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ABSTRACT

Explanations of floral adaptation to diverse pollinator faunas have often invoked visitor-mediated trade-offs in which no
intermediate, generalized floral phenotype is optimal for pollination success, 1.e. fitness valleys are created. In such cases,
plant species are expected to specialize on particular groups of flower visitors. Contrary to this expectation, it is com-
monly observed that flowers interact with various groups of visitors, while at the same time maintaining distinct pheno-
types among ecotypes, subspecies, or congeners. This apparent paradox may be due to a gap in our understanding of how
visitor-mediated trade-offs could affect floral adaptation. Here we provide a conceptual framework for analysing visitor-
mediated trade-offs with the hope of stimulating empirical and theoretical studies to fill this gap. We propose two types of
visitor-mediated trade-offs to address negative correlations among fitness contributions of different visitors: visitor-
mediated phenotypic trade-ofls (phenotypic trade-offs) and visitor-mediated opportunity trade-ofls (opportunity trade-offs). Phe-
notypic trade-offs occur when different groups of visitors impose conflicting selection pressures on a floral trait. By contrast,
opportunity trade-offs emerge only when some visitors’ actions (e.g. pollen collection) remove opportunities for fitness con-
tribution by more beneficial visitors. Previous studies have observed disruptive selection due to phenotypic trade-offs less
often than expected. In addition to existing explanations, we propose that some flowers have achieved ‘adaptive gener-
alization’ by evolving features to avoid or eliminate the fitness valleys that phenotypic trade-offs tend to produce. The liter-
ature suggests a variety of pathways to such ‘trade-off mitigation’. Trade-off mitigation may also evolve as an adaptation
to opportunity trade-offs. We argue that active exclusion, or floral specialization, can be viewed as a trade-off mitigation,
occurring only when flowers cannot otherwise avoid strong opportunity trade-offs. These considerations suggest that an evo-
lutionary strategy for trade-off mitigation is achieved often by acquiring novel combinations of traits. Thus, phenotypic
diversification of flowers through convergent evolution of certain trait combinations may have been enhanced not only
through adaptive specialization for particular visitors, but also through adaptive generalization for particular visitor com-
munities. Explorations of how visitor-mediated trade-offs explain the recurrent patterns of floral phenotypes may help
reconcile the long-lasting controversy on the validity of pollination syndromes.

Rey words: adaptive generalization, adaptive specialization, floral evolution, opportunity trade-offs, phenotypic trade-
offs, pollination syndrome, trade-off mitigation
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I. INTRODUCTION

The diversity of floral phenotypes and their correlated evolu-
tion with flower visitors has been one of the most enduring
topics in floral biology (Faegri & van der Pijl, 1979; Fenster
et al., 2004; McCall & Irwin, 2006; Armbruster, 2014,
2017). The central paradigm is that flower visitors — both
mutualistic and antagonistic — differ in sensory systems, mor-
phology, physiology, or behaviour, and therefore exert con-
flicting selection pressures on floral traits (Lange & Scott,
1999; Kessler et al., 2015). Such relationships among the
functional adaptation of a floral trait (or suite of covarying
traits) to different interaction partners, hereafter, visitor-
mediated trade-offs, have been considered to promote spe-
cialization towards the most beneficial interactions and, in
turn, diversification of floral phenotypes (Stebbins, 1970;
Schemske & Horvitz, 1984; Johnson & Steiner, 2000;
Armbruster, 2014).

If the above argument is correct, then each flower species
would be expected to cater mostly to one primary pollinator
group at the evolutionary equilibrium, while discouraging its
major antagonists. However, contrary to this expectation, it
1s quite common that flowers harbour multiple groups of vis-
itors at the same time (Herrera, 1996; Ollerton, 1996; Waser
et al., 1996; Gomez & Zamora, 2006; McCall & Irwin, 2006;
Kessler, Diezel & Baldwin, 2010). Such diffuse interactions
appear to contradict the view that visitor-mediated trade-offs
limit the potential of flowers to adapt simultaneously to mul-
tiple groups of visitors.

Does this mean that most flowers have failed to adapt to
the biotic environment and therefore suffer from fitness losses
due to visitor-mediated trade-offs? If so, then how has the
enormous floral diversity with distinct phenotypes evolved,
and how i1s it maintained? Under which conditions are floral
adaptations to specific visitors to be expected? Such questions
have been repeatedly raised during recent decades, with little
agreement, integration, or reconciliation. Some relevant
propositions include: (z) that floral traits adapt to the most
effective pollinators even in situations with seemingly diffuse
interactions (Stebbins, 1970; Rosas-Guerrero et al., 2014;
Ashworth et al., 2015; Johnson & Wester, 2017); (z2) that the
most effective pollinators often disagree with the visitors
inferred from suites of floral traits (Fishbein & Venable,

1996; Ollerton et al., 2009; Guzméan, Gémez & Vargas,
2017); () that diffuse interactions could favour distinct floral
traits that discourage specific pollinators, because the pres-
ence of highly efficient pollinators turns the other less-
efficient pollinators into ‘conditional parasites’ (Thomson &
Thomson, 1992; Thomson e al., 2000); and (zv) that it is ques-
tionable how frequently floral adaptations to specific pollina-
tors occur in reality, because the most effective pollinators are
often hard to identify and variable in space and time
(Herrera, 1988, 1996; Price ¢ al., 2005).

As has been suggested by Aigner (2001, 2006), the discrep-
ancy between floral appearance and observed flower visitors
may not be contradictory if visitor-mediated trade-offs are
absent. For example, a particular phenotype may sometimes
optimize contributions from different visitors at the same
time (G6émez & Zamora, 2006). However, we know very little
about how often and why this would happen in nature
(Armbruster, 2014, 2017). Moreover, we have no explana-
tion as to how phenotypic diversity of flowers through con-
vergent evolution of certain trait combinations could be
generated and be maintained in the absence of constraints
imposed by visitor-mediated trade-offs. Apparently, we need
a more thorough consideration of visitor-mediated trade-offs
and their relation to floral evolution.

Our goal here is to provide a conceptual framework for
analysing floral visitor-mediated trade-offs and their conse-
quences for floral adaptation. We start our review with a
new classification of visitor-mediated trade-offs based on
how fitness conflicts emerge. We then present graphical
models to identify possible evolutionary outcomes of visitor-
mediated trade-offs, while developing a literature overview
to validate our proposal. Based on these considerations, we
suggest that a better understanding of visitor-mediated
trade-offs will help us explain the diversity of floral pheno-
types as evolutionary responses to varying assemblages of
flower visitors.

Throughout this paper, we use the term ‘visitor-mediated
trade-offs’, to include all types of flower visitors that can
potentially incur fitness trade-offs with one another,
e.g. pollinators, nectar robbers, pollen thieves, florivores,
seed predators, predators of other visitors. We divide these
visitors into two categories, i.e. mutualists and antagonists,
depending on whether their net effect on plant fitness is
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positive or negative (Bronstein, 1994). In this view, flower vis-
itors can be mutualists only when they provide greater bene-
fits than costs. For example, most nectar robbers are
antagonists even if they provide some pollination services
(Maloof & Inouye, 2000). Furthermore, the same pollinators
could function as mutualists in some ecological circum-
stances but as antagonists in the presence of better pollinators
(Thomson, 2003). We adopt this inclusive term ‘visitor’ to
review traditional studies that have only focused on groups
of mutualists [pollinator-mediated fitness trade-offs
(Horvitz & Schemske, 1990; Aigner, 2001, 2004; Gémez &
Zamora, 2006; Muchhala, 2007; Smith, Ané & Baum,
2008; Gomez & Perfectti, 2010)] or on contrasts between
mutualists and antagonists [defence-attraction trade-offs
(Herrera et al., 2002; Irwin, Adler & Brody, 2004; Kessler
et al., 2015; Sletvold, Moritz & Agren, 2015)], and to take
all the relevant interactions into consideration of trade-offs
in flowers. Accordingly, we use the term ‘fitness contribution’
as the net effect of a particular visitor group on the fitness of a
plant. This could be rephrased as ‘pollination effectiveness’
in the context of mutualistic interactions, or ‘damage caused’
in the context of antagonistic interactions.

II. CATEGORIZING VISITOR-MEDIATED
TRADE-OFFS IN FLOWERS

The concept of trade-offs in biology refers to situations in
which a trait, function, or realized fitness component, etc.,
cannot increase without a decrease in another, and vice versa
(Garland, 2014). Trade-offs have played a pivotal role in evo-
lutionary studies for various reasons, most of which are
directly related to the factors that limit the adaptive potential
of organisms (Futuyma & Moreno, 1988; Robinson,
Wilson & Shea, 1996; Roft & Fairbairn, 2007; Agrawal,
Conner & Rasmann, 2010).

We recognize two types of potential trade-offs in flowers
caused by multiple groups of visitors: (¢) visitor-mediated phe-
notypic trade-offs (hereafter, we use phenotypic trade-offs in
italics as an abbreviation for ‘visitor-mediated phenotypic
trade-offs’) and (i) visitor-mediated opportunity trade-offs
(hereafter, we use opportunity trade-offs in italics as an abbrevi-
ation for ‘visitor-mediated opportunity trade-offs”). A pheno-
bpic trade-off in flowers occurs when different groups of
visitors impose conflicting selection pressures on a single
aspect of a flower (Fig. 1A—C). It will arise when a phenotypic
adaptation to a certain type of visitor reduces visits and/or
pollination by other mutualistic visitors, or increases visits
and/or damages by other antagonistic visitors. Examples
that fall into this category would include conflicting require-
ments for corolla width to be effectively pollinated by bats
and hummingbirds (Muchhala, 2007), or conflicts between
floral fragrance to attract pollinators and deter florivores
(Theis & Adler, 2012). Conflicting requirements could also
be placed on a trait by multiple antagonists, just as those
for gall size to defend against different kinds of predators in
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gall-making insects (Weis, Abrahamson & Andersen, 1992),
although we are not aware of floral examples.

By contrast, an opportunity trade-off occurs when different
visitor groups with different profitability for flowers share
the limited opportunity for affecting plant fitness and exhibit
negative correlations in their contributions. This concept was
highlighted by Thomson & Thomson (1992), who demon-
strated how pollen wastage during transport by certain types
of pollinators could make them detrimental to plants in the
presence of better pollen deliverers. We illustrate a hypothetical
example in Fig. 2A. Pollinator A and B bring the greatest
fitness contribution at flower tubes of the same length, while
pollinator B is lower in their quality in terms of pollen trans-
fer efficiency (Fig. 2A). This could happen in systems where
the likelihood of contacting anthers and stigmas varies
among different groups of pollinators (Castellanos, Wilson &
Thomson, 2004; Sakamoto et al., 2012). In this condition, the
plant may face a dilemma in harbouring pollinator A and B;
pollinator B becomes antagonistic in the presence of
pollinator A, in the sense that B’s net effect on plant fitness
is negative (Fig. 2B) (Thomson, 2003). This occurs because
the opportunity for more efficient pollen transfer by A is lost
due to visits by pollinator B. In other words, pollinator B is
inferior to pollinator A in terms of opportunity use efficiency
and wastes pollen that, if left behind, would have been deliv-
ered by pollinator A.

Similar opportunity losses will occur whenever distinct
groups of visitors compete over the limited number of pollen
grains, ovules or stigmatic surface, and also vary in the degree
of pollen loss during dispersal. Various processes contribute:
grooming, collecting, or passive loss of pollen (Wilson &
Thomson, 1991; Miyake & Yahara, 1998; Castellanos,
Wilson & Thomson, 2003; Muchhala & Thomson, 2010); spa-
tial precision in pollen placement and pickup (Armbruster,
2006; Culbert & Forrest, 2016; Funamoto, 2019); geitono-
gamy or biparental inbreeding caused by area-restricted
movement (Waser, 1982; Matsuki e al., 2008; Ohashi &
Thomson, 2009; Hasegawa, Suyama & Seiwa, 2015); or het-
erospecific pollen transfer (Funamoto, 2019). An opportunity
trade-off may also occur when nectar consumption by one pol-
linator group leads to a reduction in visits by the other pollina-
tor group (Carpenter, 1979; Laverty & Plowright, 1985),
although such conditions will be rather limited. In addition
to such antagonistic pollinators, obligate antagonists such as
pre-dispersal seed predators could also cause opportunity trade-
offs by depriving mutualists of their contribution opportunities
(Irwin & Brody, 2011). Unlike phenotypic trade-offs, on the other
hand, opporturaty trade-offs cannot occur between antagonists.
Because no antagonist benefits plants (by definition), attacks
by multiple groups of antagonists will pose no dilemma for
plants in terms of opportunity use.

This type of conflict has not been frequently described as a
‘trade-off’ in the literature, because the opportunity loss
largely reflects the influence of extrinsic factors (e.g. the
abundance of different animal groups) and seems more like
an ecological conflict rather than an evolutionary one. It is,
however, important to regard a conflict over opportunity
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Fig 1. Graphical representations of visitor-mediated phenotypic trade-offs between visitor groups A and B and their possible
evolutionary consequences. (A) Fitness function graph showing the relationships between floral phenotype (trait value or status)
and the visitor-specific fitness contributions (black curves) as well as the total fitness (blue curve). We refer to the former as visitor-
specific fitness functions, and the latter as overall fitness function. (B) Disruptive selection type which produces a distinct phenotype
as a singular adaptation to either A or B. Filled triangles indicate optimal floral phenotypes. (C) Stabilizing selection type which
produces an intermediate phenotype as a compromise between adaptation to A and B. (D) Unilateral selection type which
produces a distinct phenotype as a dual adaptation to both A and B.

use as a distinct type of trade-off, because it creates negative negative correlations among functional adaptations to — or
correlations among realized fitness contributions from differ-  fundamental fitness contributions from — different visitor
ent visitor groups, similarly to phenotypic trade-offs causing  groups. And as we will see, opportunity losses to the other
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Fig 2. Examples showing how differences in opportunity use efficiency between different pollinator groups result in fitness losses
through opportunity trade-offs. (A) Pollinators A and B confer the same fitness peak for floral tube length. But they differ in pollen
transfer efficiency, i.e. how much pollen they remove from anthers, and how much of the removed pollen they deliver to stigmas.
(B) The total fitness becomes lower in a mixed-visitor environment (bottom panel) than in a single-visitor environment (top panel)
because the opportunity for more efficient pollen transfer by A is lost due to visits by B.

visitor groups could cause evolutionary changes in traits that
are unique and different from any evolutionary conse-
quences of phenotypic trade-offs. To reach a comprehensive
view of visitor-mediated trade-offs and their effects on phe-
notypic evolution of flowers, it is critical to extend the con-
cept to encompass this component of negative correlations
in fitness in addition to phenotypic trade-offs. We thus regard
opportunity trade-offs as a particular type of visitor-mediated

trade-off, rather than assigning an unrelated term such as
‘negative interactions’ (Aigner, 2001).

It is important to note that a single floral trait can be sub-
ject to either or both types of visitor-mediated trade-offs
involving a particular pair of visitor groups. For example,
Fig. 2 illustrates a situation where only an opportunity trade-off
1s caused by two groups of nectar foragers, but in other situ-
ations where these foragers differ in tongue lengths, a
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phenotypic trade-off on floral tube length may additionally be
imposed. In another situation where these foragers are con-
stantly scarce, only a phenotypic trade-off may be observed.
We suggest that one should not overlook the possibility that
different types of visitor-mediated trade-offs may be involved
behind the observed negative correlation in visitor-specific
fitness contributions.

III. THE EVOLUTIONARY CONSEQUENCES OF
VISITOR-MEDIATED PHENOTYPIC
TRADE-OFFS

(1) Earlier views on floral evolution under
phenotypic trade-offs

Conflicts among functional adaptations to different flower
visitors have long been one of the main explanations for
divergent floral phenotypes among ecotypes, subspecies, or
congeners (Grant & Grant, 1965; Stebbins, 1970; Johnson &
Steiner, 2000; van der Niet ¢t al., 2014). For example, evolu-
tionary transitions in flower colour are often attributed to
selection exerted by different groups of pollinators with dis-
tinct colour preferences (Faegri & van der Pijl, 1979; Fenster
et al., 2004; Whittall & Hodges, 2007; but see Muchhala,
Johnsen & Smith, 2014). The same may be true for floral
scents associated with different pollinator preferences
(Pellmyr, 1986; Gross, Sun & Schiestl, 2016) or shared pref-
erences between pollinators and herbivores (Schiestl &
Johnson, 2013; Kessler et al., 2015). Divergences in floral
morphology such as tube length (Anderson et al., 2014;
Boberg ¢t al., 2014; Newman, Manning & Anderson, 2014),
corolla width (Inoue & Amano, 1986; Muchhala, 2007) and
corolla flare (Galen, Zimmer & Newport, 1987; Galen &
Cuba, 2001; Aigner, 2004) have also been considered as con-
sequences of phenotypic trade-offs caused by different visitor
groups.

These examples are commonly based on the notion that a
phenotypic trade-off would exert disruptive selection pressure on
a floral trait. However, disruptive selection may not be the
only possible outcome of a phenotypic trade-off (Strauss &
Whittall, 2006; Sletvold, 2019). For a more comprehensive
approach, phenotypic selection models should be used
(Lande & Arnold, 1983). Aigner (2001, 2006) employed opti-
mality modelling to predict the evolutionary consequences of
pollinator-mediated trade-offs for a floral phenotype, assum-
ing that the total fitness of a plant equals the sum of gains
from different pollinator groups with which it interacts dur-
ing its lifetime (i.e. in a fine-grained pollination environment;
see also Levins, 1968). Here, we follow this approach.
Although Aigner (2001, 2006) used examples of phenotypic
trade-offs over quantitative traits between two pollinators,
such as those over corolla length entailed by long- and
short-tongued pollinators, similar arguments could also
apply to qualitative or signal traits such as colour and odour,
and also to situations where flower visitors include both
mutualists and antagonists (Strauss & Whittall, 2006).

2263

Consider a plant population expressing a range of pheno-
types with respect to some trait, x. For simplicity, let us
assume that the trait x has high heritability, and that all values
of the trait within a phenotypic range are genetically possible
and equally easy to achieve. The fitness contribution (positive
or negative) from each group of flower visitors can be
expressed as a function over the range of the considered phe-
notypes. Assuming that the fitness contribution from any type
of flower visitors is related to the lifetime reproductive success
of the plant, hereafter we call this relationship between fitness
contribution and the trait ‘visitor-specific fitness function’. By
contrast, we call the relationship between total fitness and the
trait — the sum of individual visitor-specific fitness functions —
‘overall fitness function’ (Fig. 1A).

When the ith group of animals are visiting the plant pop-
ulation alone, the relationship between their fitness contri-
bution and the trait can be expressed as the visitor-specific
fitness function in single-visitor environment, sw;(x). The
visitor-specific fitness function sw;(x) may also depend on
the frequency of the focal phenotype relative to other phe-
notypes in a population (Smithson & Macnair, 1996;
Gigord, Macnair & Smithson, 2001), but here we do not
consider such effects. In a mixed-visitor environment with
two visitor groups A and B, the phenotype producing the
maximum fitness contribution may differ between the two
groups. Within such a discrepancy region of optimal phe-
notypes, a phenotypic trade-off between A and B can be
defined as a negative correlation between the fitness contri-
butions of A and B across the trait. This can be
expressed as:

dswa (x) dswg(x)
———~ =—const-
dx x

(xa<x<xp), (1)

where xo and xp are the optimal phenotypes that maximize
the fitness contributions of A and B, respectively.

Phenotypic trade-offs could occur among various types of vis-
itors, whether these animals are mutualistic (sw; > 0) or
antagonistic (sw; < 0) for the plants. For example, phenotypic
trade-offs occur between mutualists and antagonists within
the range of effective pollination, i.e. > swi(x) >0 (Fig. 1C,
right). In the presence of effective pollination over a wide
range of phenotypes with respect to the trait x, phenotypic
trade-offs could occur even among different groups of antago-
nists (Fig. 1B, right).

The evolutionary consequences of a phenotypic trade-off will
depend on the difference between phenotypic adaptations
to the groups A and B, which is determined by the proximity
between x4 and xp, the concave and convex shape of sw;(x),
and the relative abundance of A and B. First, when adapta-
tions to A and B would result in very different flower pheno-
types (Fig. 1B), there would be no intermediate optimum
between phenotypes x4 and xp, and a fitness valley occurs
in the overall fitness function, » sw;(x). This is the condition
where disruptive selection will operate on a floral trait. A
few empirical studies have suggested that such disruptive
selection may have produced morphological diversification
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between congeneric species specialized for distinct pollinator
groups (Muchhala, 2007; Miller, Raguso & Kay, 2014).

Second, when adaptations to A and B are expected to yield
different but similar optimal phenotypes (Fig. 1C), there will
be no valley in the overall fitness function, and an intermedi-
ate phenotype between x5 and xp gives a broad peak in total
fitness. This is the condition where stabilizing selection will
operate. This scenario may apply in cases where different
pollinator groups provide more or less equally good pollina-
tion for a given plant species (Herrera, 1988, 1996; Gémez &
Zamora, 1999; Suzuki, Dohzono & Hiei, 2007; Fig. 1C, left)
or in cases where fitness contributions of mutualists and
antagonists give similar peaks with respect to a floral trait
(Galen & Cuba, 2001; Schiestl et al., 2014; Kessler ¢t al.,
2015; Fig. 1C, right). The peak of the overall fitness function
may become even broader in reality, because these visitor-
specific fitness functions often vary depending on the extrinsic
context (reviewed by Sletvold, 2019).

In addition to the above two well-established evolutionary
scenarios, Aigner (2001, 2006) identified a third potential
condition in multispecies interactions: the fitness contribu-
tion varies with the focal floral trait only for a particular vis-
itor group, while not for the others, and no phenotypic trade-off
is imposed on a floral trait (Fig. 1D). In the absence of pheno-
bpic trade-offs, the shape of the overall fitness function,
> swy(x), is largely determined by the visitor group whose fit-
ness contribution varies significantly with the phenotype
(group A in Fig. 1D). Hence, a plant can optimize the floral
trait by tuning its value or state towards such visitors, x.
We refer to this as ‘unilateral selection’, in order to distin-
guish it from the above stabilizing selection scenario where
the optimum is between x5 and xg. Note that the visitor
groups whose fitness contribution varies little over the range
of feasible phenotypes of the trait — ‘relaxed’ visitors — would
have little or no impact on the evolution of the trait, regard-
less of whether or not they make a significant contribution to
total fitness (group B in Fig. 1D). For example, honeybees
and bumble bees can learn to associate a wide range of colour
stmuli with rewards (Gould & Gould, 1988; Gumbert,
2000), potentially making them relaxed visitors with respect
to floral coloration, in contrast to the dronefly, Eristalis tenax
L., which exhibits a persistent preference for yellow
(An et al., 2018). When these relaxed visitors are mutualistic,
their inclusion into the visitor community will always provide
marginal benefits to plant fitness without sacrificing adapta-
tion to other visitors, unless they significantly reduce the con-
tribution opportunities of more efficient pollinators and
thereby become antagonists (opportunity trade-off; see
Section IV).

At least three examples of unilateral selection on floral
traits have been reported in the literature. First, stigma exser-
tion of wild radish, Raphanus raphanistrum L., hardly affected
pollen deposition by honeybees, while an intermediate exser-
tion received maximum deposition by butterflies (Conner,
Davis & Rush, 1995). Second, flexible pedicels of orange jew-
elweed, Impatiens capensis Meerb., had little effect on the polli-
nation service of the primary visitor, e.g. apid bees, while
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increasing pollen transfer by infrequent visitors,
e.g. hummingbirds, za increased movement of flowers
(Hurlbert et al., 1996). Third, corolla width of Dudleya greene:
Rose had little effect on pollination by bumble bees, while
narrow flowers performed best in terms of both visitation
and  pollination  effectiveness by  hummingbirds
(Aigner, 2004).

(2) Extending earlier views

Research over recent decades has demonstrated that
multispecies interactions can produce not only disruptive
selection but also stabilizing and unilateral selection in
flowers (Herrera, 1988, 1996; Conner et al., 1995; Hurlbert
et al., 1996; Gémez & Zamora, 1999; Aigner, 2004; Castella-
nos ¢ al., 2004; Suzuki e al., 2007; Sletvold, 2019). On the
other hand, these insights leave open the question of why
we have so little empirical evidence that phenotypic trade-offs
exert disruptive selection on floral traits. Even though the
data are still too few to draw any conclusion (Fenster ¢ al.,
2004; Aigner, 2006; Gémez & Zamora, 2006; Armbruster,
2014, 2017), a phenotypic trade-off with a fitness valley has been
demonstrated so far only between flowers highly specialized
for pollination by divergent groups of animals (Muchhala,
2007; Miller et al., 2014). This may simply mean that adap-
tive flowers harbour different groups of visitors only when
their traits are not under disruptive selection, or these flowers
represent non-adaptive generalization in non-equilibrium
conditions (Gémez & Zamora, 2006). Alternatively, selection
imposed by certain visitor groups may vary across extrinsic
contexts such as surrounding communities and resource
availability (Sletvold, 2019), which may preclude consistent
disruptive selection. At the same time, the paucity of reports
on visitor-mediated disruptive selection on floral traits still
seems counterintuitive, given the great variation among dif-
ferent groups of flower visitors in sensory systems, morphol-
ogy, physiology and behaviour (Proctor, Yeo & Lack, 1996;
Willmer, 2011).

To probe more deeply, we need to consider one more pos-
sibility. Examples of disruptive selection due to phenotypic
trade-offs may be rare because flowers have adaptively
avoided being trapped in fitness valleys, even in multispecies
interactions that we would expect to produce valleys. Gener-
alization in flowers has often been attributed to compromises
that sacrifice pollination effectiveness in return for reproduc-
tive assurance, or to ecological forces that constrain adaptive
specialization (Waser et al., 1996; Johnson & Steiner, 2000;
Gomez & Zamora, 2006). This may not always be the case,
however. Flowers may have evolved to reduce disruptive
selection due to phenotypic trade-offs and exploit a variety of vis-
itors. Here we draw attention to this possibility by proposing
the term ‘adaptive generalization’ to describe any situation
where flowers are visited by diverse groups of animals and
reproduce successfully, without suffering fitness valley due
to phenotypic trade-offs. Some authors have used the term ‘dual
specialization’ or ‘specialized bimodal pollination’ to
describe flowers that have simultaneously adapted to
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multiple groups of pollinators (Liu ¢t al., 2002; Dellinger et al.,
2019b; Hargreaves, Langston & Johnson, 2019). Although
we understand that such terminology would help to avoid
the non-adaptive connotations of the term generalization,
we prefer ‘adaptive generalization’ because it directly
invokes a fundamental question: if trade-offs are the rule,
how can an organism adaptively generalize for divergent ani-
mals? To facilitate further discussion, we also propose the
term ‘trade-off mitigation’ to refer to any evolutionary
changes in flowers that reduce the fitness costs derived from
visitor-mediated trade-offs. It seems possible that such
evolution has shaped ecologically generalized systems where
plants need visits from diverse groups of pollinators to ensure
reproduction, or where plants cannot avoid visitor groups
that potentially impose disruptive selection. We suggest two
types of trade-off mitigation that a plant could employ
(Fig. 3). One is the adoption of multiple phenotypes in time
or space to gain benefits from multiple fitness peaks (multi-
phenotypic strategies), and the other is a change of scenario
from disruptive to stabilizing or unilateral selection, through

Fitness

Phenotype

Disruptive selection

Multi-phenotypic strategies
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combinations of multiple traits that modify the visitor-specific
fitness functions (combinational strategies). Possible exam-
ples of these strategies will be reviewed below and are sum-
marized in Table 1.

(3) Multi-phenotypic strategies

Phenotypic trade-offs occur when a plant cannot adopt dif-
ferent phenotypes at the same time and there is no interme-
diate optimum. However, Lloyd (1984) pointed out that
some plants avoid this dilemma by producing distinct
structures, either conditionally (conditional strategy) or sto-
chastically (mixed strategy). For example, dichogamy (tem-
poral shift from male to female phase in a flower, or vice
versa) can be viewed as a conditional strategy, while monoecy
(proportional production of distinct floral sex morphs by the
same individual) as a mixed strategy. Such strategies could
enable a plant to avoid fitness valleys among different func-
tional adaptations and gain benefits from multiple fitness
peaks. Similarly, we suggest that plant individuals could

g Specialization for A or B

—— Generalization for A and B

= (Generalization for A and B

FR SR A + £ /\ £
c | T K
o : Phenotype Phenotype
- Phenotype
-
© !
2
=l
£
E
Q
o Combinational strategies
T
[
=
=
@ P
8 8
£ £
......... > i A
A g
i i
Phenotype Phenotype

Stabilizing selection Unilateral selection

Fig 3. Graphical definition of trade-off mitigation under disruptive selection due to phenotypic trade-offs. Trade-off mitigation refers to
any evolutionary changes in flowers that allow them to harbour multiple visitor groups without being dragged down to fitness valleys
due to phenotypic trade-offs, as represented by the dashed arrows. The resultant floral generalization would be more advantageous than
the original situation in the top left corner, as long as it provides an optimum in total fitness higher than that obtained by specialization
for either of the visitor groups. Two types of mitigation strategies against a phenotypic trade-off are possible: (1) multi-phenotypic
strategies, where plants avoid a fitness valley by producing distinct phenotypes either in time (temporal switch) or space (intra-
individual polymorphism) and (2) combinational strategies, where the visitor-specific fitness functions over a trait are modified
through the evolution of another trait (modifier), which changes the visitor-mediated disruptive selection into stabilizing (optima
convergence) or unilateral (peak blunting).

Biological Reviews 96 (2021) 2258-2280 © 2021 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical
Society.



Kazuharu Ohashi et al.

2266

(samuzguor))

(600g) uosuyo[ % YrIoMIIINYS
(6108) w2
ogreuren) {(/10g) v 42 TeI390)
{910g) 17 12 ourediog {(g10g) wosuyo[’
X yuomamnyg X(110g) 72 %
neuny $(600g) uosuyo[ R yromamnyg

(#00g) 72 12 uImag

(6108 ‘510g) 77 12 sanea18rey
(£L107) WseqyO
¥ oun{eN {($10g) YseyQ 3 Hnzng

(L10g) 12 12 Buep “(g10g) 77 12 sudBm[

(G007) Bnzng 3 ouozyo(] (9861) LOLEIN
(£861) w210 % YoUMONISTY
(§105) v 1 wiowry

(6102) st 3 dwoyp
(c00g) w12

nry {(2£61) sewoy [, R uosuoydag
(810¢) 772

yerndeyn) {(600g) 72 77 SeULIOIN

(8103) v o vepmdey (3,10g) 72 # suodm[

sjuejloeda)ye Imopo UWEU@Qmu&OHﬂC«ZO&

(T *Stg) uonerojod ondiry
suagotpred 10 ‘S19(/(OI 181U ‘SIIOALIO}] Isurese
20uaJap [edtsojouayd 1o ‘esrsofoyydiow ‘estwary)

“(av su)

§100sUI PANSu0)-3UO] pue panguo)-1Ioys Yloq

Aq pareurpjod Aqmyssooons aq ued A9 asnedaq

A10397€0 ST 0UI J[e] LBl 90UAdsAIOuUTI Joeduod
ur s1amopy moqreys uoasaad 1e reonapodAy AuQ

SIOMO[J Pagn)-1I0ys JO 2dUeI U9 MOLIEN]

(OF S

SIOMOJ SSI[PIEeMIT JHJO ur UMENQU JNOJ0O Telo]

(gt "8ty wsrgdaounp ozis woyjod woypue-urpipy

SUI[ 9N} JOMO UT SULYD dIUI0IU()

J[SuE J9MO]J UT 2SUBYD 11OUIF0IU()

uonsodurod Ie109u ur 23ueyd d119UIF0IU()
suonIpuod aanyeradua)-mof

pue -ySIy usamjaq 1nojod ferad pasodxo ur aguey))
S

pue Aep usamiaq Aanonpoad reou ur agueyn)
ystu

pue Aep U99m19( eI UOISSIU JUDS UL 9Suryr)

(V¥ 50
JyStu pue Aep usomiaq agoxd 1udds ur osueyn)

sfJo-apvay Grungioddo
Buons 01 anp $sO[ ssAM 19U proae 0) sioyeurjod
JUSIDIJJAUL IO SISTUOSLIUL IPN[IXD A[IANIE STIMO[]
UOISNOXD JATIOY
spjo-open Arunyzoddo payerpaw-10yisia jo uonesnipy (q)
SIONISIA JO
sdnous opdnnur woj ureiqo ued A9 SSAWY 12103
SOSLAIIUL YITYM “SfJ0-9pvay ndGousyd 01 onp sAafrea
SSOUNTJ 9JRUTWUI[ PUE SITLI) JOYIPOW SUISueyd
Aq 19130UE 9UO 0) JISOD SANOIS JOIISIA JUIIIJIP
10 suonounj ssawyy jo syyead oy oyer SI9MOY]
90uad10AT0D N
s1071s1A JO sdnois ojdnnur wouy ureyqo
ued A9T]) SS9 [©10) SISBAIOUT YITYM “SfJ0-apsp
ndGouayd SudONPOI pue SITET) IYIPOW SULTURYD
£q sdno1gd 1031814 posnIopun Jo woNNYLHUOd
SSOUITJ PUE JIBI) B UIIM)I( JUI[ ISO[D © XB[II SIIMO[,]
Sununyq yeoq
$O1.39)ems [eUONBUIqUIO )
sffo-apvay ndGouayqd Aq paonpoad
SAQ[[eA SSOUNTJ PIOAE 0] ‘SI[NPOW JO IdqUUINU
e ur rexn e jo sydrow 1o sodKyouoyd opdnmu
soonpoud Asnooue)nuuts fenprarpur yued auQ)
wsiydrowAfod penprarpur-enuy

sffo-apvay ngouayd Aq paonpoad skoqrea ssouny
ProAe 0} ‘A[Teonous3oiuo 10 AJedrporrad I
ren e jo sodKjouoyd o3ueyd S10MOp Tenprarpuy
yonms Terodwo T,
sarsarens ordfyouayd-nmyy
spjo-open ordAyouayd payerpauwr-10yisia jo uoneSnipy (V)

SAOUAIIJIY

opdurexa oygradg

SJO-9pea) Palerpol-I03IsIA

uondroso
et a 9esnmu 01 £391ens TeIof]

JDUIPIA IANSIASSNS IO IANIOAANS SUIPIAOIA INILIII] ) UL SOTAUILX9 [RILIIAWD YIIM SJJO-9PBI) PIIRIPIW-IO)ISIA 1RSI 0) SILGI)RIS [eIO[] Pasodoad Jo Arewauuns ‘1 91q®e
pr 1s953 nioddns Surpraoxd ] oy ut sofd [eorndud yim spo-open pajerp ISIA 9131 13 rexoy pasodoad jo 4 V 1919l

Biological Reviews 96 (2021) 22582280 © 2021 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical

Society.



Trade-off mutigation wn floral adaptation 2267

< avoid fitness valleys due to phenotypic trade-offs by producing
2 § multiple floral phenotypes, either temporally (temporal
= NE switch) or spatially (intra-individual polymorphism).
5 5 =g é Temporal switching refers to a conditional strategy where
S = S e 1
S e £ 280 a plant changes the phenotype of a trait within each flower
QG- g% ith iodicall icall id fi 11
& = -5 either periodically or ontogenetically to avoid fitness valleys
<= 2 .2 g Y , Yoy 7
Sz @ - 2 among adaptations to different flower visitor groups. This
S = — — e .
) & & =3 TR ET has been reported for floral scent profiles of goat willow,
5% S2o8 2S£ Salix caprea L., that change between day and night corre-
Eg o0 S48 . 5 Y 5
. | EEERE<E S s©9 sponding to olfactory preferences of diurnal bees and
g |% §8§ Ex T % % S g nocturnal moths (Jirgens e al, 2014; Fig. 4A). Similar
228w & . .
7 *§ ElS 2 £ g é 25 g changes have been reported for the orchid Gymnadenia conop-
T |EESERPE 22 sea (L.) R.Br., although their correspondence to diurnal and
nocturnal pollinators remains speculative (Chapurlat e al.,
2018). Temporal switches between day and night have also
been reported for scent emission rates (Morinaga et al.,
2009; Chapurlat et al., 2018) and nectar production rates
(Stephenson & Thomas, 1977; Liu e al., 2002). However,
possible effects of the abiotic environment have not been
= entirely ruled out in any of these cases. In other cases, tem-
&b poral switches help flowers avoid fitness valleys due to pheno-
EZ/ - bpic trade-offs between pollinators and florivores. For
E s = example, South African daisies reduce florivory by closing
5& aF & flowers and exposing the cryptic-coloured undersides of
s 5 T g 2 petals when pollinators are inactive at low temperatures. In
c |25 ¢ £:2 d ith this relaxation of phenotypic trade-offs, th
= | &3 g Eg = accordance wi is relaxation of phenotypic trade-offs, the
g ;:‘; v §F 8 upper surface of petals in flower-closing species exhibits
§ |85 3 é g s more conspicuous colour than in non-closing ones
Q . .
H gz = c s 2 (Kemp & Ellis, 2019). Temporal switches may also occur
g, £ B 2 £ E in morphological traits. For example, changes in flower
@n (FA b Aa H . .
angle between day (downward) and night (upward) in wild
2 tobacco, Nicotiana attenuata Steud., have been considered to
= EE g protect pollen from direct sunlight and heat during the
£5 fw 2 day, while attracting hawkmoth pollinators during the night
|5 . .
£228% (Haverkamp et al., 2019). Although this particular trade-off
i - § is not visitor mediated, the study illustrates how temporal
oE g go changes in flower angle, or any other morphological trait,
jg £ g v could potentially avoid fitness valleys due to phenotypic
o g E trade-offs.
S«E %‘ g In other cases, temporal switches that occur ontogeneti-
%: £ & g cally can mitigate fitness valleys through temporal partition-
=g & ing of flower use among different visitor groups. For
Tg 5 E 'g example, age-related changes in floral nectar composition
- él- i”g% (Amorim, Galetto & Sazima, 2013), flower angle
.S SRR (Eisikowitch & Rotem, 1987) and tube length (Macior,
= - 9 .
B z .= ﬁ P 1986; Dohzono & Suzuki, 2002) correspond to preferences
&} . .
Z E 2% = of different pollinator groups.
A = Intra-individual polymorphism refers to a mixed strategy
o & g where one plant individual simultaneously produces multiple
g ? g phenotypes or morphs of a floral trait to avoid fitness valleys
:‘é < g due to phenotypic trade-offs. Theory suggests that such a mixed
= o _ﬁ =2 strategy can be advantageous only when total fitness is calcu-
§ 5= < lated as the geometric mean of fitness components (the so-
= < called ‘coarse-grained environment’ sensu Levins, 1968) and
N ~- . . .
| E é the environment fluctuates to a great extent in unpredictable
2 £ ways (Levins, 1968; Venable, 1985). In this sense, it is a form
=l EE of bet-hedging to avoid complete reproductive failure in
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Fig 4. Examples of floral strategies for mitigating visitor-mediated trade-offs. (A) Temporal switch: flowers of goat willow (Salix caprea)
switch scent profiles between day and night to attract diurnal bees (left; Andrena fulva Schrk) and nocturnal moths (right; Orthosia incerta
Hufnagl). (B) Intra-individual polymorphism: flowers of a monkshood (left, Aconitum gymnandrum; red arrow indicates lower sepal,
yellow arrow indicates lateral sepal) producing two distinct pollen phenotypes (right). Large (round) and small (fusiform) grains suit
bee and wind pollination, respectively. (C) Peak blunting: two Wegela congeners retain old, rewardless flowers to attract
opportunistic pollinators such as flies or inexperienced bees. W. coracensis (right) changes the colour of old flowers from white to
red, by which it can include experienced bees in its pollinator assemblage. By contrast, W. hortensis (left) retaining old, rewardless
flowers in the same colour cannot make use of experienced bees that can quickly learn to avoid such deceptive displays.
(D) Optima convergence: spatially separated, shallow flowers of Sicyos angulatus L. (left) cannot make use of long-tongued rice-plant
skippers (Parnara guttata Bremer & Grey) as effective pollinators. In combination with the compact inflorescence, shallow flowers of
Alliwm tuberosum Rottler ex Spreng. (right) successfully deposit pollen grains on the ventral side of foraging skipper’s body; thus the
plants can converge optimal corolla depths for short- and long-tongued insects. (E) Active exclusion: purple, laterally facing flowers
of Penstemon strictus Benth. (left) primarily attract bumble bees (here, Bombus flavifrons Cresson). UV-absorbing red, downward-facing
flowers of P. cardinalis Wooton & Standl. (right) only attract hummingbirds (here, Selasphorus rufus Gmelin) while keeping bumble
bees away. (F) Schedule optimization: flowers of Lonicera japonica are pollinated by both diurnal bees (left; Tetralonia nipponensis
Pérez) and nocturnal hawkmoths (right; Theretra japonica de L’Orza), but invariably open at dusk, postponing visits by pollen-
wasteful bees. Photographs A, C and D by Kazuharu Ohashi, E by James Thomson, F by Takashi Miyake and B from Wang
et al. (2017) licensed under the Creative Commons Attribution International License (CC BY).

particular conditions where certain mutualists are unavail-
able or damages by certain antagonists are catastrophic.
One suspected case of intra-individual polymorphism
associated with a phenotypic trade-off is within-anther pollen size
dimorphism in many species of Caryophylloideae (Jurgens,
Witt & Gottsberger, 2012). Larger grains are often associated
with greater pollen-tube competition (Lord & Eckard, 1984;
McCallum & Chang, 2016), although their production will
reduce the total pollen amount (Vonhof & Harder, 1995;
Sarkissian & Harder, 2001). In addition, experimental data
suggest that nocturnal settling moths deposit pollen grains

more distally on the extended stigmatic surface, whereas
diurnal bumble bees deposit them nearer to the base
(Jurgens et al., 2012). Therefore, it could be argued that this
pollen size dimorphism is a mixed strategy to use multiple vis-
itor groups for pollination, i.e. the large pollen morph is
suited for pollination by nocturnal settling moths where a
greater competitive ability is needed, while small grains are
better suited for pollination by diurnal bumble bees where
more pollen grains are necessary to outweigh losses due to
grooming (Harder & Thomson, 1989). A similar pollen
dimorphism has been discovered in a monkshood, Aconitum
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gymnandrum Maxim., that is pollinated by both bumble bees
and wind (Wang et al., 2017; Fig. 4B).

(4) Combinational strategies

Whether or not a phenotypic trade-off creates a fitness valley in
total fitness depends on the shape and relative locations of
the visitor-specific fitness functions (Fig. 1). Hence, any changes
in visitor-specific functions that turn the overall fitness function
from disruptive to stabilizing or unilateral could become strat-
egies for trade-off mitigation (Fig. 3). Visitor-specific fitness
functions often vary with extrinsic factors such as community
context or resource availability (Sletvold, 2019), which could
lead to a reduction of phenotypic trade-offs in certain contexts.
However, here we focus on the effects of more intrinsic factors
that could modify visitor-specific fitness functions: the expres-
sion pattern of other traits of a plant, i.e. an intrinsic context
(Sletvold, 2019). For example, an increased handling cost asso-
ciated with floral complexity decreases the number of flowers
probed sequentially on a plant by bumble bees, leading to a
reduction of geitonogamous self-pollination (Ohashi, 2002).
Hummingbirds that usually prefer narrow floral tubes increase
a preference for wider corolla tubes when the flowers have
larger petals (Fenster ¢t al., 2006) and taller floral displays
(Fenster et al., 2015). Female swallowtail butterflies have innate
colour preference for blue, but their tendency to select red
increases when the scent of orange flowers is presented simul-
taneously (Yoshida e al., 2015). Castellanos e al. (2004) have
also discussed that stamen/stigma exsertion in Penstemon
flowers may enforce contact with the hummingbird’s forehead
only in situations where narrow corolla tubes restrict angles at
which the birds enter the flower.

Such intrinsic context dependence in visitor-specific fitness
functions may provide opportunities for flowers to generalize
adaptively for multiple visitors by eliminating fitness valleys
caused by phenotypic trade-offs. In other words, the depth of a
fitness valley caused by a phenotypic trade-off may be more than
a prerequisite for the evolution of floral traits: it could be the
target of natural selection in itself. For example, imagine a
plant population where a certain trait has adapted toward
one mutualistic pollinator group. Another potential pollina-
tor group is also available, but their visitation is infrequent
because functional adaptation to this group would require a
crossing of the fitness valley over the trait. Here, let us assume
that the depth of the fitness valley varies among plants due to
genetic variation in another trait that could modify the
visitor-specific function for this underused pollinator. If
the current visitors do not ensure adequate and robust polli-
nation, or when the population is linked by gene flow with
other populations with different pollinator compositions,
then plants with eligible phenotypes of such modifier traits
are more likely to spread through the population by filling
in the fitness valley and receiving greater pollination services
in total. Note that this type of trade-off mitigation would be
driven by directional selection imposed on modifier traits,
not on the focal trait. Similar processes could occur in gener-
alization for mutualists and antagonists or multiple

2269

antagonists whose selection on the focal trait is disruptive.
Depending on the type of selection to which the reduction
of a fitness valley leads, we recognize two combinational
strategies, ‘peak blunting’ and ‘optima convergence’
(Fig. 5, Table 1).

Peak blunting refers to a situation where flowers evolve in
the direction of relaxing a close link between a trait and fit-
ness contribution of some visitor groups and changing the
overall fitness function from disruptive (Fig. 1B) to unilateral
(Fig. 1D) with respect to the trait. In a hypothetical example
where a plant species that has adapted a certain trait (‘main
trait’) to a mutualistic pollinator group A (Fig. 5A), changes
in value or status of a modifier trait could blunt the visitor-
specific fitness function for underused pollinator group B, like
ironing the wrinkles out of a shirt (Fig. 5A, right). This blunt-
ing or ironing out of the lumpiness of the visitor-specific fit-
ness function for B would undergo positive directional
selection, as long as it increases the total fitness of the plant
due to a marginal gain from B. In terms of a fitness landscape,
this could be described as climbing up the fitness ridge
through natural selection acting on the modifier trait (red
arrow in Fig. 5A, right).

An empirical example for this is floral colour change,
1.e. the retention of old, rewardless flowers in an altered col-
our (Weiss, 1995; Ohashi, Makino & Arikawa, 2015;
Fig. 4C, right). It has been suggested that the retention of
old flowers increases the size of floral display, thereby luring
opportunistic foragers such as flies and enhancing pollination
(Ishii & Sakai, 2001; Teixido et al., 2019). However, such false
advertisement may not work for more economically efficient
and/or cognitively sophisticated foragers such as bumble
bees, because they could develop learned preferences
towards individual plants and can be deceived only when
they lack experience (Makino, Ohashi & Sakai, 2007,
Makino & Sakai, 2007). In other words, the number of old
flowers (equivalent to the main trait in Fig. 5A) is subject to
disruptive selection due to a phenotypic trade-off between expe-
rienced, sophisticated foragers and opportunistic or inexperi-
enced foragers; retention of old flowers is favoured by the
latter but not the former (Fig. 6A, left). The aversion to dis-
plays with old flowers in sophisticated foragers, however,
may decrease as plants increase the level of honest signals,
such as the amount of colour change in old flowers (equiva-
lent to the modifier trait in Fig. 5A). As the honest signal
becomes more detectable, sophisticated foragers may learn
to avoid old flowers individually instead of avoiding the
entire display with old flowers (Fig. 6A, right). This hypothe-
sis has been supported in a field observation where one spe-
cies of Wegela retaining old flowers in the same colour
(Fig. 4C, left) primarily attracted fly pollinators, while its flo-
ral colour-changing congener (Fig. 4C, right) attracted both
bee and fly pollinators (Suzuki & Ohashi, 2014). Moreover,
a laboratory experiment with bumble bees and artificial
flowers showed that an inexperienced forager initially prefers
to visit larger displays of any kind but develops a preference
for displays presenting nectar and nectarless flowers in differ-
ent colours over displays presenting them in the same colour
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Fig 5. Hypothetical representations of how flowers could adaptively generalize for pollinators through the evolution of two
combinational strategies for trade-off mitigation: (A) peak blunting, and (B) optima convergence. Both strategies start from the
state where the main trait is adapted to pollinator A (left); because of disruptive selection due to a phenotypic trade-off; these flowers
cannot receive contribution from pollinator B. Filled triangles indicate optimal phenotypes. In peak blunting (A; right), as the
modifier trait changes, the fitness function of the trait for B is gradually flattened, while that for A hardly changes. This would
increase total fitness (blue curves) because flowers can receive marginal benefits from B. In optima convergence (B; right), fitness
functions of the trait for A or B (or both) gradually approach each other as the modifier trait changes. This would increase total
fitness (blue curves) because they can receive benefits from both pollinators. In both cases, flowers will climb up the fitness ridge
(red arrows) through natural selection imposed on the modifier trait.

(Makino & Ohashi, 2017). Thus, in combination with
colour change as a modifier, large displays with old flowers
can adaptively generalize for pollinator groups with different
foraging preferences.

The mitigation of a phenotypic trade-off by peak blunting may
also be represented by the flowers of Aloe kraussit Baker, which
use both bees and sunbirds as pollinators (Hargreaves,
Harder & Johnson, 2012; Hargreaves et al., 2019). Here, tube
length is the main trait, while the width of corolla opening is
the modifier trait. The short-tubed flowers of this species con-
form to the bee-pollination syndrome; the short tubes would
prevent the long-billed sunbirds from touching anthers and
stigmas with their head feathers — the normal location of pol-
len transfer by birds (Fig. 6B, left; Hargreaves et al., 2012).

However, tube length becomes less influential on sunbird
pollination as the corolla openings of A. kraussi flowers
become narrower, because narrow openings facilitate pollen
transfer via sunbird bills in place of heads (Fig. 6B, right; Har-
greaves et al., 2019). In other words, by combining a short
tube with a narrow corolla opening as a modifier trait, these
flowers may turn sunbirds into relaxed pollinators having no
significant fitness-trait covariance with respect to tube length
and, in turn, increase their total fitness.

Optima convergence is another possibility for how
modifier traits can eliminate fitness valleys due to phenotypic
trade-offs. It refers to cases where modifiers move the peaks
of multiple visitor-specific fitness functions closer to one
another, or change their shape from convex downward to
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(A) Floral colour change in old, nonrewarding flowers
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(B) Narrow corolla opening of short-tubed flowers
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Fig 6. Examples of adaptive generalization by peak blunting. (A) Plants retaining many old flowers cause a phenotypic trade-off between
fly and bee pollinators but can generalize to both pollinators when old flowers are presented in an altered colour (Suzuki &
Ohashi, 2014). (B) Plants with short-tubed flowers cause a phenotypic trade-off between bees and sunbirds but can generalize to both
pollinators when short tubes are combined with a narrow corolla opening (Hargreaves et al., 2012, 2019). Red line enclosures
indicate the state of adaptive generalization, which has been observed in nature.

convex upward, and consequently alter the overall fitness
function from disruptive (Fig. 1B) to stabilizing (Fig. 1C) with
respect to the trait. Figure 5B shows a hypothetical example
where a plant species has adapted the main trait to a mutual-
istic pollinator group A. Changes in the modifier trait could
bring the visitor-specific fitness function for underused polli-
nator group B closer to that of group A. If such convergence
increases the total fitness of the plant due to a marginal gain
from group B, this would undergo positive directional selec-
tion. In terms of fitness landscape, this means that a combina-
tion of a certain trait and its modifier can create a ‘fitness
ridge’ for one visitor group, along which a population climbs
up to the confluence with the ridge for the other visitor group
(red arrow in Fig. 5B, right).

Different groups of visitors often provide more or less
equally good pollination services within the range of natural
trait variation, producing a broad peak of total fitness around
the intermediate phenotype (Herrera, 1988, 1996; Gémez &
Zamora, 1999; Suzuki et al., 2007). These patterns have often

been interpreted as the result of functional equivalence
among different visitor groups (Gémez & Zamora, 1999,
2006; Corbet, 2006). We go one step further and point out
that such stabilizing selection may not always be the result
of inherent similarity among visitors in their selective roles.
Rather, the situation itself may be an outcome of evolution
in modifier traits that induce convergence of fitness functions
for different visitors and eliminate fitness valleys in total
fitness.

Optima convergence may explain how shallow flowers in
compact inflorescences have successfully catered to a diverse
range of visitors in many plant taxa such as Asteraceae and
Apiaceae (Corbet, 2006; Gémez & Zamora, 2006). Here,
flower depth can be seen as the main trait, and the formation
of compact inflorescences as the modifier trait. Flower depths
seem to undergo disruptive selection in mixed pollination sys-
tems because deep flowers would exclude short-tongued or
-billed visitors (Borrell, 2005) or encourage them to rob nec-
tar (Maloof & Inouye, 2000; Rojas-Nossa, Sanchez &
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Navarro, 2016), while shallow flowers would allow long-
tongued or -billed animals to steal nectar without providing
pollination services (Inouye, 1980; Haran, Izhaki & Datni,
2018; Fig. 4D, left). If shallow flowers are tightly packed on
a plane, however, even long-tongued or -billed animals
may successfully transfer pollen on the ventral side of their
body, unless they hover to feed (Fig. 4D, right). This of course
increases selfing and interference, but those costs could be
avoided by dichogamy. In this way, flowers could achieve
convergence to optimal depths for different pollinator groups
by combining shallow corollas with compact inflorescences.
This proposition is testable.

Previous studies have often stressed the importance of trait
combinations in the context of adaptive specialization, in that
synergistic effects among traits improve pollination
(Reynolds, Dudash & Fenster, 2010; Fenster ¢t al., 2015) or
exclude inefficient pollinators (Gegear, Burns & Swoboda-
Bhattarai, 2017). We urge future studies to broaden the view
and look more into the role of trait combinations in adaptive
generalization. Experimental approaches using manipula-
tions of floral phenotype or artificial flowers with various trait
combinations will be required. There are some difficulties in
designing such studies, however. First, detecting the potential
modifier traits may be tricky, especially if their effects are not
readily predictable, as exemplified in Fenster et al. (2015). Sta-
tistical tools such as the morphospace approach (Raup &
Michelson, 1965; Sidlauskas, 2008; Chartier et al, 2014)
might help identify such unexplored functional coordination
based on the repeated evolution of particular trait combina-
tions across angiosperms. Second, the visitor-specific fitness
function needs to be examined in a controlled environment
where visits by other groups are prevented (e.g. Muchhala,
2007). If this condition is not met, the realized fitness contri-
bution of the focal group may decrease irrespective of its
potential contribution (Carpenter, 1979; Laverty &
Plowright, 1985; Miyake & Yahara, 1999; Thomson et al.,
2000). In the next section, we define such fitness conflicts
emerging in ecological contexts as visitor-mediated opportu-
nity trade-offs and discuss their evolutionary consequences.

IV. THE EVOLUTIONARY CONSEQUENCES OF
VISITOR-MEDIATED OPPORTUNITY
TRADE-OFFS

(1) Model description of opportunity trade-offs

An opportumity trade-off refers to a conflict between opportuni-
ties of a flower to receive fitness contributions from different
visitor groups; at least one of the visitor groups involved
needs to be mutualistic (see Section II). To study how opportu-
nity trade-offs could affect floral evolution, we adopt a graphi-
cal approach inspired by those employed in previous studies
to summarize the results of numerical simulations
(Thomson & Thomson, 1992; Thomson et al., 2000). Let us
consider the floral phenotype x, with respect to some herita-
ble trait, x, and its realized fitness in the presence or absence
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of other flower visitor groups. For simplification purposes, we
assume that the phenotype x, is invariable. The fitness contri-
bution (positive or negative) of the ¢th visitor group to the
plant in a single-visitor environment is expressed as swj(x,).
In a mixed-visitor environment with two visitor groups A
and B, the increased visits by group A may reduce the fitness
contribution from B, and vice versa. This can be expressed as:

= —const-———, (2)

where mwa(x,), mwg(x,) and V, represent the realized fitness
contributions of A and B and the frequency of visits by
group A, respectively. Positive relationships between visits
or contributions by different visitor groups have been sug-
gested (e.g. Soper Gorden & Adler, 2018), but we do not con-
sider such cases here.

Equation (2) 1s equivalent to a condition where the two
groups A and B are in a competitive relationship over the
limited amount of structure or space that provides opportu-
nities for these visitors to contribute to the plant’s fitness.
Therefore, the sum of the realized fitness contributions from
A and B is smaller than the sum of the fitness contributions
from A and B at phenotype x, in a single-visitor environment
(Fig. 7A):

Z;wi(xo) =swa (o) +st0p (%) > mei (%) =muwa (x0) +muwp (xo).
(3)

The relationship between the fitness contributions swj(x,) and
muwi(x,) may be compared to that between the fundamental
niche and the realized niche in classical niche theory for a sys-
tem of multiple consumers limited by one resource
(Hutchinson, 1957).

The strength of opportunity trade-offs depends on how the
two groups A and B differ in opportunity use efficiency,
i.e. how much they contribute to fitness relative to the
amount by which they reduce the opportunity for the other
group’s fitness contribution. The total fitness in a mixed-
visitor environment, > muwi(x,) = mwa(x,) + mwg(x,), becomes
smaller as the difference between A and B in opportunity use
efficiency increases. Two different types of opportunity trade-offs
can be distinguished accordingly: weak opportunity trade-
offs and strong opportunity trade-offs. Weak opportunity trade-offs
refer to the situation where Y muwi(x,) is still larger than any
of the fundamental fitness contributions in single-visitor envi-
ronment, 1.e. swa(x,) and swg(x,) (Fig. 7B). Strong opportunity
trade-offs refer to the situation where Y muwy(x,) becomes smal-
ler than either swa(x,,) or swg(x,) (Fig. 7C). Flowers would face
a dilemma in harbouring both visitors A and B only in strong
opportunity trade-offs. The difference between swa(x,) and
> “mwjy(x,) in Fig. 7C is an opportunity cost incurred from
visits by B. Based on these considerations, we suggest two
strategies that plants could employ to mitigate opportunity
trade-offs. One is an elimination of certain groups from the vis-
itor assemblage (active exclusion), and the other is temporal
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Fig 7. Graphical representations of visitor-mediated opportunity trade-offs (opportunity trade-offs). (A) Context-dependent fitness graph
showing a plant’s fitness when only one group A or B is visiting [swa(x,) or swp(x,)] or both groups A and B are visiting
[mwa(xo) + muwg(x,)], where swa(x,) is the fitness contribution of visitor A in the single-visitor environment, and mwa(x,) is the
realized fitness contribution of A in the two-visitor environment. (B) A weak opportunity trade-off. (C) A strong opportunity trade-off-

prioritization of visits by more efficient mutualist groups
(schedule optimization). Examples of these strategies are
reviewed below and listed in Table 1.

(2) Active exclusion

When an opportunity trade-off 1s strong, the visitation of flowers
by one group of animals reduces the total fitness for the plant
by diminishing opportunities for the contribution of other
visitors. In such situations, the plant should selectively filter
out the detrimental group, unless it could prioritize the
arrival of more beneficial visitors (see Section IV.3). Thus,
it should be emphasized that the evolutionary consequences
of opportunity trade-offs are distinctly different from those of phe-
notypic trade-offs in that they involve trade-off mitigation by
actively excluding particular visitors. Phenotypic trade-offs could
also lead to an apparent restriction of some visitors, but only
as a passive result of floral adaptation to other visitor groups.

The obvious situation where active exclusions are adaptive
1s when flowers are subject to antagonistic visitors whose net
contribution to fitness is negative. If exclusion or deterrence
against one group of antagonists has no fitness cost in terms
of other biotic interactions, plants would simply evolve traits
that maximize such defences. When defence traits impede or
enhance interactions with other animals, however, phenotypic
trade-offs may occur between defence and functional adapta-
tions to pollinators, or to other antagonists with different
characteristics. In this way, the evolution of defence against
floral antagonists may often involve phenotypic trade-offs, but
the selective force driving the evolution of defence is primar-
ily opportunity trade-offs or opportunity loss to antagonists.

An opporturaty trade-off, strong enough to drive the evolution of
active exclusion, could also occur between pollinator groups, in
which inefficient groups become functional parasites,
Le. antagonists, in the presence of more efficient groups
(Thomson & Thomson, 1992; Thomson et al, 2000). This
occurs when inclusion of inefficient pollinator groups deprives
flowers of the chance to be pollinated more efficiently by other

groups and, as a result, decreases the total fitness. In this situa-
tion, floral traits actively excluding less-efficient pollinator
groups — often referred to as floral filters (Johnson,
Hargreaves & Brown, 2006) — would benefit plants unless they
simultaneously deter efficient pollinators to the point that the
total fitness is reduced. In some specialized systems, floral traits
such as cryptic coloration (Shuttleworth & Johnson, 2009,
2012; Lunau et al., 2011; Bergamo et al., 2016; Gegear ¢ al.,
2017; Gamargo et al., 2019; Fig. 4E), pollinator-specific odour
attractants (Shuttleworth & Johnson, 2009), temporary closure
(Martén-Rodriguez, Almarales-Castro & Fenster, 2009),
downward-facing aperture (Castellanos et al., 2004; Gegear
et al., 2017), unpalatable nectar (Johnson ¢ al., 2006; Shuttle-
worth & Johnson, 2009), dilute nectar (Gegear et al., 2017), or
low nectar accumulation (Fleming, Geiselman & Kress,
2009), have been suggested to function as filters that deter or
repel pollinators with lower efficiencies of opportunity use,
1.e. antagonists, while attracting or having little impact on bet-
ter pollinators, 1.e. mutualists.

Pollinator filtering becomes advantageous only when
opportunity trade-offs are strong enough to offset the marginal
fitness gain from having the additional visitors. This assump-
tion 1s difficult to test, because it requires a quantitative
comparison of total fitness between single-visitor and
mixed-visitor environments, as exemplified by the context-
dependent fitness graphs in Fig. 7. This is particularly diffi-
cult to demonstrate for the male fitness component,
1.e. pollen donated to compatible stigmas. Only a few simula-
tion models have demonstrated so far that strong opportunity
trade-offs over the opportunity for pollen transfer could solely
drive specialization to the most efficient pollinator group
(Thomson & Thomson, 1992; Muchhala e al., 2010).

(3) Schedule optimization

Although obligate antagonists are always the target of active
exclusion, pollinator filtering may not always be the best strat-
egy, because it increases the risk of reproductive failure when
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efficient pollinators are scarce. On other occasions, inclusion
of inefficient pollinator groups may result in a total fitness
lower than the potential maximum but higher than fitness
obtained in a single-visitor environment (Fig. 7B). In such sit-
uations, the plant should only mitigate the opportunity trade-off
instead of excluding the inefficient pollinators. One possible
way to achieve this is to adjust the timing of anthesis to prior-
itize visits by efficient pollinators in time and minimize the
detrimental effect of inefficient pollinators (Thomson &
Thomson, 1992). For instance, flowers of Japanese honey-
suckle, Lonicera japonica Thunb., last longer than a day, and are
visited by both diurnal and nocturnal pollinators (Fig. 4F).
Miyake & Yahara (1998) suggested that diurnal bees are less
efficient pollinators than nocturnal hawkmoths because the
bees waste pollen by harvesting or grooming it off. Neverthe-
less, L. japonica seems to have no filtering mechanism to discour-
age bees, probably because visitation by hawkmoths is quite
infrequent. Instead, this species opens its buds almost invariably
at dusk, as if it temporally postpones visits by diurnal bees until
it first has an opportunity to be visited by nocturnal hawkmoths.
Using a simulation model, Miyake & Yahara (1999) showed
that nocturnal anthesis maximizes total pollen transfer from
these flowers, by increasing the chances for successful, noctur-
nal transfer of pollen that would otherwise be removed from
circulation by wasteful bees. Interestingly, their model predicts
that the selective advantage of diurnal anthesis decreases as
diurnal bees are more abundant, because the more frequently
bees visit, the more quickly they deplete pollen from day-
opening flowers, which would take away the opportunity for
pollination by hawkmoths. By contrast, dusk-opening flowers
can benefit both from diurnal and nocturnal pollination by first
allowing pollen removal by hawkmoths alone and later offering
the leftover pollen for a ‘clearance sale’ as bees start foraging.
Similar explanations may also apply to nocturnal anthesis
and nectar secretion only at night in some Burmeustera and Ade-
nophora species, where observations suggest that nocturnal vis-
itors are more efficient pollinators than diurnal visitors
(Muchhala, 2003; Funamoto & Ohashi, 2017; Funamoto,
2019). Another example is the flowers of Silene colorata Poir.
The flowers exhibit repeated daytime closures before wilting,
but they remain open in the morning for a while at the time
when they have some nectar and pollen left (Prieto-Benitez,
Détterl & Giménez-Benavides, 2016). All these species have
apparently adapted to nocturnal pollination, but they have
not excluded the possibility of receiving compensatory pollina-
tion from diurnal visitors when nocturnal pollinators are
scarce — they are conditional generalists in that sense.
Schedule optimization could also mitigate opportunity trade-
offs among different groups of diurnal pollinators. Diurnal
pollinators often vary in daily patterns of foraging activity,
primarily as a result of species-specific responses to tempera-
ture and radiation (Tepedino, 1981; Willmer, 1983;
Herrera, 1990). Given the likelihood that these pollinators
vary in their pollination quality (Herrera, 1987), the patterns
of their sequential arrival may be important for plants in
terms of not wasting gametes and rewards (Thomson &
Thomson, 1992). For example, Tepedino (1981) showed that
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the flowers of summer squash, Cucurbita pepo L., open early in
the morning, prioritizing visits by a particular bee species and
rendering the later-arriving bee species inconsequential. In
this case, the early bees were not necessarily superior, at least
in terms of per-visit female fitness contribution (neither effi-
ciency nor male fitness contribution was investigated). Fur-
ther explorations of the succession of visitors to long-lived
flowers would be worthwhile.

Schedule optimization may be the easiest strategy for
utilizing multiple pollinator groups with different foraging
timetables, regardless of whether the opportunity trade-off is
strong or weak. We expect active exclusions to evolve in only
two conditions: () when obligate antagonists are involved; or
() when the arrivals of different pollinators overlap in time,
and inefficient pollinators become antagonistic in the pres-
ence of better pollinators.

Thus, opportunity trade-offs are distinctively different from
phenotypic trade-offs both in causes and evolutionary conse-
quences. Whereas a phenotypic trade-off is caused by conflicting
selection pressures exerted on a floral trait and determines
the evolutionary consequences of the trait, an opportunity
trade-off is caused by competition over the opportunity for fit-
ness contribution and imposes selection on the traits that
determine how interactions occur, with whom, and in which
order. It is crucial that only an opportunity trade-off could facil-
itate the evolution of active exclusion. When one finds a neg-
ative correlation between fitness contributions of two
different flower visitors in field conditions, therefore, a clear
distinction needs to be made as to whether the trade-off
occurs purely as a phenotypic trade-off or to what extent it
involves an opportunity trade-off- Although such a distinction
requires careful investigation, it would help to comprehend
the direction and intensity of natural selection on floral traits
and their combinations, as well as the evolutionary signifi-
cance of floral phenotypes.

V. FUTURE PERSPECTIVES FOR
INVESTIGATING TRADE-OFFS IN FLOWER-
VISITOR RELATIONSHIPS

(1) Possibilities for adaptive specialization and
generalization

There is a long-standing notion that most angiosperm flowers
are specialized for pollination by particular groups of animals
(Grant & Grant, 1965; Stebbins, 1970), with the implicit
assumption that floral traits are generally subject to disrup-
tive selection caused by visitor-mediated phenotypic trade-
offs among different groups of animals. However, this does
not always seem to be the case. Flowers presumably have
evolved from specialization to generalization in more than
a few taxa (Armbruster & Baldwin, 1998; Tripp & Manos,
2008; Martén-Rodriguez et al., 2010; Vereecken et al.,
2012; Brito et al., 2016; Dellinger et al., 20194). Most mem-
bers of Asteraceae, one of the families with highest species
diversity, exhibit highly generalized pollination systems
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(Proctor et al., 1996). Interactions with different animal
groups appear unavoidable for many flowers. Given these
considerations, it may be fair to assume that some flowers
have adapted to diffuse or generalized interactions.

Even if we accept such an argument, a couple of questions
remain. During the course of adaptation to multiple visitors,
how do flowers prevent the reduction in effectiveness due to
visitor-mediated trade-offs from offsetting the advantage of
reproductive assurance (Waser ¢ al., 1996)? In particular, how
do they avoid being trapped in fitness valleys while generalizing
for diverse visitors who would potentially exert disruptive selec-
tion? Moreover, some flowers seem to filter out not only obli-
gate antagonists but also a subset of pollinators (Gegear ¢ al.,
2017). If plants have the potential to generalize adaptively for
multiple partners, how could such choosiness be favoured?

Based on our conceptual framework, we suggest two
answers. First, the potential fitness reduction due to visitor-
mediated trade-offs may be countered by floral evolution
(Fig. 3). We have hypothesized possible floral strategies to
cope with visitor-mediated trade-offs entailed by different
groups of visitors, and offered examples from the current lit-
erature (Table 1). With the introduction of such a view, exist-
ing notions about the evolution of flowers under disruptive
selection, e.g. that flowers inevitably adapt their traits to
either of the divergent visitor groups or remain in a state of
evolutionary non-equilibrium, will be relaxed.

Second, active exclusion of particular pollinator groups
could only be advantageous when there are strong opportunity
trade-gffs among groups with temporally overlapped daily
activities. The opportunity cost of having less-efficient polli-
nators in the presence of more efficient alternatives has been
proposed as a potential factor driving pollination specializa-
tion (Thomson & Thomson, 1992; Thomson et al., 2000;
Thomson, 2003; Muchhala ¢ al., 2010). To gain a compre-
hensive understanding of floral adaptation under diffuse
interactions, we reemphasize the importance of such ecolog-
ical conflicts, separately from the phenotypic trade-offs that
have been the focus of previous studies.

For the understanding of floral phenotypes, it is important
to consider whether and how flowers have adapted to include
or exclude different flower visitor groups. Given that a visi-
tor’s value for a flower is often influenced by the context of
other available wvisitors (Thomson & Thomson, 1992;
Fig. 7), simple observations of flower visitation or single-visit
fitness contribution would not distinguish whether flowers
have adapted to include or exclude a certain visitor group.
Separate measurements of phenotypic trade-offs and opportunity
trade-offs are essential, although they may not be easy if the
original trade-offs have already been mitigated and trans-
lated into another form during the course of adaptation to
diffuse interactions.

(2) Floral adaptations to flower visitor communities

During recent decades, pollination biologists have argued
about the apparent discrepancy between suites of floral traits
indicating adaptations to specific types of pollinators and the
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observed wide spectrum of visitors (Ollerton, 1996; Waser
et al., 1996; Waser, 2006; Ollerton et al., 2009; Rosas-
Guerrero ¢t al., 2014). Our conceptual framework may also
help reconcile this long-lasting controversy over the validity
of pollination syndromes.

As summarized in Table 1, all the proposed strategies for
trade-off’ mitigation are made possible by acquiring new
combinations of traits. This suggests that adaptive responses
to mitigate visitor-mediated trade-offs could have repeatedly
generated characteristic trait combinations or ‘floral syndromes’
in angiosperms. This may be best exemplified by the conver-
gent evolution of floral colour change producing a combina-
tion of extended flower life and colour change in old,
rewardless flowers (Weiss, 1995; Ohashi et al., 2015;
Figs 4C, 6A). In particular, a theoretical study has confirmed
that the trait combination in floral colour change becomes
evolutionarily stable only in generalized systems where both
opportunistic and well-informed pollinators visit (Ito,
Suzuki & Mochizuki, 2021). Recent studies have also
revealed that species in Melastomataceae have undergone
convergent and correlated evolution of multiple floral char-
acters In association with generalized pollination systems
(Dellinger ¢t al., 2019a; Gavrutenko et al., 2020). Thus, floral
syndromes in angiosperms might represent not only adap-
tive specializations for particular visitor groups, but also
adaptive generalizations for particular visitor communities;
they will be characterized by modifier traits for trade-off mit-
igation, in addition to refining traits for mutualistic visitors
and filter traits against antagonistic visitors.

It is also important to note that floral phenotypes, even at
evolutionary equilibrium, do not always represent adapta-
tions to flower visitors that have the greatest influence on
the overall level of reproduction. Rather, phenotypic adapta-
tion to a particular group of visitors would occur only when
its fitness contribution varies significantly with the focal trait
(Aigner, 2001, 2006). This is most evident in cases of unilat-
eral selection, where floral traits adapt to visitors whose fit-
ness contribution is relatively small (Fig. 1D, right). This
means that one cannot easily determine only from floral traits
which visitors have the greatest impact on the plant’s repro-
duction. With these viewpoints, we suggest that the real ques-
tion is not whether a floral phenotype reflects its most
influential visitors (Ollerton et al, 2009; Rosas-Guerrero
et al., 2014), but rather whether and how it has adapted to
multiple selection pressures (Caruso e al., 2019) and visitor-
mediated trade-offs imposed by the whole visitor community.

Constraints imposed by visitor-mediated trade-offs have
been suggested to promote phenotypic diversity of flowers
via the evolution of adaptive trait combinations for distinct
groups of pollinators (Thomson et al., 2000; Aigner, 2001;
Muchhala et al., 2010; Armbruster, 2017). We expect that
flowers will have further avenues through which to achieve
phenotypic diversity, 1.e. evolutionary mitigation of visitor-
mediated trade-offs. This seems especially relevant for phe-
notypic diversity in diffuse interaction systems where possible
combinations of visitors are almost infinite. For example,
bee-dominated visitor communities may further be classified
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by less-dominant groups, such as flies, butterflies, birds, or
the lack of them (Waser, 1983; Herrera, 1996). Such compo-
sitionally diverse visitor communities may explain why each
pollination syndrome includes two or more (instead of one)
typical combinations of floral traits (Ollerton et al., 2009),
why the boundaries between syndromes are often obscured
by shared floral characteristics (van der Pyjl, 1961; Willmer,
2011), and why complex flowers often host as diverse visitors
as simple flowers (Minckley & Roulston, 2006). Moreover,
when visitor communities vary geographically, separate
populations of generalized flower species may diverge pheno-
typically as a result of evolutionary adjustment of trait combi-
nations to selection regimes caused by the different sets of
visitor-mediated phenotypic trade-offs and opportunity
trade-offs. Such geographic diversification of floral pheno-
types may fit into concepts such as ‘adaptive wandering’
(Wilson & Thomson, 1996; Thomson ez al., 2000; Thomson &
Wilson, 2008; Zych et al., 2019) or the ‘geographic mosaic
theory of coevolution” (Thompson, 1994). We predict that
future studies will find that the structure of flower—visitor
communities and the associated trade-offs have played criti-
cal roles in generating the recurrent patterns of trait combi-
nations 1in floral adaptation. Identifying convergent
adaptations to particular community contexts may help us
to understand better the evolutionary link between diverse
floral phenotypes and their visitors.

VI. CONCLUSIONS

(1) Conflicting selection pressures imposed on flowers by
various animals — visitor-mediated trade-offs — have
been considered to promote floral diversity as a result
of phenotypic specialization. However, it is commonly
observed that flowers interact with various groups of
visitors, while at the same time maintaining distinct
phenotypes among ecotypes, subspecies and conge-
ners. Discussions on this contradictory pattern have
been repeatedly made, with little agreement. We pro-
vide a conceptual framework for analysing visitor-
mediated trade-offs to stimulate future research.

(2) In addition to the conventionally recognized trade-off
in flowers, 1.e. a visitor-mediated phenotypic trade-
off, another source of negative correlations of fitness
contributions among different visitors needs to be dis-
tinguished, i.e. a visitor-mediated opportunity trade-
off. The former occurs when phenotypic adaptation
to one visitor reduces visits and/or pollination effec-
tiveness by other animals, or increases the visits and/or
damage caused by antagonists. The latter emerges
only when antagonists or less-efficient pollinators neg-
atively affect floral features that would otherwise pro-
vide opportunities for fitness contribution by more
efficient pollinators.
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(3) Researchers have implicitly assumed that floral
generalization represents a non-equilibrium state or a
suboptimal solution to conflicting selection pressures.
Considering that most flowers in nature are ecologi-
cally generalized, however, it may also be fair to con-
sider possibilities that some flowers have evolved
features to mitigate visitor-mediated trade-offs and
achieved adaptive generalization as a stable end-
point. Evolutionary considerations and our literature
survey suggest that there are a variety of pathways to
such trade-off mitigation, which has largely been
overlooked in earlier discussions. This may explain
why we rarely observe visitor-mediated disruptive
selection in ecologically generalized flowers.

(4) Active exclusion of particular visitors could evolve only
when a strong visitor-mediated opportunity trade-off is
imposed on flowers. Active exclusion occurs even
against pollinators, when the presence of efficient and
reliable pollinators turns other inefficient pollinators
into antagonists, and visits by the better
pollinators cannot be prioritized by adjusting the tim-
ing of anthesis. Our conceptual framework thus clar-
ifies that the evolution of floral filters, or floral
specialization in a narrow sense, is a special case of
trade-off mitigation in which generalization can never
be adaptive.

(5) Regardless of how it is achieved, and regardless of
whether it is directed to specialization or generaliza-
tion, any strategy for trade-off mitigation comes from
the acquisition of novel combinations of traits. This
suggests that diffuse interactions with various animals
may have enriched, rather than limited, the diversity
of floral phenotypes with distinct trait associations.
Explorations of how visitor-mediated trade-offs
explain the recurrent patterns of floral phenotypes
may help reconcile the long-lasting controversy over
the validity of pollination syndromes, i.e. the discrep-
ancy between observed flower visitors and those pre-
dicted based on floral phenotypes.
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