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ABSTRACT: In this study, I tested whether selection occurring on
several morphological and floral traits in Erysimum mediohispanicum
(Cruciferae) is modified by the effects of herbivores. Six plots were
established in 1997 in the Sierra Nevada, Spain; three were fenced
to exclude native ungulates, and the remaining were open to un-
gulates. I determined pollinator and ungulate preferences for plant
traits and their effect on plant fecundity. Then I compared the se-
lection regimes between plants excluded from herbivores and plants
open to them. When ungulates were absent, I found significant se-
lection on flower number, reproductive stalk height, basal diameter
of the stalks, petal length, and inner diameter of the flowers. When
ungulates were present, selection on floral traits completely disap-
peared, and selection strength on flower number and morphological
traits decreased. This effect was due to the ungulate preference for
larger plants and the phenotypic correlations between plant size and
floral traits. Results suggest that pollinator-mediated selection can
be disrupted by conflicting effects of plant enemies acting during or
subsequent to pollination. An accurate picture of the pollinator role
as selective pressure requires the consideration of the entire life cycle
of the plant as well as the ecological scenario in which the interactions
occur.

Keywords: ecological conflicts, environmental manipulation, Erysi-
mum mediohispanicum, evolutionary trade-offs, ibex, natural
selection.

Because of their impact on plant relative fitness, pollinators
can exert selective pressures on many plant traits such as
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flower number; flowering time; floral color, shape and size;
and pollen number and size, all of which are traditionally
considered the result of pollinator-mediated selection
(Faegri and van der Pijl 1979; Wilson and Thomson 1996;
Morgan and Conner 2001; Totland 2001). However, the
fitness of most plant species is affected not only by pol-
linators but also, in a complex way, by the simultaneous
or sequential actions of several antagonistic organisms.
Indeed, the reproductive success of many plants is dra-
matically reduced by herbivores feeding directly on re-
productive tissue or by indirect feeding that damages veg-
etative tissue and therefore decreases the amount of
resources available for flowers, pollen, and seeds (Zamora
et al. 1999). As a consequence, herbivores can also rep-
resent significant selective pressure on plants, and many
other plant traits are thought to be a consequence of the
selection imposed by these antagonistic organisms (Mar-
quis 1992).

Strauss and Armbruster (1997) have pointed out that
pollination and herbivory rarely operate independently of
each other. The ecological effects of pollinators and her-
bivores may be linked when they affect the same plant
traits (Karban and Strauss 1993; Quesada et al. 1995; Nie-
sembaum 1996; Strauss et al. 1996; Lehtild and Strauss
1999; Gémez and Zamora 2000; Herrera 2000). Growing
evidence demonstrates that herbivores can affect pheno-
typic traits related to pollination such as flowering phe-
nology (Gémez 1993; Strauss et al. 1996), flower display
(Karban and Strauss 1993; Gémez and Zamora 2000), flo-
ral morphology (Strauss et al. 1996; Lehtild and Strauss
1999; Leege and Wolfe 2002), quantity and quality of floral
nectar (Krupnick et al. 1999), pollen production per flower
(Frazee and Marquis 1994; Strauss et al. 1996), and pollen
performance (Delph et al. 1997). By affecting these traits,
herbivores can shape the interaction occurring between
the plants and their pollination mutualists. Some recent
studies have shown that damage to plants can alter the



abundance and visitation rate of pollinators at flowers and
the subsequent pollination rates (Strauss 1997; Strauss et
al. 1999; Hambick 2001).

When herbivores affect traits relevant to the pollination
system, the potential selection imposed by pollinators
might be altered by the influence of herbivory (Gémez
1993; Herrera 1993; Armbruster et al. 1997; Fineblum and
Rausher 1997; Shykoff et al. 1997). Adaptations to avoid
herbivory can constrain the evolution of plant-pollinator
interactions, since the advantage associated with adapta-
tion to the latter function are countered by costs associated
to the former (Quesada et al. 1995; Armbruster et al. 1997;
Brody 1997; Brody and Mitchell 1997; Ehrlén 1997; Strauss
1997; Gomez and Zamora 2000; Galen and Cuba 2001).
Indeed, recent findings suggest that several plant traits can
be the evolutionary result of conflicting selective pressures
exerted by pollinators and herbivores (Euler and Baldwin
1996; Strauss 1997; Galen and Cuba 2001; Lara and Or-
nelas 2001). Nevertheless, the herbivores’ ability to disrupt
the selective impact imposed by pollinators depends
mainly on their capacity to modify the traits-fitness re-
lationship established by pollinators, not just on their
slight effect on plant traits.

The environmental context frequently affects the co-
variance occurring between fitness and phenotype, mod-
ifying the strength and sign of the resulting phenotypic
selection (Rausher 1992; Mauricio and Mojonnier 1997;
Totland 1998; Stanton et al. 2000). Consequently, there is
a prevalence of environment-specific selection regimes in
nature (Kalisz 1986; Arngvist 1992; Caruso 2000; Stanton
et al. 2000; Totland 2001). For example, O’Connell and
Johnston (1998) have documented that selection on plant
height varies between microhabitats in the orchid Cypri-
pedium acaule, whereas Roy et al. (1999) found that the
ability of enemies to cause directional selection on leaf-
hair density in Sinapis arvensis greatly depends on some
stressful environmental conditions. Similarly, Caruso
(2000) has demonstrated that competition with Castilleja
linariaefolia alters the selection on the Ipomopsis aggregata
flower shape. According to these ideas, when herbivores
interact with the selection imposed by pollinators, it is
expected that the pollinator-mediated selective regimes
differ between herbivore-free and herbivore-occupied en-
vironments (Gémez and Zamora 2000). Despite its po-
tential importance to clarify the role of herbivory as a
constraint on plant-pollinator evolutionary relationships,
this environmental-focused approach has been largely
unexplored up to now, with most studies providing only
observational comparisons of the selective regimes occur-
ring in populations suffering different damage intensity
(Gomez and Zamora 2000; Galen and Cuba 2001;
Sénchez-Lafuente 2002). No experimental manipulation
of herbivore presence or abundance has yet been per-
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formed to investigate the effect on the pollination-
mediated selection regimes.

In this study, I tested whether the selection occurring
on some floral and morphological traits in the Mediter-
ranean herb Erysimum mediohispanicum (Cruciferae) is
modified by the effects of herbivores. I experimentally ex-
cluded ungulates, a main herbivore of E. mediohispanicum
in the study site, from part of a plant population and then
compared the selection regimes between plants excluded
from herbivores and plants open to them. This approach
circumvents some potential problems when comparing the
selection in different populations, specifically, the decrease
of the likelihood that any between-population difference
might be due to any other unmeasured factor than her-
bivore presence or absence.

Methods
Plant Natural History

Erysimum mediohispanicum is a perennial monocarpic
herb found in many montane regions of southeast Spain
(Nieto Feliner 1993), where it is distributed 1,100-2,000
m above sea level (Blanca et al. 1991) and inhabits forests,
scrublands, and shrublands. In the Sierra Nevada, plants
usually grow for 2—4 yr as vegetative rosettes and then die
after producing one to eight reproductive stalks that can
display between a few and several hundred bright yellow,
hermaphroditic, slightly protandrous flowers (Nieto Feli-
ner 1993). Flowers are visited in the study site by several
species of insects, particularly the pollen beetles Meligethes
maurus (Nitidulidae) and several species of beetles, bum-
blebees, solitary bees, and sirphids (J. M. Gémez, unpub-
lished data). Although this crucifer is self-compatible, it
needs pollen vectors to produce full seed set. In fact, plants
experimentally excluded from pollinators set only 16% of
the fruits set by control plants (J. M. Gémez, unpublished
data).

At the study site, reproductive individuals are fed on by
many different species of herbivores. Several species of
sapsuckers (particularly the bugs Corimeris denticulatus,
Eurydema fieberi, and E. ornata) feed on the reproductive
stalks during both flowering and fruiting. In addition,
stalks are bored into by a weevil species that consumes
the inner tissues, whereas another weevil species develops
inside the fruits and lives on developing seeds. However,
the main herbivore of E. mediohispanicum in the study
zone is the Spanish ibex (Capra pyrenaica), an ungulate
that consumes flowers and green fruits while browsing on
the reproductive stalks.
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Experimental Design

In 1997, 1 established six plots (~1,000 m” each) in a large
plant population located at 1,900 m above sea level in the
Sierra Nevada National Park (Granada, Spain). Three plots
were fenced to exclude ungulates from the plants, leaving
the other three plots open to ungulates. Since establishing
the plots, I have monitored several life-history, interactive,
and populational traits of E. mediohispanicum inside and
outside the enclosures. Each year, I studied between 300
and 500 reproductive individuals (50-100 individuals per
plot), depending on the annual abundance of plants.

Traits Measured

The following phenotypic traits were quantified for each
plant: (1) length of the showy part of one petal (measured
in millimeters by digital calipers with 0.1 mm error;
three flowers per plant) as an estimate of corolla size (Con-
ner and Rush 1996); (2) inner diameter of the corolla tube
(in millimeters), which refers to the space existing between
the petal basis and where reproductive organs are located
(quantified as the distance between the outer border of
two opposite petals less the length of each petal); (3) co-
rolla tube length or the claw length (E. mediohispanicum,
like most other crucifers, does not have a true fused corolla
tube but instead has a functional tube; Conner et al. 1995;
Gomez 1996); (4) reproductive stalk height (measured to
the nearest 0.5 cm), the distance from the ground to the
top of the highest opened flower; (5) number of stalks
growing from each rosette; (6) basal diameter of the stalk
(measured in millimeters by digital calipers with +0.1 mm
error; if more than one stalk, I measured the diameter of
the tallest one); (7) number of flowers, quantified as the
total number of flowers produced by the plant; (8) number
of ovules per flower, quantified in the lab under a mag-
nifying glass on a sample of ripe fruits; and (9) micro-
habitat, classified as “under shrub” when the plant was
growing in the middle of any species of shrub inhabiting
the study zone, “medium shrub” when the plant was grow-
ing in the border of the shrub (thus available to the un-
gulates), and “open” when the plant was growing in open
areas located between shrubs. Traits 4-9 were quantified
every year from 1997 to 2002 for all labeled plants; traits
1-3 were monitored only in 2001 and 2002 on 100 ran-
domly selected plants inside the enclosures and another
100 outside the enclosures per year.

I correlated all quantitative phenotypic traits by product
moment correlations (PROC CORR; SAS Institute 1997),
using only the values from the last 2 yr, when I had data
from all phenotypic traits. I transformed those variables
that departed significantly from normality in all previous
analyses. To control for experiment-wise Type I errors pro-

duced by multiple comparisons, I adjusted the probability
of error to o = 0.05 by using the sequential Bonferroni
technique (Rice 1989).

Female Fitness Measures

On each plant I quantified the following sequential esti-
mates of the female reproductive success: the number of
fruits produced per plant, counting only those surviving
ungulate damage; the percentage of flowers ripening to
successful fruit (fruit set); the number of seeds produced
per ripe fruit, quantified in the lab under a magnifying
glass (x 10) for three fruits per plant; the percentage of
ovules ripening to seeds in each successful fruit (seed-ovule
ratio); and female fecundity, or total number of seeds pro-
duced per plant. Female fecundity represents an accurate
estimate of the lifetime female fitness of the individuals
since this species is monocarpic and reproduces only once
during its life. Relative fitness was estimated by dividing
the absolute fecundity of each individual by the population
mean (Falconer 1989); it was calculated separately for the
grazed and ungrazed plots.

Ungulates as Selective Agents: Effect on Plant
Fitness and Preference Patterns

I determined the damage inflicted by ungulates for all
plants labeled since 1997 by quantifying at the end of the
reproductive season the number of stalks browsed and the
number of flowers and fruits consumed per plant. This
damage is easily discovered since the mammals usually
removed more than two-thirds of the reproductive stalks
when they browsed on the plants, in some cases removing
all the stalks from their bases.

As an estimate of ungulate preference pattern, I tested
whether the probability of the plants of being attacked by
ungulates depended on the morphological traits of the
plants by means of logistic regressions (PROC LOGISTIC;
SAS Institute 1997), introducing as dependent the presence
or absence of damage to the plants and as independent
the values of each trait.

I experimentally determined whether ungulates affected
plant fecundity by comparing every reproductive param-
eter inside versus outside the fences by means of one-way
ANOVAs (PROC GLM; SAS Institute 1997).

Pollinators as Selective Agents: Effect on Plant
Fitness and Preference Patterns

The abundance and composition of the E. mediohispani-
cum pollinator assemblage was determined by counting all
insects feeding on the flowers of the labeled plants. Only
those visitors making contact with both male and female



reproductive structures of the flowers were considered to
be pollinators. The censuses, each corresponding to 2 min
observation per plant, were performed from sunrise to
sunset, evenly distributed over the entire flowering period
of each experimental plant (May—June). The censuses were
made ~1 m from the flowering plant in order to observe
all the visitors without alarming them or disturbing their
foraging behavior. In total, I made 1,800 censuses (60 h
of observations in total), registering a total of 1,519 insects.

As an estimate of pollinator preference pattern, I tested
whether the visitation rate of pollinators per plant de-
pended on the morphological traits of the plants. For this,
I regressed the pollinator visitation rate against the phe-
notypic plant traits by the mean of a multiple linear re-
gression and univariate regressions (PROC GLM; SAS In-
stitute 1997) and showed results from this latter test only
when differing from the multivariate one.

To estimate the effect of pollinators on plant fitness, I
correlated the pollinator visitation rate received per plant
with their relative fecundity and separated the plants lo-
cated inside and the plants located outside the fences.

Linear, Nonlinear, and Correlational Selection Gradients

I estimated selection gradients, a multivariate technique
that reveals the direction and magnitude of selection for
each quantitative trait independent of the other traits
(Lande and Arnold 1983). The linear selection gradient,
B, was computed from the standardized partial-regression
coefficients of a linear regression of relative fecundity on
all the traits, whereas the nonlinear selection gradient, v,
was calculated from the second-order standardized coef-
ficient in a quadratic regression of relative fecundity
(Lande and Arnold 1983). In addition, in this last qua-
dratic model, I partitioned selection into direct selection
gradients for the character i (7y;;) and gradients that de-
scribe selection acting on the correlation between char-
acters 7 and j (vy;) and introduced multiple peaks in the
model to improve the method for estimating selection
surfaces (Mitchell-Olds and Shaw 1987; Schluter 1988).
The multivariate models of selection gradients were built
introducing as independent variables the raw data of the
original phenotypic traits and as a dependent variable the
estimate of the lifetime relative fecundity of the plants. To
control for potential biases produced by environmental
covariances, I also introduced as an independent variable
in the phenotypic-selection models the microhabitat oc-
cupied by the experimental plants since it can affect the
interaction with pollinators and herbivores, the expression
of some phenotypic traits, and the reproductive success of
the plants (J. M. Gémez, unpublished data). Microhabitat
was introduced as a dummy variable only in the linear
models (Rawling et al. 1998). I performed this analysis
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twice, once using only the phenotypic traits as predictor
variables and once more to introduce the pollinator vis-
itation rate as an additional independent variable. This
later analysis was done to discover the amount of direct
selection acting on the phenotypic traits without the in-
fluence of pollinators. The sequential Bonferroni tech-
nique was used to control for experiment-wise Type I
errors.

To determine the effect of each phenotypic trait on fe-
cundity while removing the confounding effects of the
other traits, I used the partial regression leverage plots of
each trait on fecundity residuals (Rawling et al. 1998).
Leverage plots were made by regressing each variable re-
sidual against the residuals from the regression of the de-
pendent variable on all the remaining independent vari-
ables. The slope of the linear regression is the partial
regression coefficient for that independent variable in the
full model (Rawling et al. 1998). This plot also calculates
a confidence function with respect to each variable, from
which it can give the sign and percentage of the variability
in fecundity explained by each variable.

I also fitted a projection pursuit regression to the data
by using the multivariate cubic spline method (Schluter
and Nychka 1994). However, I have decided not to show
the results from this analysis, since they were virtually
identical to those obtained with the previous technique.

Results

Table 1 shows the correlations and covariances between
phenotypic traits used in this study. There were highly
significant correlations between the three floral characters,
between the number of flowers and the three morpho-
logical characters, and between basal diameter and stalk
height. Furthermore, there were significant positive cor-
relations between petal length and stalk height, between
basal diameter and the number of flowers, and between
corolla length and basal diameter and the number of flow-
ers. These correlations suggest that larger plants also usu-
ally produce larger flowers.

The microhabitat in which the plants were growing did
not affect any of the floral traits (petal length: F = 0.90,
df = 2,197, P = 409; corolla diameter: F = 1.21, df =
2,197, P = .300; corolla tube length: F = 147, df =
2,197, P = .232; one-way ANOVAs). In addition, there
was a marginal effect of microhabitat on female fecundity
(F = 2.74,df = 2,97, P = .07; only plants excluded from
ungulates), with plants located under shrubs producing
more seeds (929.6 = 46.5 seeds/plants) than those in me-
dium shrub (761.1 £ 169.2) and open sites (648.7 *
94.2).

As observed in table 2, most phenotypic characters were
similar inside and outside the enclosures. Only stalk height
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Table 1: Phenotypic correlations between plant traits

Stalk Basal Petal Inner Corolla

height  diameter No. stalks No. flowers length  diameter tube length
Stalk height 309.157 A462° .045 .382° 1237 —.033 .168
Basal diameter 7.890 942 .016 .603° .144* —.010 215°
No. stalks 920 .018 1.376 .564° —.015 .079 —.043
No. flowers 238.691 20.812 23.506 1,263.953 .100° .022 .158°
Petal length 2.010 130 —.017 3.321 .868 —.530 .554°
Inner diameter —.635 —.011 .103 .866 1.190 1.216 .082
Corolla tube length 3.851 272 —.066 674 674 1.225 1.704

Note: Above diagonal are product-moment correlations, below diagonal are covariances, and in diagonal is the variance. Plants

from inside and outside the enclosures have been pooled; n = 200.

* Correlations values « < 0.05.
® Correlations values o < 0.01, after Bonferroni corrections.

was significantly greater, and petal length was significantly
smaller, inside the enclosures compared with outside.

Ungulates as Selective Agents: Effect on Plant
Fitness and Preference Patterns

The percentage of plants damaged by ungulates ranged
between 24% in 1997 and 47% in 2001 (x*> = 13.09,
df = 5, P = .01). In addition, herbivory intensity also
fluctuated spatially (x*> = 26.77, df = 2, P<.0001), with
percentage of plants damaged being 38% in one plot, 20%
in another plot, and 5% in the remaining one. Ungulate
herbivory significantly affected plant reproductive output.
In fact, most estimates of plant reproductive success were
much higher during 2001 when ungulates were excluded
than when they were present (table 2). Consequently, ab-
solute female fecundity, estimated as number of seeds pro-
duced per plant, was much higher in plants excluded from
ungulates (736.5 = 72.0 seeds per plant) than in nonex-
cluded plants (389.3 + 52.0).

Ungulates preferentially consumed large plants. In fact,
the probability of a plant of being attacked by the ungulates
significantly increased with stalk diameter, number of
flowers, and number of stalks (table 3). Probability of
being damaged varied among microhabitats (x*> = 51.16,
df = 2, P<.0001), being higher for plants located in open
sites (45% of plants damaged) and medium shrubs (32%)
than under shrubs (11%).

Pollinators as Selective Agents: Effect on Plant
Fitness and Preference Patterns

The most abundant flower visitor during the study years
was the beetle Meligethes maurus, which made 90% of the
total visits to the flowers. This beetle acted as a pollinator
because when it entered the corolla tube of the flower for
pollen, it contacted both the anthers and the stigma of the
flower, filling up on pollen grains. A beetle transported an

average of 273 = 182 pollen grains on its body (range:
32-1,180; n = 6 beetles), most of them in the lower part
of the pronotum and in the head. The multiple regression
between pollinator visitation rate and plant traits was
highly significant (F = 10.06, df = 7,186, P <.0001,
R? = 0.25). Pollinator visitation rate per plant related neg-
atively with corolla tube length and positively with stalk
height and number, three traits that together explained
about 25% of the between-plant variability in insect abun-
dance (table 3). This result suggests that pollinators pre-
ferred taller plants with shorter corollas. Nevertheless,
when tested by univariate regressions, pollinator visitation
rate was also positively correlated with number of flowers
(table 3).

There was a significant relationship between pollinator
visitation rate per plant and relative female fecundity inside
the enclosures, with plants more visited by pollinators pro-
ducing more seeds than plants less visited (8 = 1 SE =
1.39 + 0.60, F = 540, df = 1,88, P = .02). However,
this positive effect of pollinators disappeared when un-
gulates were present, since outside the fences there was no
relationship between pollinator visitation rate and relative
female fecundity (8 = 1 SE = —0.52 * 0.85, F = 0.38,
df = 1,60, P = .54).

Linear, Nonlinear, and Correlational Selection Gradients

When ungulates were excluded, the phenotypic traits to-
gether explained more than 70% of the variance in lifetime
female fecundity both in the linear (R* = 0.73, F =
35.84, df = 7,92, P<.0001) and the nonlinear model
(R* = 0.71, F = 9.77, df = 28,71, P<.002). Inside the
enclosures, there was a significant linear selection on four
phenotypic traits: stalk height, number of flowers, petal
length, and inner diameter of the corolla (table 4). This
means that selection is favoring those tall plants bearing
many large flowers with petals arranged closely together.
According to the regression between the residuals, flower
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Table 2: Values of the phenotypic and fecundity-related characters for the Erysimum mediohispan-
icum plants located inside and outside the enclosures, respectively

Inside Outside
(n = 100 plants) (n = 100 plants)
Character Mean *= 1 SE Range Mean * 1 SE Range F ratio
Stalk height (cm) 523 £ 19 21-123 442 *+ 14.2 19-86 11.35%
Stalk diameter (mm) 24 = 1 .6-4.5 26 =+ .1 .9-5.7 46
No. stalks 1.6 + .1 1-9 1.3+ .1 1-7 4.53
No. flowers 514 = 3.7 7-219 449 = 33 4-196 1.69
Petal length (mm) 54 x 1 3.0-7.4 58 £ .1 3.7-99 11.64°
Inner diameter (mm) 8+ 9 0-3.4 4+ 1.2 0-3.0 4.42
Corolla tube length (mm) 10,0 = .1 5.7-12.7 105 = .1 7.2-15.0 7.08
Ovules/flower 354 = 7 18-56 364 = 1.0 20-62 .61
Fruit set (%) 625 £ 14 34.2-96.7 389 = 3.1 0-93.3 47.68"
Number of fruits 322 £ 24 4-132 193 = 24 0-129 14.23*
Seed-ovule ratio (%) 616 = 1.9 4.5-95.2 529 = 24 8.1-87.3 7.77%
Seeds/fruit 21.7 £ .8 2-43 194 = 9.2 3-42 2.88
Female fecundity 736.5 £ 72.0 28-4,356  389.3 £ 52.3 0-2,752 15.21°

Note: Only 2001 data are shown.
* Significant at o < 0.05 after Bonferroni correction.

number explained 41.0% of the variability in fecundity,
whereas stalk height, petal length, and inner diameter ex-
plained 11.9%, 4.9%, and 6.0%, respectively (fig. 1). There
was also a positive nonlinear selection gradient for number
of flowers and stalk height, indicating that the relationship
between these traits and female fecundity was nonlinear.
Finally, a significant positive correlational selection gra-
dient was found for the interaction between the number
of flowers, stalk height, and basal diameter (table 4). The
full linear phenotypic selection model built by introducing
the pollinator visitation rate as an independent variable
was also significant (R*> = 0.77, F = 28.92, df = 8,91,
P <.0001), although the only phenotypic trait obtaining
a significant selection gradient was number of flowers
(8 = 0.800 = 0.101, P < .0001). Pollinator visitation rate
also correlated significantly with female fecundity (8 =
0.36 + 0.06, P < .02). No significance was obtained in the
nonlinear full model (P> .05 in all cases).

Where ungulates were present, the percentage of vari-
ance explained by the multivariate models was about 47%
for the linear model (R*> = 047, F = 3.13, df = 7,92,
P <.0001) and 75% for the nonlinear model (R* = 0.76,
F = 12.30, df = 28,71, P<.0002). Outside the enclo-
sures, there was significant linear selection only for number
of flowers (table 4), with plants displaying more flowers
also having higher relative fecundity. Nevertheless, the
value of the selection gradient differed significantly from
that found inside the enclosure (F, ocurex flowers = 3215
df = 1,196, P = .02, ANCOVA; fig. 1), and the number
of flowers outside the enclosures explained only 13.4% of
the variability in fecundity, according to leverage plots.
Stalk height also related to fecundity outside the enclosure,

but the relationship was negative and nonlinear (table 1),
indicating a stabilizing selection against tall plants (fig. 1).
In fact, the value of the linear and nonlinear selection
gradient also differed significantly outside versus inside
the enclosure (F,,omrexstaik heigne = 447, df = 1,196,
P = .03 Fodosurex sualk heighy? = 0.38, df = 1,196, P =
.01, ANCOVA; fig. 1), and stalk height outside the enclo-
sures explained about 1.0% of the variability in fecundity.
There was no significant relationship, either linear or non-
linear, on any floral trait (table 4); the percentage of var-
iability of fecundity fell below 2% in the best case (fig. 1).
Very interestingly, however, when I introduced pollinator
visitation rate as an independent variable, the full linear
model was also significant outside the enclosure (R* =
0.33, F = 2.65, df = 8,91, P<.014), and no phenotypic
trait, even the number of flowers, obtained a significant
selection gradient. In addition, the nonlinear model was
not significant (P> .05).

Discussion
A Preliminary Cautionary Tale

Selection estimates based exclusively on phenotypic co-
variances between traits and fitness may be biased by un-
measured environmental factors (Rausher 1992; van Tien-
deren and de Jong 1994; Mauricio and Mojonnier 1997).
To eliminate such bias is extremely difficult, if not im-
possible, when working in natural populations. However,
I have tried to reduce the effect of environmental covari-
ances by two complementary methods. First, I have per-
formed experimental manipulations to decrease environ-
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Table 3: Summaries of the analyses testing the preference pattern of pollinators and ungulates

Pollinator preference

Herbivore preference

Coefficient

Phenotypic traits B = 1SE t P Partial R* + 1 SE X P

Stalk height .07 £ .01 4.73  .0001 .10 .01 £ .01 .14 .603
Stalk diameter 14 £ .35 40 .690 .001 .67 = .11 3599 .0001
No. stalks 55 + .21 2.60 .009 .03 21 = .07 7.6 .006
No. flowers® .01 £ .01 .50 .878 .001 .01 £ .00 11.45 .0001
Petal length —.04 = 41 —.11 .909 .01 .03 £ .00 27 818
Inner diameter .00 = .18 .02 981 .02 .07 = .09 59 444
Corolla tube length —.88 = .17 —5.04 .0001 12 .04 = .10 .14 .706

Note: The pollinator preference was analyzed by a multiple regression of pollinator visitation rate per plant

(expressed as number of insect plant™' 2 min™") against all morphological traits. The herbivore preference was analyzed

by logistic regression of herbivore damage per plant (expressed binomially as damaged or undamaged) against all

morphological traits. Partial R* for each plant trait was obtained by partial regression leverage plots of each trait on
fecundity residual (Rawling et al. 1998). Maximum-likelihood estimation of x* was used to test the effect of each

plant trait on ungulate probability of attack.

* When analyzed with univariate regression, there was a positive effect of number of flowers on pollinator visitation

rate (3 = 1 SE = 0.02 = 0.01, ¢t = 2.08, P = .039, R* = 0.03)

mental covariance between some trait values and fitness.
Thus, herbivores were experimentally excluded from part
of a plant population, which ensures that the environ-
mental conditions were very similar between the two
groups of experimental plants. By doing this, local to re-
gional covariation in other important factors such as cli-
mate or pollinator composition and abundance can be
controlled. In addition, it is not probable that the selection
found in fenced plots is due to ungulates eliminating en-
vironmental bias due to spatial distribution pattern of the
plants, since while plant fecundity varied between micro-
habitats, ungulates did not prefer the plants located in the
microhabitats where fecundity was highest (under shrubs).

As a second method to decrease environmental bias, I
included in the multiple regression model some variables
like microhabitat that, without being phenotypic traits
of the plants, can affect both their fecundity and the
fecundity-trait relationships. By doing so, the selection gra-
dients were obtained by statistically controlling for these
environmental variables. I believe that although it is im-
possible to control fully the environmental covariance af-
fecting our estimates of phenotypic selections, by using
these methods, it is possible to obtain more accurate es-
timates of selection with the phenotypic Lande-Arnold
method (Mauricio and Mojonnier 1997).

Phenotypic Selection without Herbivores

Two factors indicate that pollinators have the potential to
act as selective agents on Erysimum mediohispanicum when
ungulates were excluded. First, pollinator visitation rate
was positively correlated to the lifetime female reproduc-
tive success of plants, which suggested that pollinators

significantly affect plant fecundity and that plants most
visited produced more seeds than plants less visited. Sec-
ond, pollinators selected plants depending on several phe-
notypic traits, which can cause the occurrence of a sig-
nificant relationship between fecundity and trait values.
The results revealed the existence of a strong positive
directional selection on several plant traits. Plants with
more flowers produced more seeds and had higher relative
fecundity than did conspecifics with fewer flowers. Since
I have also found a significant nonlinear selection gradient
for flower number, the relationship between number of
flowers and fecundity in E. mediohispanicum, although di-
rectional, is probably not linear. Flower number is a trait
that affects the fitness of many plant species, both indi-
rectly by increasing the visitation rate of many pollinators
(e.g., Klinkhamer et al. 1989; Eckhart 1991; Conner and
Rush 1996; Conner et al. 1996; Ohashi and Yahara 1998;
Rademaker and de Jong 1998; Vaughton and Ramsey 1998;
Thompson 2001) and directly by increasing potential re-
production (total number of ovules per plant), irrespective
of the effect on pollinator behavior (e.g., Herrera 1993;
Conner and Rush 1996; Gross et al. 1998; Gémez 2000;
Go6mez and Zamora 2000). In this system, I presume that
the positive effect of flower number on fecundity was pro-
duced by the two causes acting together, as suggested by
several pieces of my data. Thus, when using univariate
regressions, I found a significant preference of pollinators
for many-flowered plants (table 3). In addition, in the
phenotypic selection analysis performed by considering
pollinator visitation rate as another independent variable
the number of flowers still obtained a significant selection
gradient. This selection gradient was the consequence of
the direct effect of number of flowers on fecundity without



Table 4: Analysis of linear, curvature, and correlational phenotypic selection through lifetime female fecundity on seven characters in Erysimum
for the populations located inside and outside the enclosure

mediohispanicum

Character j

Basal Petal Inner Corolla
diameter No. stalks No. flowers length diameter tube length
Character i B = SE v; * SE v; £ SE v; £ SE v; £ SE v; £ SE v; £ SE v; £ SE
Inside:
Stalk height 150 + .001%** .001 =+ .001* .000 = .000 —.002 = .000 .001 * .000*** .001 = .001 —.002 * .001* —.001 %= .000
Basal diameter 151 = 012 —.004 =+ .019 —.019 = .019 —.001 * .010™** —.024 = .070 —.026 = .028 .014 = .033
No. stalks .042 = .009 .016 =+ .010 —.001 £ .001 .034 = .047 —.029 = .026 .004 = .032
No. flowers 721 & .0001™*¢* 0001 * .000™*** .003 £ .002 —.001 = .001 —.001 = .001
Petal length 208 =+ .020%** —.041 =+ .063 .035 = .045 —.025 = .040
Inner diameter —.222 = .010™** —.015 =+ .012 .019 £ .024
Corolla tube length  .024 *= .010 —.001 =+ .012
Microhabitat 217 £ 01179+
Outside:
Stalk height .013 £ .001 —.0001 = .000™** .002 = .003 —.000 £ .001 .001 %= .000™** .00l * .001 —.001 %= .001 .003 £ .002
Basal diameter 113 = .030 .059 =+ .043 .005 = .064 —.005 = .002* —.045 * .109 .058 = .066 —.004 = .039
No. stalks —.151 £ .028 005 =+ .041 —.001 £ .002 —.153 £ .101 .076 £ .065 —.053 = .062
No. flowers 619 + .001%%F** .0001 = .000™** .002 £ .004 —.002 = .002 —.001 %= .002
Petal length 115 = .029 .057 =+ .031 —.078 £ .058 —.088 = .050
Inner diameter —.070 = .020 023 + .025 .042 = .031
Corolla tube length  .153 *= .017 .015 =+ .013
Microhabitat —.040 = .027
* Significant after Bonferroni correction at o < 0.05.
* P<.05.
** P<.01.
e P<.001.

et P<.0001.
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Figure 1: Partial regression leverage plots of the traits that significantly affect Erysimum mediohispanicum lifetime female fecundity according to
the multiple regression models (table 4). The percentage of the variability in fecundity explained by each trait (R*) and the significance value for

the slope of the function are also shown (see table 4 for details).

the action of pollinators, since I controlled for their abun-
dance in this specific phenotypic selection model.

There was also significant directional selection on flow-
ering stalk height inside the enclosure, which suggested
that taller plants were selected for. Again, two nonexclusive

causes can produce this linear selection on stalk height.
First, this morphological trait can be under direct selection
by pollinators, since they were significantly attracted to
taller plants (table 3) and the selection gradient on stalk
height lost its significance when the pollinator visitation



rate was introduced in the model. This preference for tall
plants has been repeatedly reported for many different
kinds of pollinators, from flies to wasps and bees (e.g.,
Peakall and Handel 1993; O’Connell and Johnston 1998;
Lortie and Aarssen 1999; Totland 2001). In addition, the
correlation between stalk height and flower number can
also indirectly contribute to the observed selection pattern
on the former trait.

Several floral traits of E. mediohispanicum were also un-
der natural selection when ungulates were not present.
Plant individuals with small spaces in the petal basis, the
inner diameter, had higher relative fecundity. The mech-
anism promoting this selection is presumably related to
the mechanical fit of pollinators with the plant rather than
an increase in pollinator visitation rate, since I did not
find a significantly higher visitation rate to plants with
smaller inner diameter. Large inner diameter allows small
flower visitors, such as the pollen beetles visiting E. medio-
hispanicum flowers, to reach the pollen and nectar without
touching the flower’s reproductive organs. By contrast, a
smaller diameter results in a higher probability of the pol-
linators making contact with the stigma and delivering
some pollen while visiting the flowers. I also found that
plants with larger petals had higher fecundity than did
plants with small petals, which suggested that large flowers
are selected in this plant species. Although I did not find
any pollinator preference for larger flowers, this selection
may be a consequence of the widespread preference that
many pollinator species show for large flowers (Galen
1989, 2000; Johnson et al. 1995; Conner and Rush 1996).
Indeed, fecundity significantly increases with flower size
in many species of plants (e.g., Galen 1989, 2000; An-
dersson and Widén 1993; Eckhart 1993; Meagher 1994;
Johnson et al. 1995; Conner et al. 1996; Gomez 2000;
GoOmez and Zamora 2000; Maad 2000; Totland 2001). In
addition, the fact that the significance of the selection gra-
dients on these floral traits disappears when introducing
the model pollinator attraction suggests that the selection
acting on these traits is mainly pollinator mediated.

Ungulate Disruption of Pollinator-Mediated Selection

Ungulates affected the ability of pollinators to act as se-
lective agents of E. mediohispanicum, since the positive
effect of pollinator visitation rate on plant reproductive
output found inside the enclosures disappeared outside
the enclosures. Furthermore, a major result of my study
is that the exclusion of ungulates also affected the phe-
notypic selection regime occurring on E. mediohispanicum.
Thus, although selection for flower number proved sig-
nificant in both the presence and absence of ungulates, it
was much stronger when ungulates were experimentally
excluded. The selection gradient that was found for the
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flower number on fecundity was much higher inside
(0.721) than outside the enclosures (0.619). Similarly, the
proportion of the variance in fecundity explained by flower
number was much higher inside (41%) than outside (13%)
the enclosures. In addition, the selection gradient acting
on flower number lost its significance when adding into
the phenotypic selection analysis the pollinator visitation
rate, which suggests that after controlling for the positive
effect of pollinators, the detrimental effect of ungulates
was so strong that it canceled the selection on flower num-
ber. Something similar occurred with stalk height; the di-
rectional selection on stalk height found inside the enclo-
sure disappeared when ungulates were present, with the
proportion of the variation explained in fecundity by this
trait decreasing from 12% inside the enclosures to barely
1% outside the enclosures. In this case, there was even a
significant stabilizing selection with opposite sign outside
the enclosure, which suggested that selection was acting
against very tall plants. The weaker selection for flower
number and the cancellation of the selection on stalk
height when ungulates were present was probably a direct
consequence of the significant preference of these mam-
mals for browsing on larger plants bearing many flowers
(table 3). Similar preference for high flower number has
been reported in many other plants, such as Ipomopsis
aggregata (Hainsworth et al. 1984), Bartsia alpina (Molau
et al. 1989), Lathyrus vernus (Ehrlén 1997), and Hor-
mathophylla spinosa (Gémez and Zamora 2000). My find-
ings imply that when ungulates are present, large size and
many flowers in E. mediohispanicum plants provide not
only a benefit but also a cost in the form of heightened
risk of being damaged by these herbivores. These results
depict a conflict in E. mediohispanicum with respect to the
optimal height and number of flowers to produce, since
large size and abundant flower production strengthens fe-
cundity via pollination but weakens it by attracting
ungulates.

Not only the selection for morphological traits but also
the selection for floral traits was affected by the ungulate
presence. Thus, the selection occurring for petal length
and inner diameter of the flowers disappeared outside the
enclosures. This finding suggests that ungulates, by brows-
ing on plants, can cancel the selective impact that the
pollinators could impose on these floral traits. This dis-
ruption of the selective pressures for floral traits is a con-
sequence both of the relationship between the number of
flowers and the floral traits in E. mediohispanicum and of
the foraging pattern of the ungulates. First, larger plants
bear the larger flowers with smaller inner diameter. In
addition, ungulates preferentially browsed on larger plants
with many flowers. For these reasons, ungulates are in-
directly damaging plants with large petals and small inner
diameter more frequently than those with small petals and
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large inner diameter, indirectly selecting against these
traits. Consequently, the evolution of floral traits in this
crucifer presumably depends on the severity of ungulate
attacks. Other studies have also described herbivore-
pollinator conflicts that affect the evolution of plant traits.
Brody (1997) suggested that the flowering phenology of
many plant species reflects an evolutionary compromise
against pollinators and enemies. Galen and Cuba (2001)
recently reported that the nectar-robbing ants visiting the
Polemonium viscosum flowers show a preference pattern
very similar to that shown by the plant’s main pollinators;
they conclude that the flower shape in this species is the
result of an ecological conflict between flower predation
by ants and pollination by bumblebees. In a similar way,
Lara and Ornelas (2001) have shown that both nectar-
robbing and pollinating hummingbirds select for long co-
rollas in Salvia mexicana, Salvia iodantha, and Ipomoea
hederifolia, which suggested that the evolution of corolla
length in these taxa may be the result of a trade-off to
favor pollination while discouraging nectar robbers.

All the results shown here indicate that selection on
several morphological and floral traits of E. mediohispan-
icum is less strong outside the enclosure than inside and
is acting in opposite directions outside for some traits like
stalk height. This by itself constitutes a very interesting
result, since experimental evidence of conflicting selection
is very scarce. However, to ascertain whether conflicting
selection will have any biological meaning is a little harder,
and a long-term study of the response to selection in the
two environments and an analysis of the heritability of
traits will help to clarify this issue.

Consequences for Floral Evolution and
Plant-Pollinator Specialization

Evolutionary theory predicts that the pollinator-mediated
selection should modify the phenotypes of the plants in
order to increase the frequency of their interaction with
pollinators that confer the best services and thereby en-
courage plant specialization toward the most effective pol-
linators (Johnson and Steiner 2000). This idea is supported
by the widespread occurrence of pollinators as significant
selective agents of plant traits (Galen 1989; Herrera 1993;
Wilson and Thomson 1996; Morgan and Conner 2001;
Totland 2001). Paradoxically, contrary to the theoretical
expectations, generalization is frequent in natural polli-
nation systems (Herrera 1996; Ollerton 1996; Waser et al.
1996; Gémez and Zamora 1999; Dilley et al. 2000; Thomp-
son 2001). Several ecological factors have been proposed
to reconcile the theoretical predictions with the empirical
evidence, such as the spatiotemporal variability in the
identity and abundance of the most effective pollinators
or the similarity in effectiveness between pollinators (Her-

rera 1996; Waser et al. 1996; Gémez and Zamora 1999;
Gomez 2002). The results in this study suggest that the
herbivore damage during or subsequent to pollination can
also counteract specialization by hindering the plants from
responding to the phenotypic selection by pollinators.
Thus, as shown for E. mediohispanicum, herbivores can,
by imposing conflicting selection for some traits, cancel
the pollinator-mediated selection and thereby the ability
of plant adaptive responses. The conflict between herbi-
vore- and pollinator-mediated selection requires a non-
random herbivore-provoked variation in recruitment that
should trigger a trade-off between pollinator and herbivore
effects (Queller 1997). Trade-offs between mutualistic and
antagonistic organisms can occur when herbivores have a
preference pattern similar to that of pollinators (Ehrlén
1997; Galen and Cuba 2001; Lara and Ornelas 2001). In
the system studied here, it seems that both pollinators and
herbivores prefer larger plants. In addition, herbivory can
also indirectly disrupt the pollination-mediated selection
occurring in plant traits correlated with the ones directly
selected by the herbivores, as in E. mediohispanicum flower
size or inner diameter. This indirect effect may be common
in nature (e.g., Meagher 1994; Gémez 2000) since most
plant phenotypes are highly integrated and genetic and
phenotypic correlations between traits are thereby ex-
tremely frequent (Schliting and Pigliucci 1998).

The disruption by herbivores increases in importance
when one considers that a common trait of many plant-
herbivore interactions is the significant spatiotemporal
variability of the herbivory intensity, as shown for E. me-
diohispanicum. When the herbivory intensity within a sin-
gle plant population fluctuates between years, even with
an interannually constant pollinator assemblage, temporal
variability can occur in selection regimes. Any pollinator-
mediated selection will presumably weaken more during
years of intense herbivory compared with years of low
herbivory. Similarly, when herbivory varies spatially within
a population, different plants can undergo different selec-
tion regimes even with a spatially homogeneous pollinator
assemblage. This signifies that the strength of selection for
floral traits may strongly depend not only on variations
in pollinator abundance but also on variation in the abun-
dance of some enemies.

Concluding Remarks

Pollinator effectiveness and plant fitness are usually esti-
mated by isolating the plant from the community in which
it develops and measuring only some predispersal com-
ponents of its reproductive success, such as seed produc-
tion, pollen removal, or pollen receipt (e.g., Thompson
and Pellmyr 1992; Vaughton 1992; Olsen 1997; Gémez
and Zamora 1999). However, like other organisms, plants



have complex life cycles, and therefore a fitness measure
should take into account the entire life cycle (Kozlowski
1999) as well as the recruitment process (the populational
projection of the life cycle) of its propagules (Bell 1997).
Only when the impact of pollinators on the relationship
between a trait and a fitness component persists through-
out the life cycle of the plant can we be sure that pollinators
act as a true selective pressure (Campbell 1991). However,
the empirical evidence in this study suggests that intense
pollinator-mediated selection can be disrupted or canceled
by conflicting factors acting at any other stage. These find-
ings highlight the necessity of considering the entire life
cycle of the plant as well as the complete ecological sce-
nario in which the interactions take place to obtain an
accurate view of the pollinator role as selective pressure.
I believe that the approach followed in this study, the
experimental manipulation of certain environmental fac-
tors in order to produce alternative selective scenarios
where the selection exerted by pollinators can be quan-
tified, will help to unravel the intricacies in the evolu-
tionary relationships between plants and pollinators.

Acknowledgments

I am most grateful to R. Zamora for kindly permitting me
the use of the enclosures supported by the Direccién Gen-
eral Interministerial de Ciencia Y Tecnologia project
AMB95-0479. Three anonymous reviewers greatly im-
proved an earlier version of this manuscript. A. Gonzalez
Megias and E. Baraza helped in the fieldwork. I thank D.
Nesbitt for linguistic advice.

Literature Cited

Andersson, S., and B. Widén. 1993. Pollinator-mediated
selection on floral traits in a synthetic population of
Senecio integrifolius (Asteraceae). Oikos 66:72—79.

Armbruster, W. S., J. J. Howard, T. P. Clausen, E. M. De-
bevec, J. C. Loquvam, M. Matsuki, B. Cerendolo, and
F. Andel. 1997. Do biochemical exaptations link evo-
lution of plant defense and pollination systems? histor-
ical hypotheses and experimental test with Delachampia
vines. American Naturalist 149:461-484.

Arnqvist, G. 1992. Spatial variation in selective regimes:
sexual selection in the water strider, Gerris odontogaster.
Evolution 46:914-929.

Bell, G. 1997. The basics of selection. Chapman & Hall,
New York.

Blanca, G., C. Morales, and M. Ruiz Rején. 1991. El género
Erysimum L. (Cruciferae) en Andalucia (Espafia). Anales
del Jardin Bot4nico de Madrid 49:201-214.

Brody, A. K. 1997. Effects of pollinators, herbivores, and
seed predators on flowering phenology. Ecology 78:
1624-1631.

Conflicting Selection in a Mediterranean Herb 253

Brody, A. K., and R. J. Mitchell. 1997. Effects of experi-
mental manipulation of inflorescence size on pollination
and pre-dispersal seed predation in the hummingbird-
pollinated plant Ipomopsis aggregata. Oecologia (Berlin)
110:86-93.

Campbell, D. R. 1991. Effects of floral traits on sequential
components of fitness in Ipomopsis aggregata. American
Naturalist 137:713-737

Caruso, C. M. 2000. Competition for pollination influ-
ences selection on floral traits of Ipomopsis aggregata.
Evolution 54:1546—1557.

Conner, J. K., and S. Rush. 1996. Effects of flower size and
number on pollinator visitation to wild radish, Raph-
anus raphanistrum. Oecologia (Berlin) 105:509-516.

Conner, J. K., R. Davis, and S. Rush. 1995. The effect of
wild radish floral morphology on pollination efficiency
by four taxa of pollinators. Oecologia (Berlin) 104:
234-245.

Conner, J. K., S. Rush, and P. Jennetten. 1996. Measure-
ments of natural selection on floral traits in wild radish
(Raphanus raphanistrum). 1. Selection through lifetime
female fitness. Evolution 50:1127-1136.

Delph, L. E, M. H. Johannsson, and A. G. Stephenson.
1997. How environmental factors affect pollen perfor-
mance: ecological and evolutionary perspectives. Ecol-
ogy 78:1632-1638.

Dilley, J. D., P. Wilson., and M. R. Mesler. 2000. The ra-
diation of Calochortus: generalist flowers moving
through a mosaic of potential pollinators. Oikos 89:
209-222.

Eckhart, V. M. 1991. The effects of floral display on pol-
linator visitation vary among populations of Phacelia
linearis (Hydrophyllaceae). Evolutionary Ecology 5:
370-384.

. 1993. Do hermaphrodites of gynodioecious Pha-
celia linearis trade off seed production to attract polli-
nators? Biological Journal of the Linnean Society 50:
47-63.

Ehrlén, J. 1997. Risk of grazing and flower number in a
perennial plant. Oikos 80:428—434.

Euler, M., and I. T. Baldwin 1996. The chemistry of defense
and apparency in corollas of Nicotiana attenuata. Oeco-
logia (Berlin) 107:102—122.

Faegri, K., and L. van der Pijl. 1979. The principles of
pollination ecology. 3d ed. Pergamon, Oxford.

Falconer, D. S. 1989. Introduction to quantitative genetics.
3d ed. Longman Scientific and Technical, New York.

Fineblum, W. L., and M. D. Rausher. 1997. Do floral pig-
mentation genes also influence resistance to enemies?
the locus in Ipomoea purpurea. Ecology 78:1646—1654.

Frazee, J. E., and R. J. Marquis. 1994. Environmental con-
tribution to floral trait variation in Chamaecrista fas-




254 The American Naturalist

ciculata (Fabaceae: Ceasalpinoideae). American Journal
of Botany 81:206-215.

Galen, C. 1989. Measuring pollinator-mediated selection
on morphometric floral traits: bumble bees and the Al-
pine sky pilot, Polemonium viscosum. Evolution 43:
882-890.

. 2000. High and dry: drought stress, sex-allocation
trade-offs, and selection on flower size in the Alpine
wildflower Polemonium viscosum (Polemoniaceae).
American Naturalist 156:72—-83.

Galen, C., and J. Cuba. 2001. Down the tube: pollinators,
predators, and the evolution of flower shape in the Al-
pine sky pilot, Polemonium viscosum. Evolution 55:
1963-1971.

Gomez, J. M. 1993. Phenotypic selection on flowering syn-
chrony in a high mountain plant, Hormathophylla spi-
nosa (Cruciferae). Journal of Ecology 81:605-613.

. 1996. Predispersal reproductive ecology of an arid

land crucifer, Moricandia moricandioides: effect of mam-

mal herbivory on seed production. Journal of Arid En-

vironments 33:425-437.

. 2000. Phenotypic selection and response to se-

lection in Lobularia maritima: importance of direct and

correlational components of natural selection. Journal

of Evolutionary Biology 13:689—699.

. 2002. Generalizacién en las interacciones entre
plantas y animales. Revista Chilena de Historia Natural
75:105-116.

Go6mez, J. M., and Zamora, R. 1999. Generalization vs.
specialization in the pollination system of Hormatho-
phylla spinosa (Cruciferae). Ecology 80:796—805.

. 2000. Spatial variation in the selective scenarios
of Hormathophylla spinosa (Cruciferae). American Nat-
uralist 155:657-668.

Gross, J., B. C. Husband, and S. C. Stewart. 1998. Phe-
notypic selection in a natural population of Impatiens
pallida Nutt. (Balsaminaceae). Journal of Evolutionary
Biology 11:589-609.

Hainsworth, F. R., L. L. Wof, and T. Mercier. 1984. Pol-
lination and pre-dispersal seed predation: net effects on
reproduction and inflorescence characteristics in Ipo-
mopsis aggregata. Oecologia (Berlin) 63:405-4009.

Hambick, P. A. 2001. Direct and indirect effects of her-
bivory: feeding by spittlebugs affects pollinator visitation
rates and seedset of Rudbeckia hirta. Ecoscience 8:45-50.

Herrera, C. M. 1993. Selection of floral morphology and
environmental determinants of fecundity in a haw-moth
pollinated violet. Ecological Monographs 63:251-275.

. 1996. Floral traits and plant adaptation to insect

pollinators: a devil’s advocate approach. Pages 65-87 in

D. G. Lloyd and S. C. H. Barrett, eds. Floral biology.

Chapman & Hall, New York.

. 2000. Measuring the effects of pollinators and

herbivores: evidence for non-additivity in a perennial
herb. Ecology 81:2170-2176.

Johnson, S. D., and K. E. Steiner. 2000. Generalization
versus specialization in plant pollination systems. Trends
in Ecology & Evolution 15:140-143.

Johnson, S. G., L. E. Delph, and C. L. Elderkin. 1995. The
effect of petal-size manipulation on pollen removal, seed
set, and insect-visitor behavior in Campanula ameri-
cana. Oecologia (Berlin) 102:174-179.

Kalisz, S. 1986. Variable selection on the timing of ger-
mination in Collinsia verna (Scrophulariceae). Evolution
40:479-491.

Karban, R., and S. Y. Strauss 1993. Effects of herbivores
on growth and reproduction of their perennial host,
Erigeron glaucus. Ecology 74:39—46.

Klinkhamer, P. G. L., T. J. de Jong, and G. J. de Bruyn.
1989. Plant size and pollinator visitation in Cynoglossum
officinale. Oikos 54:201-204.

Kozlowski, J. 1999. Adaptation: a life history perspective.
Oikos 86:185-194.

Krupnick, G. A., A. E. Weis, and D. R. Campbell. 1999.
The consequences of floral herbivory for pollinator ser-
vice to Isomeris arborea. Ecology 80:125-134.

Lande, R., and S. J. Arnold. 1983. The measurement of
selection on correlated characters. Evolution 37:
1210-1226.

Lara, C., and J. F. Ornelas. 2001. Preferential nectar rob-
bing of flowers with long corolla: experimental studies
of two hummingbirds species visiting three plant spe-
cies. Oecologia (Berlin)128:263-273.

Leege, L. M., and L. M. Wolfe. 2002. Do floral herbivores
respond to variation in flower characteristics in Gelse-
mium sempervirens (Loganiaceae), a distylous vine?
American Journal of Botany 89:1270-1274.

Lehtild, K., and S. Y. Strauss. 1999. Effects of foliar her-
bivory on male and female reproductive traits of wild
radish, Raphanus raphanistrum. Ecology 80:116—124.

Lortie, C. J., and L. W. Aarssen. 1999. The advantage of
being tall: higher flowers receive more pollen in Ver-
bascum thapsus L. (Schrophulariaceae). Ecoscience 6:
68-71.

Maad, J. 2000. Phenotypic selection in hawkmoth-
pollinated Platanthera bifolia: targets and fitness sur-
faces. Evolution 54:112—123.

Marquis, R. J. 1992. The selective impact of herbivores.
Pages 301-325 in R. S. Fritz and E. L. Simms, eds. Plant
resistance to herbivores and pathogens. University of
Chicago Press, Chicago.

Mauricio, R., and L. E. Mojonnier. 1997. Reducing bias
in the measurement of selection. Trends in Ecology &
Evolution 12:433-436.

Meagher, T. R. 1994. The quantitative genetics of sexual



dimorphism in Silene latifolia (Caryophyllaceae). II. Re-
sponse to sex-specific selection. Evolution 48:939-951.

Mitchell-Olds, T., and R. G. Shaw. 1987. Regression anal-
ysis of natural selection: statistical inference and bio-
logical interpretation. Evolution 41:1149-1161.

Molau, U., B. Eriksen, and J. Teilmann Knudsen. 1989.
Predispersal seed predation in Bartsia alpina. Oecologia
(Berlin) 81:181-195.

Morgan, M. T., and J. K. Conner. 2001. Using genetic
markers to directly estimate male selection gradients.
Evolution 55:272-281.

Niesenbaum, R. A. 1996. Linking herbivory and pollina-
tion: defoliation and selective fruit abortion in Lindera
benzoin. Ecology 77:2324-2332.

Nieto Feliner, G. 1993. Erysimum. Pages 48-76 in S. Cas-
troviejo et al., eds. Flora Ibérica. Vol. 4. Servicios de
Publicaciones del C.S.I.C., Madrid.

O’Connell, L. M. O., and M. O. Johnston. 1998. Male and
female pollination success in a deceptive orchid, a se-
lection study. Ecology 79:1246—1260.

Ohashi, K., and T. Yahara. 1998. Effects of variation in
flower number on pollinator visits in Cirsium purpu-
ratum (Asteraceae). American Journal of Botany 85:
219-224.

Ollerton, J. 1996. Reconciling ecological processes with
phylogenetic patterns: the apparent paradox of plant-
pollinator systems. Journal of Ecology 84:767-769.

Olsen, K. M. 1997. Pollinator effectiveness and pollinator
importance in a population of Heterotheca subaxillaris
(Asteraceae). Oecologia (Berlin) 109:114-121.

Peakall, R., and S. N. Handel. 1993. Pollinator discriminate
among floral heights of a sexually deceptive orchid: im-
plications for selection. Evolution 47:1681-1687.

Queller, D. 1997. Pollen removal, paternity, and the male
function of flowers. American Naturalist 149:585-594.

Quesada, M., K. Bollman, and A. G. Stephenson. 1995.
Leaf damage decreases pollen production and hinders
pollen performance in Cucurbita texana. Ecology 76:
437-443.

Rademaker, M. C. J., and T. J. de Jong. 1998. Effects of
flower number on estimated pollen transfer in natural
populations of three hermaphroditic species: an exper-
iment with fluorescent dye. Journal of Evolutionary Bi-
ology 11:623-641.

Rausher, M. D. 1992. The measurement of selection on
quantitative traits: biases due to environmental covari-
ance between traits and fitness. Evolution 46:616—626.

Rawling, J. O., S. G. Pantula, and D. A. Dickey. 1998.
Applied regression analysis, a research tool. Springer,
New York.

Rice, W. R. 1989. Analyzing tables of statistical tests. Evo-
lution 43:223-225.

Roy, B. A., M. L. Stanton, and S. M. Eppley. 1999. Effects

Conflicting Selection in a Mediterranean Herb 255

of environmental stress on leaf hair density and con-
sequences for selection. Journal of Evolutionary Biology
12:1089-1103.

Sanchez-Lafuente, A. M. 2002. Floral variation in the gen-
eralist perennial herb Paeonia broteroi (Paeoniaceae):
differences between regions with different pollinators
and herbivores. American Journal of Botany 89:
1260-1269.

SAS Institute. 1997. STAT software; changes and enhance-
ments through release 6.12. SAS Institute, Cary, N.C.
Schliting, C. D., and M. Pigliucci. 1998. Phenotypic evo-
lution, a reaction norm perspective. Sinauer, Sunder-

land, Mass.

Schluter, D. 1988. Estimating the form of natural selection
on a quantitative trait. Evolution 42:849-861.

Schluter, D., and D. Nychka. 1994. Exploring fitness sur-
face. American Naturalist 143:597-616.

Shykoff, J. A., E. Buchell, and O. Kaltz. 1997. Anther smut
disease in Dianthus silvester (Caryophyllaceae): natural
selection on floral traits. Evolution 51:383-392.

Stanton, M. L., B. A. Roy, and D. A. Thiede. 2000. Evo-
lution in stressful environments. I. Phenotypic vari-
ability, phenotypic selection, and response to selection
in five distinct environmental stresses. Evolution 54:
93-111.

Strauss, S. Y. 1997. Floral characters link herbivores, pol-
linators, and plant fitness. Ecology 78:1640—1645.

Strauss, S. Y., and W. S. Armbruster. 1997. Linking her-
bivory and pollination: new perspectives on plant and
animal ecology and evolution. Ecology 78:1617-1618.

Strauss, S. Y., J. K. Conner, and S. L. Rush. 1996. Foliar
herbivory affects floral characters and plant attractive-
ness to pollinators: implications for male and female
plant fitness. American Naturalist 147:1098-1107.

Strauss, S. Y., D. H. Siemens, M. B. Decher, and T.
Mitchell-Olds. 1999. Ecological costs of plant resistance
to herbivores in the currency of pollination. Evolution
53:1105-1113.

Thompson, J. D. 2001. How do visitation patterns vary
among pollinators in relation to floral display and floral
design in a generalist pollination system? Oecologia
(Berlin) 126:386—394.

Thompson, J. N., and O. Pellmyr. 1992. Mutualism with
pollinating seed parasites amid co-pollinators: con-
straints on specialization. Ecology 73:1780-1791.

Totland, O. 1998. Effects of temperature on performance
and phenotypic selection on plant traits in alpine Ra-
nunculus acris. Oecologia (Berlin) 120:242-251.

. 2001. Environment-dependent pollen limitation
and selection on floral traits in an alpine species. Ecology
82:2233-2244.

Waser, N. M., L. Chittka, M. V. Price, N. M. Williams, and




256 The American Naturalist

J. Ollerton. 1996. Generalization in pollination systems,
and why it matters. Ecology 77:1043—1060.

Wilson, P, and J. D. Thomson. 1996. How do flowers
diverge? Pages 88111 in D. G. Lloyd and S. C. H.
Barrett, eds. Floral biology. Chapman & Hall, New York.

van Tienderen, P. H., and G. de Jong. 1994. A general
model of the relation between phenotypic selection and
genetic response. Journal of Evolutionary Biology 7:
1-12.

Vaughton, G. 1992. Effectiveness of nectarivorous birds
and honeybees as pollinators of Banksia spinulosa (Pro-
teaceae). Australian Journal of Ecology 17:43-50.

Vaughton, G., and M. Ramsey. 1998. Floral display, pol-
linator visitation and reproductive success in the di-
oecious perennial herb Wurmbea dioica (Liliaceae).
Oecologia (Berlin) 115:93-101.

Zamora, R., J. A. Hodar, and J. M. Gémez. 1999. Plant-
herbivore interaction: beyond a binary vision. Pages
677-718 in E. Pugnaire and F. Valladares, eds. Handbook
of functional plant ecology. Dekker, New York.

Associate Editor: Isabelle Olivieri



