; ?:· :-:~;,~~~~,<~ .. ~ .. :.~?~.~w~~~.'·~+::~ '~º· .. : ··;¡<:~:-· __ -_,. '/'.,~-- . - ~ , , 

. 2001). Est~ asini~h-f~"e~~f:~esultado evolutivo de la interacción permite cuestionarse 

_ la_g~11era~~~~;~~:~~;-:~~J;s ~rediccionesf~damentales de la teoría coevolutiva para 

fas intér~~ci~$eW;f;15t~C:~s (ant~goriisfas): "la carrera annmnentista entre las especies 

intera~tu~n'té~;'i:e~Iizlci:~~\un; escalada de adaptaciones y contra-adaptaciones que producen 

pare~ o grÜko~tde·~~~;~ci~; adaptados localmente al ambiente genético de la(s) especíe(s) con 
e,;,.·-..:;-,•·';<'' ;,, 

la(s) qÜe i~i~;:d~t~~n''..~ Esta predicción se deriva del supuesto de quela tasa de 

respuesta C()evo~4tiv.~ recíproca· de las especies es, si~lª!· (van 'y aJei\1.973); Es decir, 

· ~:::::rif i~~~~~~~~;J~linJ#f g;:~~g~~~f il,l~lf tiii~f f C~,h 
respuestaa.los' ép.eriligos.naturales a: escála mic:roev;ól4~ya;lo :.9.t1é\~e;;~xpr~s.a como la 

: ; . "·. <: ·_·:_ .. ,- __ -·:::: -:-.;~·~).<.<":h-::.;~::~;~~,'J~:?:'.\'.'.~:,~~:< :;.·>~:: ~ .. ·.!';~;.: : /:~/:~ .. _·/:·:-<-.'.e ··-~<\i·.' ''.::W~i: "::::.~~.~:_/J;~;z·xr~~~j:~}~,~;::':':~.)~:~.:t<.::)·-"-'.-'i:;:~.~t¡{~\!:,:-o~.io~:·;~:-~.:J~:+\·-.,:.,,,'c:. · ... :-, :.-t~· .. : 
ausencia·de a'daptaCiórdocál en rasgos '',sú.piíe;stamerite'.{iin\iolucraaos eri'eliproceso 

~=;~:~~~~~~~1~~;,f ~~~~1~1llf~'lf~i1~~1~Jt'!~Z:::::e 
de. los ene:rugps.l)a,tpr1:1.l~~f:·/\~qi.ie E!~tél:'..h1 fl6,t,E?¡;1s}J:ia;:s~q o planteada anteriormente 
-~ ; . - · · ·: · . --.c.-"._--:,,,:'·. :_;:::~! .: .., ::~: ·,·:· ~ . ,::.;y .. ~.-.-:·:.~,-.- \ -~!' ~' .'. :<~;. -·~ .·:~:~~ .'·.:~t~?iir~·r;;1¡~::--rr',~~-?.::~:~0~~,:K:~r.:-r} ~~~·,'"'-~ -.:.:: ,-
para .explicaria.·coe)(iStE!PC:~ª el"l)éls;wt~r,i!f<;!e>JiE!S, antagonistas (ver Krebs & Da vi es 

plantas, e11tonces eFprqces~-r~~ operaría de' manera recíproca. La consecuencia más 

imp~rtant~.1ciF ~~;e';f~~'¿*J~b,,~~rí~"d.in~~tabilidad del proceso coevolutivo debido a 

que los rasgo~;Ír,gó;~~;Q~g~~~, l~ i~t~racción evolucionarían a tasas diferentes. Si 

aceptamo~ q~~ l~:~siiri;fi;í~ en el tiempo generacional entre plantas y enemigos 
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naturales es tÍn hechO cómún; cómo podrían las plantas ~ompensar e~te efecto para 

mantenerfasas evolutiV~ssimilares. a las de sus e11ellligos n'ahlrales~ ~. . . 

En la ~~hi~údaa'~xist~n dos líneas de eviden~ia qite'.poclrí~ élportar,; , . . 

;:::i:'~~S~~~i~I!~1f x:~~~0~~1i~í~~i~i~~l~f~f f 4+:: 
entre1as.plant~s)r el.t.ercerni\Tel tróf~cQ._(~arqüis~19~~;:Abriihiijs~ri,·y:·vx~is .. 1997),y 

·;l:t.~t~:~~,:i::~Ef ~~f l~~~i~~~f f :ii~~~~~t:an · 
La hipótesis del tercer nivel tróficri.:J\j:>ártfr'.del~rtículo de Lawton & McNeill 

(1979) se propuso la hipótesis.de~ué"1()·~-~~;;~déldor~s de los enemigos naturales de 

las plantas actuaban como reg1id4~t~s\~d:~H:~~··~()blaciones de insectos herbívoros 
, - , /;:. -:_ .L-:.;,~:- .. ,>~~f.'~-i?~~:~tt.~:-:1.'.~~1?;~ . .::·fl.-~~;';·. ·.:~;<t,,:; \ ·.<,,_ -

contribuyendo al mantenirJ1i~~tc?:~.?é;lasj>óblaciones de plantas (Caughley & Lawton 
' _·,' _ _-.;·_;:;\{ ,·~;'.:: __ ,\·>~-'-;{?<t:~ .. ~}-::-~~~:;·f~.:::·:· )1: ~'.''.: _-'. 

198, pág. 138). Recit?,nt~p:le,n:te;,GC?i:!ífáy;('.l9,~5) propuso un modelo donde la 

estabilidad del si~ti~·~{~/~'t~'~&·~~~~~%k~;depredador depende del costos para la 

planta de producir ÜI\.cómpU~sfojrólátilqtie sirva como señal para los enemigos 
::._ , -··:'.··~:·::,,_.:~:~:\\:·~~·?.;-;;,y~,~~(' .. 51.~.i::~;;~t-~~::~~;~~~:~:T<;;.:~t<··.:. 

naturales de los hei:'Dív:orci);.:.'ta;pr~,S~nciá de costos fisiológicos y genéticos en la 
. ·: ·.~ :'. ;~}:;',',.~';:/~;~ ~;:;: .. ~~l1'.;:.?~:;:r: .:?:1\;,;:,:._::~~~-;.\ .~Ff/:~}J~( '~:: .. < .. 

producción de cómpüestcisyolátiles:eniplantas es todavía un supuesto con 
-- . ·.'.·:- ~- :j. '.i~·~·x~li~+>.:;~~~;:'·:~~:-~;r~.-~,~-~~ri-(,·~~~.::~~.:\:~~:~1~·:·~F~1-~::).'.:-~~:;<.~_t:~::~:;;-.:.~ _<. ,_..-:-; . . ..:, :- . ,- .. . 

relativamentepó~a·.e;yip~bé:ia¡'e.fu#x.i~~~f.5-irl' embargo existen ac~11almente e.videncia 

sobre el ·b~h~f t~~~j~~~~~~;~~~~l;~~~~~~~~~Si~~~.~~~~~tis1Z*~~~~i~,~r·~~~~i-~~ra1 para 
. los deprf!d;:idotes.A~l°'~ insectos ·herbívoros·. (OeM:o~aes ~(~1:':i,,%~ª)}C9ii,sidéro que no 

hay sllficie~te e'vid.erycia para descartar la importancia de ia~)nte~~céicmes a más de 

. un niv~l trófico como factor condicionante del éxito de las poblaciones de plantas (ver 

Lill et al.2002). 

La hipótesis de las estrategias de defensa mixtas. Durante los últimos 10 años los 

estudios sobre la evolución de las estrategias de defensa de las plantas han sugerido 

laposibilic1ad de que ambas estrategias (tolerancia y resistencia) podrían ser 

favorecidas dentro de las poblaciones (Capítulo I). Por un lado, se ha propuesto que 
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el valor adapta~vo'.de'.una estrate~~ ~edeferisa combinada resulta del hecho que las 
- - . . - ~ . - . . ' . ~ -; . , . . . -. , -- . . . ' .; ,, '. - ' ' 

plantas normalmentlison cci;m~a's por:u¡{ gi-upq diyerso de enemigos naturales (de 

Jong &van dei:Meijderilo~g);~lglliiosde ello~~o~{:~speci~lista mientras que otros 

::;:.:!:t~f :~~~Eti~f ~.:f :::tf ~~~:~~~:~:º~:::::.:ci, 
(Marak et aL 2óooj,1~':'&I1/ca ;espuesta que puede:o[t~~gr una planta frente a este 

grupo de efl~~~R~:p~fu~~les es la toleranciél ~~~·!g~~~~iY~:~er Meijden 2000). Por 

otro lado,:la-f!y~~enciáexperimental indica que~os:'g~rferalistas normalmente son 
-~ -: .. ;;::;.: ::~·::>.:..:-:~~:::~:-:c_~'-~;;~-!H- ·~ :>:'_. :._ ,~ -, . . . . -·--~~:-:"_::,:.t~-\>·.-'.,; -'.-.>::>·,_. ,.._: .:- , , 

afectados poi_·:;.t~S..q~fensas, constitutivas e inducidas< de las plantas (i.e., estrategia de 
_<'·--: ,_ ·.:-- -:~-: :;;;:::;·;:,;'.~~::~.\:Tt~>; ... ·---i'.~-:·_ - -. " . - '. .. _-- ,_ -,-- , - . -

resistencia) (Pi,r.:i() &J-farper 1982; Marquis 1992; Rausher 1996; Apéndice I: Val verde 

et aL2doi),J\~~~~'Í~i'I,I(yalverde et al. 2002). Por lo tanto ambas formas de defensa 

serían'fa~:~~~gici~~2~i~dÓ,lapre~ión de los enemigos naturales está compuesta de 

. ••pedt;~~•lf ~~~;:;o ::::~:;;;;,.omerá la evoludón de 
estí-ategia's'mi;cf~s cuarid&:lc1fia:concavidad asociada a la función que describe los 
_·. "· - ·:.~-;. --·< ·"·:·'.··~'·'.·'.-:.:·.~~~:-~:'.·.'.:. j-~~~-:.~ r:0:;,:·::· <W:.~:::·-~~.~~~¡, ~'~.;;t·.·;, :~;< -. ! . 
costos delas difer~ntes''estial:egia~ defensivas sea mayor que la de la función de 

··~~::::,~~~t~lt,íi~~¡·~q~:-;F;"~::::::~::º::::::::·· 
afectar negativa,mente la ásigriacióri.~ a la defensa (Bergelson 1994; Hoechwender et al. 

" , .-::::/::~.,-~r!~,;-,~; __ ·~·p,;:~:~¡)_::=/.'~;_-;-j::r .. ~:~~~;:·<>>-~·.< ~: ~·:-: :· ~- . ":'.:~-. --. : :·:: -- _,, - o-.:· -_--._ .. -- , 
2000), pocos e'shídiosJ:ían'deterffiiriado la 11'.lªgrii§d de)os costos de cada forma de 

defensa, y,ta)~;~~r~~fi,~~{in~Íó~ decostoS,paia ~T~~s ~strategias de defensa 

simultáneiam~rit~'. (RÚsoi1 2000) ante situacion~s ~~ l@tación de recursos. 
_- --- -,._;'.--, -~"~_::~:,:_-~}:;·~-- .:.~.ú-::_:·::-:~?\C~-~~:·-~-_:: -. -_:~:: ,- ~ ·:·:: ,-_ - -· -'.-'_' ~ -::'.~;\:_(·; __ :;·:~:,;ú;}!(~'=··:..:~,:¿1:.:../·- · :'_ .. _ .; 

.. ' Un~ o~~J:>a~~delasliipótesis propu~st~~5-P84.~íairfavorecer la evolución de 

estrategia~ cl~,d.ef~n~a:inixtasen las plantas. si'l~~defen~as inixtas es un fenómeno 
, :;:,.: <.,, , '. ~· ~ 

coI11un. errla·Fespúesta delas.plantas ante la presión de los enemigos naturales, 

entonces :~sri~~~~~rio ~co~orar la tolerancia a los modelos coevolutivos. Por 

definición:1if~Í~~a~%i~fri6'lfécta ~egativamente a los enemigos naturales (Rosenthal 

& Kotaneri1994f,.'.f:~:d~ci¿ellos no perciben ninguna respuesta por parte de la planta. 

Sin embargo,_ia'pl~fa a tr~vés de la tolerancia reduce el efecto negativo que los 

eneriugos n~~;al~s ~jercen sobre ellas (Rausher 2001). Retomando el problema de la 



ausenciad~ ·adaptaciórilocal· 1e la~ poblacio~esdeplantas a.sus enemigos naturales, 

¿podría ul1á. ~sti~te-~~ ~~~~: e~p!~~~t~s~e piiJ~n? E~:lo~ .párrafos siguientes se 

:::~~~~¡ ltll~~iíi~f ~r:J:~;: ~:n:ir;~;º · 
. rrist?ricam~nte, la asillletrfa•eneltien:ipo generacwnal ha sido resueltaen los 

act1mulada~;dé.uri1consuiitic1~i·cC:ilj 'Ci~10:9e;yida>rriás· c'Orfo q'ue':é1 'cl~;la~}:>látjtáf y.. (2). lá 
:.' .· -: · :.:.:\:;· .. · .. :r,~·>.,:~~~i:~>··. :.?~::> ·~·~:i?~~.' :¡~.;~~~,;~~;;~;'.f~-}:(:f~'~>~;11 ~4.·:,·._rjt:/t·::,:f!~~)\=.:-i:;~/~--\~?'.;-~:<_~t(:·~ < :L~:< ~ :. --/~yt. ; .. :{~\;:-:~;;.:y:~~~:.:~L1_;1;-J::~~:?t\,~ -~ :? ;:·':- :·_'.· :?~; .: .. 

presión c:le las·p!afitas:so.bre;Jas.·p9pla,~i.c:>ries c:le eneinigos, llªfilrá!e.sjr~.~~~déind.oel .. · . 
. ".. ·· :···.-._-._ ·• ~ !· •.. · :"."-,_ ~~ . _::::.''. : <'" ·~_'.·. -:~--·.~:::1-.-.::,·~~~!·;:;·:;s;«::·j'? .'?Ff'./~~'X .. : ... :.-1<- :. :::::;: -::'_ .. ::. ·,, ... : >: ·.'(:~J :.: :t:•::-?Jt-.s-::· :~.:,~~.:i(.~·.:,.~·:·).~.;rr:-~,';:::-- ~>-~· -

•proceso coévolutlvo.pél;tas~·eyél~):iy~ ,de,.planté\s x.enemig()s n~tú.f~l.~~··i:;,ü,~C:l.~ •.· .. : 
··-: . :.-,. >·-- _ '.: ·. .·.:·~,_·'.: ;<.~;;>_:··1r.~~-~-.;~?:·.:~~~;.·:;:.:,\~~~:~~·:/~!-::,,,~:·<<-~ ···1t :...-·.".-.. · -~·::- ., .. ·, -._,_·;:, .. :·>:.:.,~.,..:;.'-~1:,~~f::.¿~\~,+~-},~;:;~t·:(>::·<> /·:.~:-· 

asurmrse que es smular .. ei:i•fc;>so!"élsgpsEwolucradosenunproce,~?.S~.7Xc:>l~~':'º· L.él. 
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· ·· :·: ----< :;.:;.";:-~·-«:·::~<·:·,-'!~;~-;\:··}~~:<·<'..:>·· , -.:·.' . .- . ·-.· ·' '-::::--::~ .:-;.z:·):~/;J,~1~~;:.:·:,·<~:;-~~·,:?\\'.·~.:-.i.'~. ·;.,). 
predicción más.simple plan:e~ía·~uel()s.dclos de coevolucióp·os1:1l"ri,ríai:i,aintel"valos 

más grandes de lo.q~;~ ¿~t~;PI~f.e.ad9 d~m~eraJ~ó~ic~ .. :~}'.;f f.~~~~:·~~/1~ ~.f~l()~ . 
dependería de la: '7~P.~S.i~~~-tj-· 9.~.:~0~~i::~~c~a·~9e )~~ :pl~~-~~-~---$~:.~-~~-~P}~~!~~~;g_µ~?;~.:~_>:. _~,· :.· 

totalmente. tolera1Jtes.~~)~a~!~hhiti~.~··.~T:I1~fi,ci?;~~~Í~W{~Í~~i~lií~~ff~~~Ij}*t~~to,el 
proceso coevolutivo operará en la lT\edi~a que,exista ~-benTficcio '.asociado con la 

asignaci~n ~e Ifc~ES??. a,la. r.es~~tefri@\'~;iffü~~~~~~;~?f~~~~h~~:,i~a '~··· ... , . 

especie/p()blación d~ plant~ habr~.Il1~Yqf~~ .. 9f,§!.~i;U(lades para que ocurra un 

proce~o co~z;~Í~ti~o ~~tre é~ta:y~Uf5:~~:é~i~b~;~~~;;les.· En este modelo el aparente 
>-· -· ·. ·-; ·:::· ... '·:;·~, :_ ·· -< -~~~ .. ' :.:-.':.>·.-:. :·, .. :: .. «;. · .. :.,._ .. :.'.~:.)~~:;Vi~~·-~~~~/~,{;;,~,'.~h~·:r:~t~l:.\7~~·.:_ : 

. retréiso en el proceso de adaptac!ó~,d,~la,i;·p~élJ."ltas a sus eneínigos naturales sólo 

refleja~fa ~l hecha· deque la exp.~c~~ti~~,'·tj~ ¡i:Í~ptación local (en rasgos de resistencia 

involucradgs ~n lah1~era~ciÓ~)·~6/;~ti~:,-~~{las plantas no necesariamente se debe 

cumplfrcJ~ndo éstas son capaces de tolerar el daño por los eneínigos naturales. Si 

esta hipótesis es ~ierta deberíamos esperar que las especies de plantas cuyo tiempo 
- ~ . .--. - - - -- _. - : 

generacional es considerablemente grande con respecto al de sus enemigos naturales 
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fueran má~ tolérantes. ObtÍament(!i los árboles se encuentran entre las especies de 

plantas cori :rn~y()~ ~Ü.fe!en,~iá-genera~i()i-{al SºI1 ,respeC:l:o'a sus enemigos naturales. Sin 

embargo,· la eyid~~ci~ kxp.~ri~e~f~i' sobr~ Í~t8ler,~cia en especies perennes es escasa 

:·,~~~hlii~f (~sI~~l j!~~~f~;:. rol~ancia de los áWoles 
podrÍa'ser mayor;de'Ío 7que se}iá"consiélerado;~ debido a: (1) la mayor cantidad de 

,- :·'.·. , __ -< .-:_:'.<:_ -~ .. ~-·:_·:.··,:,;~;~·~:->-iZ>?·.·:,_1y:;_::\:~~:':~ -_~,-:w:?:-~;t!~>:~eH_.~;,#~'ú:::h~}l~~'.Jr~>~h -~:.!·)'.. ... -~-- _ . • 
mo,d\l!~s,~~!1"\l;C:t_tl!:~l_é~qt1e~p~t-~11~ci,~lfu~rt!SJ'.?Ee,9e11mcrementar la capacidad de 

:.~;~~:~~~§~i~~Ef1}1;~~~~%~~;~1i~~~i~gi~~~;~~i~~~~-,g~~ª-·.por su mayor longevidad, 
· (3) la_aja,y·C'.>i.~~.Pa.c:id~cgd,E? :P,ag~téJC:~.~to;;d,E?l!A,é,lñ~,'~11~:rn~s. de.una estación 

.: -~; _: -~ _:~·\_· ,. ·f_:· _;, .. :. ,:-·~~~~~/ ·;~::i,~;. ''..:/:;;~;~:-.:· ~:¿;·,;,-~;;?~-r;-'.: ·, ~ ~'/~-Hr .~:~'0._;~.'-'.:-{:::;\:.;_:.j;~:f:\~'~:f2\7~:l.-;,~:;·r~)"~K)~·~:-:f::!,-\JJ¡'.~~Y:ri, :<,; '. -.'<~ .-. ' 
répiOdu.ctiva/.(4)'stÍ'inayo(ccinC:ehtra'ci(>tj:de:pi9n,:téisa';el}Arganos nos foliares 
, ·:· ~;-~~ : __ ~-_; ~:\; ,~·: .. :-:_ ·. }~::;~··~,:!: ~=~: .:··:!~-"-~,{~~,:.~~~-k:·;~~·',;.·:,L;{ ~>,.:.f.·::~r::\~-~~-~-:~I}<'~-,~~;::::tr 1->~M-~1,:_;r~;{;d-0'~~~-r~~:;,-.~~+;:.~:~;~ ::,~~~~.:_:,.: ~:- :--. · ·· 
(apróxini.adarriel)t'e;l'.i-4\~Jde}~bioijla..·s,~té:)tal;'.~o~rés'p'onde a tejido foliar) (Hauhioja 
. ;:'.' .;:")'. -.. ;';:_> :( .2;~;':\Y"~?:-~·-~·,-:.",.:c'.:1~'.~;/~:;_~:~l- -r~~)fl> '-~1~[~~;: il(t{.d ;~) .. '\\i{f:~t'.·,;·~~;~~\,;~~~~-:~'i'f'·~~; .. ;~f·?:; ·.-.: \'::: 

.. ~Kciricheya_;ggoo)~:D,ebt'!o,,él: qtie éJe,~:fue.,fo.:cie)as defensas en especies de plantas 
• ·: . ·,:~ • ·;. :::·: - ,>;·:·: ~-"- '~}:~::i ~ <!f(~,?-:·:t~ir~-«\; :~!!:{:;:;l:-~:~~i~"~.:-?t:y~,-~~:~ '. :.:-?-.!\:;~-::~-\~Y -~~;2tu;:.f~j,.~;:-~~·'i:c-. __ ·.'. :.« ':.' 

herbáceas,y.a_rbó.feas;ha.\rE!cibicio escasaié:l.~~r1dón; no es posible generalizar con 
. :_:_;·><- ;:.~ <:. '. _· :-,-.<-: · _, ·-· ... ~;,~ :; ')~;_:· :~-~~~~~~-r~"~>-~r~~:.::.~~ii_:,j~\~f~1::·;:;.~'.I:~~~: ·-.::.'·;;;_:;.'~ ,:!}:~vrfr~~r-: .. ~i ::F} /-~- ~:'}/;_:·: :; ... 
respecto.al.111y~l'dé;!?.l.~ra.ric:i¡;¡;y,'r~.s1s!~nc:1.a;entr~ estos grupos. 

,: . : __ . .-_,:·.:,< ·, ·:!::~- .:-- :~-'<::;,.:_:.--~:~:· )~~,}J\SI- ,::¡~t!·:'.,~).:;~:-t:; -tA ::-: ·::\;'.!f -:_:t~-'·; :;: <~~,-·; -;:Í~'~,:_:·ii)~~~ :: -~~'.::"~ > > •· 51 las pla.ntas;no fu~i~s.enp9ciigo,:ce>rttrªrrestar la presión del herbivorismo "el 

·. :f \¡~j~~1I~~~E~:f~r~i1~t1i~.!:=:::::::~:::~:h & 

,; ~aven 1964;·Miher et.al._1991;.Becerra19~7i~'f,e]:m6iúa'etaL·2001). sin embargo es 

·.·.. §~;,~~5~~·5~~l¡~~ide~cia· a escala ~icfg~~~~~E~~+~F~' ~daptación recíproca entre 

plantasyherbívoros (Futuyma 1983; Bei;~n.!Jél.wn & Zangerl 1998). La Teoría del 
,. ' . -·. ,---· •. · ·-;_.·;;;--·:_i·:,-. .... ;:.,·, ... •'" 

· .•.•• _Mosaicb, Geográfico en.Coevol~ci,ppf~il{[)ifhofreC:e una explicación complementaria 

;'.~~~lt~i~[iiljl[f f ll~~~~~~:;~~~~:.:~ 
.· iné:onsistericia'enrre.los~pátioneis'miicro.;i'miCroevolutivos entre plantas y herbívoros, 
~ '.:·:.-,: :_ :·: ~·~'.\-: :·:-,: -.-:·· ::~',e,·'.;";'.~:::\·\':::\ ~~~{f ;;:,¡X~~>-~,:fr:.;~···di·; \:'·~r,,:;.:_::.i~~tn::~.3~~t-;:;~!~·:v:~::~~:;.~,~:-~ ·. · .= • : • 

:: :considerando 8.ue el,yalor él~aptatíyo dela tolerancia puede ser alterado por las 
':' :_ -.. ? ·; . : ~. ':', . ~-': -.-:, -. .-·:-,, .\ :, :: ,- ' :·:. -·~ \_ .! ':'l-~~.:_. ~:::., :,~.;'.: .~'.':::/ > :-~\:~_¡'- ',' '- :;".': ':·.,"':":_._;: :·~ . ~~-
condicione~: airlbi~flt~l~s''. ( citp; 1!r): E;d~cii que la ausencia o disminución en el valor 

-.: • :' -._, _-_ ---'· • __ .·___:_=-:_ ' - • :-·'.--,- -~ .-:~('.'.,. -~, ~·--·_-~:>-:\~'-;>· :,:},-~--~;;/-.--:-.; .... f.:<-·: >':,.- ·_-, __ o;"'. -: _:; ·-. 

adaptativo de fa'variadón gen~~c~en atributos de resistencia podría no solo deberse 



al flujo génico entre poblaciones con diferentes regímenes de selección, sino también 

a poblaciones con diferénéias en el valor ad~ptativo de la tolerancia. 
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VARIACIÓN ENTRE POBLACIONES NATURALES DE Da tura 

stramonium EN EL VALOR DE LOS TRI COMAS FOLIARES COMO 

COMPONENTES DE LA RESISTENCIA CONTRA INSECTOS 

HERBÍVOROS 



Defensive role of leaf trichomes in resistance to herbivorous 
insects in Datura stramonium 
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TESIS CON 
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adaptatlon; 
Darura stramonium; 
defence: 
herbivory; 
leaf trichomes: 
phenotyplc selectlon. 

This study assessed the role of leaf trichome densit}' as a component of 
resistance 10 herbivores, in six populations of Datura s1ramonium. Phen01ypic 
selection on plant resistance was estimated for each population. A common 
garden experiment was carried out to determine if population differences in 
Jeaf trichome density are genetically based. Among population differences in 
Jeaf trichome density. relative resistance and fimess were found. Leaf trichome 
density was strongly positively correlated to resistance across populations. In 
5 out of 6 populations, trichome density was related to resistance, and positive 
directional selection on resistance to herbivores was detected in three 
populations. Differences among populations in mean leaf trichome density 
in the common garden suggest genetic differemiation for this character in 
Da111ra stramonium. The resuhs are considcred in the light of the adaptive role 
of leaf trichomes as a component of defence to herbivores, and variable 
selection among populations. 

lntroduction 

Leaf trichome density is considered a mechanism of 
defence in plams to prevent or diminish damage by 
herbivores (Levin, 1973; Johnson. 1975; Rodriguez el al .. 
1984; Juniper & Southwood, 1986; Marquis, 1992). 
Evidence from wild and cultivated species gives suppon 
to this ecological role (Duffey. 1986; Jeffree, 1986; David 
& Easwaramoorth¡•. 1988; Woodman & Fernandes, 1991; 
Bernays & Chapman. 1994; Peter et al .. 1995; Romeis 
et al.. 1999). However, although many studies have 
found significan! selection on resisiance against natural 
herbivores (Berenbaum e1 al .. 1986; Rausher & Simms, 
1989; Marquis. 1992; Núñez-Farlán & Dirzo, 1994; 
Núñez-Farfán el al .. 1 996: Mauricio et al .. 1997) few, if 
any, have examined whether panems of selection on 
defensive traits vary among populations of the same 

Cllrresp{lndmce: P.L. \'alvcrde. Departamento de Blolo~la, Universidad 
Autónoma Metropolitana. Unidad lz1apalapa, Apanado Pos1al 55-535, 
México 09340. Distrito Federal. México. 
e·mail: pl\'peé xanum.uam.mx 
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species. In this study we evaluated natural variation 
in both the defensive role of leaf trichome density as a 
component of resistance against natural herbivores, and 
the imponance of resistance as a fimess-enhancing 
character among populations of the annual Datura stra
monium L. The study of natural variation is imponant In 
guiding experimcms to assess causality. and to estlmate 
the strength ol selection in the wild (Sinervo, 2000). 

Besides defence. leaf trichomes may serve other phy
siological lunctions, hence selection on the antiherbivory 
role of leal trichome density can either be constrained or 
synergistically !avoured by selection imposed by other 
environmemal stresses (Bell, 1997; Roy e1 al .. 1999). For 
instance. if leal trichome density is correlated with other 
leaf characteristics, selection on those traits can produce 
changes in trichome density (Bjtirkman & Anderson, 
1990; Roy et al.. 1999) without being the target of 
selection. In addition, as for other plam 1rai1s. phenotypic 
variation in leal trichome density may have both genetic 
and environmental (and their interaction) causal factors 
(Fakoner & Mackay, 1996). Within-population genetic 
variatlon In Jeaf trichome density will lead to an 
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evolutionary change provided the trait is under selection. 
However, environmentally detennined phenotypic vari
ation in leaf trichomes (i.e. phenorypic plasticity; Ágren 
& Schemske, 1994; Schlichting & Pigliucci. 1998), may 
limit response to selection. 

Within-population variability in resistance (i.e. the 
ability of a plant to avoid herbivore attack; Simms & 
Triplett. 1994; Rausher. 1996) has been documented in 
Darura stramonium, and this variability is related to plant 
fimess (Núñez-Farfán & Dirzo. 1994; Núñez-Farfán et al .. 
1996; Fornoni & Núñez-Farfán, 2000). Although trichom
e density functions as a defensive trait against herbivory 
inother solanaceous species (Thurston, 1970; Duffey & 
lsman. 1981; Kennedy & Sorenson. 1985; Goffreda et al .. 
1988; Wilkens et al .• 1996; van Dam & Hare, l 998a,b; 
Elle et al., 1999), it is not known lf lea! trichome density 
is associated with resistance, or if this relationship varies 
across populations of Datura stramonium. 

The present smd¡• aimed specifically to address the 
following questions: ( 1) is individual variation in leaf 
trichome density related to resistance to herbivores? and 
if so (2) is resistance selectively favoured within popu
iations? Given that populations of Datura stramonium 
occur in a broad variety of plam communities (Núñez
Farfán. 1991 ), phenotypic differences among populations 
in lea! trichome density might be both environmemally 
and genetically based. Thus. we also asked if (3) the 
relationship between leal trichome density and resistance 
differs a cross populations ol Datura stramonium, and (4) to 
what extent phenotypic differences are the resuh ol 
phenotypic plasticity or genetic differentiation among 
populations. Under the null hypothesis that variation in 
leal trichome density in Dawra stramoni11111 occurs for 
other reasons (e.g. temperature regulation). it is not 
expected to be related to resistance to herbivores. 

Materials and methods 

Plant species 

Dawra stramo11i11m (Solanaceae) is a cosmopolitan annual 
weed occurring in a wide variety of plant communities In 
Mexico and North America (A ver¡• et al .. 1959; Weaver & 
Warwick. 1984). Leaves of thls species are eaten by at 
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least two specialist herbivorous insects, Epitrix parvula 
(Coleoptera: Chrysomelidae) (Núñez-Farfán & Dirzo. 
1994) and Lema trilineata (Coleoptera: Chrysomelidae) 
(I<ogan & Goeden. l 970a,b; Kirkpatrick & Bazzaz. 1979; 
Peterson & Dively, 1981; Núñez-Farfán, 1995). Other 
herbivores have also been recorded to consume this 
species: Sphenarium purpurascens (Orthoptera: Acrididae) 
and two lepidopterans (Manduca sp., Sphingidae, and one 
unidentitied species of Noctuidae) (Núñez-Farfán & 
Dirzo, 1994; Núñez-Farfán et al .. 1996). Complete des
cription of the plam and insect species can be found 
elsewhere (Núñez-Farfán, 1991 ). 

Data collection 

In six populations of Datura s1ramoni11111 from the central 
pan of Mexico (four States) ali natural growing individ
ual plants ( 16-46) were marked and, at reproduction, 
foliar damage produced by herblvorous lnsects and the 
number of mature fruits were recorded. The six popula
tions occurred in differem plan! communities: one In a 
tropical dr¡• forest. two in pine-oak forests, and three 
in xerophytic shrub communities (Table 1). Distances 
between pairs of populations ranged from 20 to 300 km. 

In each population the following data were taken for 
each individual plant: ( 1) total number of branches. (2) 
total number of lruits. and (3) average seed number per 
fruit (seed-set), from a sample of 1 O fruits per plant. 

Relatlve reslstance, trlchome denslty and fltness 

A large random sample (mean = 31.62 standard 
error = 0.66) of fully expanded leaves was collected from 
each individual plant and measured with a leaf-area 
meter (Delta-T Devices. Cambridge, UI<) to obtain 
standing lea[ area (i.e. renmant undamaged leaf area). 
For each plam, relative damage was obtained by dividing 
consumed leaf area (CLA;) by total leaf area (TLA;). 
Original total lea[ area was estimated using a regression 
analysis of Jea! area as a function of lea( length folloWing 
Núñez-Farfán & Dirzo (1994). Since leaf shape (hence, 
leaf are a) varied slightly among populations. four differ
ent equations were applied to estimate original total leaf 
area (R2 ranging from 0.964 to 0.987, P < 0.001. 

Table 1 Environmen1al charactcristics of si>: populatlons of Datura stramonium In central Mexico. 

Number and locahty of Geograph1cal Aftitude above 
each population (State) Habita! coord1nates• sea leve! (mas!) 

l. T1cumán (Morelos) tropical dry forest 18'N, 99'W 961 
11. sama Domingo (Morelos) pine·oak forest 18°N, 99ºW 2050 
111. Z1rahuén (M1choacán) pine·oak forest 19°N, 101ºW 2174 
IV. Teotihuacan (State of México) xerophytic shrub 19°N, 98ºW 2294 
V. Patria Nueva (Hidalgo) xerophytic shrub 20ºN, 99°W 1745 
VI. Actopan (Hidalgo) xerophyt1c shrub 20°N, 98'W 1990 

ºData takcn from García {1988). Mcans were calculated from 9 to 53 ycars of cllmatk records. 
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Mean annual Mean annual 
precipttat1on (mm)" temperatura rcr 

802.1 23.1 
1463.2 19.9 
1400.6 16.4 
559.6 14.8 
360.5 18.4 
458.5 16.9 
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n = 30-120). Relative resistance to herbivores was esti· 
mated for each plant as 1 - (CLA1/TLA1) following 
previous studies (Berenbaum et al .• 1986; Fritz & Price, 
1 988; Simms & Rausher, 1989; Núñez-Farfán & Dirzo, 
1994; Núñez-Farfán et al .. 1996; Tiffin & Rausher, 1999). 
For statistical analyses. resistance was arcsine-trans
formed to normalize its error distribution (Sokal & Rohlf, 
1995). 

Trichome density was measured as the total number of 
trichomes within an area of 2.5 mm 2 on the basal central 
area of the adaxial side of the leaf (see Mauricio et al., 
1997). using a dissecting microscope. This sampled area 
of the leaf gives a good estimate of the whole-leaf average 
trichome density: for 30 randomly chosen leaves from 15 
different plams. trichome density in 2.5 mm 2 was highly 
correlated with the average trichome density of nine 
other 2.5-mm 2 areas within the same leaf (R2 = 0.81, 
F1.n=60.1. P<0.0001). Thus, in each population, 
average trichome density of 16-20 plants was calculated 
on a sample of 1 O randomly chosen fully expanded 
mature leaves far each plam. Far statistical analyses, 
trichome density was square-root transformed to nor
malize its error distribution (Sokal & Rohlf, 1995). 

Maternal plant fimess was estimated as the average 
seed-set per fruit times total frnit number per plant. 
Because absolute maternal fitness varies with plant size 
(Nútiez-Farfán. 1991 ). the analysis of fimess as a function 
of plant resistance to herbivorcs was made in each 
population using the rcsiduals from the regression ana
lysis (see Sinervo, 2000) of absolute maternal fitness (total 
seed numbcr per plant) cm plant size. as estimated by the 
total number of branches. Total number of seeds and 
hranches wcrc square-root transformed helare statistical 
analvses !Sokal & Rohll. 1995 ). Hereafter, rcsiduals for 
mat~rnal füness will be referred to simply as fitness. 

Statlstical analyses 

The effect of trichome density on plant resistance to 
herbivores among and within populations was analysed 
using covariance analysis (ANcovA). under the null 
hypothesis that trichome density. the covariate. is not a 
plam resistance component. In the same way, the effect 
of leal area on trichome density was analysed (see Roy 
et al .. 1999). Differenccs in average values among popu
lations in plam resistance and trichome density were 
obtained through Tukey-Kramer HSD tests CSokal & 
Rohll. 1995). The relationship hetween fitness and plant 
resisrnnce, within and among populations. was analysed 
by means of ANcovA, where plam resistance was the 
covariate. The rclationship bcnveen average resistance 
and average trichome dcnsity per population was assessed 
by means of a Spearman rank corrclation (Rs) (Sokal & 
Rohlf. 1995, p. 598). The analyses were carried out using 
the JMP® statistical package (SAS Institute, 1995 ). 

In arder to estímate phenotypic directional selection 
gradients (/I;) far cach population, linear regression 

analysis. of individual fitness (w1) as a function of the 
standardized resistan ce to herbivores (X= O and r = 1) 
were performed (Lande & Amold, 1983; Mitche11-0lds 
& Shaw, 1987; Nagy, 1997). Selectlon coefficients and 
standard errors were estimated using FREE·STAT (ver
slon 1.10; Mitchell-Olds, 1989). Jackknife estimares of 
the standard errors of the selection coefficients were 
also obtained (PREE·STAT). The Jackknlfe procedure 
permits approximate t-tests of signlficance which are 
robust to deviations from normality and to heterogen
eity of residual variances (Mitchell-Olds, 1989). We 
estimated the selection coefficients only on resistance to 
herbivores following the reasoning that leaf trichome 
density is a putative componem of resistance and 
correlated with it (Mauricio et al., 1997; van Dam & 
Hare, l 998b; Elle et al.. 1999). Data of this study 
indicated no relationship between trichome density and 
fimess. Then a covariance analysis was performed to 
assess 11 trichome density is related to resistance (see 
Results). Because trichome density is correlated with 
resistance in 5 of 6 populations. this validates our 
criterion for not including trichome density in the 
selection analyses given the lack of independence 
between both traits (Mitchell-Olds & Shaw, 1987). 

Populatlon dlfferentiatlon In trichome denslty 

To determine possiblc genetic differences among popu
latlons in leaf trichome density, natural progenies csensu 
Lawrence, 1 984; herealter families) from three popula
tions were collected and grown in a common garden. 
Plants of a given !amily werc derived from a single lruit 
and related as half- or full-sibs. Given the size of 
individual plants and the number of populations sam

.pled in the field, three randomly selected populations 
were grown in the common garden due to space 
limitations. The tluce populations grown were: Popu
lation l. 15 families and 133 plams; Population II. 14 
families and 118 plants; Population Ill. 1 O families and 
81 plams tcf. Table!). Total sample size was 332. The 
common ¡:arden (59 x 13 m) was located in an area 
within the Pedregal de San Angel Ecological Preserve 
(National Autonomous University of Mexico; UNAM) 
where Dawra s1ra111011i11111 grows naturally (Núñez-Far
fán & Dirzo, 1994). The seeds were germinated in the 
greenhouse (protocol in Fornoni & Núñez-Farfán, 
2000). and then transplanted to the common garden 
under a complete randomized design once the first palr 
of true leaves appeared. Plants werc spaced 1 m apan 
in a regular grid. When plants reached maturit¡• 
(reproduction). trichome density was estimated for ali 
plants. following the same methodology employed far 
field collected plants (see above). A nested-analysis of 
variance was performed to test dlfferences due to 
population and family (within population) (Soka) & 
Rohlf, 1995). using the JMp<R· statistical package (SAS 
lnstitute, 1995). 

J. EVOL. BIOL. 14 t2001J J2¿-.:32.:: 2001 BLACKWELL SCIENCE LiO 

TESIS CON 
FALLA DE ORIGEN 

----------- ____ ____.__,,___-·------~------·-·~==-sil~"·_; ________ --·-· - ---



Selection en resistance to herbivores 427 

Table 2 Mean leal trkhome densll)' urlchomcs x' mm:>1 per plam (SEJ, plam reslstance 10 herblvores (l - rcla1lve dama¡¡e) 1± 1 SEi and 
rcgressioO an'alysls of rclative resis1ance ll'J on trlchomc dcnsit)' (x) In slx populations of Dawra strnmo11iw11 from central Mexko. DiUerent 
lcners for cach charac1cr indicate slgnlftcam among·populinion dUfcrcnces at P < 0.01 1scc Materlals and methods). 

Population Trichome density n Relat1ve res1stance 

8.911 (0.517) b 24 0.891 (0.004) d 
3.348 (0.348J a 20 0.559 (0.0141 a 

111 3.041 (0.2621 a 20 0.515 (0.014) a 
IV 6.929 (0.674) b 19 0.635 (0.029) b 
V 15.429 (0.5031 e 18 0.816 (0.0131 e 
VI 12 .376 (0.5501 e 16 o. 797 (0.0061 e 

"P < 0.05: ºP < 0.01: ns. nm si~nifkant. 

Results 

Trichome denslty and reslstance to herblvores 

Populations expcricnced diflere111 average levcls of 
damage (10-50% of total leal area) (Table 2). ln each 
population. ali individual plants had sorne degree of 
foliar damagc. In ali populations, leal damage was 
caused mainly by tobacco ílea beetles (Epi1rix spp .. 
Coleoptera: Chysomelidae). Trichome density varied 
from 3.041 to 15.429 trichomes x mm-2 (Table 2). 
ANcovA detected sta1istically significan! differences 
among populations in plant resistance to herbivores. 
and a. significan! eflect of trichome densiry on plant 
resisrance (Tables 2 and 3a). Furthermore, the signlfi
cant trichome dcnsity x populmion imeraction indicated 

Table 3 Analyses of covariann· lor plant rcsistance to (n) hcrhl· 
vorc:s. (bl 1richomc dcnsi1y nrichmm.• x mm-=1 ;md te) fitncss In 
Damrn strmmmium. AIJ F·ratios wcrc hascd cm 1ype·lll sums of 
squarcs. 

Source o! 
Tra1t vanation d.f. SS F 

(al Res1stance Poputat1on 5 0.208 7.67' .. 
Trichome density 1 0.062 11.57"" 
Pop. x Tnchom. 5 0.166 6.14 ... 
Error 105 0.570 
R' o.ese··· 

(b) Tnchome dens1ty Popu/ation 5 9.319 12.e1··· 
Leaf area 1 0.006 0.04 ns 
Pop. x Leaf a rea 5 1.630 2.20 ns 
Error 105 15.512 
R' o.e32··· 

(e) Fnness Populat1on 5 9823.375 4.90 ... 

Res1stance 1 2979.598 7.44"' 
Pop. x Aes1st. 5 7575.756 3.1e·· 
Error 123 49219.970 
R' 0.490··· 

•p < 0.05; ... p < 0.01; o•p < 0.001; ns. not slgnifkant. 

n 

30 
30 
46 
30 
16 
16 
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Model 

Regress1on modal R2 d.f. F 

¡• = 0.849 - 0.004x 0.24 1, 22 7.298" 
)' = 0.446 • 0.02Bx 0.34 1, 18 e.2eo·· 
y = 0.433 - 0.034x 0.02 1, 18 0.372 ns 
)' = 0.433 • 0.034x 0.42 1, 17 12.747•• 
y= 0.612 + 0.013x 0.25 1, 16 5.491" 
y= 0.495 + 0.057x - 0.002'<2 0.56 2. 13 8.329 .. 

that the slope for the relationship between trichome 
density and resistance varied among populations 
(Table 3a). ln comrast, differences among populations 
in trichome density were n01 related with leal area 
(Table 3b). In five out of six populations. a significant 
relationship between rrichome densitl' and plant resist· 
anee was detected and the explained variance (K) 
ranged from 0.50 to 0.68. Populations l. ll. lV and V 
showed posirive relationships. whereas population Vl 
had a concave downward relationship betwecn leal 
trichome density and resistance (Table 2). Multiple 
comparisons also showed diflerences in trichome density 
and resistance among populations (Table 2). Finall}'. 
population mean resistance and trichome densit}' were 
highly positively correlated across popularions (Fig. l. 
Rs = 0.83, /1 = 6, P = 0.0416). 

1.0 

0.9 

0.8 
~ 
E 
.!a 0.7 
i!i 
::: 

0.6 

11+ 
0.5 o! 

lll 

0.4 o s 

..... 
1 

+ IV 

10 

Trichome denslty 

..... 
\'I 

+ 
\' 

15 20 

Flg. 1 Relatlonshlp benvcen porula1ion mean resls1ance w herbl· 
vorous lnsects () - relativc dama~e) and mean trkhome dcnsity 
ttrichomc x mm-2

) in Datura strtwumium (Rs = 0.83. 11 = 6. 
P < 0.041 J. Labels corresrond 10 popula1lons Jlsted In Table J. Bars 
lndicaie (± 1 SE!. 
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Flg. 2 Relationship bctween plant fitncss 
and rcsisumce to hcrbivorc!ii ~srandardlzed) 
In slx populations of Da1ura stramonium 

-2.5..._~_1v~--'~~~~-'--~~~-'-~~~º=--........ ~~~_.~~~__. (see Materials and methuds. and Table 3). 
Signlficam sclectlon (continuous linc) and 
nonsi~nificant sclcc1ion (dashcd line) linear 
fil are indicatcd. Arrows lndica1e Jlopulation 
numbcr. 

-3 -2 -1 o 1 

Resistan ce 

Phenotyplc seiectlon of reslstance 
across populatlons 

ANCOVA revealed significant differences among popula· 
tions in fimess (Table 3c). Also. resis1ance w herbivores 
had a significant effect on plant fimess. The significant 
imerac1ion between plant resistance and popula1ion on 
firness indicates that thc slupe o! the relationship 
be1ween fimess and plant resisiance differed among 
pupulations (Table 3c and Fig. 2). These resuhs suggest 
differcnces among popula1ions in !he effcctiveness of 
resistance against herbivorous insects. and impl)' that a 
similar amount of damagc had differem consequences on 
plant füness among populations. 

Significant direc1ional selection coefficients were 
de1ec1ed in three out of six populations. In Populations 
l. 11 and IV. resistance was positively favoured. indicating 
thar higher fimess was auained by those plams wilh 
higher levels of resistance (Table 4 and Fig. 2). Alter 
Jackknife procedure, selection coefficiems for these 
populations remained significant <Table 4). In comrast. 
no selection on resistan ce was de1ec1ed in populations Ill. 
V and VI (Table 4 and Fig. 2). 

Populatlon dlfferentlation In trlchome denslty 

Nested ANOVA revealed significant differences among 
populations in Jea! trichome densily. whereas no 
significant differences among families within population 

2 3 

were found (Table 5). Plams from population I had a 
significan! higher mean leaf trichome density than 
plants from populations II and III. which did no1 dlffer 
from each other (Fig. 3). Thus. differences found in the 
field were maintained in a common garden suggesting 
genetlc differentiation between populations for this 
charac1er. However. the same experimem revealed 
the plastic nature of trichome denslty: the novel 
environmem represemed by the common garden had 
distinctive effects on the plants of the different popu· 
lations (i.e. they tended to converge phenotypically; 
cf. Fig. 3). 

Table 4 Dlrcctlonal sch.'ctlnn coefficicnts ({JI and standard errors 
CSE 1 ol resistancc to lnscc1 damagc of six populations of Datura 
.uramo11ium. R2 for thl• lineal modcls and Jackknlfr: cstlmates for thc 
significam sclcction cocfficicn1s are provldcd. Samplc sizes corre· 
spond to thosl' of Tahlc 2. 

Jackkni1e estimates 

Poputation /1 (SE) R2 SE 111 

0.553 (0.222)' 0.213 0.261 2.121· 
o.564 co. 1851 .. 0.328 0.163 3.470 .. 

111 -0.229 (0.051) ns 0.051 
IV 0.529 (0.229)" 0.211 0.221 2.390' 
V -0.201 (0.2701 ns 0.036 
VI 0.081 (0.267) ns 0.007 

•p < 0.05; **P < 0.01: ns, not signlficani. 
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Table 5 Nestcd A NOVA of leal trlchome denshy (trichome x mm-2 ) 

far families of three populatlons of Darura stramonium in a common 
~arden 1see Materials and methods). 

Source of variat1on 

Population 
Famihes (Populat1on) 
Error 

d.f. 

2 
36 

293 

wup < 0.001: ns. not significant. 

Discussion 

SS 

2.483 
4.954 

33.134 

F 

9.02 ... 
1.21 ns 

Significant among·population variation in both leaf 
trichome density and plam resistance to herbivores 
coupled with the association of trichome density with 
resistance in most populations of Dazura stramonium. 
suppon the expectation of a defensive role of trichomes 
within populations. In addition. trichome density affec
ted plant fimess through its association with plant 
resistance. However. the effectiveness of leal trichome 
density varied among populations. Directional selection 
o! phenotypes with higher resistance to herbivores was 
significant in only three populations o! Da111ra stramonium. 
Thus. these n:sults support the adaptive hypothesis of 
trichome density as a defensive trait against herbivory. 
Even though leal trichome density is a phenotypically 
plastic character. our evidence indicated significant popu
lation differences in rrichome density, highlighting the 

JO 

8 

6 

4 

2 
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potential for genetic differences among populations on 
this defensive trait. 

Leaf trichome density is regarded as a component of 
plant defence against herbivores (Levin. 1973; Johnson. 
I 975; Marquis. I 991. 1992; Kennedy & Barbour. 1992; 
Ágren & Schemske, I 993; Rausher, 1 996; Mauricio & 
Rauscher, 1997; van Dam & Hare, l 998a,b; Elle et al., 
I 999). However, few smdies have estimated phenotypic 
selection on resistance to herbivores in different popu
lations o! the same species. Relevant to this goal, the 
present results demonstrated that ( 1) trichome density 
is a component o! plant resistance to herbivores in 
most populations of Datura stramonium sampled 
(cf, Tables 2, 3a), and (2) selection far higher resistance 
to herbivores occurred in sorne populations (Table 4). 
These results are in agreement with the finding of 
selection on resistance to herbivores in other popula
tions of Darura stramonium (Núñez-Farfán & Dirzo, 
1994; Núñez-Farfán et al .. 1996). Selection is expected 
to vary spatially and temporally in plant-animal inter
actions. and this constitutes the raw material of the 
coevolutionary process (Thompson. 1999). Yet the 
experimental study of adaptation makes necessary. first, 
the analysis o! natural populations (see Sinervo, 2000) 
to identlfy potential coevolutionary hotspots (Thomp
son. 1999). 

The relative effectiveness o! trichome density as a 
defensive trait differed among populations (signlficant 
population x trichome density Jmeraction; el. Table 3a). 
In addition, the result that resistance may or may not be 

o h'f'Ul•1..,11I 

~ l'upul11tK1nll 

• ~i;.,...,.111 

Flg. 3 Average values ol leal trlchome 
denslty (trichome x mm-2¡ In the ficld and 
In the comnmn ~arden o! three populatlons 
of Datura s1ramomi1m. llars reprcscnt mean 
(+l SE). 

o....._ _ _._ _ __.. 
Field 

J. EVOL. BIOL. 14 (2001) 42<-432 lll 2001 BLACKWELL SCIENCE LTD 

Common garden 

TESIS CON 
FALLA DE ORIGEN 

l 



430 P. L. VALVERDE E:T AL. 

selectively advantageous in a given population is reflec
ted in the interaction between population and resistance 
(Table 3c and Fig. 2). In fact, far three populations no 
evidence of selection on resistance was detected suggest
ing that natural levels o! damage did not exen significant 
negative effects on individual plant fitness. and that other 
factors besides trichome density might determine resist
ance. Recently. it has been proposed that compensation 
alter damage constirntes an alternative strategy o! plant 
defence besides resistance (Maschinski & Whitham. 
1989; Belsky et al.. I 993: Simms & Tripleu, 1 994; 
Fineblum & Rausher. I 995; Mauricio et al .. 1997). lf 
sorne populations o! D. stramonium compensate fallowing 
damage, selection on resistance might not be expected 
(Herms & Mauson, 1992). A recem study in D. stramo
ni11111 indicates that this species can compensare for foliar 
damage (Fornoni & Níuiez-Farfán. 2000); however, it is 
1101 possible to establish. a1 presem. if those populations 
do not have selection on resistance. 

Although resistance could be the best strategy under 
cenain environments. lack o! genetic variation brought 
about by genetic drift (i.e, founder effects) will constrain 
selection. Similarly, phenorypic plasticity in defensive 
traits may limit selection despite thc presence o! genetic 
variation is present in certain environmems (see Núiiez
Farfán & Dirzo. I 994; Fornoni & Núñez-Farfán, 2000). 
Also. thc capacity o! plants to produce inducible defences 
tsee Zangerl & Berenbaum. J 990; Underwood 
et al., 2000) once damage has occurred may prevem 
the detection o! selection on resistance. We did not 
examine whether 1here are inducible defences in 
Datllra stramonium. or if genetic variation for induction 
occurs in natural populations. 

11 must be stressed that population differences in leaf 
trichome dcnsity may occur even if it is not a compo
nen! of plam resistance. For instance. trichorne number 
might be positively or negativel¡• selected in different 
stressful environmcnts becausc it is correlated with 
other characters ce.g. leal size; see Roy et al .. l 999). 
However. if trichome density were not a resistance 
component in Da111ra stramonium. no relationship 
betwcen trichomes and resistance would be expected 
either among or within populations. In this srndy. the 
resuhs for Dawra stramonium show that variation in 
trichome densit)' is independent on lea! size (e!. 
Table 3b). Furthermore. no relationship between lea! 
size and trichome density was faund for two populations 
(1 and III) of this species in the greenhouse (P. L. 
Valverde. unpublished data). Lea[ trichomes have been 
proposed to reduce water loss in water·limited environ
ments (Turner & Kramer. I 980; Fiuer & Hay, 1987). 
Still. this does not exclude the possibility that lea! 
trichomes function as a component o! plam resistance to 
herbivores (Woodman & Fernandes. J 991 ). The present 
data support lea! trichome density as a component o! 
resistance regardless o! selection imposed by other 
environmemal factors. 

TESIS CON 
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Response to selection wlthin populations is expected 
only lf pan o! the phenotypic variation in lea! trichome 
densit\' is genetic in origin (Falconer & Mackay, 1996). 
Lea! trichome density is a highly variable plam character 
(Ágren & Schemske, 1 994; Roy et al.. 1999), and 
evidence of environmental induction (e.g. phenotypic 
plasticity) has been documemed (Sharma & Dunn, I 969; 
Conklin. 1976; Wilkens et al.. I 996; Elle et al.. I 999). 
Severa! smdies have detected heritable variation for lea! 
trichomes (van Dam & Ha re. 1998a: Elle et al .. 1999; van 
Dam et al .. 1999). In Darura stramonium. the common 
garden experiment revealed the plastic nature o! lea! 
trichome density since the population averages tended to 
converge (i.e. their change was in opposite directions; 
d. Fig. 3). Yet. the populations analysed maintained their 
differences, suggesting genetic dif!eremiation. The ana· 
lysis did not revea! within-population differences among 
families and thus no potemial for selection to change 
genetic frequencies at loci determining lea! trichomes. 
However. the common garden experiment involved only 
a small number o! families per population. Thus. genetic 
variation far trichome density may exist in natural 
populations o! Dawra stramo11i11111 but a quantitative 
genetics study o! this character in natural conditions is 
needed. 

Selection on traits involved in plam-animal interac
tions is not expected to act in the same magnitude and 
direction across populations o! a species. Due to the 
relevance of the environmem in modulating genetic 
variation. the study o! natural variation is important to 
estimate selection in characters o! putative adaptive 
value and in guiding experirnents aimed to establish 
causallty (Mousseau. 2000; Sinervo. 2000). As the 
presem results show, the analysis of variation in 
defensive traits in only one population might result in 
misleading conclusions when evolutionary inferences 
are made above the level of populations (Thompson, 
1994, 1999). 
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Abstract 

This study evaluated how natural selection act upan two proposed alternatives of 

defence (growth and resistance) against natural enemies in a C:onunbn garden 

experiment using geri~ti¿?material (selfed-sibs) from three póp~lations of the 
., '_·_,. '.: _,; .. -_ ',; . . . ' . ·• ·-, ,.'._:._~J.•. .. ' ' 

annual plarttDatura úramonium. Genetic and phenotypic cc)rréfo.tioris were used to 

search .for a;~~gi~~~~··J~so~iation between both altemativei:¿~l;ciefence. Finally, the 

· ... f~~.~~~~70·~~·~~i~~!~~!~~Sral · enemies was manipulatf:~·tj;~~~J~~j~,~Ehe ~elective 
· ..•.. va.!t.ie ()f ~()\Yt.1J;~5-;~~'.-r~~P()11Se against herbivory: Rest\l!~:~~q~S~~~cLt}-\e presence of 

......• • :~~~~~~1~it,4~t¿~¡~{Jfi:;;~t~f~~~~\¡}~i~~~:n:.::en 
growth'. a'nd resiStarice;Y.,ás•:detected·::either,aUheiphenotypic or. the genetic level. 

2 

.. · .•.··•··. \~~1:~;~~~g~+~f ~~i~!{~i:~~~;,~;;f~~~~~t~~~~~~:~I~f j:~~~~\'~~i~~~'~b~~éfl t~ .·.óf · growth and 

.. :'.~. •t~~.}~.t~fjié~~~f1~}~~.~:~il~~8,~~~ge~f~~~f~~~<,~g~;~ñce·.·?f ·natural herbivores revealed 
.:( •ti1at·.h~rbivqr)7.djci [ló(;alfér the pattern ofselection:on growth. The results indicate 

··.· .. tha(b;th ~b:~1:~~e1f '6í~J~J:~Bt~ e~ ev~Í~e ~imultcmeously within populations of 

D·aiifrJ'~t1·~111Ói1iÍii11.•' .. 



3 

lntroduction 

The hypothesis that plants r~spond _against natural enemies either allocating 

resources to defensive resistan~e traits (i.e., secondary chemicals, trichomes, spines, 

etc.) or compensating damage .throl.lgh a growth related response has been amply 

accepted (van der !'-:1e,i)?erl: e[al:,)988; Herms & Mattson, 1992; Belsky et al., 1993; 

_Strauss ~Agr~~al;j15):~~}.i.RrQ\Tic-Ied0the presence of allocational costs associated 

~~t~ ~B+~f}i~~;~~§,~~~l~·~i:?.~~~%~~'. a·I\~gative correlation between them is expected 
(van dér;Meijdéi1eúan»1988JFmeblum & Rausher, 1995). However, the assumption · ·~:· ·_.: ;':::-,.~. ··.: ~~r: ~·.~··'.:~?:t' J~~:"-;5~~;~.:~~;~,_y~i'L:<f::-,::t.,~~kh_.<:~};:\·/~L .. : _ ·: -: -
that:b~tll"altérn~ti\ies;of'.~eforicéare negatively correlated has not been strongly 

... · .. su~!J§t~~~f'4Iff~~~~~~?~frt~~~~~ta.Although sorne st~-~ies;ht,~,5·~I1~en1ed to 
•.valiclatétlii~·:assúmption';(Bil~rough&.Richards,.1993; Ro~c:?ritl}a,t&.Welter, 1995; 

.• $t~;~;~fI~l:l~-ª?~?'),;f~4stu.~i~s det~cte~•··~.·:ne~.~~~TJ~E~~~ZRtf 'pÍ;.~i~eti,c .. correlation 
bet\.Yeen resistance·and. estiínates. ofcompénsatioí1'.Jo ;l:ierfü'7~ry'''dair.\a'ge·• (Coley, 
: .. - :·\:·· :·..-: .. :?.:>~:>-·.+-·'.»;,: .. >::.:· ~:; .. -.-~·: ::/)-::.. ·.. ·. --~ .. : . · · · ·::.-._ .. 3·,-,' ·;:.\'\·:." .;.,\ ::·~ ~\7>":"{.i{::~>:,.~~~+rr~~.y{\r··.r-~;f :.:~:/~·~·:.:;-.. tt~:::.(:,.i;, · .. :-':·. 
1986; I;-Ia11: ~ Lincoln, 1994; Stowe, 1998). He11ce/:.tlie: g1711e~aHty of;_@.s as_sumption 
, ·, .. \.·:·· :.,:,;;,' .. "~~~\:/:· .. -::-:<~'.:;\'\\: ... ;,·. : ... ··:" < ... ··:·:'.: .. _:· ._,..,_.,__ ,<·;·.,~<:'L~-·/:,\:~--·'-;·::,/'.l}-:·:;_;_.:..\ .. :~~:\i,: .. \:~f:~::-\f;~:~; .. :'.'·;-;:._.<-.:···· · 
has be en r(;!pea tedl y questioned (Rosenthal. & V'¿.el te~,} 9:~.5; .Sí!'.f us~ '~;:t).gr.awal; 1999; 

····cie·Jo~·~···~:~~B.:é~r.•M~ijde11, 2000; Purrin.gton, 200&•.st*~;eéf t.:~!>:·~gR@l·:~~fupir.ical: 
: ~videri~esllgges_tthat.thestable coexistence of both~tr:ategi~(of;.~e!,~n~e,within 

po~.ut~f i~~ 1.~~~;.b,~~;·:i?~e·~common than p~ev~oL\~ih}~~~~J~i~~~Í~.~'.'il:e:ú~·l997; de 
Jong~)'~nq~r:lyfe,ijéféri, fOOO), and the condi.tio11s;f<)~t~e~p~~~s~fü=,e:_of_~11ultiple 

. · .·· :~t~e~~\ti~l~~::.:::y -=~;;~*~~~~,~~~~;c:~::e:t, 
- ·- .of ~'c()inpe,n~~t~f)r.;r1~P,C>fse and.resistance a~aitjs(l1er~iv-0ri are needed. Despite 

th~.cl~v.~16~~;~{·~~{/'~~?l~tionary models. of pla~t d~f~~~e ~llocation (Coley et al., 

1985; s;~fü(#~g~~·~h~~;i987; Fagerstr5metal., 19S7; Fineblum & Rausher, 1995; 

THfiI"l,'2oop?a~}'8g~·-'&'ian der Meijden, 2000), filia man y studies that detected 
• ·• - - ·-'.-· •• ;. "!"-'' - ' • •• .'·/_ .' ,·:. '• 

- riatUraL'1eJ~cl:Í6ri~~~tmg on components of resistance against herbivory (Rausher & 

. • S~~s_,\~~~j''sl~~'.-& Rausher, 1989; Fritz & Simms, 1992; Núñez-Farfán & Dirzo, 

1994; M~J'ii¿új:¿iRaÚsher,1997; THfin & Rausher, 1999; Gomez & Zamora, 2000; 
. '" -.~·:,' ,·;/ .. ·, .. - .,,, . '. ' . 

Mara(~t· t'lz:, ~~Op; Shé:mle & Bergelson, 2000; Bergelson et al., 2001; Stinchcombe & 

Raushér, 200Í; Valverd~ et al., 2001), few if any, have examined the joint selection 
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pattem on compeitsai:iofr and ~esistané:e. Mor~i.:>ver, although bothstrátegies could 
' :< -... '.::.;\.'·-: -<·.-_·:·><~------>.·· ·:.\._.- ·i} .. -~_-,:;::_ __··. ,,:._.,.: _··-_·.:.···. ----~- >. :.-_•.. >./, ::_.;, __ ¿·: ':~:·:~._-. ~-.:- ,·,. : 

be beneficia! to 'plan,ts agai~st l'lªturalerieJ:riiés, itis necessa~:-y to~ see if the pattem 

of.selection.on.def~ri~~ .• ~hari•~~~V\Then el1~mies are)ab~ent.(Matirici~. &·.Rausher 

~r.:.;~º~~lliJi~!~~~!l~f i~~Ili~~i~t:~:~. 19951 
the pattern ,of s~lécti~n.ori ~;:iits .reláte(j ,t". c9J?p:ettsaH.?n.: c9~ld.:nof be affected when 

::~ii~1~~~iil~~í~~~~i~f t~~~ti~!~~~:tion not 
res1stance not·necessarily¡accciunted·.for:by.observed pattems;and•mtens1ty·of 

. ~:~tfJ~~í~lliliil~i,~;;~:~?:! t~~df~i~li~l(l~'~:~g 
populatioril,vária tiéiri' fafa:vérage levels· of · damage riOt:relat~_d to-~différentselection 

· · ''·-_,. ~ : ... -.... : .:º .~·~\ ... _, ~;'f;\~:: ~;;"í:?/-:ó~~,;¡:: ;: f~~i~{ -:-~J:~~: :~,;:~·;~y_:. ,_. .. -. · . ·. · : .. , ... ··" ·._.·: -,-:-- -~-:~ :.,: ·-: ,.~/::/?::· ~~;f.~~~r:·-~~~:~?i:)~;J::;'~~~,:,~~1::·:: ._. -.. ~. ·. · · · 
• pressure acr~ss;eriviJ:orunerits (Coley & Aide,1991;Frit~~-~· SirnffisJ'.19:92): ·. Second, 

the_ph~i~t~~~€~~~~A~fi~f:6t resistan~e can be en.Xlie~~~1~Yt~t~~~~ied, ·.· 
prod~cing Vél~fatic)~ ~mong populations as a result of pl-\e,J19,typ@'pla~ticity rather 

th~n •geneÜWciiffe~;~n~atiÓn· ·(Fritz, 1990; .~arq~;~'.~~~~~:ji~&~f '.:~·Bii~.~~ c,an • ·. 
corripletély corripensate for. dama ge imposed by riaf!ii.:~I 2ef:iéirüe~}"fü1c:J.1reduridant 

• , . . .. :·.. . :-->_" ·.">_.:n ~'-.'.". ._.._, "·',= · .:, . _ _.'-.. :- :: _,. .-~t :_.;--:'.:.?::.'°~t,~:,;;·; )~-.1~::<~ ~::;::~·~~.:: .í . .;.\~;:7T~,~~7~P.:~~:.-~l-1:-,~:~::::.: .. :.-::·. ' ... -·, -.-. :· :· · 
. benefits CCln begafoedothrough ea.ch. strategy ,of¿',defei\~e)fljo}!~la_tlÓ}1Si,Ífp'~ between 

: · ·: .·._ ··-· <: ·.--. :~-:· ::~/ .~::·"~ <. ·- ->'.?:_ :".:'.:·.: "·> ::,_. · ,_ <. , .-·: :·._::: . ~::":· <. :. ,::).\~-.,.~" .. ~~·~·";~·::.;·~€'.:,~"'~::::~;.;;;:;:!:.:~ /:_i:~c::::·1\r~'<Jf;;,R~:~:,;_':._:}:·'~~/.j.:!~;:tf;_; .. ;ti!;,:-;-:._:;;".·-~ 
.. · the level. of.dámage;.andfitness shouldJieiexpectéd~(Al:frafüunson'&\Weisjl997; de 

.;;;f lllf l¡ll{jrl~~~f f ~~::;.;~::~::: 
· associatiqn 2~t\\~éE!i1 them (Yé1It''.:O,er~;fyl:~ij!=i~r1?ij(al., 1988). In this species, significant 

~ - ~ ~; : .'-:, :; ,·.<;i :_· ?/?"::~·-._- -~ ~. ~'J,\ .. .--.;.; ··'> ~?"',· , ~.-;,_'·'.~· .. ' ~'.<,,' :.1.~'.;'.'.!C'\~~;¡i'.iif~¡li;"::/~.;; ~~'o.'}.:."·,'.' 
directiona};#~ ~t~l:Jilizi}1g sel,e~ti0E1 (1füNs~sf~nce has been detected in natural and 

experil!le~tal'p;bpttl~bbns (NJA~il}<~~lái?,&: Dirzo, 1994; Núñez-Farfán et al., 1996; 

Shonle &.Be;gelsci~, 2000; \T~i~dr~~,~~;:~Ú2001). Also, significant genetic 

cliffe;entiati~n and variation ~:rlici~gpopulations in the relative value of a physical 

C()ll1Ponent of resistané::e (i.e., trichome density) was detected (Valverde et al., 2001). 



5 
··.' : " ' ;' 

Parallel • greecl-ious~ éx~e~im~nts fndic~ted, that thls species compensa te 

levels. óf.foÚár:aa1na~~·~i • af>pfo~i#atelyf10% .•ºf t{)ta(lea.f.areél,.in:~i~a#z:g a benefit 

.~;liltiilili~llllilif llil~: 
restóre primaryvbiomá.ssJost to herbiyores:)vf.qréo\ierJ;be'caµ~e.':thé(abili:ty',fr): · .. ' .. 

· -'~c·;¡v~t~i~~~8~f f~g,~~1~~7~s7}~iie~?~~h1J.f;~~~¡~;,~~~~~~1~~%fí,íiI~§1i~.·~·.·-·· 
. ·: da.mage''caJ:lr~niy ?'e accómplished· me:re~s~.~. ~Jie N'tª1.".1e~ªl"~ª'/leaí iori~evity; .·· 

~FB~~tt:~2fE!.~~:~~t~~~[f !}~i0tltt~~:~rized 
.· f~~~~~d ·~n hicrease in total leaf area ~~:~ ~Üt~:tiJe·l:r~Ífrelated ~Íthicmnpensation of 

herbivory damage (van der Meijderretal:; l988;Rosenthal & Kotan:e:n 1994; Strauss . . . 

& Agrawal 1999; Stowe et al. 2000). Provided previous field studiesfound significant 

phenotypic differences amorig populations in levels of.resistance to herbivory 

· (Valverde et al.; 2001), this sn'.idy addressed the following '.~t1~stions: 1) Are .. -- ·:·: -~ 

differences in resistarice ainong populations in the fielc1, rilaiiitáiri.ecl U11der the same 
, , ..... '· . ·•,..';'/-::,;-:r:·:·:-·--··· ·< .,. 

herbivory regime in a,co~Inon garden? 2) Do populátiopsdµferJri'.growth 

:::::=~~~;a~mi~:~,;if ff~~~~~f~f~~::::~~=:~, 
Firially, 5) to what extent d~es selection oJ:1 pl;:u{t ~owth. change when herbivores 

are absent? 

Materials and methods 

Plant-herbivore system 

The annual weed Datum stramonium (Solanacéae) occurs in a wide variety of plant 

communities in North America (Avery et al., 1959; Weaver & Warwick, 1984). In 

Mexico, this herbaceous plant irihabits open,cultivated and disturbed sites where it 



attains on a~erél.ge 1:min height(l'-Júile~-Farfán,.1991). Sorne speciesof specialist 

and gen:eralist herbiyor~l.is hi.skct~ar~ C:!Osely associated.with D. stramonium. The 

most importantherbivoro\isih~e~ts,areLema trilineata and Epitrix spp. (Coleoptera: 

... Chryso.melidae) (Val~é~cie'efJtiQoi): Both s~écialist insect~ are ~résent 
throughout most ofthe' geb~~~hl[: i~nge ofD. stramonium ~d th~y can remove up 

to 90% of the plant tCltal re;¡~~~jN~~ez-Farfán & Dirzo,, 1994).·'l.~af damage 

prod uced by Epi trix spp'. is presez1t in most population~ gf f?:. ~t,ra~on:ium and 

consists of smal~ hoi~{i~,;~~~·1~f~~Ni~~7s.Al~o,~e~~r~~if;Un~§~~f~~upon D. 

stramonium in Cen,tral'M,exi~O>induding·Sphe1J:áriunipufk~faj§{rzsi(Ol:thoptera: 
. . . -··:> ~~-~ -¿ :·;:·. " _. ;:,;:,;;~.-,_' ·~·;.· ,-; :<.:>>.~. : :;;:_: ·,,. -·> ., ~ , ·, ~ ._. .. :.,_.., :<-· :-::: __ -, ::: : __ -5 ,::. ;>>·:~--;-~. ·:· .. ~; .. ;/: . .:::,: .. <p ?;i;:":Z:'V--i:~:-~~"~> <:::./: . ": 

Acrididae) · and~~;lepigdpt'erans/(Mti1~~ucn;: spp·::;s.f>I:§gt~a~;:a~d.:one unidentified 
· · :_ . ::·,:;::_: :-\ ~·5~·::;:._\_1i-{f'!-· -:~/':'.:: ~:::~~~L~: <tT: :·.:·, >:,_ ,\,:-::1,;: .. :~>'.~.:.'.·_: __ :,::X.'. ···;:_:,,.~ :-·.;,:.::~:;·::~, . .-~·,·s~&~;~ 1.~·?('·-~·~t=;:;::·::::·/:;:·./; -' 

species of.Noc.tlJ,i.c:lae.JIN~:fíe~'-f a~f@··&:. J:>i:rz9t~994)2'§~)p1frpi,i._rascens is very 
, .,_- · •. : : .. · ... ":·:~·.~g::~<:~_;:(. :~::~·:·):+1~~·;·{::<·r.,~·:~·~ .. ::'.~'·.~··Vi~ ·:;:::~··.-1~\~.:.~·::\;~\~(:'+; ;}. ::t~~~=~::~3i'.·~ ~::'~~¡·~:':::.·;.~~:~·.: . ;::· · - . • 

abundal)t 11l C:E!E~~IJME!~1cp·(~~l.~~ir,ig t~E!'~E!q!f:?g~;~i,e 2an Angel, our study s1te) 

.and · i.t•~iy·~,~~~i"~~~ii~~fü~f~~~~~i-·opi};,i~~~·:$í •. ·.~~¿·5p~cies (Núñez-Farfán & 

· Dfrzo; 1994y:•;Defonce(inaüétioi1.:in·Datura strimúmium has not been detected (Shonle 
:, . ~- ·:'. .. : \ -· .. ·,,. '-.. ;.·-·:7'.~-,:J.:?·.~:.·~,j~;~: .. x;;·~~~:Y~5~·.:: ::-:~;,~\~.:-)· .. ,:~~·º,_ · :·.·.. :-;,.< > · .'., ... ._ >· -

& Bergelso~/~QD0)7áncrr,esistance appears to be constitutive . 
. . . .... ... . ,_,- .. : .. ·. ·'"'·.;>;-... ·:~~<_\./;·-,;.:•·<::·,;-.:::·. ' 

. <·~ .'. ./~,. : -_~:-: .. -·;··-.:~ ·:-··":· ·:~,:~\:·.·. ·.·· 
t. ~' r.. ¡ --~~. : . ~·..-. ,_ - , 

. Plant má.te:daJ: · .· · 

:S~ecl~;of p/!it1;d~11d~~JÚ1i1for the common garden experiment were collected in three 

·,po~~latÍ~r\~i{C~~~~IMexico. Populationsfr()Il1 Sto.Domingo (19"00'N and 

: ;·~9i~o3;W) a~~F:Zi~~~uén (19"27'N and 101 "44',vv)':'#m~bit pine-oak forests and ha ve an 

.. 3J6:::~,~~~=f l~,~~¡mc~;;~~~~!tf ~i l;~{~,;~)9;t:~O;~::IB a 

tropicaldryf()rest.~·.i,th.aJ-¡,~v~tag~'arinU,a.!-predpi~ation and. temperature of 802.1 

6 

·mm and 2,~:~ 0~1:;~;~~~~§~~~1,~f:~ei~6~~Í~t!3g~,~(~~~;::b~mingo and Zirahuén are 
geographically,:isól~t~g'(~>4.99J~fu'(ap~ri:);~-W,fü,J~t~:>t~;Domingo and Ticumán are == 30 

.·~:::iiil~~¿~~~~t!Jilt~:.:::::.:::::::~ 
higherfor. Ticumá:n:t~anin g~·t'1b:~t~~f~6~ulations (Valverde et al., 2001). 
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Study site 

The study was carried out in the Pedregal de San Angel Ec()logical Reserve 

(19º20'02"N and 99º08'26"W), located with.in the camp~s of theN~tional 
Autonomous University of Mexico. (Ul\JAJv1) in soutl{e~ Mexico CÍty. The clima te at 

,_, . . ' ' - -·. ;·._-,._ .. -. .._ .. - - ,,." ... ,.~. '-; ... -'- -. 

this site is seaso~alwith an annual meanprecipitátionofªOOmin, and annual mean 

temperattire ofis.S~ C.Th~ rainy seasonc)~,S~ts~-i~~~~iiiroer (May-September). D. 

stramoñium gro;,.~~ naturaUy in the study;;r; ~cf_bb§'~~~~ralist and specialist 

herbivorous i~sects associatedtoth.is spedi~~,,~r~-~resent. The vegetation is a 

xerophytic shrubland on rocky vo.k~nic)illis.: ' 
.· -. ' 

Experiment 

In October 1996, 20 randomly>selected indi~iduals were chosen from each 

population. From each ~di~idl1aVsb;s~:~dsof él sihg1.e fruit were selected. D. 

strmnonium is a hermapfu6cti~c.~~~'~ie~\:;vilh ~;·hl~h level of self-compatibility 
, .. '.~:>: :.;:.:;.·:,, ::'.::,.·· :~·:.<>>:· -\: ';!,\.(.¡~:->:~,:- \-.::.;>' ':'..~~¡~::.<~'.~·}:~f,.::_:-.:.::;~d~;Y ... :~ _'~'-, 

(91.8%:·Núfiei~¡:<arf~:e.taZ.;1~9,~rarioJ()~~r~~E!S,º~;:outcrossing.(1.3·to·1s.7%: Motten 
. .·.- . ··'·:(:: .:::"~:"".'.-"::·</'~:::>. -:>;;/; ~--: .. :.'.~,~,:,., -.~-\~-(~~:;./'.:-~.:::'i.,:"éi,.::,0:~~::··:·i':i~;:{0 ~f::~5\'.<~:'.>\· ,-.-;)·:~-L .. -:.~-.. ' , ·. ·'. ' -. 

&·Antonovtcs,)S).92):Th;us;r~eed~~':'7i.~J::út;t;';:r;~!"1:1.~t:a,t~:~os,t.·likely related as full-sibs 

(hereaf~~r • f0ifiti.~~~)~~~1t·[~'i·;,;~;·~,;/~~.J~{f'.if 1{~i~~~~h{;t~;nf ti.~.'.t~g}~'.~.·~>'.~< .· . . . . 
OnJuly:20;¡1~~7J':all seedsrv\~e,re sov.1n 1rl plasticpots (4 litres) filled w1th a 

co~e~~igi;~~~~~~~~~tci,!1~~lifü~~J~~~~l~!t~t~i~··1~bist, a total of 684 
. seedlings ~E!i~;pl~t-~q;fü~~;,1pHfte~fi~l~~ti,C:iP,9I~··W.i~lrin the experimental plot 

· .. · ·.··.:~t~~~f ~l~l~i~i;il~~t~~~~~~~~[t~~!:o:~:~;~a:::•~=n 
'. the exp~~frn·er¡taÜplof;B~caüse sorne families did not germinate, seedlings from 39 

· · .··· .. z· :: ···r ;·<·;, ,~~t:.:.:~.;;:>:;.;;~'.~:~:~:.: .; ~·~·?<·.::.*~~~t:;~ -'-.. ~:, ·. · ·. 
maternal;fainiliesf(Stti'.Dóiningo, n = 14; Ticumán, n = 15; Zirahuén, n = 10) were 
< > ·_ · ::~: : ~·;;;~\~.:~'-P'.t'"/~f:-;:..;F'.c?i~~~.> :/~~:·· !·:· .. ;~~-~t·. :' 

plan.ted Í[ltp ~~~·ª,()~111~n garden.An average of 17.5 individual plants per family 

· w~s ~lartted{f~~~Hi-2o): Seedlings were transplanted following a completely 

. randoml~¿~ d~~i~. This was aimed at reducing possible spatial variation in insect 

abundance withii\ 'the experimental plot. Plants were spaced 1 m apart in a regular 

grid. Periodically, natural weeds were removed to eliminate interference with 

other plants. Half of the plants of each family was allocated randomly to the 
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insecticide treatment (herbivores absent) and the óther, ha1fto, füe cm:1ti:ol treatment 

(herbivores present). In the insecticiq~ti:eatin~l1t.pl~t{wer~~e~tedwith two 

::::::,::~:::;;~:~~i~i~~if íl~i~:·~:~o~onth 
treatment, plants \.\'ere süpplied,;~ith~~ter'af,the·sarr,ie:yol~ll)e;(!)OO.ml) as the 

, .ln, leaf areáo) / ( t1 -;"..to)],, (~earcy et at;. 1 Q89) .. EOr.: this :estiination;Jeatrarea me asures 

·,_· .. ·.~ere~ia~~~I #~~jf ~gi~~:tª\J~g~t~~~;:·s~~-¿f Zf~~t~~~~,~~i~~~~~~~t~~!~;-~;~~th, to the 
.•·· rep'rod üc'tive -stage Ofifrúit 'irlitiatiori/ Lecif areaifór1 éadíAeaf~was'éstiínated 

. · ·.·.>·~~ª~4~0;·,i·~f ~{i.~~~~~:.afi~·~~iF~,-~i~~~f~~~~i1~R'·~~ii~~ff}í~f ;~~~~}f~g~~~~j.~ieaf. · 
·, · · length)2; .r2;~·o,~B7f:n'.;=':120, P.~·.o'.001;;:ryiJ.ñé!z:7Féi'.rfari'.'cSi~Dir2;0;;•1~9:4f'.H-'.eaJ length was 

. we , 
, harvested allleaves ofeach plant to meast.:freleaf,(ialilage.·For. ·each plant, relative 

' !Jéaf damag~·fo~ ~11 le~ves wa~ me~sufed~lf~~~iy;~if~·a'C::olor Windows· Image 

;· .A.~alysi~ System (WinDIAS-Basic,·Deltá-T·b~~i~e~i.td.:Cambridge, England). Por a 
. - . • - . . .·.,,-, ·,._~¿ ' 

· · given plant, relative resistance was define_d'.ás '(i ..:: relative damage) (Núñez-Farfán 

· ' - & Dirzo, 1994; Núñez-Farfán et al., 19~6/yaÍ~k;cte.et al., 2001). This estímate of 
- ' ' . ··~""-' . ' -.· '• 

resistance represents the recipr()Cé!-1 óf:{h.~:amount of damage experienced by plants 

during a fixed p~riod · of time (90 d~y'~).' Considering that larger plants could 
,. -,-'f - ··~<· .... '•' 

experience more damagep~c~ti,sejhey representa high quality patch for natural 

herbivores, our estimaté,cif.~JsÍ~t~ce may be biased since larger plants would 

appeared.as.bei~g·~~~~ti.~~l~ less resistant than smaller plants. Both the phenotypic 
. . '.. • ,.•. ' • I;, . ~;-'. ;;,'• «. ~- ' ' 

andfarnily level cofrelations between plant size and damage were not significant (r 

= -0.064, r = 0.0343, respectively). Thus our estimation of resistance was not biased 



by size differences among plants and families. All fruits were collected for each 

plant, and we counted the total number of seeds per plant as an estímate of 

individual plant fitness. 

Data analysis 

We first eva'luated the presence of population differentiation and genetic variation 

within populations for resistance by mea11s of nested ANOV As. The analysis for 

resistance was.only performed inthe cC>nÍ:r()l treatment (herbivores present). 
• ' • ' • . . '··~ ; •. ·, f. - -~ 

Population was'en~ered as a fi)(ed fé\cfór/éll1d family nested within populations was 

::;~;~d~~!~i'i~~~t~~li!~~fl~~:::i::::::rr;~e:c•:.::on and 
. treatiyiei.;t,:eff~stc;~);r·:gr.<?~!!\1?Y.;J?~i:tnfO{a nested ANCOVA, including both 

·· .. ····i. :·" '.'/'.·.:. n -..::;j :~-.:~·t~i'"'..: :: ,~.~~0 '.: ·.~~~::..·: • .-1?1.'.&;s;:/:y:;;::r:t::-.:1~~3,·:,~;;,-':·-'·.~~~·;:-}·-. -.·;:·:::··:~ ·: 

herbiv~;ry,~~aJfii~Ú~~J'.1:'.~!}hi~I~l,i~~j'.~~~j:iopulation and the presence/absence of 
. , . .-·- . .;. :: . .": -~-~, ;·)_ '.,:·'.:)!'. .r_ ·-:~.:_'.:;.:;:~::.!·.~?i~_-·)li?~~.:-·. ':'i·i-~;:~::~~.f,:.¡y-_::;_t;;S:{::·:-~1~~r :-;~ ,~~~~ · .. .' -'< 
herbivores:frei,~:s(JJ:isid~:i'.e:C!•as¡fi~i;:c1if~é:tors; and family nested within populations 

was c.?~~~i·4f~~$t~§;€1~-~~·f ~~~~~f +í%~~:.1~t;~~.rns of squares were used. Third, an 
ANOVA'for,eá:c;h(poi:iuliition.wa$i'performed in order to detect genetic variation on 

, . ··<,: '_ '<:-··.' ;< :·?:";·:-~·::'-f:~_(L\·::t~~--.. , .. \ '.-~-.~¿,_,·;.':~;i:~y:_':'.-~~.~.;.:.~:::,1·~)} 0«)::·2.,r~·~~;'.~~f.~1~:.}~\,?·:)·:·:::. ~< · .. :.: :.·, : 
.· resistance '( confról~treati,neí:lt) /and { gfoy\rthJ con trol and insecticid e trea tment). In 

. : · · .~·-··: --~- -,'8~-: :- :;; ... :.';-;;,~J:~t~-~ ~A~:: ~\.::":-~-,-~?/'.;_:)H-0';,~~~:~-: ·\~_;;f~.:. ~~;t:~-:"'.:~:'.¡~.~;z_f t:'.~;~\~:-::-:~: .. -~;'.. '.~;'/; ::·. rt 
.... arder.to se~rc~'for~t~e e~istellce ofanegatiye;relationship between growth and 

·• resi~.t~n.Stf~ti1f~i~~f~~f ~l~.n{YRt~E*z~lc,\~d broad sense genetic correlations 
were··pérf~rlTiec;I'g!il~,iriJ~e, c~~tr.61 tieabne11t.(herbivores present) using the 

9 

Pears~n:~r~~A5i~i():m~Thf"~~,~~~l~#~hf~~~t;~~~ent. The p~esence of. allocational cost~ 
of res1stance;V\'.§ls;:17~~!u~t~.~ tiiipu~h br9a.d sense genetic correlation between fanuly 

mean valu~s"cifji~fe.~'f>cÍ!isi~·ti2idefr'e~~.~~t) against resistance (control treatment) 

(Silnms &l~~J~h~~i}Í~9'.87f·si~~,.i992): Tfu~ procedure was performed for each 

populati~~· ':~:.~ ':· '. ·~····. ·,;o· .• ·~ : •• :, ·.·•· 
·-;~)<· .. ~·: 'i' ,,· ·.; .. :.;:: --· ··':·.~: !'.: • ••• ·:'.' ..-.~,~ ;;" ' 

sezectio~,~~0fz~~'~iJ-~,~~~.~~~n,·z!?~·~h~ction gradients in each treatment for each 
population wás pei·f9rmed to determine the magnitude and direction of natural 

,< ·. , ·: .'.;_·:~:.-:, .;'.':'?:. :·/ i;(.~L-,.:~)-~·; ~-~:~:.r;~,~ ~·!/ ~-~:-·::: ,_;:> :_:: 
selectioi:i ~11.~gr.R~~~,':~~S~ll:~.e resistance can only be estimated in the presence of 

herbi~oi~s; __ ~·~l;ctjpn·an~Íyses for each population were performed using the 

control treatm~nt plants. For these analyses resistance and growth were 
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standardized to a: mean of.Ó ~rid a standard deviation of 1.Relative fitness (w;) of a 

given plantw~~ ~~#~ted ~~ 'l;Vi·"':lM / ff?,~h~reJ-:{r;is the total nurnber of seeds per 

plant i, an~-Tf~)S,.;!h~:.<tv.e,r~ie/C?r'<tlti~.c[\~ras~~!:'f~;?ag·F>1ants used in our 

_ .. experit~e~t:\5:;~e~tr~~:~~~~;~~t~')~~~?,1'~~g~~i~~~5~-~~~:-~~ltiple regression analysis 
(Lande·.·&_ArrioldJ*1~8-~)~Jn:c,_rªei:,:Jq_~~t:ii!iél!~.,c:i_fr~C:~io,!1al;(/3;) selection gradients, 
--·- . · :·:: ~ · · -'_ '.·:-~'.: .-_ :.-~:--~~~:·~~-~~J;:~:~~rr:>::~_·7~~~:p~;~-rJ;:<~~,~~f-~~/:~~'; '.·.-i~~~-~:~·:::~~-;?~.i:~~fK::.~:~;~~~I:~~~;1~~~;-J:~~~-~~0~7~;~'.}'1\:::. _· ~:: -· · • • 

partial multiRle:liriear:regr,e_ssi~:ms]\V,ere;,coridú_c_teci'orf relative fitness (w;) as a 

.fli.I1c.ti:9~~~~"~~~~~~~~¡~~~~t~~~f M-~~~~~~~t~~~;~~~gi,.~~.r\f1ºld,_ 1983; Mitchell-
Olds · & Shi:\':\1;:,_1 ?87) .~Il'l)he::.ª_l:>s,en~eyc)f hérbi_y!)te;s~é;>plyselection on growth was 

. estir#,ª+~:;.~-~í~~~lzy~'fil~;.~¡~~~s¡'.~'~¡~ff~W;;~t~~~~;J~~~g,~~~,e,re_·.es~ated using FREE-
. STAT(versioncl·1Jl~iJY!fr~hel!~Olds;é:1~8.?):8Ja,c:~E;:estiITl~tes:ofthe_••standard errors 

. ;:~=u1~r~1~t~i~1t~&~~~:~*~1~1~1~:~:=~::d::: 
nor:qiaJify i:tí-td :~c)J1et~rogeneity of, resid tial vélriilJl~~~·: (Mitcljep'.:Olds, 1989). Beca use 

, . ·: :· _'.:::· .. :'.~ ·.~ :~'.· .. :1f/:-;t/:,~::~~.'7;~f\ ~S\:-:.'t·. ~·.: · ··{ .··; '. .. ; .. · .- -:·_ :: .·<_::r!.>-::;:::~:~~;~~-:/(;\~};.::,_~ .. ~-;~}~r\·l;\;:;:,::_ ·:,··,,·, . ! • • 

the tv,ro mdependent,vanables (growth and res1stance) were;standard1zed, selection 
' . . :-: ._: ~- -.. -~--.-~_: -:'<;.J:;;_r[~:-;_-:~_,~:. :¡:.:.~;f<~ ';\>~ ·.: (:-:··. '.,:_"-.- :: : :_ . . . . ·'-:\·: -'>.:<~:tt·~~-;·>~~t: :=,_~;~~1t~~:.~:~t-~~t<'.·;:J_?;, /; .... · ' 
_·_:.- gradient éstünates aré comparable in 1.UUt~ of stélnda'r~ deyia~ons of untransformed 

~:.~-::. 
·.J,\í~~ '·,< << ·:,:·.·,;: . 

·.· Compai·ison·d]s&z_e_i·~¡~!i·pq_t{ei~~within freatments. To test whether selection on growth 
- . . ' - ·. --· ___ ,. . . .- ' :- . '·' --· - ·~ :., :- . ,;--.. " ·-:- ' 

and resist'ance §,iff~r.ilríbrigpopulations in the presence of herbivores, we 
' ,- . '" - .-, '-' '~~i ., . -:-; ~', .-.• ,, .- ,-,; ' . 

performed an ANC:QVA far relative fitness. In this analysis growth and resistance 
_ _.:. :.;::--. /.;:;-·:,_:~'>-'--... :~:'~-;-- :~:-:. --. -

were entered as cováriatés and population was considered a fixed factor. A 

significant gro~th~population and/or resistance x population interaction would 

indica te thaf the ~~tt~ins of sel~ction on growth and/ ar resistance differ among 

populations. Similarly; il1 the absence of herbivores, ANCOV A was performed to 
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compare selection gradients'among populations for growth. For each treatrnent 

separately, s:u'l:>seqi.ie11J~A1'J_cov As were performed to compare pairs of populations 

for which sigt1ifi¿arits~1ic:~()~ gradients were detected. All analyses were 

perfor§e-~~~~:tn~P;~f:~~~~i~~?ci .. genetic level . 

. ;:f~lli,~liti~~ii~~:::::;::::::::ble, 
. growth ;wás considered{asca cc)V'i:;i,iiaté ai:\d\treatment and population were 

-_' '., :, ; ·-'.,: ' :· .. ;. :;'.'· '.:'\:~-/::-,;;_~'.¡·:-:;\·;~.;<:,:.·:;~:,,y;·.:~t::'·;;'.~··.º:;?:,;.~;~-;_:::{.-~,\":. ;':~::·. 

corisidered · fixed factors. A~si~fic:~l'lt.1.?ºP1:1fatibn x Treatment interaction will 
.- : '·." .· ;:,.:. ·.:':"'.-'<~/~--::-~';_,:·~~~:~-~-~·:.· -~¡t;;:·" ~;5:,,:~:>_,~:l=k· ~-- ::_-'> :'.. .· .. 

indicate that the presence/absefü:::e;of'nerbivores differentially altered the fitness 
·. , .-.- -~: -·: ·;· ::· ·-. '..~:~;:r; .. _:~p;:::?:'.::;;;··if~:~ :_ ;} ~n~ ·':~<·:.~ ·_·., .. ·:· 

response of populations; :P(s~~fic~t-c::;r(J\Á/th x Treatment interaction will indicate 

that the presence/ abseÍ:'..iC:~:6:f;'Jt~f'~itb~~§ ~Itered the selection pattern on growth. All 
' ... \ 'i\} :.:<) ¡1~:1_~-~~:3'(~...- ·--~,;:_~-~_, .. :."· . 

the analyses were perform~djít:the)ndividual and family level. Type III sums of 
.<"_,-.. ; ,-...... -:.-- -· . 

squares were used. All analys~s 0er~ performed using the JMP® statistical package 

(SAS lnstitute, 1995). 

Results 

At the end of the experiment plantsattained an average heightof 24.64 ± 7.65 cm, 

and an average total leafarea ~fl~?.94± 80.7Í cm2. Herbivores consumed on 

average 11.67 % (SE ,,:;.~;?6)'.o~,.the;o~alleatarea. Leaf damage ranged from 1.06 to 

47.80 % of total l7af,a~e~;c)1;e11itÚrflineata, Epitrix paroula, Sphenarium purpurascens and 

lepidopteran,s';~~T.~:,f~~rlJ',~~;!~~~~Ívbres responsible for leaf damage in our 

experiment. :r!~t'.~o~!~;;~~~:'high~~when herbivores were presentas compared 
; ' - ---~-·-.<~~:>'··~_=;~~0-:, :(1-;~~~?,.-.).-:.;,::.,~::,::t~;.;,~;·;{~f'.'.~".:",-:.·~: :.: ' -

with the iri~ecf:ici_(l~;tj-_e:~,tijiérj.!:HTable 1 and 2B). In general, the absence of herbivory 
.e:-: .Y' .: /,·, '. ;: ,~-::r{.:_1~·,:- ,_::<,:-~:_:::~;:.' .:'.:-~'.~iit~'~\ ·11_:':~-~ <:'.·::·-> · :· 

increase(i plél~tJ_!fue§~ (J:;1;6a3e=:;9,59, P < 0.01). Higher average plant fitness (15% 
. . '"i: ·;~ -.r~.:;·.;-,_1 : ;}~~i:f:~I~:t:_::~~/'-'~·~:~~'-'.> . ..,'.1)~·:.:~:~:r~'oi\·-~?:~'.~' .-: .: : ·_· 

more) ~as,:a,ttªil"l~9'§.~,~~'.~J?~-~,:ice ofherbivores than in their presence (Table 1). 

Both in the p~esence ~~el ab~~9cf ofherbivores no differences in growth were 

detecteéi among popl.Ílatiri'hi:'{fkble l and 2B). In the presence of herbivores, 

significant differerice's am6hgpopulations for resistance were detected (Table 1 and 
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2A). ThéTictimá.n population had the highest relative resistance than the Zirahuén · 

and Sfo;.Do~go populations (Table 1). . 

· Genetic V:ki~ti~n ~n growth and resistance 

Significa~t-,~~1l~tic variation among farnilies for growth and resistance to herbivory 

w~spr~s~rit.;inol.ll° experirnent (Table 2). Specifically, inthe control treatrnent 

.· _. ·.(herl:Jivgt~~~FeA.?11t),analysis of variance for_eac~ B~pulation revealed the presence 

of sigrÍifi~krit;g~Üeti~variation for ~owth (F14,115 ;,,;;J:.só~ P<<. 0.05) and resistance 

. _ (F14'.i1_s?= <~§{-'f·,~b·.9~.ºfa.~B~-;~;-.-~~~~~~:~~E:5;~~f~Íi~~~~1~Wilarly, significant genetic 
variation on•gró\-\_rt_li':v\T~s ,peteét~(j .f°'rttJ.:te¿popul~tiori' of;Stó; Domingo (F13,106 = 4.18, 

• ~ ~ ,,.:- - \: 1'··','f './. :7: ... ':: 1~·7(,/\:).~:~~~V~:'.'C/~~~~:>:;:.i~'{\~.:. :;:;+:;'.~.--~~'.~(~f1-'.·'.>1Ii'~f~>;.:/f,-;'.'.;'.'.~-~!\/<::;,~:~~~~}1.:,'~;.'i}r~x~;-~: ... .::.':}.-:'.· ;. ; ....... . 
P _< O.QOOl); ~ltlií);_igh_rio'ge~e.tié}y~fia!!oit~;\:\¡'a(q~tecte_c:i~fo_r, re,~istance (F13,106 = 1.27, 

· ·: ._· - :._ ._·:.,::- ·.-:--< t; .. . '·_:::::;~1:::._-.:.',·;_,:·.~?-: :.jf:t'·: ~yc,:_::;·+\ :¡.~>--J-~~t: ·x~f!;·:f··\t}~·;:~·~,,~·.: .. ~ .. -;~~:~,~~::~~>~.;?)·'.:·~.;.:~,i~~~?:.~'.;;.'. ~,r,;~.~: .. ?·;:.:.,_·::/'·~-:"'('·:· .. : .:: ... ," .. ~. ::«:· , ... 
n.s.). For 'the :populaticiri óf-Ziiahuen ,we •Qid.fiot'detect 'sigruficant • gen:etic. variation 

; ~·~d 
for the pópu.l,átiqn[gf S~Ó:"Domingo (Ft3,m = 2.08, P . <: 0.05); while. no variation was 

i.:t::t;!~r~~;~~y;¡;~;;¡;6~uláttans (Tkumán' fo;;,, - 1.Sb; n.s.; Zfrahuén' F,,, -
. ;.>.·. -~~!'<". - .. , '.· ..• >:,:> 
~<~~'; ;~. _,.:·.~e:~:: ~·/. 

Correlatici'it ];~~~~'h fraits and treatments 
. , .. ,_, .. ·e- \<''... 

Wefot1nci_~9.''~~giu'f~carÍt phenotypic correlation between resistance and growth for 

any.of·th~:p6k,4fafi~óns (0:001 < r < 0.026, P >_0.07). SÍrriilarly, at the farnily level, the 
·. ·.··\- ,,::·:··.:-.<'.,.~>.",'S<_:·:'.}.~.~::>~·y:::· .. ··>·:-: : . , :; ... ':-: . .:·.":·: 
broad~ser\!je.gei\etiC:,correlation _between grm~rth and resistance were not significant 

{o.014 ~ r .¿~o.;1'.60;;~~~.;o'.1). F~rnily mea11_ correlatiOns·b~tWeen fitness in the absence 

· of herbivbr~·~:-·a~cí;Q~~i~~~nce wer~ ~erfci~~~d '~6·~~plore the existence of allocational 

costs ofre~ii't:~~~::';·~i~InXw~did not detect any significant correlation that would 
~ ._: -·... ":·\:::·:~'<f·:-/'k,:~<;;.~;.')f:(·}:"::i' \' ·» ,,i·.-

indicate the existefise 'of costs of resistance (-0.29 < r < -0.17, P > 0.29) . 
• o i~\ -. . -

Natural selection on resistance and growth 

Selection analysis on resistance at both phenotypic (individual plants) and genetic 

(farnily rneans) levels revealed differences on the selection patterns among 

populations in the presence of herbivores (control treatrnent). Significant 
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directionalselectionforfügh.er;r~sis:ancewas· detected in. the p?enotypic- and 

family~leve1•·anal)1~e~•fo~ th~·P()Ptí~a~:on ofTicti.~án; (Table§ a~d J<Íg'.lC) .. In 

ccmtrast, no.'signifi~@t S~le2tio~ cm resist<irise to· ft~r~ÍV()~es WaS det~~.ted at any 

·. ~;d~~~~t~1~1~:1f~4il(~i~l~i~~~~~fi#~~t~~~~d. 
fouridfor·. Sto.:J)offiin'go"~a:zir,afüién b:it .not•fóbTi~urriánJTél¡,1e¡3· ari~ Fig.2) .The 

····rtr:·F~~~~t!:ií~~~Th~~i~~~~~f~E~~~tr!l~~i{~::n • 
·varia tion witliin.'.~·IUs,_¡Jop\ila.ti§~'.Ul}'~:~.ditiOn;·· significan t. phenotypic. cpi;r_~látiorial 

. ···:::~ii~!lf itlllf ;;;;~~i~itiif ilie. 

populations /(Gr_o"7.th~~ ~(,p,ü,lá!i6ij';iriteraction:. Fi;;.7 = 4.031 P.~.q:o;;;·ari·c:I··J3.esistancé x 

... ::~~~~~~¡\{!,i-'liil~~l~W~~~:·~~.;~~f il\l'~·growth 
for the p~pulati~n•of:;f{é~ri{á~1(T~bl~~3f FtlrtherANCOV A re~'éaled ·~~ significant 

i~:fa:c~if .f~~~~~~f~~~i~t'Í1t:::.:!::;.~:t:~:=ti~:ahuén 
inter~~tion was du:e to the abs~~c~·kf7s:~lection on resistance fort~e populations of 

Sto.·. Domingo and Zirahuért'(T~bl~,·~);rl'Jo páÍred comparÍsons .b~tween selection 

. gradients for resista~ce ~ere·pJrfJi~~dé·be~ause significánt selection was detected 

o;tly in¡:,::.:~;;:r~f'~~~~li~!;~~~C~~~~u~~ti~i~tio~.on g<oWfu was 

. detected for allthr.~ej:~~ºP"1:1:1~tig'tiS,'ffae.!~i3/!:ig~ 2) '. · For. this trait/an ANCOV A 
·:, · --·"; . '/ .·._' ; ·-:~-J:~:'i·;:nof::~:r¡:~/fi:: :_:\~::,~~::": ~:-~·í;-;\~~r;;y:_~?:~:'c:···':·'.·~:-~:·. : .. : :. · ·· -. · · ·: _ '. - < 1 • .. , 

revealed. signi~iSa.~f(i~!f~f.e~s,~~~i~;:s.~~~f!~pn'gradients amongpopulations (growth x 

populatio.n}~~i~~5M~~;~;~~~~~'~:á:z~i:!3t~.'o~.Ol) (Table 3). A compariso!l of the 
magnitude. of th~ p[\~Ü,ot)rpi~';:~·election.gradients between populations indicated 

.- · .. ,. ·-:: ;-:_<-~~(:··;;:?}-:.~":)~~~·;}~;;:>0i~t::--"/.ti_¿.;:r:~~K:rr<·:._: .-~ -• • . . 
that T1cull1an J:iélci ~·J:i,igJ:t~':"S.~f>P,.~ and differed s1gnif1cantly from Sto. Domingo (F1,255 

= 7;33,P < o.óiy~~Vzi~áhuéh'(F1,226 = 5.76, P <o.os (Table 3, Fig. 2). No difference in 



the magnitude ofthe selection gradients was found between Sto; Domingo and 

Zirahué~ (F1,2.ci9 =:. 0.01, n.s'.,Table 3, Fig. 2A,B). Átthe genetic level, positive 
' , - • , • ' ' • - > ~· • ' 
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directional seleCtion :on/amily means was detectéd only for Ticumán and Zirahuén 

c
7

~~~4·~1¡~~~~~~~~~~lt;~v!~~~:~::::::.:ti~:::;~ 
3.1s,t .é. o:os4)·<:.r~.~1~ 3) :ga,h~E!<.l c?~;Ú'·~~~.s?.D 1J:~een .the two significant se1ection 

-~ . fil!~~~11!~!~~:~~~~~*~ii~~~~~f~~i-~~;t~f~:,gf,~~~t~~~!1ces between the populations 
- ofTicumárt~arid~Ziráhuéri (l:;ú{=;,;0.37;ri:s'.);(Table 3, Fig. 2B, C). 

h~r~j~~¡~l~ti~f ~f 2~~t1ilJl%:~!~\,1~l~t~~fri'[~~~~:.: 01 

.• ~o."\Nth·•'º!l.Jitñ~ss .• \:v'iis' a_et~_cte1t I:fothiat'.,thE!:Pli~í:lófypic;~ct:fa~Iyrley,els.(Table 4 ), 

,~~~1'r! rf~iltltliiillf l\t(tllt11~t 
significant .·(Table ·4): /f\.t,bóth:levéls,. of;'arl~Iysis;ithe: effei:t'off gi:'~w~h:ohfi Mess · ·• . 

chan.ged • dep~f~i~~~*r~tt:~·~~~~i~f1~B-~E?J~~Bt:;~~~;rii(~~fé~;~~~-f ?,;~~~~R7~";~ú ..... · 
herb1vores) (s1gnif1c.~pt;,8~9~~B ~;J'op~l~-~C>Il:,~·:Tf.e.ahn.:.nt•111tE!i:action) (Table 4). · 

. . ·.~:~~:/ic:~i<:-i:~':t n~.''>':·<; !~'Jt~~A :', ;;·: ·:,;:; ,> , .. '., ;·': . ·,;/ ;, .. ,, ~;, ; . 

~~:::::od:~¿~~i~~!~i{i~~'~lfí~¿~s:~o:g p~p~Iatio=·~f D. stmmon;um 

in resistance,t~h~I"~iy~~,o~s,~,~S,e~!~ b~tnotin growth, and significant genetic 

variation in, bpth :ti~it; p~~;dete¿f~d;· The. maintenance of differences among 

population~fu·~¿c;~cfli~~rde~ environment was consistent with previous results 

\fo~q i1{th~)ieiJ_'i(X~Iv:~;de et al., 2001). The absence of a negative correlation 

(,''i·'b~~é~~:'.s-i:()~,tfr:,~rici':j,e~istance indicated that both traits can evolve independently 

·~;,'~ithfI1.~c)1{Y1~#'?.ri~.Natural selection acted differently among populations on each 

: ;';~ef~~~i~~ ~~i{~·:the presence of herbivores. In general, our results support the 

exp~C:tatio~!hat selection favour the evolution of the strategy for which genetic 

i v~i~tion\-Vas d~tected. Both alternatives of defence offered equivalent fitness 



benefits against herbivory damage . The presence/ absence of herbivores 

differentially affected:plant fitness, growth and the relationship between them. 

Finally, our results indic~ted that multiple defence strategies can evolve in D. 
;_ . ___ -=;;-·~---. ;-··-_:; .• _ -

stramonium. ':; :.' · ·•· 
Tothe,ex~~nfthat plants have to deal.with a limited pool of resources, a 

negative c~r~~l~~6i?l:>~~een growth and l".esistance .has been expected (van der 
. __ .. -:,!-- ··::~)::,~:.:;«l~-<:·:\:f~:~:·:o;_~{;:-:·:,::·r~;>··.::,:·:· . · . .· -':.<- ·.:»:. · 

Meijden e(aidiJ2.ªª;ifirj.~R!1lri:i:§;:RaE~I:ier,~.!2~~¿,{[lffiÍ1~ ~OQO). However, little 
;-:--=:'- -~--~:. : .-~ -º: ~ ·:: ~ .. -.. ---.---:~-:-~~?::_::r~."::.::~\'-!-:~::~-;1:;7.:'·-~.1/{F·~~-zi'.15Tt\:.1s .. ~;-~:i., -~:.:.:~;~hz--~~-: >.:_ ·:J;;-·:~:> :~:-4 .\<-fx~\r?:··-~~·,.) ·{;:::;~-~~:; :· ! ,· · ~'.· · :: 

.. evidené:e supp.6rt):his:'assumption'.(C:oley;·,i986fHan & Liricoln, 1994; Stowe, 1998) 
-· .:~. - -· .·~··:: :.--~:Yf;>~"_;!? <'::1• ,¡::~::~~i:·}:;'.~·;t,··:. ~·t,:~1~-~rt4~~2:~;_.~~~~~:;·-~:~~~;~::-¿;¡:)f/.;:~ .. :;,_:· 0.;:~~G.::::· ¿-;'.~~· ,.",1•.:\f .-' ::_'.\~ ~·.·· . · -
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suggesting thafthe~coriditions;under:whié:h' a negative correlation occurs may be 
" . :·.'._ ,: :. ··:.:::.:·--·-.=":-.:<).~:·~·\·:_· ~.~.!t~:~::.t:~;J _:·h~~~;;:,i_;~¡~;z.º:~":._~;¿J}~~\~l~~~;_r:~-.1~~~'.~~:;~:r{~~-.-·:, º·:,_:~-l: .. . -.--::-,_ ·,:., .·:> ... .-: ·- .·::. _ 

more restiiéfiye}l:narlpf.~\i~oúslyFtfioÚghf(deJong & van der Meijden 2000). In fact, 
- : · .'·~" ;:,_ ~·:.~ .. , _/:~:::: :,;~·~"~::~;:: .. ;~~;;;'i!.íW<·.:¿~·f::{I~:·~,~~:~'~I-~~:~i~'~:~ii~i;;~:: .. <t;;~;:_·_: ,:,5_.:·._._ · .. 
severaLexplariatiori,s)h~~e';beeri .Offered recently to account for the apparent absence 

.;.;'.;.~~ ·.:· -~-.:.-.~-- . ·r::.~py:-,t~~?~-'-.i:J'?:~";~z¿;~: "~·:·:,)~t::/:N~~1-.~:·;:.~~\~ ·.~·: -
of a negátive,'?ssoéi~tiofübefween growth and resistance . 

. . -_ ... , ·::-~~'-'.·-~'.~Y<:_: ;:0::~-~ :)~~~f.~·.\::;;;;Ai·~ !}1:.,>:::<?;,:{'. :!._>~ .. 
~irst; tl"le,abs;ence :of'ª compromise between growth and resistance suggest 

. that each,C:ÍÍ thes~! t;~i(~'jci'~y ~e Úmited by different type of resources. The synthesis 
' •. " ·' r •.·;- '•' •.,".· 

of the precursC>~ Óf"~onde1:lsec:i télnnins (phenylpropanoids) competes directly with 

the synthesis of protei~~' hence with growth, because share the same precursor, 

phenylalanine (Hau'ki;j~·;t,aL, 1998). However, pt~~~:Pr.2~~C:~$.of.secondary 
• • ::·::,.,. : ·< ; ·<·;-· .'·, '_·"¡ ... · . · -· .- ·::·~ · =\~~:~~~~f~;:·:;:~.:·:.~.'.1Jt:t~ .. :;~~}-~V·$;<'·~ ~-<:> :· :' '. • 

metabohsm hke terpeJ:t()I4~aJ:ld.hydrohzabl~.tél~'.!;l~i9~~~?~'.Ci~rectly compete w1th 

growth (Haukioja .et az;}'.i~98):}1fo~:!J:i~,:~~P.c?Et~~fi~~:,{~i:~{#-~'~e::'~ú between 

growth s.::~~·~¡i~Jf~~~lili~tl~l-~~~:.::~~;:ds oruy. 

alternative:S ( cie J cjng ~;v~,,ger>:tqefüiE!i:};' ?QD0)'.'~11é'fispeeialist herbivores overcome . > .. ~;.:·.:~:o·,·, '. :: "~-~ .... ~,;:~:,-.. ,-. .f!?c: .'· -~-:.,;:/··.-.·~~;:¡;';.~:::~7~:::':;:~-~~~;.,.~:-,~:.'~~>;y-:,F~·:.,:e·::~-?;::;?~"·~ ·;: -;.~··-_ . 
'· plant cheinical defences!whiiei'/gréíwiliicoñipéhs'ation reduces the negative effect of 

- . · .-·_¡ · . ·; ·---',;¡ -.º ·,·\·!-~:\ ·~~h'.·~;.::fíj;9,.·:~t~'f;~.~;.:~_,:.~;f.f,:;·.:'.~'~)-. '1 i~~~~c:?;l~:~t¿;.:J.~:.~:·5~31>:r:::<?~i~i~:\~-~~~:·~~~\~:~i~, :-.. ·_::-~ · · 
specialist her1Jivqr,~~;~r,esist¡;inc:e-~yqids':the·attélck'of'generalist herbivores (de Jong 

'• •: •' ·;:·: ':/ ~~: .. ._ :•,;.:·:·.;; "•' •:;';Y/:!::·-~{-~{'.I:: • ;~~-~<·>/;::;,J;>;'f'<'.~~t~·;:>.,;t(~~ ~-~ •::.:~t":,r::.:~:>~· ~'.;.;';·:·.,.:.: ,' \ ·,. ~','; .' , 
& van der Meijdén/2()0,ü;Márákéf!/aZi;'2000}: Although in our experiment plants 

-. · :-::-~:_" : ;-:.:,: .,"', :.: .:_:~:-~,:~-:·7· '.:::·~r\;;,: .. .,:z;:;~\;:: ~?,;~~~··Jt·:1.\=.:+~'.~w- :·~~;~}.(;}?i~~·;' .. :· .. \';.:.·: · :~< .'.. __ ... ,,·,., ~ · 
were eaten.:1J)\~ót!i sp~c::ia4~ts:(te;:,Lemma trilineata and Epitrix pa17lula) and 

generali~t.\J1.~fbii~~~r(i:~:;;~~J1e~1~rui1;1 pu~urascens), no data are available to 

suggestth~.:eff~~t;~i'~¡·~t'.~esist~hce upon specialists herbivores. However, for 

som'.e plaAt-h~~!,i;Jó,z;e systems, specialist consumers ha ve circumvented plant 

resistan~~fuecha~s~s (Da Costa & Jones, 1971; Metcalf, 1986; de Jong & van der 
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Meijden, ZOOO; Marak~t al'.; 2000); Thus further · information is needed before 
_., •• - • ,,. - ! "• •O' • • ;,._.::. ··,_ -·-'- .;-. ' • 

. generalizing ·this ·hypotl\E!sis./ 

.·Third,if~l~ts.~ifferiht~eiiabÚitytoobtain soil nutrients and/or water, 

::!:i:r~~if {~¡1~~!~~~~K~.:¡::~:~:~~º::1~g::º:::1:;1 

resources.(Molej\J.Q9~)f'•A1t:hq#gli'.i,1f'.§tir:experiment all plants were exposed to the 
'.. . : ;._;-;,:. ·. ~ ·: i~·:, - ·.~ ')~'.\', ~ ·.'~. ~·~-;;:,::··i\:!._--'.."('':%;t;:,. _.:,'{''.'¡--~-.:-; ·t:-~-:·:~: :-·,:·:-."::.!~~§~-, ·.· :_< '" .. '·: 

. same abi6tic:conéiific)ns),díffererices'.;i:üñoilgindividuals and families in rate of 
- _- --- ':'-"-º- :" : ~~'.f- ~~:-?~ '1,7~'-_:;J~::-f;'f'.¡':-~t,\'~~'-~'~o.t?t~S°-f~~f~-:~:{ft{:'.~~~?~0\~?-~~T,:,_.- .... ':_- ;- --e'. - .- - -

resourée caphíre:'~o:U!d 'accountJór:;t}je';absence of a riegative correlation between 

gro,;~~t~~ri~f !~f i~/~it~tist~í~~~r~~·1~~é15 ~f ~f:.~t·~re damage may 
constrain the.}:>ieserice;ófa}tiade:off(Róff;'!1992;,Mole;:1994):,For instance, if plants 

· ·~an.·o~t~i+'.~S~~'.~~'.~~fl ·~~~~~:~{~~;~~~~~~;~~~~t~f t~~~~~,·~~1!~~~~~t~Fc~;• no. trade-off 
is .expec:b~d:ll}'ó4i: e2'EE!:ri1rt:eÍ"lt,jlE!yel~ C?f:d¡;lll\¡lge;,vv~~e,comparatively·lower than in 

'< . ' .:':' .. ;: .. ; >~ ~ ):~-;~:;·<,-~/11¡; ··:~{}~':.'i~i'i:i~:;;··,:'.~}:/•' ·'.·?{:·:; t~:1:'.:.::-·~?;'·~;,,.~_~:;::;~(:~-»¿t:~~~;~ ~~7:/,-~;?-i.//'.·. ·-~tl"~\,í' ·'1\);': ::.~'_:,. :· ~.: -' .. 
the·field.itlld•experim~nfal•recor~s'(Núñ~z:.Farfari'.~H:>irzci~·.1994; Fornoni & Núñez-

Farfán,-fOQ~;1y~!~e~*e;:~t ~{; dbo1)','~~~~~~~~jh~,f·'~~~rit~ possibly experienced less 

stressfúl éon~Hions than in their na ti ve habit~'ts. Iris expected that under strong 

resource ÍiihÜ~tion or herbivory damage the opportunities for the existence of a 

negafrve c~rrelation between growth and resistance would be higher. 

Growth ,and ~esistance as alternative strategies to cope with herbivory 

Em~irÍcal and theoretical evidence indica tes that increments in plant growth can be 

a~so~iated with a compensatory response to herbivory (Belsky et al., 1993; Rosenthal 

& Kot~heri., 1994; Strauss & Agrawal, 1999). Sorne studies have shown that fast 

~()Yvi11g pfa1l1tsa7e bett~r able to compensa te leaf damage than slower growing 

plants (yat{d.~r.1'1eij4en;et al:,}988; Jing & Coley, 1990). Hence, growth and 

resi~t~rice;M~'y~,.~~ih'~ó.~si.~~r~d;~lternative strategies of plants against herbivory 

(van der'NleiJd~~·:it'~L,cl9SS; ij.erms & Mattson, 1992), although little empírica! 

evidence h~s~'sC>iifliªecÍ'su'~h.~b~~ention in natural systems (van der Meijden et al., 
''_. \' ~ .. \<.'. <-- :-: __ º-~~':·_, <.:::j-L,'•_': -t<'-',{:... ..""~:.' __ ~ . :.~,>\ ~-;;.~:(·(':;;:~<- ''. . ' 

1988; Fin~bl1.lll1'&~R~1is!jer>1,9~,s;:·,ly1a~ricio et al., 1997; Pilson, 2000). In our 

· experill:1e~i,.P}.~~'.f>.~R~!~~;~~~,;~~;~()r\cÍed to the same herbivory pressure through 

two different alterriafi\iek of deferié:e. When herbivores were present, growth was 



: { 

positively s~l~ctediri plal"lts .frornSto: Domingo andZ~ahuén, whereas resistance 

was selected.in.plaijts froÜl .fic~rnán. Proyided averáge maternal fitl1ess · did · not 
,. ·.- - .··" ,.-~: ·•.. ., i ••• -.·. . '. - '.;''-< :_ . . , ,. - . .· .. · .. .. . '· . ·. ' ...... 
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·differamong:popt1iaHOn~:andtlÍ~t the magrutú.de anddiréction of signmcant 
. --~- - -~· --- --- ---~:~ •. -o~~~·r:·~;-··.~"°~-;:--:::":o'.~~,~ ;,-,_~;.#::::+~:s,.:.-.'-~--.~~~ .. ~~-<.~"'~~-:~;i~~<'.:.-:t" ~~.};=~~:--~<-~_¡;.~,¿: .. ~::.-· .--'.<5o'- ·-,:.-o_·<· --.'·~""."->·. ----;~· ... ·~'·T:~V:?"::-~~:''-'·'>~;~.'.- ·::-~e--, .. -. ·. ·'.'""':~- · -.. . · - ·-
sel ecti on · gfa~ieh, ts;for;'résista~.ce :a11~ ;.growtJ:i (herbivores present) ~:er~.shnilar, . our 

change as, averise ieve1s of ctamage anct/o~ resourc·epiriUtation ctifferentiany affect 

uniú~~t~·.~[~i~~·~ª~ºri to each strategy (T~~K~g~~%Dr;~¡-~ .:~.;;': .·. . .· . 
In nafür"a.l.systems, the plant's abilify)g•.éqiljpensaú~ leaf area lost dueto 

herbiJ~fY .. ~Ei'~~~~~t;·~a~yanta~.~s .. (I-l~r,~1.~~m~¡~~&~J\~~~f~·5~~ª~4~~ .•. &.Agrawa1, 1999; 
Tiffin, •. 2000) ;•~l tl},i:Jugh tJ:te · ada ptive • ~ol,e •º.f.: ".91!.1 p~i;~.él:.tis>!f. a:s él• ?el.ecti ve response to 
: : . - · .''\' ,'.. ·'/,~·i. -~:··~-:~'~:~,~,-·;;~7;·::y, ~:::r -<··. 1~?:./'.- .: :~: :' ·· . . :·; ~:··::AS:/-·:<·" ·-·~~~~y·.·~,[:¿:\{:i::11~~~~{;~~~~:;\~':.-!~,,>:t{{\:,~~f;;,·;. :; ;:-,;~,:-'.: .:::~.: ... : · '·. -. . · 

herbiv,oryhas:,b.éen'debated .. extensively:(Aarsserii&flrwin,~1991; Bélskyet al., 1993; 

~:::'.~~~J~~!ll~,lllWll,!l~ti)~iti~f~;·::: Ieru 

comparison·of s~1ection'J?a.tbfü1s:i.l:i~!'.'Yee_n'.p1atifs''jül:jfüét~!=1Xtéi'':Jierbivores anct plants 
.. º . _ < ., - :.c.. -. :~ :-:, ·:- ·.;:~:::::::.- :::.~; :·· .. ?-;'.,;-;:·':·-:~ff,;.~-/~;::~:'.,::~,~:;/~::~'.:'.·~~::,~~~~ ~I¿~)F1,:.~;~::;x~-..-~:1~::~·,~-~·!~~'.i'.f:,:~~f.J:"~?\~:1:;·.,.2}~:t, : .:.· .. _. 

without herbivores can.r~'7.~é~fü~1~étl]~~~!raj!s'.ge1éÍtecH~~X~óínp.eJigation are part of an 

adaptive respo~s:e.·a~afüsf~~~~~J~~fr~{~~·~p.~~f}~~t~i~.~t~.j;j.~~)1·:Tfils r~tionale assume 
that compensation of herbivory.'damage impose•allocational costs m the absence of 

.' .. ;_;_- .--:::\·>1:';:. -':.':·;~~~:_,~-:_,~,:~;;'.}.<~::.", '. ,-~'.:.\-«:>·~,,:;·~<t:-~f1f~~.';-:~~;:~;rf:?~-~·;~i~~?.·t: .. ~· .. :~;;:~~{>:-t-·,_ '. · -_ , 
herbivores. AlthougJ:1 we .. d~ted~·~ .·asignific:ant;Gró\.vtli'x Treatment interaction, 

patterns.of selec,~()~\,~·~J·~~hf~rt~~'po~ül~tio~'$~~i~~owth was selected in the 

presence of heii:>i~6~~~·:(L~·./Sto. DoÍitlngo and Zlr~~eri) was not altered in the 

absence ofhe~~i~b;~~. Thus ~~r results do not support the hypothesis that 
' . '' , ·. ' ( : ~,. : , . ' . ' - ' .... 

herbivoresa~e,the.principál selective agent directing the evolution of compensation 

by gro~~hi~ Ó .. stmmo;1~ium (but see Mauricio, 2000). A possible explanation for 
J • • • , '. '··- ·- ,•, - • '- • • , 

undetecte~,differ~~¿es in seleétion on growth between treatments may be that costs 

relateci to có~f>erisátory.growti:i ~ªY be harcter to ctetect uncter iow ieve1s of 
' , . .. , - ... -. 

damage. Althé>ugh sorit~ .stilc:Úesindicated that costs of resistance and compensation 

increaseu~der high stressftll conditions (Herms & Mattson, 1992; Bergelson, 1994; 
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Hochwerider etal., 2doo)>_stifffJrtLi ~v~dence is needed to determine the 
,. ' - ' ··' ¿; . '·-. '" ·.-,. -.- -·-·;f.-· . :: 

relationshi}J .betwe~n ~espU:~ce n~tatiorí and the magnitud e of costs. 

Su~a~i:Z:i;g)~Ul";.r.est.tlt~a~d a new piece of evidence supporting: (1) the 

~b~~~~e~6ty?l1;~~~~~:·~~~~ci.~~6~~b~t~een growth and resistance against herbivory, 

and (2)the .hyp:bth~si~;th~:t bbth strategies of defence can represent alternatives 

• again~t h~rbiv6})~~S#Jfü;~~;~Thus, both strategies of defence can evolve 

.· sirnultar\eously<"'7ithfu p~pulations. Yet, the conditions that favours the evolution 

of.multiple defensive strategies within plant populations remains to be 

investigated. 
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·Table 1.~Meansfor gi~~~h:_(~b~()1A~e.i~cf~~e_nt~n].e~)1r~~Jc§2j' during 

40 days), _ ~esis~ance ( órily ~ea's.tlJ:e~ it:the preserice_~f :her~ivpr)? )'<fnd •_ 

;:~:;:J~±!Jt~~iii'~~~~~~kjt~lf ~~f~o::··•. 
' ,J .. ';¡:,;i.' ·. ··,:._>;:;''):\>. • > •:, '.-,',<'; ~· .·,.,_•://~' <.~ ~<:.:;,.~~\ 4'>;, • ~ • /,, ;··,:, • -~;'~:,j :.D·,:·~·'.- .;~~";.:; ,·,v ••, 

---· ' ~-~~~~~;~\'.¡;_~--~~~-~~ ;-:_c:~~,~2,?-~~~~~+;~~~~;~.{~~od;<~;~~-:'.,~~-:;.~-?::::?:~i--.:E'~~;~:,~J~¡~\:~-:;;~f~'.~~;~:~~~\~4~~~~ ~\'i-~_:,·~- :-_,-- --~· 
·1c1;e..,;i;~:~!3'T:f.1:~Xº·f~~;_p,r~~,~~;>:;.g -'~;;;- "r:···~~f:Ri~.~te.~~-ª}?se11t .. 

Populatións -·····9r9';:¡}1¡@)~;~f~~~Jc~;f :t~.~7sjsy : ··.· .. <:;,r9,f~?{ ";cf itriess 
·\'\;'::¡1q-:::,¡,, -~'.:0 );:'. p' )~~· •• ;:: ';._. ;• ,, ', 

Sto. 
Domingo···•· 

Zirahuén 

Ticumán 

Average 

. 130.39 

(72.24) 

97.55 

(42.33) 

105.26 

(28.65) 

'0.863-'' 

· • tfü.aosr· 

0.877' 

(0.006) 

' ' ' 

.0.895 

(0.005) 

' ,0.879. 

(0.003) 

' 538.4 ', 

(45.91) 

• ~4~t46, 

(33A6). 

'541.61 

(22.24) 

: :96.04 C:' •;,56,2.01 

:{63'..78)::; :,(45.49) 

111.23 526.50 

(80 .. 26) ' (55.38) 

90.35, 

(54;29)' 

97.83 

(37.50) 

775.12 

'(103.17) 

637.77 

(46.24) 
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Table 2. Ne~tecF~nalyses· o(variance ¡jf resistance to herbivores (A) and 

growth (B)inf>iarits i~pres~r:_~g;39 families from three populations ()fDatura 

Character ,· .. t!· Sotirce · ofváriation · 
;:-.,.<:'..';' ·,<<·· ... ~,,.,_;:_ ,~.:,,~,,:_'.::"·:.> '.,'··. 

A Resistance ~~=~k~f ;!;)n;c:. 

·.Etie>~~·· 

B. Growth Popufation 

· Fa;n (Pop) 

T~~atÍn~nt • .· 
Pop_x Treatment 

Fam (Pop)·~ Treahnent 

Error'. 

df 

2 

36 

296 

2 

36 

1 

. 2 

36 

608 

SS F p 

0.1329 6.96 0.0027 

0.3458 1.48 0.0417 

1.9136 

0.0024 1.30 0.2834 
···--

0.0333 2.17 .··.·.0.0110 

0.0026 .. 6.21.· 0:0173 

ófü~92 · .•. 0.51 0.6028 

. 0.0152 1.25 0.1479 

0.2053 
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Table 3. Directfonal(/3;) selection gradients on resistance to herbivores and growth 

for three populatl'ori~' oÍ'ÍJai~;a str~monium in the presence and absence of 

herbi~~res; .sfanclar~:errC>rsat~;@~en inparentheses. After jackknife analyses, 

~~:,ti~ri ~~~'~f ~~~~Jf~~~~: •P < 0.05, ~p < 0.01, •~p < 0.001, n.s p > 

Populations .·: ·Charaders::·'· ;;:.•n)::Herbivores present 

.•••••.. H •• •• ·-·~ /'. .;L~D;;~'..~E·· . . . /3 family 
. . .. . . . . . ·. : /j : ' :B~i~ritjrpic means 

Sto. 

Domingo 

Zirahuén 

Ticumán 

Resistance 

Growth 

Resistance 

Growth. 

Resistance 

0265*** 

(O.Ó57) 

0.068n.s 

(0.051) 

.· 0.310** 

(0.075) 

.·o.048n:s 
<' .. 

(0~971) 

0.108n.s 

(0.061) 

0.219**. 

.. (0.069) 

0.166*** 

(0.045) 

-0.173n.s 

(0.103) 

o.341* 

(0.196) 

0.255n.s 

(0.179) 

-0.141n.s 

(0.099) 

0.290* 

(0.114) 

Herbivores absent 

/3 
phenotypic 

0.355*** 

(0.069) 

0.317** 

(0.088) 

0.668** 

(0.175) 

/3 family 

means 

0.014n.s 

(0.173) 

1.666** 

(0.469) 

0.983* 

(0.390) 
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Table 4. Analysis of covariance. ofthe~ffects ofgrowth>,herbiv~rftreatment and difference 

among three populatións onxelati~~,fitriJss,in'plcfuts;~f;ÓaiUra ~tfdmonium grown in a 

common garden. Analysis bas~cl b~Ízlctivid~~lval~es (phe~~~pié: ~nalysis) and family 
~eans values (family 111é~"; ~~Íy,;¡~f:-\''. ·;f/~~; )J;y ':~:;,~;t·;;·~-· " 

-:\:;_~:''. .~-. '.f'. . ' ....... '<<; .. \) :2,> '·;. 

Source of variation. 

Population( · ·. 

Treatffierit 

' ' ' 

Gr0"'7th xTr~at. 
Gro~·th ~Pop. x Treat. 

.. Error . 

·_::~ ,~ :\:·, .. ~·s·;~:.. .. ~~út - ,:.,' ·. ·· 
-·. · · ·;:: .. ~:>:'-'.::,;~i0·~ - ~.::}-: z·-\ :~,~,:---.• ~ ,-~ .; .. ;;,·.<-:~K;:.,;;;:.:,:- ;· > · 

r:hen~tyf>k,,~n~y,st~::{ii,:'.:i~W.·.:;c·.· ,· ~Family means analysis 

df SS ·'·; r.E,;:i'Jd:,Lfül'-"'i'_~02~~:~df SS F P 
-- -- ---e;-,,,-.·.-:·--;- r;~: :;; . .,-_-;:-_ '•-:-";:-~:.,,:;..~;-""- --.-7 ·.7 ' ··.e,~- •, ~ 

2 2.34,' 

1 5.47 

2 11.28 

1 84.82 

2 4.71 

1 10.09 

2 16.79 

670 765.61 

0.411 

0.277 

1.98 

2.67 

0.1452 

0.1066 
;I·93Xt2·3,59~f'." ·> · 2 

:4;~~.;::0R:º2,~9~:. ' i. 
, o.ni . 3~49 o.0362 

74.22. 0.0001:; 
·:·~:::-.\:: .•';, 

2.06 .o.1281.~ · 

8.83 0.0031 

7.35 0.0007 

"" .·. 

1.263 < 12.19 
¡ ~ , '.::.L' - r ·; ·;:;:·: :: 

, ;;o._sn:. •. 2:46 

· .. ~·· .· 'a.381. 3.67 

2 ó.881 4.25 

66 6.835 

0.0009 

0.0925 

0.0594 

0.0182 



:-· --· . ·- -. '·.;_ '·· .. _ 

Figure l. Relation~N~.b~n.0ee~'.re~icitial;rel~tive fitrtess (after removing growth 

effect) and standaÍdiieciiesi'stéll1~~·t~he~bivOious in~ects for three populations of 
---·-_-'-o.-,•,;-. ·- '.:' .i.·:.=~;.;_-=.;";-;.o'.~ i~.~~,;-~::,'.-~::·-;-.:.,'_;.:C.'~<_C __ ~-~-(-·.~;....-·_ --=.- ~_h.;¿- ·- - - ' - '- ~ -º - ' "-~ - -

,.,., .. '. ·.-·., .·', 

28 

Figure 2. Linear relatiori~llÍP. b~tween mean family value of fitness (total number of 

seeds per plant) and gt'~~ti:i f~r three populations of Datura stramonium in the 

presence and absence of herbivores (see Table 3). Significant ( - ) and non significant 

(---) selection gradients are indicated. 
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Valverde, Fomoni and Núñez-Farfán Fig. 1 

A) Sto. Domingo 
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Valverde, Fomoni and Núñez-Farfán Flg. 2 

Control treatment Insecticide treatment 
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