
1 6 2

T W E LV E

Selection by Pollinators and Herbivores on Attraction and Defense

LYN N S. ADLE R

Interactions between plants, their herbivores, and their pol-
linators are thought to have led to the diversification of
both plants and insects. Historically, studies of plant-herbi-
vore and plant-pollinator interactions have occurred inde-
pendently. Research at both micro- and macroevolutionary
levels has focused on the evolution of plant resistance in the
context of herbivory, and on floral traits in the context of
pollination. For example, researchers have long recognized
the role of plant secondary chemicals in herbivore feeding
preferences (e.g., Dethier 1941). Fraenkel (1959) proposed
that the “reason for existence” of plant secondary chemicals
was to attract and deter herbivores rather than as products
of plant metabolism, building on earlier work by Stahl
(1888) and others. Ehrlich and Raven’s classic article (1964)
on coevolution concluded that “the evolution of secondary
plant substances and the stepwise evolutionary responses to
these by phytophagous organisms have clearly been the
dominant factors in the evolution of butterflies and . . . in
the evolution of angiosperm subgroups” (p. 382). This pub-
lication and others in the 1970s (e.g., Feeny 1976; Rhoades
and Cates 1976) led to a surge of interest in chemical
defenses mediating plant-herbivore interactions. More
recently, selection on plant resistance traits has been stud-
ied by manipulating herbivores as selective agents (e.g.,
Mauricio and Rausher 1997; Stinchcombe and Rausher
2001), and several phylogenetic studies interpret the diver-
sification of plants and herbivores in the context of coevo-
lution mediated by plant resistance traits (e.g., Farrell et al.
1991; Becerra 1997, 2003; Farrell and Mitter 1998; Cornell
and Hawkins 2003). 

By contrast, the diversity of plant floral traits has been
interpreted as the result of evolution due to their obvious
role in attracting pollinators and promoting efficient polli-
nation. Sprengel’s 1793 pioneering treatise (first translated
to English in 1996) interpreted floral function in terms of
relationships with pollinators and inspired much of the sub-

sequent field of pollination ecology. Darwin also interpreted
the floral morphological variation of heterostylous plants in
terms of its role in promoting outcrossing (Darwin 1877).
More recently, pollination biologists have suggested that
the evolution of floral traits may be shaped by a diversity of
pollinators, rather than a single pollinator or guild type
(e.g., Herrera 1996; Waser et al. 1996). Recent theoretical
models and manipulative studies continue to focus on the
role of pollinators in shaping the evolution of floral traits
(e.g., Dafni and Kevan 1997; Aigner 2001; Fenster et al.
2004) and on floral trait phylogenetic diversity in the con-
text of pollinator attraction and efficiency (e.g., Jurgens
2004; Sargent and Otto 2004; Manning and Goldblatt 2005;
Ree 2005). 

Clearly, herbivores have been a major selective force in
the evolution of plant defense, and pollinators have been a
major selective force in the evolution of attractive floral
traits. However, a growing number of studies suggest that
traits that deter herbivores may affect pollinator attraction,
and traits that attract pollinators may affect herbivores.
Herbivores and pollinators could exert selection on plant
traits either through direct interactions (a pairwise relation-
ship between plants and insects mediated by the trait), or
via indirect interactions (insect selection on plant traits
that is mediated by a third species) (Wootton 1994). Over
half a century ago Grant (1950) recognized that floral mor-
phology may have evolved to protect ovules from damage
by some pollinators, such as birds and beetles, as well as to
promote pollen transfer. More recent phylogenetic studies
demonstrate that floral traits have evolved in response to
selection from both pollinators and herbivores (e.g., Arm-
bruster 1997; Armbruster et al. 1997; Pellmyr 2003). For
example, resin-secreting floral glands that defended flowers
of Dalechampia vines were subsequently co-opted as a
reward for resin-collecting pollinating bees (Armbruster
1997). Thus, the evolution of plant traits may be shaped by



simultaneous or sequential interactions with both pollina-
tors and herbivores. 

Attractive and defensive traits can be genetically corre-
lated via linkage or pleiotropy. Thus herbivore-imposed
selection on resistance may drive the evolution of floral
traits and vice versa. Furthermore, herbivores and pollina-
tors themselves are not independent of each other. Several
insect taxa include species that are pollinators as adults and
herbivores as larvae. Traits that attract adult pollinators
therefore have the potential to increase subsequent
herbivory in some systems. The consequence of these
interactions for plant fitness will depend on the level of spe-
cialization and on community context. For example, a pol-
linating herbivore may benefit plants when other pollina-
tors are unavailable, but reduce plant fitness when
nonherbivorous pollinators are also present (Thompson and
Cunningham 2002).

Abiotic factors as well as community context can alter
the expression of traits and the fitness consequences of
interactions. Pathogens and soil microorganisms may also
play a large role in the evolution of plant traits (e.g.,
Agrawal et al. 1999) but are outside the scope of this book.
Furthermore, many secondary compounds serve functions
other than defense, such as UV protection and the oxida-
tion of free radicals (e.g., McCloud and Berenbaum 1994;
Izaguirre et al. 2003; Gould 2004). For simplicity, I consider
here just the role of insects on the evolution of attractive
and defensive traits, while acknowledging that other fac-
tors undoubtedly play significant roles in the evolution of
these traits. 

In this chapter, I review the literature on selection by pol-
linators and herbivores on resistance and attractive traits,
with the goal of highlighting the pathways by which polli-
nators may affect the evolution of plant resistance, and her-
bivores may affect the evolution of floral attractive traits.
Figure 12.1 provides a schematic diagram, with numbered
paths referring to corresponding sections in the text. 

Selection by Pollinators on Plant Resistance

Direct Effects of Resistance on Pollinators 

Resistance to herbivores may incur a variety of costs for
plants, including ecological costs of deterring other mutual-
ists (Strauss et al. 2002). A small but growing number of
studies have shown that resistance traits may have direct,
negative impacts on pollinator preference. For example,
Brassica rapa lines that were artificially selected for high
myrosinase (i.e., high herbivore resistance) produced flow-
ers with smaller petals and were less attractive to pollinators
compared to low-resistance lines (Strauss et al. 1999). Such
aversion could be due to the expression of defensive traits in
flowers, or to defense costs resulting in reduced allocation to
floral traits. Other systems have shown that resistance to
floral antagonists can deter pollinators. Floral spines
deterred nectar thieves but also reduced pollinator time per
visit in Centaurea solstitialis (Agrawal et al. 2000), and nectar
alkaloids in Gelsemium sempervirens deterred nectar robbers
at a cost of reduced pollinator attraction (Adler and Irwin
2005). Additionally, if floral antagonists and pollinators pre-
fer the same phenotypes, they may exert opposing selection
on floral traits (Gomez 1993; Eriksson 1995; Ehrlen 1997).
For example, floral seed predators and pollinators exerted
opposing selection pressures on calyx length in Castilleja
linariaefolia (Cariveau et al. 2004) and scape length in Prim-
ula farinosa (Ehrlen et al. 2002), and predispersal seed preda-
tors and pollinators may exert opposing selection on flower-
ing phenology and inflorescence size in Ipomopsis aggregata
(Brody 1997; Brody and Mitchell 1997). Thus, if pollinator
attraction affects plant fitness, pollinators may select
against resistance traits expressed in flowers or traits that
cause reduced allocation to floral display or rewards. 

In some cases plants may circumvent the negative effects
of resistance on pollinators. For example, Acacia trees pro-
duced a volatile that deterred guarding ants from “protect-
ing” young flowers against pollinators (Willmer and Stone
1997), and corollas of Nicotiana attenuata increased pools of
the attractant benzyl acetone and decreased pools of nico-
tine at dusk, when Manduca spp. pollinators are most active
(Euler and Baldwin 1996). However, when selection for
increased defense in one tissue has pleiotropic conse-
quences for expression in other tissues, plants may not be
able to simultaneously evolve optimal solutions for attract-
ing pollinators and deterring herbivores.

Indirect Effects of Resistance on Pollinators

Although herbivore resistance may directly deter pollina-
tors, pollinators could select for higher levels of plant resist-
ance by preferring undamaged plants. This indirect effect
seems most probable when damage occurs on floral tissues,
since floral cues are most likely to be used by pollinators to
assess rewards. Damage to vegetative or even root tissue
could also affect pollinator attraction. The effects of damage
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F IG U R E 12.1. Paths by which plant resistance and attractive traits
could affect plant fitness via interactions with herbivores and pollina-
tors. This conceptual framework could be extended to other antago-
nist and mutualist interactions. Numbers refer to corresponding text
sections discussing each pathway: 1, “Direct Effects of Resistance on
Pollinators”; 2, “Indirect Effects of Resistance on Pollinators”; 3,
“Direct Effects of Attractive Traits on Herbivores”; 4, “Indirect Effects
of Attractive Traits on Herbivores”; 5, “Resistance and Attraction
Traits May Not Be Independent; 6, “Herbivores and Pollinators May
Not Be Independent.”



to each of these tissues (floral, vegetative, and roots) are
reviewed below.

Damage to floral tissue or consumption of floral resources
(collectively referred to as floral antagonism) can reduce
pollinator attraction. For example, florivory reduced polli-
nator preference and plant male or female reproduction in
several systems (Lohman and Berenbaum 1996; Krupnick
and Weis 1999; Krupnick et al. 1999; Mothershead and Mar-
quis 2000; Adler et al. 2001). Florivory can also alter sex
expression (Hendrix 1984). For example, a lepidopteran her-
bivore preferentially consumed more exerted floral parts in
the distylous vine Gelsemium sempervirens, so that long-
styled plants became functionally male and long-filamented
plants became functionally female (Leege and Wolfe 2002).
Florivory can also change sex allocation in future flowers via
compensatory reproduction as a tolerance mechanism
(Hendrix and Trapp 1981). Nectar robbing may reduce plant
fitness indirectly by deterring pollinators (e.g., Irwin and
Brody 1998, 1999, 2000), although robbing is not costly in
all systems (reviewed in Maloof and Inouye 2000; Irwin et
al. 2001). 

Although floral antagonism reduced pollinator attraction
and plant reproduction in several systems, few studies have
elucidated traits conferring resistance to floral antagonists.
Natural and artificial flower damage in Nemophila menziesii
induced resistance to florivory in younger flowers (McCall
2006), but the responsible traits are unknown. Defensive
compounds have been detected in flowers (Detzel and Wink
1993; Euler and Baldwin 1996; Zangerl and Rutledge 1996;
Adler and Wink 2001; Gronquist et al. 2001; Strauss et al.
2004; Irwin and Adler 2006), pollen, and nectar (reviewed
in Adler 2000; also Gaffal and Heimler 2000; Thornburg et
al. 2003). Such compounds may provide the basis for resist-
ance to floral antagonists, but this has generally not been
demonstrated (but see Gronquist et al. 2001). Other floral
traits, such as corolla shape (Galen and Cuba 2001), expo-
sure of sexual organs (Leege and Wolfe 2002), nectar con-
centration (Irwin et al. 2004), pollen nutritional content or
defenses (Adler 2000; Roulston and Cane 2000), and escape
in time or space (Irwin et al. 2001, 2004; Theis et al. 2006a),
could potentially be under selection by pollinators through
conferring resistance to floral antagonists. Flower number
may also influence resistance to floral predators. Two hun-
dred years after Silene latifolia escaped floral antagonists by
invading North America from Europe, North American line-
ages produce more flowers than European lineages (Blair
and Wolfe 2004); these lineages may also be more attractive
to pollinators.

In most cases, leaf herbivory reduced plant fitness by
deterring pollinators (Strauss et al. 1996; Lehtila and Strauss
1997; Strauss and Armbruster 1997; Mothershead and Mar-
quis 2000; Hamback 2001; Poveda et al. 2003), although
there can be differential effects on male compared to female
fitness (Strauss et al. 2001). Leaf herbivory generally reduced
floral traits associated with both male and female fitness.
Simulated diabroticite beetle damage to Cucurbita texana

branches reduced the number of male flowers, the amount
of pollen per flower, and pollen siring success (Quesada et
al. 1995). Vegetative herbivory in a variety of systems
reduced flower number, size, height, and flowering period
(Karban and Strauss 1993; Lehtila and Strauss 1997, 1999;
Mothershead and Marquis 2000; Hamback 2001; Poveda et
al. 2003, 2005b; Ivey and Carr 2005), and pollen and nectar
production, quality, or exertion (Lehtila and Strauss 1999;
Ivey and Carr 2005; Poveda et al. 2005b). Vegetative her-
bivory can also alter plant sex ratio (Hendrix and Trapp
1981; Hendrix 1984; Krupnick and Weis 1998; Krupnick et
al. 2000; Thomson et al. 2004) and mating system (Elle and
Hare 2002; Steets and Ashman 2004; Ivey and Carr 2005). 

Links between belowground herbivory and pollination
are only beginning to be explored. Surprisingly, root her-
bivory may increase pollinator attraction (Poveda et al.
2003, 2005a), although the mechanism is not clear (Poveda
et al. 2005b). Belowground herbivory may also attract other
aboveground mutualists. Root herbivory reduced inflores-
cence size in thistles, but increased attraction of both
teprhitid seed predators and their parasitoids (Masters et al.
2001). Artificial and natural root herbivory in greenhouse
cotton increased extrafloral nectar production, which was
interpreted as an induced indirect defense to attract natural
enemies (Wackers and Bezemer 2003). If these studies repre-
sent general patterns, pollinators or other aboveground
mutualists have the potential to select for reduced resistance
to belowground herbivory. However, very little is known
about the mechanisms or genetic basis of root resistance to
herbivory (but see Davis and Rich 1987; Zangerl and Rut-
ledge 1996; Rasmann et al. 2005 for examples); this is
clearly an open area for future research.

This review demonstrates that resistance traits may
directly deter pollinators, but such traits can also indirectly
attract pollinators by reducing herbivory. Ultimately, the
net result of pollinator selection on resistance will depend
on (1) the importance of pollinator service for plant fitness,
and (2) the relative importance of direct deterrence versus
indirect attraction of pollinators to resistant plants. 

Selection by Herbivores on Floral Traits

Direct Effects of Attractive Traits on Herbivores 

Attractive floral traits have the potential to directly attract
herbivores as well as pollinators. This conflict is analogous
to the trade-off between natural and sexual selection that is
commonly studied in the animal kingdom, where individu-
als signal to attract mates, but such signals can also attract
predators (e.g., Tuttle and Ryan 1981). In plants, floral sig-
nals and rewards may attract a variety of antagonists that
consume floral resources, as well as pollinators. Ipomopsis
aggregata plants with larger inflorescences, for example,
attract higher rates of predispersal seed predation (Brody
and Mitchell 1997), and Polemonium viscosum plants with
wider corollas were more attractive to nectar-robbing ants
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in addition to bumblebee pollinators (Galen and Cuba
2001). Several floral traits including flower production
affected resistance to the bud-clipping weevil Anthonomus
signatus in strawberry, Fragaria virginiana (Ashman et al.
2004). Male plants were less resistant and more tolerant of
herbivory compared to hermaphrodite plants. Within
males, plants with higher pollen production had more her-
bivory, suggesting that pollen production could be under
selection by both pollinators and herbivores. Scent also
attracts herbivores as well as pollinators. Cucurbita species
that have more fragrant flowers attract higher numbers of
Diabrotica pollen-feeding beetles (Andersen and Metcalf
1987), and two floral volatiles attracted both pollinators and
floral herbivores in Cirsium arvense (Theis 2006). The timing
of scent emission may reflect selection to attract pollinators
while avoiding florivores (Euler and Baldwin 1996; Theis
and Raguso 2005; Theis et al. 2006b). In cases where floral
antagonists and pollinators prefer the same floral traits,
plants may experience conflicting selection pressures to
maintain pollinator attraction while resisting herbivores.

In some cases, leaf herbivores may be attracted to plants by
floral or extrafloral resources. This can happen when herbi-
vores have a wide diet, including nectar or pollen in addition
to leaf material. Alternatively, insects may consume nectar or
pollen as adults but leaf or vegetative tissue as larvae. For
example, domestic cotton varieties with extrafloral nectaries
experience greater levels of herbivory from a variety of
hemipteran and lepidopteran larvae whose adults feed on the
nectar (Lukefahr and Rhyne 1960; Schuster et al. 1976; Flint
et al. 1988; Scott et al. 1988). Such a trade-off may also exist
for extrafloral nectar production in wild cotton (Rudgers
2004; Rudgers and Gardener 2004). In these cases, adults are
not pollinators, and the outcome of the interaction is nega-
tive from the plant’s perspective. Cases in which adult polli-
nators have herbivorous larvae are reviewed below (see”Her-
bivores and Pollinators May Not Be Independent”). In either
circumstance, one of the consequences of advertising or pro-
ducing floral or extrafloral rewards may be attraction of her-
bivores. When herbivory reduces plant fitness and attractive
traits are heritable, such traits may evolve in response to her-
bivory as well as pollination.

Indirect Effects of Attractive Traits on Herbivores

The attraction of pollinators could benefit some herbivores
such as seed predators, because seed predators require fruit
set for larval survival. Seed predators that oviposit before
pollination should prefer attractive flowers to increase the
chances of locating a future fruit for their offspring (e.g.,
Brody and Morita 2000). Even seed predators that oviposit
after pollination may choose plants with the highest fruit
production, which may correlate with previously expressed
attractive traits. For example, plants with larger inflores-
cence heads had higher incidences of predispersal seed pre-
dation both within and across species of Asteraceae. Thus,
inflorescence size might represent a trade-off between

attracting pollinators versus seed predators (Fenner et al.
2002). 

Floral traits may also attract natural enemies that reduce
herbivory. Many adult parasitoids feed on nectar (Kidd and
Jervis 1989) and are particularly attracted to flowers with
open corollas and easily accessible nectar (Patt et al. 1997;
Tooker and Hanks 2000). Adding nectar sources in crop
plantings alters parasitoid behavior and may help control
pest herbivores (reviewed in Patt et al. 1997; Baggen and
Gurr 1998). Furthermore, nectar sugar composition, scent,
and accessibility can all affect parasitoid learning and pref-
erence (Patt et al. 1997, 1999; Wackers 1999, 2001), and
such traits may be under selection if they reduce herbivory.
However, the benefit of nectar via attracting parasitoids may
be balanced by the cost of attracting herbivores. For exam-
ple, access to buckwheat (Fagopyron esculentum) and dill
(Anethum graveolens) flowers increased longevity and fecun-
dity of the encyrtid wasp parasitoid Copidosoma koehleri and
its host, the gelechiid moth Phthorimaea operculella, whose
larvae are pests on potato. By contrast, flowers of Phacelia
and Nasturtium benefited the parasitoid but not the herbi-
vore (Baggen et al. 1999). If findings from agricultural set-
tings hold in natural environments where communities
may be more complex, then accessibility or quality of floral
nectar may provide an additional benefit to plants by
attracting parasitoids that reduce herbivory. Such benefits
will be greatest for plants when parasitoids kill eggs or early
larval stages (idiobiont parasitoids) rather than late larval or
pupal stages (koinobiont parasitoids).

Finally, pollinator attraction in one generation may be
linked with plant-herbivore dynamics in the next. Progeny
of selfed plants of Mimulus guttatus had lower resistance
(Carr and Eubanks 2002) and tolerance (Ivey et al. 2004) to
herbivory compared to progeny of outcrossed plants. These
results suggest that traits attracting pollinators could influ-
ence plant-herbivore interactions in the offspring, if polli-
nator attraction affects outcrossing rates. 

Resistance and Attraction Traits May 

Not Be Independent 

A growing number of studies indicate that the expression of
attractive and resistance traits are not independent. Traits
such as floral resins, which evolved as herbivore defenses,
can be co-opted over evolutionary time as pollinator
rewards (Armbruster et al. 1997). In ecological time, the
same trait can serve as both pollinator attractant and
defense against florivory, such as production of ultraviolet
pigments in Hypericum calycinum or showy bracts in
Dalechampia species (Armbruster and Mziray 1987; Arm-
bruster 1997; Gronquist et al. 2001). Even traits such as
flower color and leaf resistance may be correlated due to
pleiotropy or linkage. For example, flower color polymor-
phism in Ipomoea purpurea correlated with differences in leaf
herbivore resistance (Simms and Bucher 1996), although
such differences may not affect damage in the field
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(Fineblum and Rausher 1997). In Raphanis sativus, flower
color morph is correlated with lower levels of indole glu-
cosinolates in leaves, and preference and performance of a
variety of leaf herbivores (Irwin et al. 2003). Such differen-
tial effects of flower color on leaf herbivory may explain
why pollinator preference alone does not predict microevo-
lution of floral color morphs (Irwin and Strauss 2005). Fur-
thermore, alkaloid concentrations are correlated in leaves
and corollas of naturally growing Gelsemium sempervirens
(Irwin and Adler 2006), although these correlations may be
due to genetic or environmental variation. The expression
of nicotine and related alkaloids in nectar and leaves is phe-
notypically correlated across individual Nicotiana tabacum
plants (Adler et al. 2006) and is also correlated across Nico-
tiana species (L. S. A., M. Gittinger, G. Morse, and M. Wink,
unpublished data). Although not the subject of this chapter,
related literature addresses the causes and consequences of
toxic ripe fruit for fruit dispersers (e.g., Cipollini and Levey
1997; Cipollini 2000; Tewksbury and Nabhan 2001). Toxic-
ity in ripe fruit may be correlated across species with toxic-
ity of leaf defenses (Ehrlen and Eriksson 1993), providing
another example where the evolution of attractive rewards
(ripe fruit) may be constrained by expression of defenses in
other tissues. Thus, a growing number of studies demon-
strate that selection by pollinators on flower color or floral
secondary compounds could drive correlated evolution of
leaf traits, and selection by leaf herbivores on resistance
could alter the evolution of flower color or defense (Lande
and Arnold 1983). However, much work remains to eluci-
date the genetic basis of correlated traits across plant tissues
to determine the generality of these results.

Leaf damage may alter floral traits. Optimal defense the-
ory predicts that flowers will be constitutively defended due
to their high reproductive value (McKey 1974; Rhoades and
Cates 1976), and this prediction is supported by high levels
of constitutive resistance in Pastinaca sativa flowers com-
pared to leaves and roots (Zangerl and Rutledge 1996). How-
ever, recent studies have found that flower defense is also
inducible. For example, leaf damage induced higher petal
glucosinolate concentrations in anthocyanin-containing
color morphs of Raphanus sativus (Strauss et al. 2004). In N.
attenuata, leaf damage increased nicotine concentration in
flowers (Euler and Baldwin 1996) and fruits (Baldwin and
Karb 1995) and increased resistance to floral and fruit her-
bivory in the field (McCall and Karban 2006). Leaf damage
by Manduca sexta induced higher levels of nectar nicotine in
N. tabacum (Adler et al. 2006). Thus, leaf damage can affect
floral traits, which may alter interactions with both pollina-
tors and floral antagonists.

Herbivores and Pollinators May 

Not Be Independent 

Plant interactions with herbivores and pollinators are often
studied as separate and independent. However, in many sys-
tems herbivores and pollinators are the same species inter-

acting with plants at different points in their life cycle. In some
cases, pollinators oviposit into flowers or fruits that are sub-
sequently consumed by larval seed predators; these systems
can be highly obligate, such as the yucca plant–yucca moth
(Pellmyr 2003) and fig plant–fig wasp interactions (Bronstein
1988; Kjellberg et al. 2001), or somewhat facultative, such as
interactions between Silene and Hadena moths (Pettersson
1992; Wolfe 2002). In other cases, pollinators may oviposit
leaf-feeding larvae whose success is less linked with pollinator
behavior. In any case, if adults prefer plants with attractive
rewards such as high nectar volumes (e.g., Real and Rathcke
1991; Hodges 1995), then attractive traits may be under con-
flicting selection to attract pollinators but minimize the linked
cost of herbivory. I review some examples here; more complete
coverage is provided by Adler and Bronstein (2004).

Members of the family Sphingidae (the hawkmoths) pro-
vide perhaps the best examples of herbivorous larvae that
specialize on the same plants pollinated by adults (reviewed
in Adler and Bronstein 2004). Such herbivory may represent
a significant cost to plants. For example, an individual Man-
duca sexta larva can defoliate its host by the time it pupates
(McFadden 1968). Among other Lepidoptera, Pieris rapae
(Pieridae) is an efficient pollinator of Raphanus raphanistrum
(Conner et al. 1995), and larval P. rapae are specialists on
crucifers including this species (e.g., Agrawal 1999). Finally,
several moths and butterflies that are generalist nectar-feed-
ers as adults and generalist herbivores as larvae may incor-
porate certain plant species in their diets at both life-history
stages; examples include Heliothis virescens and Helicoverpa
armigera (Cunningham et al. 1998; De Moraes et al. 2001).
This is not intended as an exhaustive list, but rather as
examples that demonstrate the potential for trade-offs
between attracting pollinators and experiencing increased
levels of herbivory from offspring.

Only two experiments have tested the hypothesis that
floral attractants could increase levels of oviposition by leaf
herbivores. Adding supplemental nectar to Datura stramo-
nium flowers increased the number of M. sexta eggs
oviposited on leaves (Adler and Bronstein 2004). Manduca
sexta is a voracious herbivore of D. stramonium, whose
adults are also common nectar-feeding pollinators on the
same plants (L. S. A., personal observations). Similarly,
increasing the quality of nectar with supplemental arginine,
a naturally occurring amino acid essential for egg matura-
tion, increased M. sexta leaf oviposition on N. tabacum (A. J.
Lentz and L. S. A., unpublished). Both of these studies were
conducted in cages stocked with artificially high levels of M.
sexta moths, and both removed eggs before hatching and so
could not quantify the costs of herbivory. Furthermore, in
these systems there was no benefit of supplemental nectar
amount or quality on plant female reproduction, presum-
ably because both D. stramonium and N. tabacum are highly
selfing (Goodspeed 1954; Motten and Antonovics 1992).
However, these studies represent the first steps in demon-
strating that floral rewards, by attracting pollinators, may
also increase leaf herbivory. Further work is needed to
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demonstrate whether such trade-offs occur in the field
under natural insect densities, and to quantify the benefits
and costs of floral traits in the context of attracting both
pollinators and their herbivorous offspring.

Abiotic Factors and Geographic Variation

Selection pressures do not remain constant over time or
space. Variation in the abiotic and biotic environment can
alter both the expression of phenotypes and the relative
importance of different selective agents. There is ample evi-
dence that abiotic conditions mediate attractive and defen-
sive phenotypes (e.g., Gershenzon 1984; Mattson and
Haack 1987; Wyatt et al. 1992; Galen 1999b; Carroll et al.
2001; Gardener and Gillman 2001), and that selection is
spatially, temporally, and environmentally heterogeneous
(Boag and Grant 1981; Kalisz 1986; Stratton 1992; Dudley
1996; Stratton and Bennington 1998). However, few empir-
ical studies have examined how selection by multiple biotic
agents changes under different abiotic conditions (but see
Galen 1999a; Galen and Cuba 2001; Ehrlen et al. 2002). 

Although the influence of abiotic factors on selection by
biotic agents has long been recognized in studies of the evo-
lution of plant defenses (e.g., Bryant et al. 1983; Coley et al.
1985), the role of abiotic factors has only recently been
studied for the evolution of floral diversity (Galen 1999b;
Elle 2004), and there are few empirical tests. In two such
natural experiments, pollinator selection on flower mor-
phology changed between wet and dry years (Maad 2000;
Maad and Alexandersson 2004) and across an altitude-tem-
perature gradient (Totland 2001). Furthermore, expression
of traits involved in pollinator attraction, such as flower
color, may be linked with traits involved in drought toler-
ance (Schemske and Bierzychudek 2001), suggesting that
both abiotic and biotic factors may simultaneously influ-
ence the selective advantage of plant traits. Abiotic condi-
tions may also affect the relative significance of selection by
herbivores and pollinators. In particular, resources such as
water or nutrients may determine whether a plant is pollen
limited and therefore the importance of pollinator attrac-
tion (Haig and Westoby 1988; Zimmerman and Pyke 1988).
Reductions in pollinator visitation may not affect fitness in
harsh conditions, where limited resources constrain fecundity,
but may significantly reduce fitness in favorable conditions
(e.g., Campbell and Halama 1993; Corbet 1998). In harsher
conditions, pollinator-mediated selection may be reduced
while herbivore-mediated selection remains constant or
increases. Therefore, the relative importance of herbivore
defense and pollinator attraction may change in different
environmental contexts. 

Community context may also change the pattern of
selection on attractive or defensive traits. For example, the
presence of an alternate pollinator changed the outcome of
the interaction between a plant and pollinating seed preda-
tor from positive to negative for the plant (Thompson and
Cunningham 2002). The effect of low-efficiency pollinators

on plant fitness in Campanula americana varied from neutral
to negative, depending on the abundance of high-efficiency
pollinators (Lau and Galloway 2004). The presence of
another plant species that competes for pollination services
can also change the shape of selection on floral traits in a
focal plant species (Caruso 2000, 2001). These examples
demonstrate the importance of community context in
shaping selection on attractive and defensive phenotypes. It
is likely that community composition plays a large role in
determining the magnitude and direction of interactions
between plants, herbivores, and pollinators in many sys-
tems.

Future Directions

The goal of this review was to gather and synthesize a wide
range of studies demonstrating the potential for herbivores
to select on floral attraction, and for pollinators to select on
plant resistance. Many of these studies are quite recent,
demonstrating both a historical lack of attention to the
potential for multispecies selection on plant traits, and a
recent excitement to pursue such questions in greater
depth. While these studies represent a large and growing
body of work, there are clear gaps in our understanding of
these interactions that should be the focus of future
research. 

While the traits responsible for resistance to leaf herbi-
vores have been extensively studied, we know very little
about the traits responsible for resistance to other herbi-
vores, such as floral antagonists and root herbivores. For
example, although nectar robbers can reduce plant fitness as
much as leaf herbivores (Juenger and Bergelson 1997; Irwin
and Brody 2000), only a handful of studies have attempted
to determine what traits confer resistance to nectar robbing.
Observational and manipulative studies are needed to eluci-
date whether the same or correlated traits are involved in
attracting pollinators and deterring floral antagonists (e.g.,
Irwin et al. 2004).

Traits must be experimentally manipulated to isolate
their effect on species interactions. Historically, mechanical
(e.g., constraining floral tube shape [Galen and Cuba 2001])
or chemical (e.g., addition of hormones to induce changes
[Thaler 1999]) manipulations have been used. However, the
increasing feasibility of isolating and transforming or
knocking out specific loci allows a greater range of manipu-
lations and understanding of the mechanistic basis of trait
expression (e.g., Kessler et al. 2004). The use of genetic mod-
ification to manipulate traits provides another powerful
tool to address how such traits evolve in natural contexts.

Understanding the genetic correlations between traits
expressed across tissues, such as secondary compounds in
leaves and nectar, or pigmentation in flowers and vegetative
tissue (e.g., Armbruster 2002), is of fundamental importance
for predicting how leaf herbivores could exert correlated
selection on floral traits, or how pollinators could drive the
evolution of resistance traits in leaves. Furthermore, the
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heritability of some basic traits is poorly understood.
Although nectar production and composition are critical for
pollinator attraction in many systems (Dafni 1992; Pellmyr
2002) and may also attract herbivores and natural enemies,
as of 2004 only seven published studies had examined the
heritability of nectar traits in wild plant species (Mitchell
2004). Even less is known about the heritability of extraflo-
ral nectar traits (but see Rudgers 2004).

One of the fundamental goals of evolutionary ecology is to
understand how traits evolve in the context of their environ-
ments, but there are currently no studies that quantify the
extent of selection by herbivores and pollinators on resist-
ance or attractive traits. Determining the role of selection by
herbivores or pollinators on the evolution of plant traits
requires manipulating or removing the putative agent of
selection and measuring changes in the pattern of selection
on the traits of concern. Such studies have shown that polli-
nators can select on floral traits (e.g., Campbell et al. 1991;
Galen 1996; Jones and Reithel 2001) and herbivores can
select on plant defensive traits (e.g., Mauricio and Rausher
1997). However, as this review has shown, numerous traits
may influence both attraction and defense. Little is known
about the relative importance of selection by mutualists and
antagonists on attractive and defensive traits (but see Gomez
and Zamora 2000; Herrera 2000; Herrera et al. 2002). This
question could be addressed by manipulating herbivores and
pollinators and measuring resultant changes in the magni-
tude or direction of selection on both floral and defensive
traits, or by examining selection in multiple populations that
vary in herbivory or pollination frequency. Such studies
would be intensive due to the sample sizes required to detect
changes in selection (Kingsolver et al. 2001) but would be fea-
sible in some systems. Good candidate systems would be
Brassica and Raphanus species, in which the genetic basis of
resistance traits is well understood (Strauss et al. 1999; Irwin
et al. 2003), resistance traits reduce herbivore preference and
performance (Giamoustaris and Mithen 1995; Irwin et al.
2003), leaf herbivory reduces pollinator attraction (Lehtila
and Strauss 1997), pollinators are necessary for reproduction
(Strauss et al. 1996), and flower traits are correlated with leaf
defenses (Irwin et al. 2003; Strauss et al. 2004). Alternatively,
on a macroevolutionary scale one could look for evolution-
ary changes in herbivore resistance that correlate with
changes in pollinator mode, or vice versa, and test predic-
tions about the conditions under which such evolutionary
correlations might occur. These approaches would help to
assess the relative role of pollinators and herbivores in alter-
ing the evolution of attraction and defense across microevo-
lutionary and macroevolutionary time scales. 

Acknowledgments

I thank K. Tilmon for organizing this volume and inviting
me to participate, S. Halpern for her substantial contribu-
tions to the section on abiotic factors, and N. Theis, P. S.
Warren, and two anonymous reviewers for their helpful

comments on the manuscript. I was funded during the
inspiration and writing for this chapter by the University of
Massachusetts at Amherst Department of Plant, Soil, and
Insect Science and by NSF DEB-0514398. 

References Cited

Adler, L. S. 2000. The ecological significance of toxic nectar. Oikos

91: 409–420.

Adler, L. S., and J. L. Bronstein. 2004. Attracting antagonists: does

floral nectar increase leaf herbivory? Ecology 85: 1519–1526.

Adler, L. S., and R. E. Irwin. 2005. Ecological costs and benefits of

defenses in nectar. Ecology 86: 2968–2978.

Adler, L. S., and M. Wink. 2001. Transfer of alkaloids from hosts to

hemiparasites in two Castilleja-Lupinus associations: analysis of

floral and vegetative tissues. Biochem. Syst. Ecol. 29: 551–561.

Adler, L. S., R. Karban, and S. Y. Strauss. 2001. Direct and indirect

effects of alkaloids on plant fitness via herbivory and pollination.

Ecology 82: 2032–2044.

Adler, L. S., M. Wink, M. Distal, and A.J. Lentz, 2006. Leaf herbivory

and nutrients increase nectar alkaloids. Ecology Letters 9: 960–967.

Agrawal, A. A. 1999. Induced responses to herbivory in wild radish:

effects on several herbivores and plant fitness. Ecology 80:

1713–1723.

Agrawal, A. A., S. Tuzun, and E. Bent (eds.). 1999. Induced plant

defenses against pathogens and herbivores: biochemistry, ecol-

ogy, and agriculture. APS Press, St. Paul, MN.

Agrawal, A. A., J. A. Rudgers, L. W. Botsford, D. Cutler, J. B. Gorin,

C. J. Lundquist, B. W. Spitzer, and A. L. Swann. 2000. Benefits and

constraints on plant defense against herbivores: spines influence

the legitimate and illegitimate flower visitors of yellow star this-

tle, Centaurea solstitialis L. (Asteraceae). Southwest. Nat. 45: 1–5.

Aigner, P. A. 2001. Optimality modeling and fitness trade-offs: when

should plants become pollinator specialists? Oikos 95: 177–184.

Andersen, J. F., and R. L. Metcalf. 1987. Factors influencing distribu-

tion of Diabrotica spp. (Coleoptera, Chyrsomelidae) in blossoms

of cultivated Cucurbita spp. J. Chem. Ecol. 13: 681–699.

Armbruster, W. S. 1997. Exaptations link evolution of plant-herbi-

vore and plant-pollinator interactions: a phylogenetic inquiry.

Ecology 78: 1661–1672.

Armbruster, W. S. 2002. Can indirect selection and genetic context

contribute to trait diversification? A transition-probability study of

blossom-colour evolution in two genera. J. Evol. Biol. 15: 468–486.

Armbruster, W. S., and W. R. Mziray. 1987. Pollination and herbivore

ecology of an African Dalechampia (Euphorbiaceae): comparisons

with New World species. Biotropica 19: 64–73.

Armbruster, W. S., J. J. Howard, T. P. Clausen, E. M. Debevec, J. C.

Loquvam, M. Matsuki, B. Cerendolo, and F. Andel. 1997. Do bio-

chemical exaptations link evolution of plant defense and pollina-

tion systems? Historical hypotheses and experimental tests with

Dalechampia vines. Am. Nat. 149: 461–484.

Ashman, T. L., D. H. Cole, and M. Bradburn. 2004. Sex-differential

resistance and tolerance to herbivory in a gynodioecious wild

strawberry. Ecology 85: 2550–2559.

Baggen, L. R., and G. M. Gurr. 1998. The influence of food on Copi-

dosoma koehleri (Hymenoptera: Encyrtidae), and the use of flower-

ing plants as a habitat management tool to enhance biological

control of potato moth, Phthorimaea operculella (Lepidoptera:

Gelechiidae). Biol. Control 11: 9–17.

Baggen, L. R., G. M. Gurr, and A. Meats. 1999. Flowers in tri-trophic

systems: mechanisms allowing selective exploitation by insect

1 6 8 C O -  A N D  M A C R O E V O L U T I O N A RY  R A D I AT I O N



natural enemies for conservation biological control. Entomol.

Exp. Appl. 91: 155–161.

Baldwin, I. T., and M. J. Karb. 1995. Plasticity in allocation of nico-

tine to reproductive parts in Nicotiana attenuata. J. Chem. Ecol.

21: 897–909.

Becerra, J. X. 1997. Insects on plants: macroevolutionary chemical

trends in host use. Science 276: 253–256.

Becerra, J. X. 2003. Synchronous coadaptation in an ancient case of

herbivory. Proc. Natl. Acad. Sci. USA 100: 12804–12807.

Blair, A. C., and L. M. Wolfe. 2004. The evolution of an invasive

plant: an experimental study with Silene latifolia. Ecology 85:

3035–3042.

Boag, P. T., and P. R. Grant. 1981. Intense natural selection in a popu-

lation of Darwin’s finches (Geospizinae) in the Galapagos. Science

214: 82–85.

Brody, A. K. 1997. Effects of pollinators, herbivores, and seed preda-

tors on flowering phenology. Ecology 78: 1624–1631.

Brody, A. K., and R. J. Mitchell. 1997. Effects of experimental manip-

ulation of inflorescence size on pollination and pre-dispersal seed

predation in the hummingbird-pollinated plant Ipomopsis aggre-

gata. Oecologia 110: 86–93.

Brody, A. K., and S. I. Morita. 2000. A positive association between

oviposition and fruit set: female choice or manipulation? Oecolo-

gia 124: 418–425.

Bronstein, J. L. 1988. Mutualism, antagonism, and the fig-pollinator

interaction. Ecology 69: 1298–1302.

Bryant, J. P., F. S. I. Chapin, and D. R. Klein. 1983. Carbon/nutrient

balance of boreal plants in relation to vertebrate herbivory. Oikos

40: 357–368.

Campbell, D. R., and K. J. Halama. 1993. Resource and pollen limita-

tions to lifetime seed production in a natural plant population.

Ecology 74: 1043–1051.

Campbell, D. R., N. M. Waser, M. V. Price, E. A. Lynch, and R. J.

Mitchell. 1991. Components of phenotypic selection: pollen

export and lower corolla width in Ipomopsis aggregata. Evolution

45: 1458–1467.

Cariveau, D., R. E. Irwin, A. K. Brody, L. S. Garcia-Mayeya, and A. von

der Ohe. 2004. Direct and indirect effects of pollinators and seed

predators to selection on plant and floral traits. Oikos 104: 15–26.

Carr, D. E., and M. D. Eubanks. 2002. Inbreeding alters resistance to

insect herbivory and host plant quality in Mimulus guttatus (Scro-

phulariaceae). Evolution 56: 22–30.

Carroll, A. B., S. G. Pallardy, and C. Galen. 2001. Drought stress,

plant water status, and floral trait expression in fireweed, Epilo-

bium angustifolium (Onagraceae). Am. J. Bot. 88: 438–446.

Caruso, C. M. 2000. Competition for pollination influences selection

on floral traits of Ipomopsis aggregata. Evolution 54: 1546–1557.

Caruso, C. M. 2001. Differential selection on floral traits of Ipomopsis

aggregata growing in contrasting environments. Oikos 94:

295–302.

Cipollini, M. L. 2000. Secondary metabolites of vertebrate-dispersed

fruits: evidence for adaptive functions. Rev. Chil. Hist. Nat. 73:

421–440.

Cipollini, M.L., and D. J. Levey. 1997. Why are some fruits toxic?

Glycoalkaloids in Solanum and fruit choice by vertebrates. Ecol-

ogy 78: 782–798.

Coley, P. D., J. P. Bryant, and F. S. Chapin III. 1985. Resource avail-

ability and plant antiherbivore defense. Science 230: 895–899.

Conner, J. K., R. Davis, and S. Rush. 1995. The effect of wild radish

floral morphology on pollination efficiency by four taxa of polli-

nators. Oecologia 104: 234–245.

Corbet, S. A. 1998. Fruit and seed production in relation to pollina-

tion and resources in bluebell, Hyacinthoides nonscripta. Oecologia

114: 349–360.

Cornell, H. V., and B. A. Hawkins. 2003. Herbivore responses to plant

secondary compounds: a test of phytochemical coevolution the-

ory. Am. Nat. 161: 507–522.

Cunningham, J. P., S. A. West, and D. J. Wright. 1998. Learning in the

nectar foraging behaviour of Helicoverpa armigera. Ecol. Entomol.

23: 363–369.

Dafni, A. 1992. Pollination ecology: a practical approach. Oxford

University Press, Oxford.

Dafni, A., and P. G. Kevan. 1997. Flower size and shape: implications

in pollination. Isr. J. Plant Sci. 45: 201–212.

Darwin, C. 1877. The different forms of flowers on plants of the

same species. John Murray, London.

Davis, E. L., and J. R. Rich. 1987. Nicotine content of tobacco roots

and toxicity to Meloidogyne incognita. J. Nematol. 19: 23–29.

De Moraes, C. M., M. C. Mescher, and J. H. Tumlinson. 2001. Cater-

pillar-induced nocturnal plant volatiles repel nonspecific females.

Nature 410: 577–580.

Dethier, V. G. 1941. Chemical factors determining the choice of food

plants by Papilio larvae. Am. Nat. 75: 61–72.

Detzel, A., and M. Wink. 1993. Attraction, deterrence or intoxica-

tion of bees (Apis mellifera) by plant allelochemicals. Chemoecol-

ogy 4: 8–18.

Dudley, S.A. 1996. Differing selection on plant physiological traits

in response to environmental water availability: a test of adaptive

hypothesis. Evolution 50: 92–102.

Ehrlen, J. 1997. Risk of grazing and flower number in a perennial

plant. Oikos 80: 428–434.

Ehrlen, J., and O. Eriksson. 1993. Toxicity in fleshy fruits: a non-

adaptive trait? Oikos 66: 107–113.

Ehrlen, J., S. Kack, and J. Agren. 2002. Pollen limitation, seed preda-

tion and scape length in Primula farinosa. Oikos 97: 45–51.

Ehrlich, P. R., and P. H. Raven. 1964. Butterflies and plants: a study in

coevolution. Evolution 18: 586–608.

Elle, E. 2004. Floral adaptations and biotic and abiotic selection pres-

sures, pp. 111–118. In Q. Cronk, R. Ree, I. Taylor and J. Whitton

(eds.), Plant adaptation: molecular genetics and ecology. NRC

Research Press, Ottawa, ON.

Elle, E., and J. D. Hare. 2002. Environmentally induced variation in

floral traits affects the mating system in Datura wrightii. Funct.

Ecol. 16: 79–88.

Eriksson, O. 1995. Asynchronous flowering reduces seed predation in

the perennial forest herb Actaea spicata. Acta Oecol. 16: 195–203.

Euler, M., and I. T. Baldwin. 1996. The chemistry of defense and

apparency in the corollas of Nicotiana attenuata. Oecologia 107:

102–112.

Farrell, B. D., and C. Mitter. 1998. The timing of insect/plant diversi-

fication: might Tetraopes (Coleoptera: Cerambycidae) and Ascle-

pias (Asclepiadaceae) have co-evolved? Biol. J. Linn. Soc. 63:

553–577.

Farrell, B. D., D. E. Dussourd, and C. Mitter. 1991. Escalation of plant

defense: do latex and resin canals spur plant diversification? Am.

Nat. 138: 881–900.

Feeny, P. 1976. Plant apparency and chemical defense. Recent Adv.

Phytochem. 10: 1–40.

Fenner, M., J. E. Cresswell, R. A. Hurley, and T. Baldwin. 2002. Rela-

tionship between capitulum size and pre-dispersal seed preda-

tion by insect larvae in common Asteraceae. Oecologia 130:

72–77.

S E L E C T I O N  B Y  P O L L I N AT O R S  A N D  H E R B I V O R E S 1 6 9



Fenster, C. B., W. S. Armbruster, P. Wilson, M. R. Dudash, and J. D.

Thomson. 2004. Pollination syndromes and floral specialization.

Annu. Rev. Ecol. Evol. Syst. 35: 375–403.

Fineblum, W. L., and M. D. Rausher. 1997. Do floral pigmentation

genes also influence resistance to enemies? The W locus in Ipo-

moea purpurea. Ecology 78: 1646–1654.

Flint, H. M., N. J. Curtice, and F. D. Wilson. 1988. Development of

pink bollworm populations (Lepidoptera: Gelechiidae) on nec-

taried and nectariless deltapine cotton in field cages. Environ.

Entomol. 17: 306–308.

Fraenkel, G. S. 1959. The raison d’etre of secondary plant substances.

Science 129: 1466–1470.

Gaffal, K. P., and W. Heimler. 2000. Die nektarien von herzglycosid-

haltigen rachenbluetlern: eine quelle der speise fuer goetter mit

herzinsuffizienz? Mikrokosmos 89: 129–138.

Galen, C. 1996. Rates of floral evolution: adaptation to bumblebee

pollination in an alpine wildflower, Polemonium viscosum. Evolu-

tion 50: 120–125.

Galen, C. 1999a. Flowers and enemies: predation by nectar-thieving

ants in relation to variation in floral form of an alpine wildflower,

Polemonium viscosum. Oikos 85: 426–434.

Galen, C. 1999b. Why do flowers vary? The functional ecology of

variation in flower size and form within natural plant popula-

tions. BioScience 49: 631–640.

Galen, C., and J. Cuba. 2001. Down the tube: pollinators, predators,

and the evolution of flower shape in the alpine skypilot, Polemo-

nium viscosum. Evolution 55: 1963–1971.

Gardener, M. C., and M. P. Gillman. 2001. The effects of soil fertilizer

on amino acids in the floral nectar of corncockle, Agrostemma

githago (Caryophyllaceae). Oikos 92: 101–106.

Gershenzon, J. 1984. Changes in the levels of plant secondary

metabolites under water and nutrient stress, pp. 273–321. In B. N.

Timmermann, C. Steelink and F. A. Loewus (eds.), Phytochemical

adaptations to stress. Plenum Press, New York.

Giamoustaris, A., and R. Mithen. 1995. The effect of modifying the

glucosinolate content of leaves of oilseed rape (Brassica napus ssp.

oleifera) on its interaction with specialist and generalist pests.

Ann. Appl. Biol. 126: 347–363.

Gomez, J. M. 1993. Phenotypic selection on flowering synchrony in

a high mountain plant, Hormathophylla spinosa (Cruciferae). J.

Ecol. 81: 605–613.

Gomez, J. M., and R. Zamora. 2000. Spatial variation in the selective

scenarios of Hormathophylla spinosa (Cruciferae). Am. Nat. 155:

657–668.

Goodspeed, T. H. 1954. The genus Nicotiana: origins, relationships

and evolution of its species in the light of their distribution, mor-

phology and cytogenetics. Chronica Botanica Company,

Waltham, MA.

Gould, K. S. 2004. Nature’s Swiss army knife: the diverse protective

roles of anthocyanins in leaves. J. Biomed. Biotechnol. 314–320.

Grant, V. 1950. The protection of the ovules in flowering plants.

Evolution 4: 179–201.

Gronquist, M., A. Bezzerides, A. Attygalle, J. Meinwald, M. Eisner,

and T. Eisner. 2001. Attractive and defensive functions of the

ultraviolet pigments of a flower (Hypericum calycinum). Proc. Natl.

Acad. Sci. USA 98: 13745–13750.

Haig, D., and M. Westoby. 1988. On limits to seed production. Am.

Nat. 131: 757–759.

Hamback, P. A. 2001. Direct and indirect effects of herbivory: feed-

ing by spittlebugs affects pollinator visitation rates and seedset of

Rudbeckia hirta. Ecoscience 8: 45–50.

Hendrix, S. D. 1984. Reactions of Heracleum lanatum to floral

herbivory by Depressaria pastinacella. Ecology 65: 191–197.

Hendrix, S. D., and E. J. Trapp. 1981. Plant-herbivore interactions:

insect induced changes in host plant sex expression and fecun-

dity. Oecologia 49: 119–122.

Herrera, C. M. 1996. Floral traits and plant adaptation to insect

pollinators: a devil’s advocate approach, pp. 65–87. In D. G.

Lloyd and S. C. H. Barrett (eds.), Floral biology: studies on flo-

ral evolution in animal-pollinated plants. Chapman and Hall,

New York.

Herrera, C. M. 2000. Measuring the effects of pollinators and herbi-

vores: evidence for non-additivity in a perennial herb. Ecology

81: 2170–2176.

Herrera, C. M., M. Medrano, P. J. Rey, A. M. Sanchez-Lafuente, M. B.

Garcia, J. Guitian, and A. J. Manzaneda. 2002. Interaction of polli-

nators and herbivores on plant fitness suggests a pathway for cor-

related evolution of mutualism- and antagonism-related traits.

Proc. Natl. Acad. Sci. USA 99: 16823–16828.

Hodges, S. A. 1995. The influence of nectar production on hawk-

moth behavior, self pollination, and seed production in Mirabilis

multiflora (Nyctaginaceae). Am. J. Bot. 82: 197–204.

Irwin, R. E., and L. S. Adler. 2006. Correlations among traits associ-

ated with herbivore resistance and pollination: implications for

pollination and nectar robbing in a distylous plant. Am. J. Bot. 93:

64–72.

Irwin, R., and A. K. Brody. 1998. Nectar robbing in Ipomopsis aggre-

gata: effects on pollinator behavior and plant fitness. Oecologia

116: 519–527.

Irwin, R. E., and A. K. Brody. 1999. Nectar-robbing bumble bees

reduce the fitness of Ipomopsis aggregata (Polemoniaceae). Ecology

80: 1703–1712.

Irwin, R. E., and A. K. Brody. 2000. Consequences of nectar robbing

for realized male function in a hummingbird-pollinated plant.

Ecology 81: 2637–2643.

Irwin, R. E., and S. Y. Strauss. 2005. Flower color microevolution in

wild radish: evolutionary response to pollinator-mediated selec-

tion. Am. Nat. 165: 225–237.

Irwin, R. E., A. K. Brody, and N. M. Waser. 2001. The impact of floral

larceny on individuals, populations, and communities. Oecologia

129: 161–168.

Irwin, R. E., S. Y. Strauss, S. Storz, A. Emerson, and G. Guibert. 2003.

The role of herbivores in the maintenance of a flower color poly-

morphism in wild radish. Ecology 84: 1733–1743.

Irwin, R. E., L. S. Adler, and A. K. Brody. 2004. The dual role of floral

traits: pollinator attraction and plant defense. Ecology 85:

1503–1511.

Ivey, C. T., and D. E. Carr. 2005. Effects of herbivory and inbreeding

on the pollinators and mating system of Mimulus guttatus (Phry-

maceae). Am. J. Bot. 92: 1641–1649.

Ivey, C. T., D. E. Carr, and M. D. Eubanks. 2004. Effects of inbreeding

in Mimulus guttatus on tolerance to herbivory in natural environ-

ments. Ecology 85: 567–574.

Izaguirre, M. M., A. L. Scopel, I. T. Baldwin, and C. L. Ballare. 2003.

Convergent responses to stress. Solar ultraviolet-B radiation and

Manduca sexta herbivory elicit overlapping transcriptional

responses in field-grown plants of Nicotiana longiflora. Plant Phys-

iol. 132: 1755–1767.

Jones, K. N., and J. S. Reithel. 2001. Pollinator-mediated selec-

tion on a flower color polymorphism in experimental popula-

tions of Antirrhinum (Scrophulariaceae). Am. J. Bot. 88:

447–454.

1 7 0 C O -  A N D  M A C R O E V O L U T I O N A RY  R A D I AT I O N



Juenger, T., and J. Bergelson. 1997. Pollen and resource limitation of

compensation to herbivory in scarlet gilia, Ipomopsis aggregata.

Ecology 78: 1684–1695.

Jurgens, A. 2004. Flower scent composition in diurnal Silene species

(Caryophyllaceae): phylogenetic constraints or adaption to flower

visitors? Biochem. Syst. Ecol. 32: 841–859.

Kalisz, S. 1986. Variable selection on the timing of germination in

Collinsia verna (Scrophulariaceae). 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.

Kessler, A., R. Halitschke, and I. T. Baldwin. 2004. Silencing the jas-

monate cascade: induced plant defenses and insect populations.

Science 305: 665–668.

Kidd, N. A. C., and M. A. Jervis. 1989. The effects of host feeding

behavior on the dynamics of parasitoid-host interactions, and the

implications for biological control. Res. Pop. Ecol. 31: 235–274.

Kingsolver, J. G., H. E. Hoekstra, J. M. Hoekstra, D. Berrigan, S. N. Vig-

nieri, C. E. Hill, A. Hoang, P. Gibert, and P. Beerli. 2001. The

strength of phenotypic selection in natural populations. Am. Nat.

157: 246–261.

Kjellberg, F., E. Jousselin, J. L. Bronstein, A. Patel, J. Yokoyama,

and J. Y. Rasplus. 2001. Pollination mode in fig wasps: the pre-

dictive power of correlated traits. Proc. R. Soc. Lond. B 268:

1113–1121.

Krupnick, G. A., and A. E. Weis. 1998. Floral herbivore effect on the

sex expression of an andromonoecious plant, Isomeris arborea

(Capparaceae). Plant Ecol. 134: 151–162.

Krupnick, G. A., and A. E. Weis. 1999. The effect of floral herbivory

on male and female reproductive success in Isomeris arborea. Ecol-

ogy 80: 135–149.

Krupnick, G. A., A. E. Weis, and D. R. Campbell. 1999. The conse-

quences of floral herbivory for pollinator service to Isomeris

arborea. Ecology 80: 125–134.

Krupnick, G. A., G. Avila, K. M. Brown, and A. G. Stephenson. 2000.

Effects of herbivory on internal ethylene production and sex

expression in Cucurbita texana. Funct. Ecol. 14: 215–225.

Lande, R., and S. J. Arnold. 1983. The measurement of selection on

correlated characters. Evolution 37: 1210–1226.

Lau, J. A., and L. F. Galloway. 2004. Effects of low-efficiency pollina-

tors on plant fitness and floral trait evolution in Campanula amer-

icana (Campanulaceae). Oecologia 141: 577–583.

Leege, L. M., and L. M. Wolfe. 2002. Do floral herbivores respond to

variation in flower characteristics in Gelsemium sempervirens

(Loganiaceae), a distylous vine? Am. J. Bot. 89: 1270–1274.

Lehtila, K., and S. Y. Strauss. 1997. Leaf damage by herbivores affects

attractiveness to pollinators in wild radish, Raphanus raphanistrum.

Oecologia 111: 396–403.

Lehtila, K., and S. Y. Strauss. 1999. Effects of foliar herbivory on male

and female reproductive traits of wild radish, Raphanus

raphanistrum. Ecology 80: 116–124.

Lohman, D. J., and M. R. Berenbaum. 1996. Impact of floral her-

bivory by parsnip webworm (Oecophoridae: Depressaria pastina-

cella Duponchel) on pollination and fitness of wild parsnip (Api-

aceae: Pastinaca sativa L.). Am. Midl. Nat. 136: 407–412.

Lukefahr, M. J., and C. Rhyne. 1960. Effects of nectariless cottons on

populations of three lepidopterous insects. J. Econ. Entomol. 53:

242–244.

Maad, J. 2000. Phenotypic selection in hawkmoth-pollinated Pla-

tanthera bifolia: targets and fitness surfaces. Evolution 54:

112–123.

Maad, J., and R. Alexandersson. 2004. Variable selection in Plantan-

thera bifolia (Orchidaceae): phenotypic selection differed between

sex functions in a drought year. J. Evol. Biol. 17: 642–650.

Maloof, J. E., and D. W. Inouye. 2000. Are nectar robbers cheaters or

mutualists? Ecology 81: 2651–2661.

Manning, J. C., and P. Goldblatt. 2005. Radiation of pollination sys-

tems in the Cape genus Tritoniopsis (Iridaceae: Crocoideae) and

the development of bimodal pollination strategies. Int. J. Plant

Sci. 166: 459–474.

Masters, G. J., T. H. Jones, and M. Rogers. 2001. Host-plant mediated

effects of root herbivory on insect seed predators and their para-

sitoids. Oecologia 127: 246–250.

Mattson, W. J., and R. A. Haack. 1987. The role of drought in out-

breaks of plant-eating insects: drought’s physiological effects on

plants can predict its influence on insect populations. BioScience

37: 110–118.

Mauricio, R., and M. D. Rausher. 1997. Experimental manipulation

of putative selective agents provides evidence for the role of natu-

ral enemies in the evolution of plant defense. Evolution 51:

1435–1444.

McCall, A. C. 2006. Natural and artificial floral damage induces

resistance in Nemophila menziesii (Hydrophyllaceae) flowers.

Oikos 112: 660–666.

McCall, A. C., and R. Karban. 2006. Induced defense in Nicotiana

attenuata (Solanaceae) fruit and flowers. Oecologia 146: 566–571.

McCloud, E. S., and M. R. Berenbaum. 1994. Stratospheric ozone

depletion and plant-insect interactions: effects of UVB radiation

on foliage quality of Citrus jambhiri for Trichoplusia ni. J. Chem.

Ecol. 20: 525–539.

McFadden, M. W. 1968. Observations on feeding and movement of

tobacco hornworm larvae. J. Econ. Entomol. 61: 352–356.

McKey, D. 1974. Adaptive patterns in alkaloid physiology. Am.

Nat.108: 305–320.

Mitchell, R. J. 2004. Heritability of nectar traits: why do we know so

little? Ecology 85: 1527–1533.

Mothershead, K., and R. J. Marquis. 2000. Fitness impacts of her-

bivory through indirect effects on plant-pollinator interactions in

Oenothera macrocarpa. Ecology 81: 30–40.

Motten, A. F., and J. Antonovics. 1992. Determinants of outcrossing

rate in a predominantly self-fertilizing weed, Datura stramonium

(Solanaceae). Am. J. Bot. 79: 419–427.

Patt, J. M., G. C. Hamilton, and J. H. Lashomb. 1997. Foraging suc-

cess of parasitoid wasps on flowers: interplay of insect morphol-

ogy, floral architecture and searching behavior. Entomol. Exp.

Appl. 83: 21–30.

Patt, J. M., G. C. Hamilton, and J. H. Lashomb. 1999. Responses of

two parasitoid wasps to nectar odors as a function of experience.

Entomol. Exp. Appl. 90: 1–8.

Pellmyr, O. 2002. Pollination by animals, pp. 157–184. In C. M. Her-

rera and O. Pellmyr (eds.), Plant-animal interactions: an evolu-

tionary approach. Blackwell Science, Oxford.

Pellmyr, O. 2003. Yuccas, yucca moths, and coevolution: a review.

Ann. Missouri Botanical Garden 90: 35–55.

Pettersson, M. W. 1992. Density-dependent egg dispersion in flowers

of Silene vulgaris by the seed predator Hadena confusa (Noctuidae).

Ecol. Entomol. 17: 244–248.

Poveda, K., I. Steffan-Dewenter, S. Scheu, and T. Tscharntke. 2003.

Effects of below- and above-ground herbivores on plant growth,

flower visitation and seed set. Oecologia 135: 601–605.

Poveda, K., I. Steffan-Dewenter, S. Scheu, and T. Tscharntke.

2005a. Effects of decomposers and herbivores on plant perform-

S E L E C T I O N  B Y  P O L L I N AT O R S  A N D  H E R B I V O R E S 1 7 1



ance and aboveground plant-insect interactions. Oikos 108:

503–510.

Poveda, K., I. Steffan-Dewenter, S. Scheu, and T. Tscharntke. 2005b.

Floral trait expression and plant fitness in response to below- and

aboveground plant-animal interactions. Perspect. Plant Ecol.

Evol. Syst. 7: 77–83.

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.

Rasmann, S., T. G. Kollner, J. Degenhardt, I. Hiltpold, S. Toepfer, U.

Kuhlmann, J. Gershenzon, and T. C. J. Turlings. 2005. Recruit-

ment of entomopathogenic nematodes by insect-damaged maize

roots. Nature 434: 732–737.

Real, L. A., and B. J. Rathcke. 1991. Individual variation in nectar

production and its effect on fitness in Kalmia latifolia. Ecology 72:

149–155.

Ree, R. H. 2005. Phylogeny and the evolution of floral diversity in

Pedicularis (Orobanchaceae). Int. J. Plant Sci. 166: 595–613.

Rhoades, D. F., and R. G. Cates. 1976. Toward a general theory of

plant antiherbivore chemistry. Recent Adv. Phytochem. 10:

168–213.

Roulston, T. H., and J. H. Cane. 2000. Pollen nutritional content and

digestibility for animals. Plant Syst. Evol. 222: 187–209.

Rudgers, J.A. 2004. Enemies of herbivores can shape plant traits: selec-

tion in a facultative ant-plant mutualism. Ecology 85: 192–205.

Rudgers, J. A., and M. C. Gardener. 2004. Extrafloral nectar as a

resource mediating multispecies interactions. Ecology 85:

1495–1502.

Sargent, R. D., and S. P. Otto. 2004. A phylogenetic analysis of polli-

nation mode and the evolution of dichogamy in angiosperms.

Evol. Ecol. Res. 6: 1183–1199.

Schemske, D. W., and P. Bierzychudek. 2001. Perspective: evolution

of flower color in the desert annual Linanthus parryae: Wright

revisited. Evolution 55: 1269–1282.

Schuster, M. F., M. J. Lukefahr, and F. G. Maxwell. 1976. Impact of

nectariless cotton on plant bugs and natural enemies. J. Econ.

Entomol. 69: 400–402.

Scott, W. P., G. L. Snodgrass, and J. W. Smith. 1988. Tarnished plant

bug (Hemiptera: Miridae) and predaceous arthropod populations

in commercially produced selected nectaried and nectariless culti-

vars of cotton. J. Entomol. Sci. 23: 280–286.

Simms, E. L., and M. A. Bucher. 1996. Pleiotropic effect of flower

color intensity on resistance to herbivory in Ipomoea purpurea.

Evolution 50: 957–963.

Sprengel, C. K. 1996. Discovery of the secret of nature in the struc-

ture and fertilization of flowers, pp. 3–43. In D. G. Lloyd and S. C.

H. Barrett (eds.), Floral biology: studies on floral evolution in ani-

mal-pollinated plants. Chapman and Hall, New York.

Stahl, E. 1888. Pflanzen und schnecken: biologische studie über die

schutzmittel der pflanzen gegen schneckenfrass. Jenaische

Zeitschr.  Naturwiss. 22: 557–684.

Steets, J. A., and T. L. Ashman. 2004. Herbivory alters the expression

of a mixed-mating system. Am. J. Bot. 91: 1046–1051.

Stinchcombe, J. R., and M. D. Rausher. 2001. Diffuse selection on

resistance to deer herbivory in the ivyleaf morning glory, Ipomoea

hederacea. Am. Nat. 158: 376–388.

Stratton, D. A. 1992. Life-cycle components of selection in Erigeron

annuus: I. Phenotypic selection. Evolution 46: 92–106.

Stratton, D. A., and C. C. Bennington. 1998. Fine-grained spatial and

temporal variation in selection does not maintain genetic varia-

tion in Erigeron annuus. Evolution 52: 678–691.

Strauss, S. Y., and W. S. Armbruster. 1997. Linking herbivory and pol-

lination: new perspectives on plant and animal ecology and evo-

lution. Ecology 78: 1617–1618.

Strauss, S. Y., J. K. Conner, and S. L. Rush. 1996. Foliar herbivory

affects floral characters and plant attractiveness to pollinators:

implications for male and female plant fitness. Am. Nat. 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 cur-

rency of pollination. Evolution 53: 1105–1113.

Strauss, S. Y., J. K. Conner, and K. P. Lehtila. 2001. Effects of foliar

herbivory by insects on the fitness of Raphanus raphanistrum:

damage can increase male fitness. Am. Nat. 158: 496–504.

Strauss, S. Y., J. A. Rudgers, J. A. Lau, and R. E. Irwin. 2002. Direct and

ecological costs of resistance to herbivory. Trends Ecol. Evol. 17:

278–285.

Strauss, S. Y., R. E. Irwin, and V. M. Lambrix. 2004. Optimal defence

theory and flower petal colour predict variation in the secondary

chemistry of wild radish. J. Ecol. 92: 132–141.

Tewksbury, J. J., and G. P. Nabhan. 2001. Seed dispersal: directed

deterrence by capsaicin in chilies. Nature 412: 403–404.

Thaler, J. S. 1999. Jasmonate-inducible plant defenses cause

increased parasitism of herbivores. Nature 399: 686–688.

Theis, N. 2006. Fragrance of Canada thistle (Cirsium arvense)

attracts both floral herbivores and pollinators. Journal of

Chemical Ecology 32(5): 917–927.

Theis, N., and R. A. Raguso. 2005. The effect of pollination on floral

fragrance in thistles (Cirsium, Asteraceae). J. Chem. Ecol. 31:

2581–2600.

Theis, N., R. A. Raguso, and M. Lerdau. 2007. The challenge of

attracting pollinators while evading floral herbivores: patterns of

fragrance emission in Cirsium arvense and Cirsium repandum

(Asteraceae). International Journal of Plant Sciences 168(5):

587–601.

Thompson, J. N., and B. M. Cunningham. 2002. Geographic struc-

ture and dynamics of coevolutionary selection. Nature 417:

735–738.

Thomson, V. P., A. B. Nicotra, and S. A. Cunningham. 2004. Her-

bivory differentially affects male and female reproductive traits of

Cucumis sativus. Plant Biol. 6: 621–628.

Thornburg, R. W., C. Carter, A. Powell, R. Mittler, L. Rizhsky, and 

H. T. Horner. 2003. A major function of the tobacco floral nec-

tary is defense against microbial attack. Plant Syst. Evol. 238:

211–218.

Tooker, J. F., and L. M. Hanks. 2000. Flowering plant hosts of adult

Hymenopteran parasitoids of central Illinois. Ann. Entomol. Soc.

Am. 93: 580–588.

Totland, O. 2001. Environment-dependent pollen limitation and

selection on floral traits in an alpine species. Ecology 82:

2233–2244.

Tuttle, M. D., and M. J. Ryan. 1981. Bat predation and the evolu-

tion of frog vocalizations in the Neotropics. Science 214:

677–678.

Wackers, F. L. 1999. Gustatory response by the hymenopteran para-

sitoid Cotesia glomerata to a range of nectar and honeydew sugars.

J. Chem. Ecol. 25: 2863–2877.

Wackers, F. L. 2001. A comparison of nectar and honeydew sugars

with respect to their utilization by the hymenopteran parasitoid

Cotesia glomerata. J. Insect Physiol. 47: 1077–1084.

Wackers, F. L., and T. M. Bezemer. 2003. Root herbivory induces an

above-ground indirect defence. Ecol. Letters 6: 9–12.

1 7 2 C O -  A N D  M A C R O E V O L U T I O N A RY  R A D I AT I O N



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

1996. Generalization in pollination systems, and why it matters.

Ecology 77: 1043–1060.

Willmer, P. G., and G. N. Stone. 1997. How aggressive ant-guards

assist seed-set in Acacia flowers. Nature 388: 165–167.

Wolfe, L. M. 2002. Why alien invaders succeed: support for the

escape-from-enemy hypothesis. Am. Nat. 160: 705–711.

Wootton, J. T. 1994. The nature and consequences of indirect effects

in ecological communities. Ann. Rev. Ecol. Syst. 25: 443–466.

Wyatt, R., S. B. Broyles, and G. S. Derda. 1992. Environmental influ-

ences on nectar production in milkweeds (Asclepias syriaca and A.

exaltata). Am. J. Bot. 79: 636–642.

Zangerl, A. R., and C. E. Rutledge. 1996. The probability of attack and

patterns of constitutive and induced defense: a test of optimal

defense theory. Am. Nat. 147: 599–608.

Zimmerman, M., and G. H. Pyke. 1988. Reproduction in Polemo-

nium: assessing the factors limiting seed set. Am. Nat. 131:

723–738.

S E L E C T I O N  B Y  P O L L I N AT O R S  A N D  H E R B I V O R E S 1 7 3


