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ABSTRACT

Plants can respond to damage from natural enemies through resistance and/or tolerance.
Evolution of these traits among natural plant populations can be constrained by (1) the absence
of genetic variation or (2) because of the presence of a trade-off between resistance and
tolerance. This last hypothesis remains one of the main assumptions of evolutionary theory of
plant–natural enemy interactions. Such a trade-off could represent a constraint for adaptive
evolution because high levels of resistance or tolerance could be attained but not both. In this
study, we examined the presence of genetic variation in tolerance and resistance, the existence
of a negative genetic correlation between tolerance and resistance, and the extent of genetic
differentiation in plant defensive strategies between two natural populations of Datura
stramonium of Central Mexico. A reciprocal transplant experiment using paternal half-sib
families was performed. The results of this experiment showed: (1) the presence of additive
genetic variation for tolerance and resistance (h2

N = 0.41–0.49) in both populations at their
native site; (2) genetic differentiation in tolerance and resistance between populations; and
(3) an environment-dependent genetic correlation between tolerance and resistance. The results
support the hypothesis that a negative genetic correlation between tolerance and resistance
can potentially constrain the simultaneous evolution of both traits within populations.
Furthermore, genetic differentiation between populations supports the expectation that
tolerance and resistance represent redundant alternatives against natural enemies. Thus, G × E
interactions may represent an important causal factor promoting geographic variation in the
outcome of the interaction between plants and their natural enemies.
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INTRODUCTION

Antagonistic co-evolution is considered the main process behind the development and
maintenance of adaptations that mediate trophic interactions between exploiters and
victims (Ehlrich and Raven, 1964; van Valen, 1973). At the population level,
co-evolutionary theory predicts that a dynamic process of adaptations and counter-
adaptations of traits involved in the interaction between species will result in local
adaptation (Seger, 1992; Thompson, 1994; Nuismer et al., 1999; Buckling and Rainey,
2002). Furthermore, the direction and strength of back-and-forth genetic responses
between interacting species may be altered along the geographic scale, provided there are
selection mosaics in species’ interactions (Thompson, 1994; Agrawal, 2001; Rausher, 2001;
Schluter, 2001; but see Stinchcombe and Rausher, 2002). Although recent empirical
evidence revealed the existence of selection mosaics for several interactions (Benkman et al.,
1999; Thompson, 1999; Gómez and Zamora, 2000; Gomulkiewicz et al., 2000; Thompson
and Cunningham, 2002), there is little information about the causal factors behind these
patterns at the scale of local populations (Schluter, 2001). When both interacting species
inhabit the same geographic area, the co-evolutionary process can be constrained by: (1)
reduced genetic variation in traits involved in the interaction (e.g. Thompson, 1994); (2)
trade-offs between resistance traits and other fitness-enhancing characters (e.g. Rausher,
2001); or (3) gene flow between populations experiencing different selection environments
(e.g. Thompson, 1994).

Unlike most trophic interactions between animal species, plants have two basic strategies
of defence against natural enemies (herbivores, pathogens) – namely, resistance and
tolerance (Strauss and Agrawal, 1999). Resistance traits reduce the fitness of natural
enemies (Underwood and Rausher, 2000) and can potentially affect genetic variation in
enemy traits involved in the interaction with plants (Futuyma and Peterson, 1985; Jaenike,
1990; Rosenthal and Berenbaum, 1991). In contrast, plant tolerance does not promote a
co-evolutionary response of their natural enemies because it does not have a negative effect
on enemy populations (Rosenthal and Kotanen, 1994; Fay et al., 1996; Strauss and
Agrawal, 1999; Rausher, 2001). If fitness costs of herbivory can be reduced by tolerance,
selection on resistance traits will be weak or even selected against when costly, given that
levels of damage can be partially or almost fully compensated by tolerance (Abrahamson
and Weis, 1997). This explanation assumes that both tolerance and resistance represent
costly redundant alternatives to cope with natural enemies (Simms and Triplett, 1994;
Fineblum and Rausher, 1995; Valverde et al., 2003), and hence a negative genetic correlation
between both strategies of defence has been expected within populations (Simms and
Triplett, 1994; Fineblum and Rausher, 1995).

Although the existence of a negative genetic correlation is relevant to understanding the
simultaneous evolution of tolerance and resistance (Fineblum and Rausher, 1995; Rausher,
1996; Tiffin, 2000), few studies have detected it (Fineblum and Rausher, 1995; Stowe, 1998).
Hence several studies have failed to detect this type of trade-off within natural populations
(Simms and Triplett 1994; Mauricio et al., 1997; Tiffin and Rausher, 1999; Roy and
Kirchner, 2000; Stinchcombe and Rausher, 2002; Strauss et al., 2002). Moreover, selection
studies suggest that combined levels of tolerance and resistance may be favoured, corre-
sponding to mixed strategies of defence (Mauricio et al., 1997; Tiffin and Rausher, 1999;
Pilson, 2000; Medel, 2001; Koskela et al., 2002; Valverde et al., 2003). In this sense, the
presence of this constraint remains to be explored.
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Although several studies have found within-population genetic variation for resistance
and tolerance simultaneously (Mauricio et al., 1997; Agrawal et al., 1999; Tiffin and
Rausher, 1999; Koskela et al., 2000), none of these were conducted using more than one
population (but see Juenger et al., 2000). The aim of the present study was to assess
the presence/absence of a negative genetic correlation between resistance and tolerance,
and the presence of genetic variation in both defensive strategies, in two populations of
the annual plant Datura stramonium. Using paternal half-sib families from two natural
populations, we specifically searched for: (1) the presence of additive genetic variation in
tolerance and resistance; (2) the existence of a negative genetic correlation between
tolerance and resistance; and (3) the occurrence of local differentiation in defensive
strategies against herbivores.

MATERIALS AND METHODS

Plant species and study sites

Datura stramonium L. (Solanaceae) is an annual plant that occurs in a wide variety
of plant communities throughout Mexico and North America (Weaver and Warwick,
1984). This species is commonly found inhabiting open, cultivated and disturbed habitats
(Weaver and Warwick, 1984; Núñez-Farfán and Dirzo, 1994). In Central Mexico, leaves
of D. stramonium are frequently eaten by two specialist herbivorous insects, Epitrix
parvula (Coleoptera: Chrysomelidae) and Lema trilineata (Coleoptera: Chrysomelidae)
(Núñez-Farfán and Dirzo, 1994). Also, the generalist grasshopper Sphenarium purpurascens
(Othoptera: Acrididae) consumes foliar tissue of this plant species in Central Mexico
(Núñez-Farfán and Dirzo, 1994; Núñez-Farfán et al., 1996).

Datura stramonium possess secondary compounds (trophane alkaloids) and trichomes as
components of resistance against herbivory damage (Shonle and Bergelson, 2000; Valverde
et al., 2001). Natural selection has been detected acting on these defensive characters
(Shonle and Bergelson, 2000; Valverde et al., 2001, 2003). In addition, artificial defoliation
studies have revealed that this species can tolerate foliar damage around 10% of total leaf
area without showing fitness reductions (Fornoni and Núñez-Farfán, 2000).

Based on a previous survey of several natural populations of D. stramonium in Central
Mexico (see Figure 1 in Valverde et al., 2001), we selected two extreme populations in the
observed range of resistance. These populations showed significant differences in average
levels of total leaf area damaged (Ticumán: 10.9 ± 4.0%; Sto. Domingo: 44.1 ± 1.4%;
mean ± standard error) (Valverde et al., 2001). Furthermore, common garden experiments
have shown that both populations are genetically differentiated in their response to
herbivory, Ticumán being the most resistant (see Table 1 in Valverde et al., 2003). These
populations grow in contrasting habitats and were selected for a reciprocal transplant
experiment. The two populations are separated by about 30 km and differ in altitude by
approximately 900 m. The Ticumán population (18�45�N and 99�07�W) is located in a
tropical dry forest at 961 m, where average annual precipitation and temperature are 802.1
mm and 23.1�C, respectively. The population of Sto. Domingo (19�00�N and 99�03�W)
occurs in a temperate pine-oak forest at 2050 m, with an average annual precipitation and
temperature of 1463.2 mm and 19.9�C, respectively. In both transplant sites, plants start
their growing season with the first rains at the beginning of July (J. Núñez-Farfán, personal
observation).
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Experimental design

Experimental plants were obtained in the greenhouse following a North Carolina I design
of crosses to produce paternal half-sib families (Lawrence, 1984). This design, in which each
male parent (sire) is mated to several female parents (dams), enables estimation of unbiased
additive genetic variances free from possible maternal and common environmental effects
(Falconer and Mackay, 1996). Because D. stramonium is a hermaphroditic species,
plants were randomly assigned to function either as a male or as a female parent. Paternal
half-sib families were obtained by mating two female parents to one male parent plant
(Núñez-Farfán and Dirzo, 1994). Controlled crosses were performed between January and
May 1999, obtaining 25 and 23 complete paternal half-sib families for the populations of
Ticumán and Sto. Domingo, respectively. More than 100 experimental seeds per sire were
germinated in the greenhouse. When the first two true leaves appeared, half of the first
germinated plants from each paternal family (8–24) were transplanted to each experimental
plot following a reciprocal transplant design. However, because 10 paternal families of
Ticumán and 8 of Sto. Domingo had a low number of replicates, these families were
only planted at their corresponding native site. In total, 1159 plants were planted at both
experimental plots.

Both experimental plots were ploughed and disked before transplant. Experimental
seedlings were randomly placed 1 m apart in a regular grid within experimental plots in a
complete randomized design. During the experiment, both plots were periodically weeded
by hand to avoid interference from other plants.

Resistance estimates

At plant maturity (4 months after transplanting), half of the leaves of each individual plant
were randomly collected to estimate the proportion of leaf area damaged by folivorous
insects. The proportion of damage was calculated using a Color Windows Image Analysis
System (WinDIAS-Basic, Delta-T Devices Ltd, Cambridge, UK). For each individual
plant, we directly measured the proportion of leaf area damaged for all sampled leaves.
Resistance to herbivores was calculated as (1 − relative damage) (Stinchcombe and Rausher,
2001; Valverde et al., 2001, 2003). Although plant size may influence the probability of
attack by natural enemies in other plant species (Sork et al., 1993; Roy, 1998), a previous
study with D. stramonium indicated that the amount of damage experienced by plants is not
conditioned by plant size (Valverde et al., 2003).

Additive genetic variation on resistance

Nested analyses of variance (Model II; Sokal and Rohlf, 1995) were performed using the
module PROC GLM (Type III SS) with the RANDOM option of SAS (SAS, 1999) to
calculate the among-sire, among-dam within-sire, and error components of variance for
resistance to herbivorous insects (Roff, 1997; Lynch and Walsh, 1998). These analyses were
performed for each population grown at their native and alien site. Before statistical
analyses, relative resistance was arcsine-square root transformed. The North Carolina I
cross-breeding design allows the estimation of the additive genetic variance (σ2

A) because the
among-sire component of variance approximates 1/4σ

2
A, corresponding to the intraclass

correlation coefficient (Falconer and Mackay, 1996; Lynch and Walsh, 1998). Narrow-sense
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heritability (h2
N) was estimated as h2

N = 4 (σ2
S /σ

2
T), where σ2

S is the among-sire component of
variance and σ2

T is the total phenotypic variance (Falconer and Mackay, 1996; Lynch and
Walsh, 1998). Standard errors and t-tests of heritability were estimated using a jackknife
resampling procedure (Han and Lincoln, 1994; Sokal and Rohlf, 1995, p. 821).

Tolerance estimates

At the end of the reproductive season, all mature fruits on each individual plant were
harvested. Individual plant fitness was estimated as the total number of seeds per plant
corresponding to maternal fitness. Since fruit volume is highly correlated with the total
number of seeds contained by a fruit (seed number = 0.026 × (volume); r2 = 0.984,
P < 0.0001, n = 35), the total number of seeds per plant was estimated by measuring the
volume of all fruits produced by a plant. Tolerance for each paternal family was estimated
as the slope of the relationship between relative fitness and natural damage (Mauricio et al.,
1997; Tiffin and Rausher, 1999; Stinchcombe, 2002).

Additive genetic variation on tolerance

Additive genetic variation on tolerance to herbivory was evaluated using a nested analysis
of covariance (Type III SS) for each population at each transplant site (PROC GLM
module of SAS) (SAS, 1999). According to the operational definition of tolerance as a
norm of reaction of fitness in relation to damage (Abrahamson and Weis, 1997), relative
fitness was entered as the dependent variable and the proportion of natural damage was
entered as a covariate in the analysis. For this analysis, relative fitness was log-transformed
to ensure normality (Mitchell-Olds and Shaw, 1987). Sire and dams nested within sire were
considered random effects. A significant damage × sire interaction would indicate the
existence of additive genetic variation on tolerance (i.e. differences among paternal half-sib
families in the slope of the relationship between relative fitness and proportion of leaf area
damaged) (Pilson, 2000; Stinchcombe, 2002). The RANDOM option of SAS was used to
perform F estimates. When the interaction damage × dam (sire) was significant, the F-test
for the interaction damage × sire was corrected using the mean squares (MS) of damage
× dam (sire) as the denominator of the F-test (see Appendix B in Hougen-Eitzman and
Rausher, 1994; Tiffin and Rausher, 1999). After regressing relative fitness against plant size
(total number of leaves), estimates of tolerance using relative fitness and residuals of
relative fitness (without size effects) were evaluated (Tiffin and Rausher, 1999). Rank corre-
lations between both estimates of tolerance revealed that these correlations were highly
significant and positive (average pairwise correlation coefficient was 0.80, range 0.70–0.86,
P < 0.005), indicating that plant size did not differentially alter our estimates of tolerance
among paternal families. Thus, the final analyses of genetic variation on tolerance were
performed without considering plant size.

Correlation between tolerance and resistance

To explore the possible existence of an association between tolerance and resistance, we
performed an analysis of covariance of resistance as a function of site, population and
tolerance (covariable). For this analysis, only those paternal families that were completely
replicated at both transplant sites were used. The presence of a significant site × tolerance
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interaction would indicate that the association between tolerance and resistance differs
between sites (see Roff and Gélinas, 2003). After this analysis, pairwise paternal half-sib
family-mean correlations between tolerance and resistance for each population in each
site were calculated using the product–moment correlation coefficient (Via, 1984). The
significance of genetic correlations was obtained using jackknife resampling methods
(see Roff and Preziosi, 1994).

Population differentiation in fitness, resistance and tolerance

To determine if populations at their native site outperform the alien population in terms of
fitness, and are locally differentiated in tolerance and resistance, separate two-way analyses
of variance were performed for fitness, resistance and tolerance. In these analyses, site and
population were entered as fixed factors. These analyses were carried out using paternal
family mean values of fitness and resistance. Values of tolerance corresponded to the slopes
of the relationship between fitness and damage for each paternal family. A significant
population effect indicates the presence of genetic differentiation in plant defensive
strategies between populations. All these analyses were performed using only those paternal
families that were completely replicated at both transplant sites.

RESULTS

Plants growing at Ticumán performed better than those growing at Sto. Domingo (Table 1).
Plants were 20 times larger in terms of total number of leaves in Ticumán than in
Sto. Domingo (Table 1). Leaf area damaged per plant was on average very similar at the
two sites (Ticumán: 23.5 ± 1.10; Sto. Domingo: 22.6 ± 1.4; mean ± standard error). In the
locality of Ticumán, the native population received less damage (21.65 ± 0.7) than the alien
population (25.3 ± 1.0). In the locality of Sto. Domingo, mean damage was 25.7 ± 0.8 and
19.5 ± 1.1 for the native and alien population, respectively. In other words, at both sites,
plants from Sto. Domingo showed more damage than those from Ticumán. In Ticumán

Table 1. Mean plant traits of two populations of Datura stramonium grown in a reciprocal transplant
experiment (standard error in parentheses)

Site Sto. Domingo Site Ticumán

Pop. Sto. Domingo Pop. Ticumán Pop. Sto. Domingo Pop. Ticumán

Plant size 7.3738 11.0803 113.2590 223.6414
(leaf number) (0.7719) (0.9643) (23.8743) (27.2289)

Fitness 190.3225 183.5789 3858.9670 8398.292
(24.9956) (20.8196) (857.5163) (1004.042)

Resistance 0.7425 0.8046 0.7468 0.7835
(0.0180) (0.0109) (0.0105) (0.0108)

Tolerance −0.0250 0.0221 −0.1060 −0.3380
(range) (−0.2733 to 0.4537) (−0.0825 to 0.4885) (−0.3241 to 0.0337) (−1.5948 to 0.0852)

Note: Means were obtained using untransformed values of paternal family means.
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damage was caused mainly by the flea beetle Epitrix parvula, whereas in Sto. Domingo it
was caused by the grasshopper Sphenarium purpurascens (Valverde, 2001).

Genetic variation in resistance and tolerance

The analysis of variance revealed additive genetic variation in resistance for both
populations, as indicated by the existence of a significant sire component of variation
(Table 2). No difference in the magnitude of heritability was detected between populations
as estimated from their confidence intervals (h2

N = 0.41 ± 0.35 vs h2
N = 0.49 ± 0.28 for

Ticumán and Sto. Domingo, respectively). Only for the population of Ticumán grown at its
native site was the estimate of heritability using the dam component of variance significant
(h2

N = 0.44). Additive genetic variation in tolerance was detected for both populations
(Table 3). At both sites, a significant damage × sire interaction was detected indicating
differences among paternal families in the slope of the relationship between fitness and the
amount of damage (i.e. tolerance) (Table 3). No significant genetic variation in tolerance
and resistance was detected for the alien population at each locality.

Additionally, a mixed-model analysis of variance of resistance as a function of sire, dam
and site supports the previous pattern of undetected additive genetic variation at the alien
sites. Sire and dam were considered random factors and site was considered fixed. In this
analysis, a significant sire (overall) effect (F = MSsire /MSdam(sire)) would indicate the presence
of additive genetic variation for resistance across environments. A significant sire (G × E)
effect [F = MSsire / (MSdam(sire) + MSsire × site − MSdam(sire) × site)] would indicate the presence of
an additive genetic covariance (positive) between environments. A significant sire × site
interaction (Fsire × site = MSsire × site /MSdam(sire) × site) would indicate the presence of a negative
genetic covariance between environments (Fry, 1992; Roff and Gélinas, 2003). The results
of this analysis showed that neither an additive genetic component across environments
(F30,31 = 1.08, P = 0.4157) nor an additive covariance component between environments
(F30,13.4 = 0.93, P = 0.5758) was significant. The interaction sire × site was also not
significant (F30,31.06 = 1.13, P = 0.3638). The same analysis for tolerance revealed the absence

Table 2. Nested analyses of variance for resistance to herbivorous insects in two populations of
Datura stramonium (Ticumán and Sto. Domingo) grown at their native sites

Population Source of variation d.f. MS F P %σ
2 h2

N

Ticumán Sire 24 0.0385 2.03 0.0417 10.65 0.41 ± 0.20*
Dams (sire) 25 0.0190 2.09 0.0019 10.72 0.44 ± 0.16**
Error 392 0.0090 78.12

Sto. Domingo Sire 22 0.4258 2.32 0.0250 12.36 0.49 ± 0.16**
Dams (sire) 23 0.1834 1.57 0.0484 6.79 0.28 ± 0.23
Error 289 0.1166 80.83

Note: Sire and dam nested within sire were considered random effects. Jackknifes were performed to estimate
standard errors of narrow-sense heritabilities. *P < 0.05, **P < 0.01 correspond to heritabilities significantly
different from zero. %σ

2 indicates the percentage of phenotypic variance explained by each source of variation.
Sums of squares Type III were used. No significant sire main effect was detected for the populations of Ticumán
and Sto. Domingo grown at their respective alien site (Ticumán: F14,15.03 = 1.06, P = 0.4516; Sto. Domingo:
F14,14.13 = 0.94, P = 0.5370).
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of additive genetic variation across environments (F30,31 = 1.22, P = 0.2924, estimated as
Fdamage × sire(overall) = MSdamage × sire /MSdamage × dam(sire)), additive genetic covariance between
environments [F30,5.51 = 1.76, P = 0.2610, estimated as Fdamage × sire(G × E) = MSdamage × sire /
(MSdamage × dam(sire) + MSdamage × site × sire − MSdamage × site × dam(sire))], and an additive genetic
interaction between environments (F30,31 = 0.78, P = 0.7508, estimated as Fdamage × site × sire =
MSdamage × site × sire /MSdamage × site × dam(sire)). All these analyses were performed using only those
paternal families that were completely replicated at both sites (n = 30).

Genetic correlations between tolerance and resistance

The analysis of covariance for resistance revealed a significant tolerance × site interaction
indicating site differences in the association between tolerance and resistance (F1,979 = 4.77,
P = 0.0291). Specifically, at the locality of Ticumán we found a significant negative genetic
correlation between tolerance and resistance for the populations of Ticumán (rg = −0.41,
P = 0.0340, n = 25; Fig. 1A) and Sto. Domingo (rg = −0.56, P = 0.0047, n = 15; Fig. 1B).
Conversely, at the locality of Sto. Domingo there was a positive correlation between
resistance and tolerance for the population of Ticumán (rg = 0.44, P = 0.0252, n = 15;
Fig. 1C), whereas no correlation was detected for the population of Sto. Domingo
(rg = −0.15, P = 0.2500, n = 23; Fig. 1D).

Population differentiation in fitness, resistance and tolerance

The results of a two-way analysis of variance revealed significant differences in fitness
(seeds/plant) between sites and populations (Tables 1 and 4). Plants at Sto. Domingo

Table 3. Results of analysis of variance to detect additive genetic variation on tolerance for two
populations of Datura stramonium (Ticumán and Sto. Domingo) grown at their native sites

Population Source of variation d.f. MS F P

Ticumán Sirea 24 0.0524 1.59 0.1246
Dams (sire) 25 0.0334 1.77 0.0140
Damage 1 0.0247 1.31 0.2534
Damage × sire 24 0.0399 2.11 0.0002
Damage × dams (sire) 25 0.0283 1.20 0.0606
Error 342 0.0188

Sto. Domingo Sireb 22 0.0425 2.67 0.0100
Dams (sire) 23 0.0159 1.02 0.4404
Damage 1 0.0007 0.05 0.8235
Damage × sire 22 0.0290 1.86 0.0129
Damage × dams (sire) 23 0.0225 1.38 0.1184
Error 244 0.0156

Note: A significant damage × sire interaction indicates significant differences among paternal families in the slope
of the relationship between fitness and damage (i.e. tolerance). No significant damage × sire interaction was
detected for either population when grown at their respective alien site (Ticumán: F14,18.03 = 0.78, P = 0.6699;
Sto. Domingo: F14,16.23 = 0.57, P = 0.8502). Sums of square Type III were used.
a F estimated following Satterthwaite approximation, d.f. = 24,25.91.
b F estimated following Satterthwaite approximation, d.f. = 22,24.64.
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produced 3% of the total number of seeds/plant produced on average at Ticumán (Fig. 2a).
Across sites, plants from Sto. Domingo produced on average 47% fewer seeds than plants
from Ticumán (Fig. 2a). At Ticumán, the native population produced 44% more seeds than
the alien population. However, in Sto. Domingo, no difference in fitness was detected
between the native and alien population (Fig. 2a). There was no significant site × population
interaction (Table 4).

Average resistance varied between sites. Plants in the locality of Ticumán were 1% less
resistant to herbivory than in the locality of Sto. Domingo (Table 4, Fig. 2b). Also,
significant differences in resistance between populations across sites were detected. Plants
from Ticumán were on average 6% more resistant to herbivorous insects than plants from

Fig. 1. Genetic correlation between tolerance and resistance for two populations of Datura
stramonium grown in a reciprocal transplant experiment. (a) Population of Ticumán grown at its
native site. (b) Population of Sto. Domingo grown at Ticumán. (c) Population of Ticumán grown at
Sto. Domingo. (d) Population of Sto. Domingo grown at its native site.
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Sto. Domingo (Fig. 2b). Population differences in resistance were similar at both transplant
sites, as shown by the absence of a significant site × population interaction (Fig. 2b).

Another analysis of variance indicated differences in tolerance both between and within
sites (Table 4). In the Ticumán site, plants were 89% less tolerant to foliar damage than at
the Sto. Domingo site (Table 4, Fig. 2c). Across localities, the population of Ticumán was,
on average, 63% less tolerant to foliar damage than the population of Sto. Domingo (Table
4, Fig. 2c). However, only within the site of Ticumán was there a significant difference
in tolerance between populations. At this site, the population of Ticumán was 68% less
tolerant than the population of Sto. Domingo (Fig. 2c). Differences in tolerance between
populations at the Ticumán site accounted for the significant site × population interaction
in the analysis of variance (Table 4, Fig. 2c).

DISCUSSION

The results of this study indicate that populations of D. stramonium are genetically differen-
tiated in terms of tolerance and resistance. At their native site, each population expressed
significant additive genetic variation in tolerance and resistance. The presence of additive
genetic variation for tolerance and resistance in these populations suggests that genetic drift
has not eliminated the variation in plant defences. The detection of similar heritability in
resistance for the two populations suggests that further response to selection is not limited
by heritable variation. The detection of a trade-off between tolerance and resistance only at
the locality of Ticumán indicates the existence of a constraint to the simultaneous evolution
of both defensive strategies. As long as the higher resistance at Ticumán reflects an adaptive
response, the presence of a trade-off between tolerance and resistance may not represent
a constraint to co-evolution, unless selection favours high levels of tolerance. For the
population of Sto. Domingo, we found no evidence of constraints to the simultaneous

Table 4. Results of two-way analyses of variance for fitness (seeds/plant), resistance and tolerance in
two natural populations of D. stramonium grown according to a reciprocal transplant experiment

Character Source d.f. MS F P

Fitness Site 1 21.905 141.01 < 0.0001
Population 1 0.960 6.18 0.0157
Site × population 1 0.368 2.37 0.1289
Error 60 0.155

Resistance Site 1 0.024 4.47 0.0386
Population 1 0.025 4.66 0.0348
Site × population 1 0.001 0.34 0.5612
Error 60 0.005

Tolerance Site 1 0.013 23.31 < 0.0001
Population 1 0.002 4.08 0.0476
Site × population 1 0.005 9.40 0.0032
Error 60 0.001

Note: Values for tolerance correspond to the slope of the relationship between fitness and damage for each paternal
family. Site and population were considered fixed factors. Type III sums of square were used.
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evolution of tolerance and resistance given the absence of a trade-off between them. The
better performance of the population of Ticumán at its native site compared with plants
from Sto. Domingo suggests that plants from Ticumán are locally adapted.

Local differentiation in plant defensive strategies

In marked contrast to the many studies that have analysed genetic variation for resistance to
herbivores (Marquis, 1992), few have evaluated the existence of genetic differentiation in
levels of tolerance among natural plant populations (Lennartsson et al., 1997; Juenger
et al., 2000). In this study, we examined simultaneously the presence of genetic differen-
tiation for tolerance and resistance among two natural populations of Datura

Fig. 2. (a) Log fitness (seeds/plant), (b) resistance and (c) tolerance for two natural populations
of Datura stramonium grown in a reciprocal transplant experiment (mean ± standard error). ,
population of Sto. Domingo; �, population of Ticumán.
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stramonium. The pattern of differentiation indicated that the more resistant population
(i.e. Ticumán) was, at the same time, the least tolerant. In contrast, the more tolerant
population (i.e. Sto. Domingo) was the least resistant. This pattern supports previous
results indicating that tolerance and resistance represent redundant strategies (van der
Meijden et al., 1988; Roy and Kirchner, 2000; Valverde et al., 2003). Although there
is some evidence to suggest that environmental effects on the expression of costs of
defence may be responsible for across-population variation in tolerance and resistance,
few studies have addressed this issue (but see Hochwender et al., 2000; Koricheva, 2002).
The difference in levels of damage between this and previous studies for the D. stramonium
populations of Sto. Domingo and Ticumán (Valverde et al., 2001) reveals the presence
of an important environmental component related to the amount of damage suffered by
plants.

Variation in the expression of the trade-off between tolerance and resistance

The presence of a trade-off between tolerance and resistance for both the native and alien
population in one locality (i.e. Ticumán site) indicates that the expression of the negative
genetic correlation can vary depending on the environmental conditions. In addition, the
detection of a significant genetic correlation for the populations of Sto. Domingo and
Ticumán grown at their alien site suggests that the undetected genetic variation may be
related to an increase in the within-sire variance.

Since damage was used for the estimation of both tolerance (i.e. fitness change per unit of
damage) and resistance (1 − relative damage), the genetic correlation between them could
be biased by a statistical artifact. In any biological scenario the artifact, if present, would be
expected to affect the correlation in a similar way. Thus, the pattern of differences found
between sites in the expression of the correlation strongly suggests that the artifact had a
relatively small effect on the magnitude and direction of the correlation. Inversely, if the
artifact had a strong effect upon the correlation, a similar trend should have been observed
in every combination of site and population. Although we cannot conclude that the artifact
does not exist, it does appear that its effect was rather minor. Hence, we limit our discussion
about the environmental effect on the trade-off to the comparison of relative rather than
quantitative values.

Theoretical work on the distribution of genetic correlations has indicated that the
mechanism behind the variability in the expression of genetic correlations may be related to
variation in resource acquisition relative to resource allocation (Houle, 1991; Mole, 1994).
When variation in acquisition is greater than variation in allocation, a positive correlation is
expected and vice versa (Houle, 1991; Roff, 1997). At the locality of Ticumán, the presence
of a negative genetic correlation suggests that variation in patterns of allocation to defence
rather than acquisition of resources may explain the presence of a negative genetic
correlation. Conversely, at Sto. Domingo, the presence of a positive and a non-significant
correlation for the alien and native population, respectively, suggests that variation
associated with acquisition rather than allocation to defence could have precluded the
detection of a trade-off (Houle, 1991).

Provided both tolerance and resistance are costly, the second main assumption behind the
existence of a trade-off is the presence of redundancy between both strategies (Simms and
Triplett, 1994). Hence, another explanation for the absence of a negative genetic correlation
is that redundancy may be reduced or absent at the site of Sto. Domingo, if fitness benefits
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of tolerance and resistance were not equivalent. This may occur if (1) different defensive
strategies are selected by different species of natural enemies, or (2) if the costs of tolerance
and resistance differ. The first scenario may occur when a plant species is eaten by different
species of natural enemies (Fritz and Simms, 1992; Thompson, 1994), and tolerance
or resistance function as species-specific responses against natural enemies such that
both become complementary defences (de Jong and van der Meijden, 2000). The second
possibility may occur if, for example, costs of tolerance are comparatively low relative to
those of resistance. Hence, a highly resistant genotype will not pay a fitness cost for being
tolerant, weakening or obscuring the negative genetic correlation (Fineblum, 1991; Simms
and Triplett, 1994). Conversely, when both resistance and tolerance have similar costs,
selection will increase the strength of the negative association between tolerance and
resistance (Fineblum, 1991). The scatterplot between tolerance and resistance for the
population of Ticumán at its native site suggests that the costs of tolerance and resistance
may differ (Simms and Triplett, 1994). The absence of a negative correlation at the site of
Sto. Domingo suggests that either the difference in costs is higher than at Ticumán or the
benefits of tolerance and resistance are not redundant.

Although variation in the expression of genetic correlations among populations in
ecological and life-history traits has been documented previously (Clausen and Hiesey,
1958, p. 150: Table 46; Biere, 1995; Roff, 1997; Pigluicci and Schimtt, 1999; Schapper and
Shore, 2000), we still know little about the causes of this variation (Lynch and Walsh, 1998).
The environment-dependent expression of a cost of resistance in terms of reduced tolerance
suggests the possible existence of an environmental effect upon the genetic interaction
between resistance and tolerance loci. This, in turn, would influence the pattern of adaptive
variation in plant defences among populations and would be one of the causal factors
shaping the selection mosaic of the interaction between plants and their natural enemies.
The presence of a trade-off between tolerance and resistance in some interacting
populations validates previous theoretical foundations (Fineblum and Rausher, 1995;
Mauricio et al., 1997; Tiffin, 2000). A consideration of the potential factors related to
variation in the expression of the trade-off would help to understand the generation
of geographic variation in the outcome of plant–natural enemy interactions. Future
theoretical work should incorporate plant tolerance as an important parameter to under-
stand the co-evolutionary dynamic of plants and their natural enemies at a geographic
scale, as well as variation in the adaptive value of tolerance and resistance related to physic
and biotic environmental variation.
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