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RESUMEN

En este estud1o se abordé el anélisis teérico y experimental de la vanac1én

cuantltatlva en rasgos de las plantas (resistencia y tolerancxa) involucrados en la

, mteraccwn con errugos n: vturales (patégenos y herblvoros) En parncular, la

: pnrnera eta

B jsimple‘z ‘(cé o

a bla‘vdéf;énsaﬂen:pl}anta
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ABSTRACT

In+ this sﬁidy I meofeﬁcall)' and experimentally evaluated the adaptive value of

. quanntahve vanatlon in plant defenswe traits (resistance and tolerance) against
- natural enenues (herblvoresdand pathogens) The fxrst chapter of the thesis presented

i : an» optmfuzanon

el'of plant. ,'defense evolutxon The main goal of the model is to

esis that could better hnk empmcal evidence with theory.

_._propose vya:t‘eisxt'abl: h

lection onntolerance partlally vahdate the rnodel proposed and can help

f5;fﬂfto understand spat1al‘ patterns of plant defense alloca'aon T
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INTRODUCCION GENERAL

“El estudio. de las mteraccxones bisdticas consiste basicamente en el anélisis de la

respuesta fenotlplca de los md1v1duos de una especies en relacién a los fenotipos de

los 1nd1v1duos de otras espec1es (Agrawal 2001). Histéricamente, las interacciones

,ent—re plantas y amma]es han atréido la atenc16n delos ecélogos evo]utlvos, debxdo :

marxposas y sus. pla.ntas hospederas, se consideré durante aproxlmadamente 30 afios

quela tinica forma de respuesta evolutiva de las plantas a sus enemigos naturales 4
eran las defensas qulmlcas y fisicas. La funcién principal de estos atributos
defensxvos es la de reducn' o evitar el ataque por parte de los enemigos naturales
(Strauss & Agrawal 1999) Asi se defini6 a la resistencia como una forma de defensa
cuyos componﬂentes,mclqyen la presencia de (1) tricomas foliares y caulinares, (2)

dureza de las hojas, (3,)‘producci6n de compuestos secundarios como taninos,
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alcalmdes, glucosmolatos, etc (Rosenthal & Kotanen 1994) Estos componentes de la

resxstencxa pueden ser mducxdos ’or el ataque de los consumidores o presentarse de

defensa podrian funcionar como altérnativas defensivas en los modelos de defensa en




neBlum & Rausher 1995; Mauricio et

her ] 99 Fornom & Nuiiez-Farfan 2000;
-Mauricio ’7000 leson 2000 Stmchcombe 2001 Valverde et al. 2001, 2002; ver Cap. III).

Sm embargo, los estudxos empmcos revelarcm una fuerte inconsistencia con las




S'la presencxa de alca101des (scopolamma e hxoscxarruna) con funcién defensiva (Shonle

_fBergelson'ZOOO) y. ’mcbmas follares (Valverde et al. 2001). Estudios recientes

j'_mdxcan la ausenc1a de mduccxon en los niveles de resistencia (Shonle & Bergelson

; ‘2000) Las poblac1ones naturales de D. stramonium en México experimentan niveles de




dafio ) por herbivoros variable (10 50_%) pero regular entre generaciones (Nunez-

Farfén 1991 Nﬁﬁéz-Farfén & Dirzo 1994 Nﬁﬁéz-Farf:—in et al. 1996; Valverde et al.

requlslto

5 Asxmx I

para poner a prueba los supuesto del 16'(6&1}5 ‘I) El estudio abarcé el anélisis

de la variacion genética adltlv _anc1a en dos poblaciones del centro de

. Méx1co, y un anéalisis de selec 6n natural que opera sobre la tolerancia en ambos

" sitios. Este analisis se basé enun lsenoiydve transplantes reciprocos combinado con

: materlal provemente de cruza
presencxa yla varxa‘ 0s y beneficios (en términos de adecuacion) de la
' to]erancxa En con) nto este capi

; “o'p‘errhitié validar parcialmente la propuesta
e -teénca de] Capitulo I ‘

1a1élic_as; Por 1ltimo, este estudio también evalué la



‘Los Apéndlces I y 1 presentan estudlos experimentales complementarios al

proyecto de tesxs doctoral“Ambos estudlos abordan la evaluacién de supuestos y

’2002) explora

c1ac16n entre la

Mu;raf' Loi don, UK i

de ]ong, T. ] &.VE vaﬁv der Meljden 9000 On the correlanon to defence and
reg-rowth in plants Oxkos 88: 503-508.

Ehrhch P.R. & P. H. Raven 1964, Butterflies and plants: a study in
:oevolutxon. Evolut;on 18: 586-608.
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CAPITULO I

DINAMICA EVOLUTIVA DE LAS ESTRATEGIAS DE DEFENSA
DE LAS PLANTAS CONTRA SUS ENEMIGOS NATURALES:

TOLERANCIA Y RESISTENCIA
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- ABSTRACT

In t}us study we.present a 1mple optimization model for the evolution defensive

- i strateg1es/(tolerance and res1stance) of plants agamst their natural enemies. The

nd ;sjpatfial variation in levels of

 allocation to different defensive strategies.
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INTRODUCTION ’ ,
During the last decade, the understanding of plant-enemy interactions has benefited

by the mcorporahon mto models of an ublqmtous type of defense (i.e., tolerance).

Tolerance has been defmed as the ab1l1ty o plant genotype to reduce the negative
(e. g herblvores, pathogens) on plant fitness (Rosenthal &

& Agrawal 1999 Stowe et al. 2000). Unlike resistance (i.e., the

ttack of natural enemies), tolerance is not considered
s’:of_ herblvore or pathogen populations (Rosenthal &
1ffm 2000a; but see Stinchcombe 2002). Consequently,
hrmt reciprocal coevolution between plants and their

ion of resistance prolongs such coevolutionary

plant tolerance and res1stance to natural enemies has

iggested that they represent two alternative
fense '(Fineblum & Rausher 1995; Mauricio et al. 1997;
de et al. 2002). Specifically, these models predict a fitness

ve peaks, one corresponding to complete tolerance and the

e 'The expectation of mutual exclusivity arises from the
lerance and resistance are increasing linear functions of

:ra\}ing both strategies would be redundant. Thus, natural




4

costs and beneflts of:these characters BInbaddmon e show that alteration of these

i assumptlons in ways consistent with empn'lcal m.forma’non about the nature of costs

B and benefits leads to predict that 1nterrned1ate levels of both tolerance and resistance

' may often be favored at evolutionary quﬂibnu

EMPIRICAL BACKGROUND i o
A substantial body of empirical evidéncfe has iim ybatéd'ré‘garding the nature of
costs and benefits functions of plant defenswe characters ThlS information not only

indicates that some assumphons made b previous models were not completely

how those séump’nons should be modified.

correct, but also suggest in'son
tion’ }uchvwe relaxed these assumptions

this evldence.
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f' The shape of cast and ,beneﬁt functzons '

: et al 1997 Trff and«Rausher 1999 leson 2000) ‘The vidence thus suggests that the

consequen s Of nonhneanty of cost and beneﬁt functlons ment examination. We

evaluated tl'us, by usmg quahtatlvely 51m11ar form of ost’functlons like that
hich a clear mechanistic basis

: resented by Skogsrnyr and Fagerstrbm (1992) fo
i was developed In our case, we s1mphf1ed th > number of parameters associated with

. the forrn of the cost functlon w}ule mamtalmng a qualltatlvely similar shape in order

'f_to make the analysm tractable

3 ‘ ;{’:A"Relatwe values of i
£ A second 51rnp vious analyses is that the costs of

' maxim , equal However, several sources of
of thi assumptlon F1rst the only
on costs of olerance and resistance

1£fer;(Pllson72000) Second, two studies

T have demonstrated experimentally.that costs.of e51stance or tolerance are higher
Hochwender et al. 2000). Because

i., when resource are:more hrmted’(Bergelson 1994,
tolerance and res1stance are frequently genencally uncorrelated (Simms & Triplett
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. tolerance are equal we' are able to explore the consequences of environmental

o variation on the matrrutude of costs of tolerance and resistance.

THE MODEL ‘

The standard approach to modelmg the evolution of defense is to assume that each
additional unit of resource mvestment in defense increases both the benefits and
costs of re51stance (Slmms &. Rausher 1987 Fmeblum & Rausher 1995; Mauricio et al.

1997; ]okela _et al. OOOﬂ_Tlffm 2000a) Thls phenomenon is typically modeled by an

(1)

- where Wi is the fi

plant‘wifch no ﬁole:ance

Fd mcrease in flmes 'assoc1ate _,ef;ts of resistance and tolerance, and C(R;,T)
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general model we begm our analys1s by descnbmg thexr assumptxons regarding

these two functlons

(1) LImt costs of allocation to reszstance or tolemnce are constant i.e. costs increase linearly

w1th allocano to'resistance or tolerance ThJs assump’non is represented by the

nefit is attained. Further
the model considers the
‘to defense is expected.
istance and tolerance. This

i ‘CR

(5) The combzned beneﬁts of 1eszstance and;talemnce are less than additive. This assumption

1rnp11es that for an md1v1dual plant being completely tolerant or resistant results
. ina greater beneﬁt return than having a mixed strategy of partial tolerance and
o re51stance In Mauncxo et al s model, a multiplicative interaction between benefits

‘ of re51stance and tolerance was employed to produce this kind of sub-additive
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relationship:

B(RT) = B(%Rmax/nTmax)

the cost functlons

and




'Mlﬁez-Farfén, Valverde, Rausher ©

of defense increase per unit
same for tolerance and resistance.

ieter space for which any benefit of

w en a >1, marginal costs will increase more

pward cost function). We believe this

ur under resource limiting conditions if resources

‘allocation to other fitness-correlated traits. The

B('}’]Rmano) ‘y_(bB (Rmax;o)

: B(O,’}QTmax) = ')”bB(O Tmax)

e effectlveness of defense (Fagerstrbm ta 1mms & Rausher 1987; Jokela et al.

re b> ‘Introducing these assumptions into

t 7::"2000) we also evaluated the conclmon

& _equation (2) yields:

M/i = Wo + Bmax[l - (1 —Ylb)(l _'n )] ”_ Cmax('Y1a + w“), (3)

The fitness surface correspondmg to equahon (3) was generated for a number of

d1fferent values of the ' ar

eters a and b, by calculating Wi for each combination of

(n, '}'2_) where " and - ')a took values between 0 and 1, and using increments of 0.1.
: : Equa’non (3) was evaluated for several values of z and b between 0.2 and 2 (see Frank
: 71994) “The other parameter values were Bmax =1 and Cmax = 0.7.
~ Allowing cost and benefit functions to be non-linear produced, in some cases,
= - adaphve surfaces that are qualitatively different from that predicted by previous
models (Fineblum & Rausher 1995; Mauricio et al. 1997). While some parameter



.. when d7;>'_

L : of mtermedlat tole

EE same as m prev1o
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combinations do~pvrcitiuce' 'bé'f’imess surface with two adaptive peaks, one

corresponding to , "rt‘ollérance, the other to complete resistance (Fig 2A), other

urfaces with only one adaptive peak corresponding to
intermediete ol rance and resistance (Fig 2B). Moreover, the

evolutio‘na;ry | by F1g 2A and ZB seem to depend in a regular way

on the rela

Conversely,zwhen a < b the fitness function presents two peaks corresponding to

either maxunum or minimum toleranc and viceversa for resistance (Fig 3B). When a

> b,-the_rheight‘o hé'adaptive-peak (W “ x) 1 increases as a function of the positive

dlfference between a andi b (F1g 4A) Conversely, when a < b, the height of the

adaptlve peak ecreases as the negatlve dlfference between a and b increases (Fig 4B).

A neganve difference: between a and b will correspond to a situation where there are

: little scopey-for an 1tness return per unit of defense allocation. According to the

‘Equa’non (4) ‘was numerically resolved 200 tlmes for every combination of Cr and Cr

values between'O and 2 at.0:1:inte ’als, and lettmg Bmax = 1. Values of ¥s were the

alyses Nu_' erical explorahon of the (Cr,Cr ) space indicates

‘ that the condmons fo th exls nce of two alternative adaptive peaks depend on the




A da}pnve peak corresponding to that defense, until

ax1mum cost exceeds the maximum benefit. As long

ce are linear, the adaptive surface retains two peaks

tal benefit associated with resistance and tolerance as
B(RT) = Bmax (1 + rt kma)
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When benefits are additive or more than addi’;ive'( kZ 0), the fitness surface has a

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

long as the maximum benefit, Bmax, exceeds the maximal costs, Cmax.

Rela.xzng Multzple Assumptzons In the second series of analyses, assumptions (1), (3),

(4) and (5) were relaxed 51multaneously by incorporating equations (3), (4), and (5),

1 tho equahon

b kﬁb?_,»b) - Crp? - Crpe. (6)

.pe‘offa,d:apnye surface in Fig 6B depends on the relative

+t the area correspondmg this
‘fvalues of a and b ‘When the

. ,'opportumtles for th ex1stence of adaptlve surfaces with two alternatives peaks is

ositi'\ie{diffefenc’:e between a and b increase the
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proportlonately reduced. Conversely, when a = b, the area below Bmax will
- correspond to adaphve surfaces with two alternative peaks as that predicted in F1g
T Fmally, the presence of adaptive surfaces with one peak corresponding to

: 'mtermedlatelevels of tolerance and re51stance appears when the parameter that

: _,descnbe;the shape of the cost functxons (1»e u) 1s greater than the parameter that
. describe the shape of the benefit func ‘on :e b) (Fzg 6B, D). In this scenario an
E _ intermediat peah will represent state of evolunonary equlhbnum

i ‘Within these c combmatlonsof

. .blas ward re allocatlon to tolerance than resistance depends on the relative

sts and benefit functions whether the peak is

; “values o costs for both strateg1 For example, when costs of tolerance are lower

than those of resxstance (e Cr< CR) the mtermedlate peak will be biased towards

‘more allocatxon to tole ce than res1stance (F1g 6D) The reverse is expected when

costs of re51stance are:

DISCUSSION

Our results mdlcate that several dlfferen ot

of the joint evolution of tolerance

N teraction between benefits of

’ demonstrated t\
; dernonstrate th k>0 The general explanation for this
result.is that m ) ”y~1frresivstance and tolerance provide
redundant be which poselble orﬂy if increasing one of these types of defense
has httle eff

three stud1es that have evaluated the joint pattern of selection on tolerance and

on' f1tness when the other provides substantial benefits. Two out of



'Efadeptlve peaks,
tolerance and reS1stancev(P1l O:' ) Interes’angly, these studies indicate that
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resistance'héx)e found significant correlational selection between tolerance and

re51stance (Tlffm and Rausher 1999 Pilson 2000). However, while the Tiffin and

R Rausher (1999) study support the exlstence of an adaptive landscape with two

he other report an adaptlve surface with one intermediate peak of

B 'fbeneflts f tolerance and resistance can mteract e1ther subaddmvely or greater than
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ance and resistance can represent an important
ce of mterrnedlate levels of tolerance and resistance,

e m plant defenswe strategies among populations.

rategy. generally ;at:"gnionlyf‘q‘c't:u7' when the shape parameter of the costs

an' that of the beneﬁt ﬁiﬁcfidns (i.e., a > b). Recent studies for several

"di'c"éfed‘{hat the shape of cost and benefit functions are commonly

. ,non—lmea - (Mauncm & Rausher 1997; Tiffin and Rausher 1999; Pilson 2000;
Be;gelson ?_t al. 2001; Stinchcombe 2002). Based on the recognition that a cost of

- plant specxes
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defense represents redirection of resources away from some other fitness-enhancing
. functions, under resource limitation cost funotions aré expected to increase more than
: hnearly W1th alloca’non to defense (J okela et al . 2000). This argument suggests that
7w1th.1n 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
f thxs expectatlon is reahzed our model predicts that a mixed defense strategy
. con51st1ng of parnal allocatlon to both resistance and tolerance should be more
common than prev1ously noted (Fineblum & Rausher 1995; de Jong and van der
Meijden 2000; ]okel et al. 2000).
Future empmcal wotk should be directed toward the examination of the effect
of the envxronment on the rnagmtude and shape of cost functions for different
alternatives plant strategies of defense to improve our understanding of spatial and

temporal patterns of plant defense alloéatioqi 3
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Table 1. Iﬂes?ﬂ:ts of simulations using Equation (6) under different set of

. parameter combinations. Asterisk indicate the occurrence of a given fitness

- Réiaﬁve Type of fitness surfaces
tion . . xconcavity
E ~;‘_5; " between
costs and
benefits
- One peak of - - Two One intermediaté
max. (R) '_or   alternative peak of"p‘artial
max (T)b , peaks of max. levels of (R) and _
. (®and(D ™
k<0 —  a<b. . ¥ *
) =p o *
a>b x * *
k=0 a<b *
a=b *
a>b : *
k>0 - a<b *
=b * B S

a>b *
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Figure Legends

Figure 1. Fitness surfaces for resistance (71) and; lerance (72) using Equation (2).

Values of the parameters are Wo= 0.1, Bmax = 1 Cmax = 0 7.

Figure 2. A. Fitness surface produced usmg ' : 7(3) for a =1 (linear cost

function) and b = 1. B. Fitness surface for ( nca{’e upward cost function) and b

The posmve signs (+) indicate the loca , on of the adaphve ’ eaks thhm the

ﬁﬂé‘shape parameters a and b using Equation (3) whena > b (A),
_ Values of the other parameters are Wo = 0.1, Bmax=1, Cmax=0.7, T

’ eglons in a (Cgr,Cr)-space with different implications for the evolution
resistance. Letting Wo= 0.1, Bmax =1, when 0= Cr<2and 02 Cr <2,
at'j"'ché‘lower left region corresponds to an evolutionary

| erhétive peaks of maximum tolerance and resistance (i.e., when
'iaf)er left region corresponds to an evolutionary scenario with

,',_kp:éak of maximum resistance (i.e., when Cr < Bmax < Cr). The lower




i ‘k > 0 also prdduce ‘a fitness surface w1th' mtermedlates peaks of tolerance and
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Abstract.—The incorporation of plant tolerance after damage as a new alternative 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 detected in some species, few studies have been undertaken
with nonagricultural species. In this study, we explore in the annual weed Darura 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. Inbred line replicates of D. srramonium from a population of Mexico City were exposed to four
defoliation levels (0%, 10%. 30%, and 70%). Our results from a greenhouse experiment using controlled 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 correlauon between fitness values of inbred lines in two environments (with and
without dam.xge) was posmve (ry = 0.77), but not significant. suggesting absence of fitness costs for tolerance. The
finding of genetic variation on lolemnce 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 potential 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. Plants
can prevent or compensate for tissue damage by means of
resistance or tolerance, respectively. Whereas resistance is
usually measured as the reciprocal 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 norm 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 potential 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-

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

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

If tolerance has inherent costs, a negative 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 plants with high levels of tolerance
will pay fitness costs for being resistant (i.e., avoid herbivore
attack). Thus, tolerance evolution can be constrained either
by its associated costs and/or by costs 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 (Simms 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 studies analyzing tolerance among genotypes
within a population have found significant genetic variation
(Simms and Triplett 1994: Fineblum and Rausher 1995;
Mauricio et al. 1997; Agrawal et al. 1999). Nevertheless, only
the study of Simms and Triplett (1994) has detected costs
for tolerance to a pathogen species in Ipomoea purpurea. The
present study was aimed at experimentally 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 related
traits (growth rate, total lower and fruit production, number
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“foliation. In’addition, we attempted to determine which of
. the: fitness-related characters measured was responsible for
““possible differences on tolerance among inbred lines within
a population on central Mexico.

MATERIALS AND METHODS
Plant System and Study Site

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; Niifiez-Farfdn 1991). The amount of leaf tis-
sue damaged by herbivores ranges from 0% to 90% of the
plant’s leaf area (Nifiez-Farfdn 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 found elsewhere (Nufiez-Farfdn and
Dirzo 1994; Niifiez-Farfan 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 (Nufez-Farfin and Dirzo 1994; Nunez-
Farfan 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 diminish environmental maternal effects and to
increase genetic identity within each family (self-sibs; Geber
1990; Mauricio et al. 1997).

Experimental Design and Protocol

For each inbred line, 60 seeds from the first five fruits were
selected and subjected to 12-h temperature changes (5°C to
20°C) in darkness for dormancy breakdown during four days.
To stimulate germination, part of the seed coat was removed
near to the area where the radicule emerges: the seeds were
then allowed to imbibe water for 48 h. All seeds were placed
over filter paper in petri dishes in controlled environmental
chambers (Conviron 630, Winnipeg, Manitoba, Canada),
with a 12:12 L.:D photoperiod, 28°C (day) and 22°C (night)
temperatures, and constant 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 Josses during periodic watering. Seed-
lings were transplanted when the first two true leaves
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. D, = 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 four defoliation levels. One hundred
fifteen individual plants (6 inbred lines X 4 defoliation levels
X 4-6 plant replicates per combination) were maintained
under the same soil, water. and light conditions throughout
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the experiment. Each plant of each line was randomly as-
signed to one of four defoliation levels: 0%, 10%, 30%, or
70% of leaf area removed. Defoliation range selected falls
within the natural range of herbivory that D. stramonium
plants experience in this population (see fig. 1 in Nifiez-
Farfdn 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).

Treaiment Application

To analyze fitness differences among inbred lines, leaf area
removal was carried out at the same phenostage for all plants
(see Coleman et al. 1994). This procedure allowed us to com-
pare reproductive output among plants by assessing environ-
mental (defoliation) and genetic, inbred line effects on tol-
erance without confounding effects due to developmental
variation among plants (but see Rice and Bazzaz 1989). Be-
cause flower initiation is sequential, leaf area removal for
each plant was performed when the first flower at the fourth
branching order was in anthesis. At this time, three characters
related to plant size were measured: total leaf area, total
number of leaves, and plant height. The relationship between
leaf length and leaf area for D. stramonium (leaf area =
0.329(leaf length]?, r* = 0.98: Nifez-Farfin and Dirzo
1994), was used to estimate total leaf area and the amount
of leaf area to remove under each defoliation level. The re-
sults of a multivariate analysis of variance (MANQVA) for
total leaf area, total number of leaves, and plant height re-
vealed that there were no differences in size among genotypes
at the time they reached the predetermined phenostage
(Fwiik'sx = 1.33,df = 15,304, P > 0.1). This result indicated
that the criterion chosen for leaf area removal time was ap-
propriate to avoid size variation in subsequent analyses.

Artificial defoliation was carried out by making 27-mm?
holes in each leaf with a paperpunch. Leaf discs were re-
moved without damaging the main and largest lateral leaf
veins. This procedure allowed us to extract a given percentage
of leaf area relative to leaf number and size variations within
and among plants. Leaf area removal of plants assigned to
the highest defoliation level of 70% was carried out in two
extractions of 35% each. The second extraction was per-
formed 15 days after the first defoliation, because this is the
amount of time herbivores take to consume almost all the
leaves of a plant (J. Niifiez-Farfan, pers. obs.).

Before 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 for the experiment. None of the correlations
was statistically significant (® > 0.05 in all cases, correlation
coefficients ranged from r = —-0.20 to r = 0.06, n = 167;
J. Fornoni and J. Nifiez-Farfdn, unpubl. data). Thus, seed
mass was not considered as covariable in the following anal-
yses of tolerance to defoliation (but see Schmitt et al. 1992),

Characiers Measured

Absolute maternal fitness (number of seeds per plant) and
four related traits were estimated: growth rate following leaf
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- area réﬁlov'al. total flower production, total fruit production,

- >~and number of -seeds per fruit (i.e., seed set). Growth rate

was calculated as the number of leaves produced per plant
from' the time it was defoliated (0) until the end of the ex-

“periment (1), divided by the number of leaves at defoliation
(0) ({(number of leaves; — number of leavesp]l/number of
leavesg; 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 opportunity for selfing among plants (Webb and Lloyd
1986). Although D. stramonium is highly self-compatible
(91.8%; Nuifiez-Farfan et al. 1996) and fertilization of ovules
is not limited by pollinators visitation, an effect of the her-
kogamy level 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 1o determine its relationship with number of seeds per
fruit. Regression analysis showed that herkogamy explains
only 1% of the variance in number of seeds per fruit (r =
0.013; F = 1.4; P < 0.05; n = 476. ). Fornoni and J, Niifiez-
Farfan, unpub). 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 1993a,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 111 SS) were performed using the
multivariate general linear hypothesis (MGLH) module of
SYSTAT (vers. 5.2.1). For each of the five characters, inbred
line was considered as a random effect and defoliation level
as the fixed effect. The F-ratio for the random effect and the
interaction effect term were calculated using the mode! 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 Scheffé¢’'s model (Fry 1992: Simms and Triplett
1994). Following these estimations of F-values, a significant
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
levels). Significant defoliation treatment effect would indi-
cate whether defoliation has negative or positive effects upon
plant fitness across the defoliation gradient. Unplanned com-
parisons among defoliation levels and inbred lines were de-
termined using the Student Newman-Keuls test (SNK) for
multiple comparisons (Underwood 1997). The probability of
Type I 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 II1 S$S) .

TaBLE 1. Analysis of covariance of relative fitness of inbred Darura’:
stramonium lines subject to defoliation. Sums of squares Type Il were =~
used, gl L T

Source of variation .. o df-2. 88 S5 Fotyeitio ine P
Inbred line . -5 0,940 7.61 . <0.0001 : -
Defoliation ) 1128472 -1153,15. <0.0001
Inbred line X defoliation 5 0.710 575+ <0.001
Error g 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 ANOVA, 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 significant
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 conservalive estimation of genetic variance
among inbred 1ines was preferred. Thus, when the inbred line
effect resulted significant in the two-way mixed-model AN-
OVA (following Scheffé's model), separate one-way ANO-
VAs (model II; module MGLH, SYSTAT 5.2.1) were per-
formed to assess genetic variation within defoliation levels.
This procedure was performed using the model variable =
constant + line to see whether the significant line effect de-
tected in the two-way mixed ANOVAs 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-off”’ 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 line effect test for the presence of a significant genetic
correlation (rg = 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 detecied as a corre-
lation of family means of character states between environ-
ments (i.e., defoliation levels). If fitness of undamaged plants
is negatively correlated with fitness of damaged plamts (r, <
0). fitness costs for tolerance to defoliation may 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-
icant inbred line X damage level interaction (Table 1). This

-means that inbred lines differed for the slope of the rela-
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Means (+1 SE) for five fitness components of Datura stramonium under a defoliation gradient. (A) Growth rate; (B) total flower

production; (C) seeds per fruit; (D) total fruit production; (E) fitness (seeds per plant). Different letters between pairs of defoliation
treatments indicate significant differences at P < 0.006 following Student-Newman-Keuls tests with the Bonferroni correction. Data

were graphed using unwransformed values.

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.

Defoliation Effect on Fimess and Four Related Traits

No differences among defoliation levels in growth rate,
total fliower production, and number of seeds per fruit were
found (Fig. 1A, B, C). Significant differences were found
between the control and the other defoliation levels in total
fruit production (SNK; P < 0.05; Fig. 1D). No differences
in total fruijt production were observed between intermediate
levels of defoliation (SNK; P > 0.05; Fig. 1D), whereas
significant differences were found between both intermediate
defoliation levels (10~-30%) and the highest defoliation treat-
ment (70%; SNK; P < 0.05; Fig. 1D). On average. all ge-
notypes of D. stramonium showed a significant reduction in
absolute maternal fitness (number of seeds per plant; Fig.
1E), indicating fitness costs of defoliation. Thus, tolerance
differences were due to the effect of defoliation on the pro-
portion of flowers that matured fruits (i.e., fruit set), because
there were no differences in total flower production. Indi-

vidual plants with 30% of their leaf area removed had a fitness
reduction of 15%, whereas in those with 70% of leaf area
removed, fitness losses approached 25% (Fig. 1E). 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. 1E). 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 small fitness differences or that plants can tolerate low
levels of damage without a significant fitness reduction (Fig.
1E).

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 flower and fruit pro-
duction, seeds per fruit, and fitness, whereas no differences
in growth rate were evident (Table 2). Similarly, all 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.




-TABLE 2, ’I‘wo-way mxxed-model analyses of variance (Scheffé’s model) for five fitness-relate
under four levels of defohauon Sums of squares Type III were used. " "

TOLERANCE TO DEFOLIATION‘IN.D "URA' STRAMONIUM

 Varioble':

Source of variation

Growth rate

inbred line

0%

10% 30% 70%

leaf area removed

defoliation
inbred line X defoliation B
ekl ) i error . :
Total, flower production inbred line 5 A . ; . E
C e : defoliation e300 71.467 1.80! #.0.190 .
inbred line X defoliation 15 198.310 8.06 ©<0.001 7
Ceil T - error 90. 147.611 R
-+ Total: fruit’ production™"* inbred line 5 76.574 13.87 < <0.001
= defoliation T3C 77.284 3.69! = 0.036
inbred line X defoliation 15 104.557 6.29 ‘»;-<0 001 :
T T e ; error . 90 99.717 B )
- Number of seeds per fruit inbred line ) 11120.883 6.66 -<0. 001
R R S DML defoliation 3 10693.528 2,25t 0.124
inbred line X defoliation " - 15 23706.890 4.73 “<0.001
O S S error . 90 30050.095 S
- Fitess (seeds per plant) inbred line ) 5 386729.039 8.84 -<0.001
. T i defoliation . 3 610250.039 4.93¢ 0,014
inbred line X defolmuon 15 618338.885 471 <0. 001»
‘error : -90 786913.274
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FiG. 2. Norms of reaction of six inbred lines of Datura stramonium under a defoliation gradient. (A) Growth rate; (B) total Sower
production; (C) seeds per fruit: (D) total fruit production; (E) fitness (seeds per plant). Data were graphed using untransformed values.

Bars indicate = 1 SE.



TABLE 3 ;F-valucs from one-way annlyscs of variance of five fitness-
related traits: in :Datura“stramonium’within each of four defoliation
levels::Numbers i m patemhcscs con'espond to sample size within each
X cfohauon lcve .

Defoliation level

: 0% (30) '10% (31) 30% (28) 70% (24)
, Variable F
" Grawth rate 0.73ns 0.90ns 1.91ns 0.94ns
‘Total flower production 0.59ns 2.79* 1.27ns 1.07ns
Total fruit production 1.07ns  0.94ns 2.25ns  1.3lns
Number of seeds per fruit 1.30ns  1.41ns 1.87ns 3.23*
Total seeds per plant (fitness) 3.43% 3.35*% 432 341%

* P < 0.05; ns, nonsignificant.

Genetic Variation on Reproductive Traits

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

Fitness Costs of Tolerance

The inbred line effect tested under Hocking's F estimation
was not significant (S§ = 1.451, Fss = 1.83; P > 0.05;: n
= 54), indicating no significant covariance in plant fitness
between the control and the higher defoliation level. Al-
though the inbred line X defoliation interaction was signif-
icant (SS = 0.789, Fs4a. = 5.42; P < 0.001, n = 54), it was
not as strong as needed to detect a negative correlation be-
tween the control and the higher defoliation level (r, = 0.77,
P > 0.05, n = 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, n = 54), and with a strong
power test (1 — 8 = 0.99 holding « at 0.05; SAS Institute
1995). the results showed no evidence of constraints on the
expression of fitness between the control and the higher de-
foliation level.

Discussion

The results for D. stramonium 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 due to differences
in the proportion of matured fruits, because differences in
total fitness were more related to total fruit production than
to total flower production or number of seeds per fruit. The
results of this study showed that leaf damage produced a
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reduction in total plant fitness, which supports previous ob-
servations in the field (Niifiez-Farfin and Dirzo 1994).

Although genetic variation on tolerance to defoliation have
been found in several 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. stramonium, it has been found that fruit production
accounted for differences on tolerance in /. purpurea and
Brassica rapa (Fineblum and Rausher 1995; Stowe 1998).

Several 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 recent study with a
congeneric species, D. wrightii, induction of sticky glandular
trichomes has been found after 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 (r> = 0.04, P < 0.0001. n = 338), sug-
gesting no induction of defense (P. L. Valverde and J. Nifiez-
Farfan, unpubl. data). Thus, only after further evidence sup-
ports the absence of defense induction in D. stramonium 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 involved 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 realiocate 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 after 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. First, 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 flowers is sequential
and the damage by herbivores is concentrated in leaf tissue
rather than on meristems. Thus, the negative effect on fruit
production but not on flower production indicated that de-
foliation exerted a significant negative effect on the propor-
tion of flowers that matured to fruit. In summary, our results
for D. stramonium indicate that the pattern of fitness decre-
ment after damage was a consequence of resource limitation
(i.e., defoliation). expressed as a reduction in the proportion
of flowers that matured fruits. Given the great morphological
and developmental limitation of this species. compensation,
if any, seems to be expressed at the leaf level.
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The absence of differences in growth rate between dam-
aged and undamaged 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 or as an increment
in leaf size rather than on the production of new leaves (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.

Ecological 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 levels of damage (see
Simms 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 beneficial
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 beneficial effects of tol-
erance is expected in environments with strong herbivore
pressure. This limit may be expressed as an allocational ad-
justment among reproductive components to buffer the neg-
ative effects of leaf damage (allocational costs: Simms 1992).
In the absence of costs, natural selection 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, genetic variation in defensive 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 (Fineblum and Rausher 1995), costs of
tolerance might be obscured by equal or greater costs of
resistance (Simms and Triplett 1994). Thus. in our case, un-
detected costs of tolerance may be a consequence of resis-
tance costs, although at present there is no evidence regarding
this issue in D. stramonium. In contrast, if costs are expressed
only when damage is present, undamaged genotype replicates
will not pay any cost for being tolerant and no costs would
be detected. If the mechanisms related with tolerance to her-
bivores also buffer fitness decrements caused by other stress-
es (i.e., fire, physical damage. competition), costs may be
more difficult to detect when plants suffer no defoliation.

Previous studies have addressed the lack of significant ge-
netic variation within plant populations as a potential bias
for the detection of costs of defense to herbivores and path-
ogens (Simms and Triplett 1994). Despite the presence of
genetic variation on tolerance in D. stramonium, the lack of
a genetic trade-off between low versus high levels of 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 potential source of bias of our results is the fact that
the expression of costs is environment 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 damaged and undam-
aged plants, if homozygous 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. srramonium (Nifiez-Farfan
et al, 1996). Finally, although inbreeding depression was
found for number of seeds per fruit in the same population
(Niifiez-Farfan et al. 1996), the nonsignificant effect of the
defoliation environment 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 norm of reaction for fitness
along a defoliation intensity gradient (Mauricio et al. 1997),
the evolution of the response might be retarded because of
significant phenotypic plasticity. The evolutionary impor-
tance of phenotypic plasticity relies on the existence of (1)
G X E interactions (i.e., genetic variation for phenotypic
plasticity): and (2) genetic variation within the environment
(Via et al. 1995). These two conditions would lead natural
selection to optimize the overall slope of the reaction norms
along a defoliation gradient. Our results demonstrated 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 norms of reaction to evolve. Although the existence
of a significant interaction between inbred line and defolia-
tion in many reproductive characters indicate the existence
of genetic variation on norms of reaction, the magnitude was
not as strong as needed for the detection of a significant
negative correlation on character states between environ-
ments (i.e., defoliation level). 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
costs 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 among gen-
erations.

The use of a norm of reaction perspective in the analysis
of tolerance would provide additional information regarding
the shape of the response after damage. 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
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on characteristics of the environment (low competition, high
nutrients; see Whitham et al. 1991). Experimental studies
with more than one treatment of defoliation can incur an
additiona)l problem because the interaction term in mixed-
model ANOVAs will not indicate truly genetic differences
among genotypes for the slope of the relationship between
fitness and damage. In this case, a significant, nonlinear fit
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 of response.
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. stramonium, the amount of phenotypic plasticity for 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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INTRODUCTION

The study of adap’nve genetlc Varlatlon in the wild 1 remams one of the major goals of

evolutlonary b1ology (Flsher, 1958 ‘Endler 1986 Moséeau et al_r 2000) Accordingly,

\alysis of selectlon under different

understandmg character evolutxon reqt.ur

000‘ Goméz and Zamora
few:studleAs have

n Tie ﬁdéren and

ve évéluated

teraction with natural

ge_,e1t‘ﬁer avoiding attack (i.e., being

resistant) or diiﬁirﬁshing the' gativ effects of"défhage on fitness through a

compensatory response (1 e., bemg‘ tolerant) (van der Meijden et al. 1988; Fineblum
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‘damaged by erbﬁzores (Maur1c1o et al 199 T1ff1n and Rausher 1999). Since

‘nonlinea effects were not detected in prewous ANOVAs, tolerance was estimated

'usmg only linear regression coefficients.




Addztzve Genetzc Vm 1atzon on Tolerance

o Beforey srt)atxsncal_ analyses, the proportlon of leaf a ea damaged by he ‘b1vores‘was

’d'R'au'sher 1999). For this analysis relative

1ze to obtam residuals of relative fitness.

v'f":i':»Es:Etlmat:es of tolerance using r at1ve tness and residual relative fitness (without
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the same two-way ANOVA as for fitness. Second, a significant relationship between
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program FREE STA €
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of costs for
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tal 1997) Standard errors for the
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- the true covariance (Appendxx Bin Maunc

: esnmated corrected covariance were obtamed by means of a ]ackkmfe procedure
(Sokal and Rohlf 1995). Because this analy51s was used to determ.me if the true

- covariance differ significantly from zero, a one-talled t statistic was used to calculate
95% confidence intervals. The presence of non—lmear costs funchons was also

evaluated.

e RESULTS
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o The analyses md1cated the presence of 51gmf1cant additive genetic variation for

5 “tolerance to herb1vory in bbth 51tes (Table 1). In Ticumén, significant additive genetic
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~was mamly caused by the generalist grasshopper Sphenarlum purpurascens (Valverde
] 2001). :

xCosts of tolemnce .

' ';,;‘Allocatlon tob tolerance agamst herblvory represents a fltness cost for plants of D.

: "stramomum In the 51te of Tlcuman, observed‘product-moment correlatxon coefficient

" Domingo since confidence intervals show no overlap between corrected covariances.
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ificant nonlinear selection
ifi ant nonlinear effects in the
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opulation'abundan e'aﬁacomposiﬁon of natural enemies

1so condition the eaeptive value of plant tolerance to herbivory
chcombe 2001). Other less direct sources of variation

”a:eleptive\value of tolerance among populations is the
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avaﬂablhty of polhnators (Palge 1999). However, the importance of this source of o
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‘Rausher 1999 B Pre
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(Fornom and lv fde et'al 2002: Appendix II) The resuits of

our expenr{nen_
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tudies are necessary to confirm if tolerance to the same type of

_ HeWever,':fﬁrtHe r
isa esponse (but see Stinchcombe 2001).
. stramonium indicates that this species is always present in

here no light limitation and intense competition are

‘populations of D. stramoniunt.

When searching’ for local adapta'non, 1t is generally assumed that populations are

7 .close toan adaf)tlve peak although this may not be necessary the case. Besides

; o natural selectlon, other evolutionary processes (i.e., genetic drift, gene flow) can

5 ’,frnove populatlons from the nearest adap’nve peak (Wright 1988; Thompson 1994;

g ;’!‘Gomulk1ew1cz et al. 2000) For example, genehc drift can decouple populations from -
vhich rev1ous adaptations functioned, reducing the - -

;",the ecolocrlcal condmons unde

ght 932) Slrrularly, gene flow can reduce the

ay ‘have resulted from a lower intensity of natural selection

from the temperate sxte ]

' iupon genetxc vanahon as compared to other evolutionary processes (i.e., genetic

f”'dnft gene ﬂow) or that a recent event of colonization may be responsible for the

: absence of frtness dlfferences at the temperate forest site. The presence of additive
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genehc vanatmn for tolerance suggests that 1f any, gene’nc drift may have been not

reduced the varlatlon n tolerance at. the temperate forest site. Both asymmetrical

©gene flow and/ or a recent colonization event of the temperate forest site may account

opulatxons "can strongly,affec

olutionary trajectories of populations

Thompson 1994; Gomulk1ew1c 2000):The attern‘o'f 'gé’rieﬁc differentiation

iand‘contrastmg select1on on toleranc est th ’poss1ble ex1stence of hot and cold

spots in the spatial dlstnb{' voluhonary outcome of the interactions

~between D stramomum e sores. Fo mstance, the opportunities for a

coevoluhonary resp n i ve1r ; fatural enerrues (i.e., a response

: mediate through gher in those popula'nons were tolerance is

: 'selected ag 'ﬁist may;be that expressed at the site of Ticuman.
‘ of:Sto Dornirigo were natural selection favor increasing levels

f tolerance, the coevolutionary response of plants may be attenuated, possibly

epfe’s‘éﬁﬁn‘g a eold‘s'pot These evidences revealed the importance of spatial variation
elechve env1ronment experienced by populations in shaping the selection

mosa1c Fmally the detection of asymmetrical local adaptation, strongly suggest the
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- p0551b1e role of the pattern of gene ﬂow among populatlon as a source of variation in

~...the evolunonary outcome of species 1nteract10ns (Thompson 1994).

, Concluszons < , G
The present study expenmentall g demo n strated that an 1mportant component of the

' varlatmn in the phenotyp1 expression of tolerance among natural populations of D.

, ependent effect upon costs and benefits of this

Vstmmomum 1s an environm

strategy of: defense against-natural enem1es ‘Our results support the hypothesis that

env1ronment-de

dent costs’and. eneflts of plant defense strategles (tolerance and

resistance _egamst natural enemies. Prevmus studies are in
nce the dry tropical forest 'population has higher

y erate forest population both in the field and under

ns (Valverde et al. 2001, 2002) ‘Before further

‘xpﬁr“essxon of different strategles‘of defense with particular

pi"o‘p"osed limiting abiotic/ biotic resources for tolerance

: -Agrawal "A A S ‘Y Strauss and M J Stout 1999 Costs of induced responses
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Table 2. Resulytsjqf
tolerance for two n
reciprocalytrahs_i laz
from the recrresm
and Populatic

were used

NOVAS for fitness (seeds/ plant), and

lations of D. stramonium grown in a

Yd%ﬁiage for each paternal family. Site

dered fixed factors. Type Il sums of square

Characte P

Fltness 7.750. 0.0001

330 1374 0.0004
Site x Pop. 1 1444 851 0.0046
Eror . 79 13.389

Tolerance  Site 1 008 2318 00001
Pop. 1 f-‘o‘;oosf :‘5.4_9,_ : 0.6215_'
Site xPop. 1 ,‘0.0713:., 11.29 .”o.'ooi?_‘ .
Erfor 79 | | |

- 0.095




28

Table 3 ANCOVA of relative fitness in Datura stramonium. Site and

' Populahon" were considered fixed effects, and standardized tolerance was

entered as the covanate (see Data Analysis). A significant Tolerance x Site

7 mteracho ,catesA significant differential selection on tolerance

s. Sum of square type IIl were used.

Site x Population’ - 1 02068 090 0.3443
lera 1 00783 034 0.5599
TolerancexSite 1 64585 2828  0.0001

ffdlfrrancex pifilat’ioh 1 08899 389 00520

Tolerance x Populatlon x Site : 1 -0.4664 204 01571

. ’Error S 73171257
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Figure 1. Mean + 1SE of (A) log fitness (seeds/ plant) and (B) tolerance to herbivory

“of two populations of Datura stramonium. Different letters indicate significant

différerﬁcéé B’etwéen_populations within site at P < 0.01.
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Figure 2, Scatterplot for relative fitness and standardized tolerance for two

experimental populations of Datura stramonium grown at two sites; (A) Ticuman, and

(B) Sto. Doﬁﬁﬁgo.
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DISCUSION GENERAL

Con respecto ala. pregunta 1ruc1a1 de este estudio ; Por qué las plantas presentan mds de
una fomm de defensa contra sus enengos naturales dentro de las poblaciones?, los

:resultados obte laron que la variacién en la magnitud de los costos de las

'chferentes‘formas-de_defensa‘(to]erancm'y resxstenma) asi como la no linealidad en ia

n térm.mos de adecuaciéon pueden

esan una reduccxfm en la adecuacién como resultado

del dano fohar Este mbral (10 30% de dafio foliar) fue confirmado por estudios en

cond1c10nes expenmentales de un jardin comun (Apéndice II) donde las plantas




fueron capaces de compensar completamente ruveles de dafio promedlo de12%,y en

ese los patrones de seleccién observados sobre la tolerancia

podnan verse parcxal'o totalmente alterados por presiones selectivas encontradas

entre rasoos correlac1onados, o por sinergismo o interferencia entre agentes de

‘seleccu‘m que actuen sobre la tolerancia. En este sentido, podria no ser tan directa la

: relac1én entre los patrones de seleccién y la magnitud del costo de la tolerancia. Hasta



un resultado dmamlco de evolu én rec1proca entre especies a través de los rasgos

involucrados en la mteraccm' entre ellas, a nivel de las poblaciones locales se espera

al menos cierto orado de écoplarmento entre las especies. De esta manera, el proceso
coevolutivo tendena a favorecer la d1vergenc1a de caracteres y en su escenario mas
extremo la espec1ac1on (Thornpson 1994) ‘A nivel microevolutivo la teoria predice
que los rrusmos pa: ones fxlogenéhcos de especxahzacxén reciproca que se observan a
mveles ,t;;;ononuc0515uperlores deberian observarse a nivel intraespecifico.

la rhayorxa de los reportes de adaptacion local en plantas se

' refleren a factores del amblente fisico (metales pesados, temperatura, altitud, etc.)

'Grant 1996 Schluter 2001; ver Berenbaum & Zangerl 1998). A pesar de que




‘aceptamos que la a51metr1a en el tlempo generacional entre plantas y enemigos




naturales es un hecho comun, como podnan las plantas'co pensar estewefecto para

t1culo de Lawton & McNelll
pre adores de los enemigos naturales de
ela Robi‘aciones de insectos herbivoros
qblacioﬁes de plantas (Caughley & Lawton
1995) 'ﬂéi;dpuso un modelo donde la
déja:edador depende del costos para la

planta de produ je sirva como sefial para los enemigos

e costos fisiol6gicos y genéticos en la
produccién c as es todavxa un supuesto con

 relativament

: ‘sobre ‘éi -beneflm :

‘lylos depredadore lo# 1nsectos herblvoros’-y(DeMoraes etal. 1998) Cons1dero 'que no'

hay suflcxente ev1denc1a para descartar la 1mportanc1a de las intera 1ones a mas de

;“i‘un ruvel tréf o como. factor condicionante del éxito de las poblamonés de plantas (ver
: L111 et al 200’7)

‘"La hlpotesxs de las estrategias de defensa mixtas. Durante los tltimos 10 afios los
y estuchos sobre la evolucién de las estrategias de defensa de las plantas han sugerido
i la p051b1hdad de que ambas estrategias (tolerancia y resistencia) podrian ser

favorec1das dentro de las poblaciones (Capitulo I). Por un lado, se ha propuesto que




enermgos naturales eJercen sobre ellas (Rausher 2001). Retomando el problema de la




ausenCIa de adaptacmn local-de 1as‘pob1ac1ones de'plantas a sus enexmgos naturales,

refle)ana el hecho de ue la’expect: d daptacmn local (en rasgos de resistencia

mvolucrados enla mteraccxén) por parte ‘de. las plantas no necesariamente se debe
és as son capaces de tolerar el dafio por los enemigos naturales. Si

esta l'upéte51s es c1erta deberiamos ¢ esperar que las especies de plantas cuyo tiempo

4 generacxonal es considerablemente grande con respecto al de sus enemigos naturales




» adapt»éxtiyozde la-varia 16nv'g/enét1ca; en atributos de resistencia podria no solo deberse




al flujo géruco entre poblac1ones con d1ferentes reglmenes de selecmén, sino también

a poblacmnes con dlferencxas en el valor adaptatlvo de la’ toleranc1a
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VARIACION ENTRE POBLACIONES NATURALES DE Datura
stramonium EN EL VALOR DE LOS TRICOMAS FOLIARES COMO
COMPONENTES DE LA RESISTENCIA CONTRA INSECTOS

HERBIVOROS
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Abstract

This study assessed the role of leaf trichome density as a component of
resistance to herbivores, in six populations of Datura stramonium. Phenotypic
selection on plant resistance was estimated for each population. A common
garden experiment was carried out 1o determine if population differences in
leaf trichome density are genetically based. Among population differences in
leaf trichome density, relative resistance and fitness were found. Leaf trichome
density was strongly positively correlated 10 resistance across populations. In
5 out of 6 populations, richome density was related 1o 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 differentiation for this character in
Datura stramonium. The results are considered in the light of the adaptive role
of leaf trichomes as a component of defence to herbivores, and variable

selection among populations.

Introduction

Leaf trichome density is considered a mechanism of
defence in plants to prevent or diminish damage by
herbivores (Levin, 1973; Johnson,. 1975; Rodriguez et al.,
1984; Juniper & Southwood, 1986; Marquis, 1992).
Evidence from wild and cultivated species gives support
to this ecological role (Duffey, 1986; Jeffree, 1986; David
& Easwaramoorthy, 1988; Woodman & Fernandes, 1991;
Bernays & Chapman, 1994; Peter e al., 1995; Romeis
et al., 1999). However, although many studies have
found significant selection on resistance against natural
herbivores (Berenbaum er al., 1986; Rausher & Simms,
1989; Marquis, 1992: Nuhez-Farfin & Dirzo, 1994;
Nunez-Farfan et al., 1996: Mauricio et al., 1997) few, if
any, have examined whether patierns of selection on
defensive traits vary among populations of the same

Correspondence: P.L. Valverde, Departamenio de Biologia, Universidad
Auténoma Metropolitana, Unidad lziapalapa, Apartado Postal 55=535,
México 09340, Distrito Federal, México.

¢-mail: plvp@ xanum.uam.mx

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 importance of resistance as a fitness-enhancing
character among populations of the annual Datura stra-
monium L. The study of natural variation is important in
guiding experiments to assess causality, and to estimate
the stirength of selection in the wild (Sinervo, 2000).
Besides defence, leaf trichomes may serve other phy-
siological functions, hence selection on the antiherbivory
role of leaf trichome density can either be constrained or
synergistically favoured by selection imposed by other
environmental stresses (Bell, 1997; Roy er al., 1999). For
instance, if leaf trichome density is correlated with other
leaf characteristics, selection on those traits can produce
changes in trichome density (Bjorkman & Anderson,
1990; Roy eral. 1999) without being the target of
selection. In addition, as for other plant traits, phenotypic
variation in leaf trichome density may have both genetic
and environmental (and their interaction) causal factors
(Falconer & Mackay, 1996). Within-population genetic
variation in leaf trichome density will lead to an

424 ) J. EVOL. BIOL. 14 {2001) 424-432 © 2001 BLACKWELL SCIENCE LTD



evolutionary change provided the trait is under selection.
However, environmentally determined phenotypic_vari-
ation in leaf trichomes (i.e. phenotypic plasticity; Agren
& Schemske, 1994; Schlichting & Pigliucci, 1998), may
limit response to selection.

Within-population variability in resistance (i.e. the
ability of a plant 10 avoid herbivore attack; Simms &
Triplett, 1994; Rausher, 1996) has been documented in
Datura stramonium, and this variability is related to plant
fitness (N\nez-Farfdn & Dirzo, 1994; Ninez-Farfan er al.,
1996; Fornoni & Nifiez-Farfan, 2000). Although trichom-
e density functions as a defensive trait against herbivory
inother solanaceous species (Thurston, 1970; Duffey &
Isman, 1981; Kennedy & Sorenson, 1985; Gofifreda er al.,
1988; Wilkens ef al.,, 1996; van Dam & Hare, 1998a,b;
Elle er al., 1999), it is not known {f jeaf trichome density
is associated with resistance, or if this relationship varies
across populations of Datura stramonium.

The present study aimed specifically to address the
following questions: (1) is individual variation in leaf
trichome density related 1o resistance to herbivores? and
if so (2) is resistance selectively favoured within popu-
lations? Given that populations of Datura stramonium
occur in a broad variety of plant communities (NGfiez-
Farfan, 1991), phenotypic differences among populations
in leaf wrichome density might be both environmenually
and genetically based. Thus, we also asked if (3) the
relationship between ieaf irichome density and resistance
dilfers across populations of Datra stramonium, and (4) to
what extent phenotypic differences are the result of
phenotypic plasticity or genetic diflerentiation among
populations. Under the null hypothesis that variation in
leaf trichome density in Datwra stramonium occurs for
other reasons (e.g. temperature regulation), it is not
expected 10 be related 1o resistance to herbivores.

Materials and methods

Plant species

Datura stramonium (Solanaceae) is a cosmopolitan annual
weed occurring in a wide variety of plant communities in
Mexico and North America (Avery et al., 1959; Weaver &
Warwick, 1984). Leaves of this species are eaten by at

Selection on resistance to herbivores 428

least two specialist herbivorous insects, Epitrix parvula

(Coleoptera: Chrysomelidae) (Nuifiez-Farfin & Dirzo,
1994) and Lema trilineata (Coleoptera: Chrysomelidae)
(Kogan & Goeden, 1970a,b; Kirkpatrick & Bazzaz, 1979;
Peterson & Dively, 1981; NuGfez-Farfdn, 1995). Other
herbivores have also been recorded to consume this
species: Sphenarium purpurascens (Orthoptera: Acrididae)
and rwo lepidopterans (Manduca sp., Sphingidae, and one
unidentified species of Noctruidae) (Nufiez-Farfan &
Dirzo, 1994; Niifiez-Farfan et al., 1996). Complete des-
cription of the plant and insect species can be found
elsewhere (Nufnez-Farfan, 1991).

Data collection

In six populations of Datura stramonium from the central
part of Mexico (four States) all natural growing individ-
ual plants (1646} were marked and, at reproduction,
foliar damage produced by herbivorous insects and the
number of mature fruits were recorded. The six popula-
tions occurred in different plant communities: one in a
wropical dry 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 fruits, and (3) average seed number per
fruit (seed-set), from a sample of 10 fruits per plant.

Relative resistance, trichome density and fitness

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, UK) 1o obtain
standing leal area (i.e. reminant undamaged leaf area).
For each plant, relative damage was obtained by dividing
consumed leaf area (CLA;) by total leal area (TLA)).
Original total leal area was estimated using a regression
analysis of leaf area as a function of leaf length following
Nunez-Farfdn & Dirzo (1994). Since leaf shape (hence,
leaf area) varied slightly among populations, four differ-
ent equations were applied to estimate original total leaf
area (R? ranging from 0.964 to 0.987, P < 0.001,

Table 1 Environmenial characieristics of six populations of Darura stramonium in central Mexico.

Number and locality of Geographicat Attitude above Mean annua! Mean annua!
each population (State) Habitat coordinates” sea jevel (masl) precipitation {mm)" temperature °C)".. -
1. Ticuman (Morelos) tropical dry forest 18°N, 99°W 961 802.1 23.1

Il. Santo Domingo (Morelos) pine-oak forest 18°N, 99°W 2050 1463.2 19.9

1Ii. Zrahuén (Michoacan} pine-oak forest 19°N, 101°W 2174 1400.6 164

IV. Teotihuacan (State of México) xerophytic shrub 19°N, 98°W 2294 5596 148

V. Patria Nueva (Hidalgo) xerophytic shrub 20°N, 99°W 1745 3605 18.4

VI. Actopan (Hidalgo) xerophytic shrub 20°N, 98°W 1990 458.5 16.9

‘Data taken from Garcia (1988). Mcans were calculated from 9 to 53 years of climatic records.
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n = 30-120). Relative resistance to herbivores was esti-
mated for each plant as 1~ (CLA/TLA;) following
previous studies (Berenbaum ez al., 1986; Fritz & Price,
1988; Simms & Rausher, 1989; Nufez-Farfin & Dirzo,
1994; Nuifiez-Farfan er al., 1996; Tiffin & Rausher, 1999).
For statistical analyses, resistance was arcsine-trans-
formed 1o normalize its error distribution (Sokal & Rohlf,
1995).

Trichome density was measured as the total number of
trichomes within an area of 2.5 mm? 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
difierent plants, trichome density in 2.5 mm? was highly
correlated with the average trichome density of nine
other 2.5-mm? areas within the same leaf (R® = 0.81,
F; 3= 60.1, P<0.0001). Thus, in each population,
average trichome density of 16-20 plants was calculated
on a sample of 10 randomly chosen fully expanded
mature leaves for each plant. For statistical analyses,
trichome density was square-root transformed to nor-
malize its error distribution (Sokal & Rohlf, 1995).

Maternal plant fitness was estimated as the average
seed-set per fruit times 1otal fruit number per plant.
Because absolute maternal fitness varies with plant size
{(Nuinez-Farfan, 1991), the analysis of fitness as a function
of plant resistance 1o herbivores was made in each
population using the residuals from the regression ana-
lysis (see Sinervo, 2000) of absolute maternal fitness (1otal
seed number per plant} on plant size, as estimated by the
total number of branches. Total number of seeds and
branches were square-root transformed before statistical
analyses (Sokal & Rohll, 1995). Hereafter, residuals for
maternal fitness will be referred to simply as fitness.

Statistical analyses

The effect of trichome density on plant resistance to
herbivores among and within populations was analysed
using covariance analysis (aANcova), under the null
hypothesis that trichome density, the covariate, is not a
plant resistance component. In the same way, the effect
of leaf area on trichome density was analysed (see Roy
et al., 1999). Differences in average values among popu-
lations in plant resistance and trichome density were
obtained through Tukey-Kramer HSD tests (Sokal &
Rohlf, 1995). The relationship between fitness and plant
resistance, within and among populations, was analysed
by means of ANncova, where plam resistance was the
covariate. The relationship berween average resistance
and average trichome density per population was assessed
by means of a Spearman rank correlation (Rs) (Sokal &
Rohlf, 1995, p. 598). The analyses were carried out using
the JMP® siatistical package (SAS Institute, 1995).

In order to estimate phenotypic directional selection
gradients (f;) for cach population, linear regression

.analysis.of individual fitness (w;) as a function of the
standardized resistance to herbivores (X = 0 and 5% = 1)
were performed (Lande & Arnold, 1983; Mitchell-Olds
& Shaw, 1987; Nagy, 1997). Selection coefficients and
standard errors were estimated using FREE-STAT (ver-
sion 1.10; Mitchell-Olds, 1989). Jackknife estimates of
the standard errors of the selection coefficients were
also obtained (FrREE-sTAT). The Jackknife procedure
permits approximate t-tests of significance 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 1o
herbivores following the reasoning that leaf trichome
density is a putative component of resistance and
correlated with it (Mauricio et al.,, 1997; van Dam &
Hare, 1998b; Elle eral., 1999). Data of this study
indicated no relationship between trichome density and
fitness. Then a covariance analysis was performed to
assess i 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 (Miichell-Olds & Shaw, 1987).

Population differentiation in trichome density

To determine possible genetic differences among popu-
lations in leaf trichome density, natural progenies (sensu
Lawrence, 1984; hereafter families) from three popula-
tions were collected and grown in a common garden.
Plants of a given family were derived from a single fruit
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 1o space
limitations. The three populations grown were: Popu-
lation I, 15 families and 133 plants; Population 11, 14
families and 118 plants; Population II1, 10 families and
81 plants (cf. Table 1). Total sample size was 332. The
common garden (59 x 13 m) was located in an area
within the Pedregal de San Angel Ecological Preserve
(National Autonomous University of Mexico; UNAM)
where Dattra stramonium grows naturally (Nifiez-Far-
fan & Dirzo, 1994). The seeds were germinated in the
greenhouse (protocol in Fornoni & Nunez-Farfan,
2000). and then transplanted to the common garden
under a complete randomized design once the first pair
of true leaves appeared. Plants were spaced 1 m apart
in a regular grid. When planis reached maturity
(reproduction), trichome density was estimated for all
plants, following the same methodology employed for
field collected plants (see above). A nested-analysis of
variance was performed to test differences due 1o
population and family (within population) (Sokal &
Rohlf, 1995), using the JMP® statistical package (SAS
Institute, 1995).
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~“Table 2 Mcan lcal trichome density (trichomes x mm
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75) pef plamt fSE). plant resistance 1o herbivores (1 - relative damage) (x1 SE) and

regression analysis of relative resistance o on trichome density (x) in six populations of Datura stramoniun from central Mexico. Different
‘ leners for each characier indicate significant among-population differences at P < 0.01 (see Materials and methods).

Mode!
Population . Trichome density n Relative resistance n Regression model R? dJd. F
! 8.911 (0.517) b 24 0.891 (0.004) d 30 y = 0.849 + 0.004x .24 1,22 7.208°
] 3.348 (0.346) a 20 0.559 (0.014) a 30 y = 0.446 + 0.028x 0.34 1,18 9.200"
1] 3.041{0.262) & 20 0.515{0.014) a 46 y = 0.433 - 0.034x 0.02 1,18 0372 ns
v 6.929 (0.674) b 19 0.635 10.028} b 30 y = 0.433 + 0.034x 0.42 1,17 12,747
A 15.429 (0.503) ¢ 18 0.816 (0.013) ¢ 16 y = 0.612 + 0.013x 0.25 1,16 5491
v 12.376 (0.550) ¢ 16 0.797 {0.006) ¢ 16 y = 0.495 + 0.057x - 0,002 0.56 2,13 8.329"

‘P < 0.05: **P < 0.01: ns, not significant.

Results

Trichome density and resistance to herbivores

Populations experienced different average levels of
damage (10-50% of toial leaf area) (Table 2). In each
population, all individual plants had some degree of
foliar damage. In all populations, leal damage was
caused mainly by 1obacco flea beeties (Epitrix spp..
Colcoptera: Chysomelidae). Trichome density varied
from 3.041 to 15.429 trichomes x mm™ (Table 2).
ancova detected statistically significant  differences
among populations in plant resistance to herbivores,
and a. significant effect of richome density on plant
resistance (Tables 2 and 3a). Furthermore, the signifi-
cant richome density x population interaction indicated

Table 3 Analyses of covariance for plant resistance 1o (a) herbi-
vores, (b1 irichome density (trichome x mm™%) and (¢) fimess in
Datura stramonium. All F-ratios were based on type-1ll sums of
squares,

Source of

Tran vanation d.t. oy F

(a) Resistance Population 5 0208 7.67*
Trichome density 1 0.062 11.57*°
Pop. x Tnchom. 5 0.166 6.14"
Error 105 0.570
s 0.868°"

(b) Tnchome density Population 5 9.31¢ 12.6%
Leaf area 1 0006 0.04ns
Pop. x Leat area 5 1630 220ns
Error 105 15.5612
R? 0.832"

(c) Fitness Population 5 9823.376 4.90
Resistance 1 2078.598 7.44
Pop. x Aesist. 5 7575.756  3.78"
Error 123 49219,970
R 0.490°""

*P < 0.05; **P < 0.01: ***P < 0.001; ns, not significant.
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that the slope for the relationship between trichome
density and resistance varied among populations
(Table 3a). In contrast, differences among populations
in trichome density were not related with leal area
(Table 3b). In five out of six populations, a significant
relationship between trichome density and plant resist-
ance was detected and the explained variance (R°)
ranged from 0.50 10 0.68. Populations 1. 1I, 1V and V
showed positive relationships. whereas population VI
had a concave downward relationship between leaf
wrichome density and resistance (Table 2). Multiple
comparisons also showed dillerences in trichome density
and resistance among populations (Table 2). Finally,
population mean resistance and trichome density were
highly positively correlated across populations (Fig. 1,
Rg=0.83, n =0, P=10.0416).

1.0 [
09 o
1
08 A
¢ vio oV
S
Z 07
[ .
= i
0.6 ‘ v
e
P
0.5 - i
0.4 : —— L. " —

[/} -8 . 10 15 20
Trichome density
Fig. 1 Relationship between population mean resistance to herbi-
vorous insecs (1 - relative damage) and mean trichome density

wtrichome x mm™2) in Datura stramoniun (Rg = 0.83, n = 6,
P < 0.041). Labels correspond 10 populations listed in Table 1. Bars
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Fig. 2 Relationship between plant fitness
and resistance 1o herbivores (standardized)
in six populations of Datura stramonium
{see Materials and methads, and Table 3).

Resistance

Phenotypic selection of resistance
across populations

ancova revealed significant differences among popula-
tions in fitness (Table 3c). Also, resistance 10 herbivores
had a significant effect on plamt fitness. The significant
interaction between plamt resistance and population on
fitness indicates that the siope of the relationship
between fitness and plant resistance differed among
populations (Table 3c and Fig. 2). These results suggest
differences among populations in the effectiveness of
resistance against herbivorous insects, and imply that a
similar amount of damage had different consequences on
plant fitness among populations,

Significant direciional seleciion coefficients were
detected in three out of six populations. In Populations
1. Il and IV, resistance was positively favoured, indicating
that higher fitness was attained by those plants with
higher levels of resistance (Table 4 and Fig. 2). After
Jackknife procedure, selection coefficients for these
populations remained significant (Table 4). In contrast,
no selection on resistance was detected in populations I11.
V and VI (Table 4 and Fig. 2).

Population differentiation in trichome density

Nested anova revealed significant differences among
populations in leal trichome density. whereas no
significant differences among families within population

Significan: selecton (continuous line) and
nonsignificant selection (dashed line) linear
fit are indicated. Arrows indicate population
number.

were found (Table 5). Plants from population I had a
significant higher mean leaf trichome density than
plants from populations II and IIl, which did not differ
from each other (Fig. 3). Thus, differences found in the
field were maintained in a common garden suggesting
genetic differentiation berween populations for this
characiter. However, the same experiment revealed
the plastic nature of trichome density: the novel
environment represented by the common garden had
distinctive effects on the plants of the different popu-
lations (i.e. they tended 1o converge phenotypically;
cf. Fig. 3).

Table 4 Dircctional selection coefficients (ff) and standard errors
(SE} ol resistance to inscct damage of six populations of Danra
stramoniim. R? for the lineal models and Jackknife estimates for the
significant selection coefficienis are provided. Sample sizes corre-
spond 10 those of Table 2.

Jackknile estimates

Poputation B (SE) R? SE 1]
! 0.553 (0.222) 0.213 0.261 2,121
i 0.564 (0.185)" 0.328 0.163 3.470"
" -0.229 (0.051) ns 0.051 - -
Y 0.529 (0.229)° 0.211 0.221 2.390°
v -0.201 (0.270) ns 0.036 - -
vi 0.081 (0.267) ns 0.007 - -

*P < 0.05; **P < 0.01; ns, not significant.
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Table 5 Nesied anova of leaf richome dcnsity (trichome_ x fm"n") i
for families of three populations of Datura stramonium in a ‘common ;

parden (see Materials and methods).

Source of variation d.t. ss Y -
Population 2 2.483 v8.020
Familigs (Population) 36 4,854 1.21 ns

Error 203 33.134 K

**P < 0.001: ns, not significant.

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 Datura stramonium,
support the expectation of a defensive role of trichomes
within populations. In addition, trichome density affec-
ted plant fitness through its association with plant
resistance. However, the effectiveness of leaf trichome
density varied among populations. Directional selection
of phenotypes with higher resistance 10 herbivores was
significant in only three populations of Datra stramonium.
Thus, these results 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 trichome density, highlighting the

10
8t
o
K
g 6r
=
g
g
2
i
= 41
2 .
Fig. 3 Average values of lcaf trichome
density (trichome x mm™?) in the field and
in the common garden of three populations 0
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':,'potemlal 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,

1975; Marquis, 1991, 1992; Kennedy & Barbour, 1992;
Agren & Schemske, 1993; Rausher, 1996; Mauricio &
Rauscher, 1997; van Dam & Hare, 1998a.,b; Elle er al.,
1999). However, few studies have estimated phenotypic
selection on resistance to herbivores in different popu-
lations of the same species. Relevant to this goal, the
present results demonstrated that (1) trichome density
is. a component of plant resistance to herbivores in
most populations of Datura stramonium sampled
(cf. Tables 2, 3a), and (2) selection for higher resistance
10 herbivores occurred in some populations (Table 4).
These results are in agreement with the finding of
selection on resistance to herbivores in other popula-
tions of Datura stramonium (Nunez-Farfdn & Dirzo,
1994; Nuhez-Farfan er al., 1996). Selection is expected
1o 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 of natural populations (see Sinervo, 2000)
to identify potential coevolutionary hotspots (Thomp-
son, 1999).

The relative effectiveness of trichome density as a
defensive trait differed among populations (significant
population x trichome density interaction; cf. Table 3a).
In addition, the result that resistance may or may not be

T ' . O #oruasions

E  ronuisoonn
[ ]

of Datura stramomiun, Bars represent mean
{+1 SE).
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selectively advantageous in a given population is reflec-
ted in the interaction between population and resistance
(Table 3¢ and Fig. 2). In fact, for three populations no
evidence of selection on resistance was detected suggest-
ing that natural levels of damage did not exert 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
after damage constitutes an aliernative strategy of plant
defence besides resistance (Maschinski & Whitham,
1989; Belsky er al. 1993: Simms & Triplent, 1994;
Finebilum & Rausher, 1995; Mauricio et al., 1997). I
some populations of D. stramonium compensate following
damage, selection on resistance might not be expected
({Herms & Mauson, 1992). A recent study in D. stramo-
nitm indicates that this species can compensate for foliar
damage (Fornoni & Nilfez-Farfdn, 2000); however, it is
not possible 10 establish, at present, if those popuiations
do not have selection on resistance.

Although resistance could be the best strategy under
certain environments, lack of genetic variation brought
about by genetic drift (i.e, founder effects) will constrain
selection. Similarly, phenotypic plasticity in defensive
traits may limit selection despite the presence of genetic
variation is present in certain environments (see Ninez-
Farfan & Dirzo, 1994; Fornoni & Nunez-Farfdn, 2000).
Also, the capacity of plants 1o produce inducible defences
(see  Zangerl & Berenbaum, 1990; Underwood
et al., 2000) once damage has occurred may prevent
the detection of selection on resistance. We did not
examine whether there are inducible defences in
Datura stramoniwm, or if genetic variation for induction
occurs in natural populations.

It must be siressed that population differences in leafl
trichome density may occur even if it is not a compo-
nent of plant resistance. For instance, trichome number
might be positively or negatively selected in different
stressful environments because it is correlated with
other characters (e.g. leal size; see Roy eral, 1999).
However, if trichome density were not a resistance
component in  Dawmra stramonium. no relationship
bewween trichomes and resisitance would be expected
either among or within populations. In this study, the
results for Dawra stramoniim show that variation in
wrichome density is independent on leaf size (cf.
Table 3b). Furthermore, no relationship between leaf
size and trichome density was found for two populations
(1 and III) of this species in the greenhouse (P. L.
Valverde, unpublished data). Leal trichomes have been
proposed to reduce water loss in water-limited environ-
ments (Turner & Kramer, 1980; Fitter & Hay, 1987).
Still, this does not exclude the possibility that leaf
trichomes function as a component of plant resistance 10
herbivores (Woodman & Fernandes, 1991). The present
data support leaf trichome density as a component of
resistance regardless of selection imposed by other
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Response to selection within populations is expected
only if part of the phenotypic variation in leaf trichome
density is genetic in origin (Falconer & Mackay, 1996).
Leaf trichome density is a highly variable plant character
(Agren & Schemske, 1994; Roy etal. 1999), and
evidence of environmental induction (e.g. phenotypic
plasticity) has been documented (Sharma & Dunn, 1969;
Conklin, 1976; Wilkens et al., 1996; Elie eral., 1999).
Several studies have detecied heritable variation for leaf
trichomes (van Dam & Hare, 1998a; Elie et al., 1999; van
Dam et al., 1999}. In Datura stramonium, the common
garden experiment revealed the plastic nawre of leafl
trichome density since the population averages tended to
converge (i.e. their change was in opposite directions;
cf. Fig. 3). Yet, the populations analysed maintained their
differences, suggesting genetic differentiation. The ana-
lysis did not reveal within-population differences among
families and thus no potential lor selection to change
genetic frequencies at loci determining leaf trichomes.
However, the common garden experiment involved only
a small number of families per population. Thus, genetic
variation for trichome density may exist in natural
populations of Datura stramonium but a quantitative
genetics study of this character in natural conditions is
needed.

Selection on traits involved in plant-animal interac-
tions is not expected to act in the same magnitude and
direction across populations of a species. Due to the
relevance of the environment in modulating genetic
variation, the study of natural variation is important to
estimate selection in characters of putative adaptive
value and in guiding experiments aimed 1o establish
causality (Mousseau, 2000; Sinervo, 2000). As the
present 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 selectlon act upon two proposed altemanves of

defence (growth and re31stance) agamst natural enerrues in- a common garden




Introduction

The hypothesis that plants respond agaiﬁst namra] enemies either allocating

resources to defenswe re51stan' tralts (1 e., secondary chemicals, trichomes, spines,




0 : dlfferenhahon and varlatlon among populanons in the relative value of a physical

- component of re51stance (1 e. tnchorne density) was detected (Valverde et al., 2001).




e upon res1stance and grox

:_herb1vory darnage (van der Meljden et al.,. 1988 Rosenthal & Kotanen 1994 Strauss-
'Ji& Agrawal 1999; Stowe et al. '7000) Provxded prev1ous f1eld studles found 51gmf1cant

f";phenotyplc differences among populahons in levels of rey
f;(Valverde et al,; 2001), tms study addressed the followm ‘

’ raliééletﬁon act

‘ correlatlonbetw
. N plan ler the same herb1vory load?
. ‘[Fmally 5) to what extent does selectlon on lan growth change when herbivores

" are absent?

Materials and methods

Plant-herbivore system ,

The annual weed Datura stramonium (Solanaceae) occurs in a wide variety of plant
communities in North America (Avery et al., 1959 Weaver & Warwick, 1984). In
Mexico, this herbaceous plant inhabits open,-cultlvated and disturbed sites where it



 attains on averace m 1n h 1g

ez-Farfén, 1991) Some spec1es o spec1ahst

and generahst herb

stramonium m

Acr1d1dae) an

Don{h:tgo and Zirahuén are
c;xfﬁngo and Ticuméan are = 30
pr_évious study, the natural

and Zirahuén than in Ticuman

t, 2 vérage trichome density was

hlgher forv T1cuma populations (Valverde et al., 2001).




Study site , :
The study was carried out in the Pedregal de San Angel Ecologlcal Reserve

(19°20'02”N and 99°08’ 26"W), located w1ttun the campus of the Nanonal
Autonomous Uruver51ty of Mexxco (UNAM) in sou n Mexmo Clty The climate at

this site is se ona w1th an annual rmean precip

n of OO me, and annual mean

temperature ‘of 15 5° Cv The ramy ‘seasc xnrner (May-September). D.

2 stmmonzum grows naturally 1n the generalist and specialist

herb1vorous insects assocxated’t t ‘nt. The vegetation is a

& ssmg (1 3 to’ 18 7%: Motten
A&'Antqn‘o like ly related as full-sibs

f(4ili:tres) filled with a
gust, a total of 684

thin th'e experimental plot

an A‘ngelﬁEcological Reserve. This

duce any. p0551ble rrucro-envu'onmental variation within
cause'sorne families d1d not gerrmnate, seedlings from 39
nuneo, n=14; Tlcumén n = 15; Zirahuén, n = 10) were
garden.An average of 17.5 individual plants per family
0) Seedlings were transplanted following a completely

/ _ s 'was aimed at reducing possible spatial variation in insect
abundance w1th1n the expenmental plot. Plants were spaced 1 m apart in a regular
 grid. Per1od1cally, natural weeds were removed to eliminate interference with

other plants. Half of the plants of each family was allocated randomly to the




insecticide treatment (herblvores absent) and the other half to the; control treatment

(herbivores present) In the msectxmde treatment.plants were treated with two
URADAN®7FMC) at'one-month
t). The flrst

the’ control

applications of a systermc carbofuran insecticid
insecticide treatm

intervals at a concentratlon of 1.25
application of »ms_ectlmd
treatment, plants we
insecticide tre hen

differences we

“expenence more damage ‘becaus they: represent a high quality patch for natural
' herblvores, our estimate of. e51stance may be biased since larger plants would
, ,,appeared as bem relatively less resistant than smaller plants. Both the phenotypic

and farruly level correlatlohs between plant size and damage were not significant (r

o= -O 064 r ~‘0 0343 respec’nvely) 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 estimate of

‘individual plant fitness.

Data analysis
We first evaluated the presence of population differentiation and genenc variation

within populatlons for re51stance by means of nested ANOVAs. The analysis for

arc‘ sme transformed to ensure
elifferentiation, genetic variation and
ested ANCOVA, including both

: pulat]on and the presence/absence of
IS, and family nested within populations

II ums of squares were used. Third, an

on gradients in each treatment for each
e »exjmi'ne the magnitude and direction of natural

58 resistance can only be estimated in the presence of

analyses for each population were performed using the

control treatment plants For these analyses resistance and growth were




were entered as co ar ""d 11.50pu1ation was considered a fixed factor. A

significant growth 8: p‘ atlon and/ or resistance X population interaction would
_indicate that the patterns of selecnon on growth and/or resistance differ among

populatlons S1m11arly, in the absence of herbivores, ANCOVA was performed to
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compare selectlon grad;ents among populations for growth. For each treatment
NCOVASs were performed to compare pairs of populations

B separately, :

for whlch' 51 on gradxents were detected. All analyses were

' gene’ac level.

wtl :‘aerbsi.‘s‘t"eﬁt'ments. In order to test if the

red the relation ship between fitness and
ssiwas ‘the response variable,
ntand population were

X Treatment interaction will
}_re‘s.'md:rfbferentially altered the fitness

A thx Treatment interaction will indicate

that the presence/absen “alterfed' the selection pattern on growth. All

the analyses were perform n :'i}idual and family level. Type III sums of
squares were used. All analyse were performed using the IMP® stahstlcal package

(SAS Institute, 1995).

Results S o
;med an average helght of 24.64 £ 7.65 cm,

At the end of the exper’irnery;lt.plarl’its""d‘

,94,1 80 72 cm2 Herbivores consumed on
eaf-area Leaf damage ranged from 1.06 to
teat Epztr ‘ix parvula, Sphenarium purpurascens and
oresvresponmble for leaf damage in our

er. when herbivores were present as compared
]el and 2B). In general, the absence of herbivory
59, P < 0.01). Higher average plant fitness (15%

c o'fbherbivores than in their presence (Table 1).

f-herblvores no differences in growth were

detected among popul io able 1 and 2B). In the presence of herbivores,

i 51gmf1cant d1fferences among populatlons for resistance were detected (Table 1 and
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2A) The Tlcuman populatlon had the highest relative resxstance than the erahuén
“~and Sto :“Dorrungo populahons (Table 1). A

: Genehc anahon on growth and resistance

Natural selechon on re51stance and growth

Selection analysxs on resistance at both phenotypic (individual plants) and genetic
(family means) levels revealed differences on the selection patterns among

populations in the presence of herbivores (control treatment). Significant
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, dxrectlonal selechon’ fo h.lgher resistance wasdetec:ted m the phenotyplc- and ‘

' _‘farmly-lev el

. ‘contrast, n

'-f"detected for a1 it

grad1ents among poioulahons (growth x
0 1)‘L(Table 3). A comparxson of the

o grad1ents between populatlons indicated
and dlffered significantly from Sto. Domingo (F1,255
n ,(ffz-“l,_'ze = 5.76, P < 0.05 (Table 3, Fig. 2). No difference in

 revealed signil
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B gthe magrutude of the selectlon gradxents was. found between Sto. Domingo and
=0. 01 n.s, Table 3, F1g 24, B) At the genetlc level, positive

: o erahuén (F1 200 =

d1rect10nal selectlon on: farrulyinieans was- detected only for Tlcuman and Zirahuén

var1a‘ on was : etected Both alternatives of defence offered equivalent fitness
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benefits agamst herb1 ‘ry damage . The presence/absence of herbivores
differentially. affected lant fitness, growth and the relationship between them.

Fmally, our res llts indicated that multiple defence strategies can evolve in D,

stmmomum.
' r lants have to deal w1th a 11m1ted pool of resources, a

o generahs herb or Sphenurumi purpurascens), no data are available to

j i,suggest the effec of_plant remstahce upon specialists herbivores. However, for
e ~some ‘plant-herbivore’ systems, specialist consumers have circumvented plant

. ,L_:res1stance mechamsnis (DaCosta & Jones, 1971; Metcalf, 1986; de Jong & van der




MEIJdEI'l, 2000 Marak et al.; 2000); Thus furthier mforma’non is needed before

5t fstressful condltlons hen in thelr natlve habltats tis expected that under strong

i ‘resource 11rrutat10n or herbivory damage the opporturu’nes for the existence of a

:negatlveacqrrelatlon between growth and resistance would be higher.

: Growth and resistance as alternative strategies to cope with herbivory
>Emp1r1cal and theoretical evidence indicates that increments in plant growth can be
‘assecnated w1th a compensatory response to herbivory (Belsky et al., 1993; Rosenthal
& Kotaﬁen, 1994_‘Strauss & Agrawal, 1999). Some studies have shown that fast

growmg plants are better: ableto compensate leaf damage than slower growing




ss & Agrawal, 1999;

ive response to

elsky et al., 1993;

erbivores and plants

ompensation are part of an

' th may be harder to detect under low levels of

i damage :;‘Although ome stuc 1es'1nd1cated that costs of resistance and compensation

' mcrease under l‘ugh stress ul condmons (Herms & Mattson, 1992; Bergelson, 1994;
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.between growth and resistance against herblvory,

-strategies of defence can represent alternatives

h ‘,u‘s, both strategies of defence can evolve
',_';,:51multaneously P Abulétions Yet, the conditions that favours the evolutio}n‘

“~of. multiple defenswe strategies within plant populations remains to be

Tinvestigated.
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Sio:

. Domingo.

Zirahuen 13039,
(228

Ticuman 9755 o035 77512

o  (4233) ©(3429)  (103.17)
Average 10526 0879 . 54161 9783  637.77
(28.65)  (0.003) - (22.24) (37.50)  (46.24)




Table 2. 'Neste
growth (B) n

stramonzun

df SS F P
2 01329 6.96 0.0027
36 03458 1.48 0.0417
296 19136

Character

.A. Resistance

B. Growth =

‘ Treatment

- Pop Treat'ment

’ flea’m (Pop) X Treatmen’c |
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Table 3. Dn'ectlo al’ (ﬂ,)'selec’non gradxents on resistance to herbivores and growth

for three populahon of: Datura str amonzum in the presence and absence of

, herblvores.vSAt_a’nd‘a; ‘errors »;e:g;ven,‘m,parentheses. After jackknife analyses,

*P < 0.05, **P < 0.01, **P < 0.001, n.s P >

erbivores present Herbivores absent

§ B family p B family
: means phenotypic  means
0166 0355 0.014ns
(0.045) (0.069) (0.173)
Resistance - '"o.ossns' . -0173ns e
G o 051) (00

Zirahuén .Giowthj'.3' 130.’31'40."*:*. 0 341* o 0.317% 1.666"*

' s (0075 (o 196) (0.088) (0.469)
Resistance . 0.048ns  ~ 0.255ns

' Ticuman  Growth 0108ns‘ -0.141n.s 0.668** 0.983
‘ ‘ ' (o 061) - (0.099) (0.175) (0.390)
Résistémc’e 0219** ERN _"»0.290* —— el

S 069) (0114)




 Source of v P
" “Population 01452
Treatment 0.1066
- 0.0362
.19 0.0009
o op. . o, 0.0925
Growth x Treat. 1009 883 0.0031 0.0594
G‘ro'wthprp x Treat. 1679  7.35 0.0007 0.0182

Error 670  765.61
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Figure 1. Relatlons ip-bet

effect) and standardlze

Datura stmmomum in erblvores a he phenotypxc level (see Table

3). Significant (= ) r =) selectlon gradients are indicated.

Figure 2. Linear relation tween mean family value of fitness (total number of

seeds per plant) and growth for three populations of Datura stramonium in the
presence and absence of herbxvores (see Table 3). Significant (—) and non significant

(---) selection gradlents are 1nd1cated.
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Valverde, Fomoni and Nuiiez-Farfan Fig. 1
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Valverde, Fornoni and Niifiez-Farfan Fig. 2
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