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Preface

Pollination has been a source of questioning and fascination as long as there have
been naturalists. Aristotle and Herodotus before him were already according a
specific interest to the topics of fig and palm pollination. In the eighteenth and
nineteenth centuries - adopting a more adaptationist point of view - Kolreuter
(1761), Sprengel (1793), and Darwin (1862) authored books that constitute the early
stepping stones in development of modern pollination biology. From the time
Darwin published the On the Origin of Species (1859), the functional relationships
of plant and pollinator were cast in evolutionary scenarios in which plants adapted
to pollinators and pollinators adapted to flowers.

Over the last decade, many edited volumes have been published on pollination-
related topics (Proctor et al. 1997; Chittka and Thomson 2001; Dafni et al. 2005;
Waser and Ollerton 2006; Harder and Barrett 2007). The present volume originated
in a symposium dedicated to the evolution of plant-pollinators relationships
(EPPR), which was organized in the framework of the SYSTEMATICS 2009 meet-
ing in Leiden in the Netherlands. Given the intense scientific activity in pollin-
ation biology (Mitchell et al. 2009), the idea behind this symposium was to provide
a forum for authors to pull together recent advances in pollination in the context
of systematics. The present book constitutes an outcome of this symposium along
with its natural prolongation. It has been developed with an explicit sensitivity
for the evolutionary aspects of pollination. It includes contributions from the par-
ticipants in the symposium and additional authors who joined the book project to
round out its evolutionary coverage.

The attention currently given to pollination can be considered as the conse-
quence of the combined importance of the pollination ecological service, plus
threats weighing on a continually increasing number of pollinator populations
worldwide, and interest in how plant-pollinator relations evolve in the face of
environmental change.

(1) The economic value of pollination has focused the interests of numer-
ous research groups (Aizen et al. 2009; Allsopp et al. 2008; Buchmann and
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Nabhan, 1996; Gallai et al. 2009). Two very recent reports underscore the
economic importance of pollination. Gallai etal. (2009) estimated about
€150 billion per year are contributed by insect pollination to crops world-
wide. Allsopp et al. (2008) showed that, despite the deep divergences in the
methods used and the results tabulated, the varied studies that have been
done converge in concluding that pollination constitutes a key component of
the world economy.

(2) Echoing the economic importance of pollination services, the observation of
continued population regressions and diversity erosions (e.g. Biesmeijer et al.
2006; Kluser and Peduzzi 2007; Potts et al. 2010) is increasing the urgency
for better conservation of pollinators. Conservation of pollinators, in turn,
demands the development of better supporting science.

(3) Inaddition to these econocentric and conservation interests, pollination sys-
tems emerge as wonderful models for the study of adaptation, cophylogeny
and speciation, topics in which a wealth of questions are puzzling the scien-
tific community. Thislast point constitutes the main focus of the present book,
and in the following pages expert authors discuss in detail varied aspects of
the evolution of pollinators, pollinated plants, and pollination systems.

Considering the above points, the improvement of the understanding of the
evolution of interactions between pollinators and pollinated plants within their
ecological webs is highly desirable. Likewise, renewed models of the evolution of
pollination in space and time are needed.

Nowadays, understanding of the evolutionary dance between pollinators and
pollinated plants remains quite fragmentary. The simple coevolutionary model -
envisioned as specialized forms adapting reciprocally to one another - and the
basic picture of progress to specialization have been questioned (e.g. Danforth
et al. 2006a, 2006b; Cruaud et al. Chapter 4). The scale of pollination processes
range from the molecular to the community level, but studies at the various scales
seem not to have settled into a coherent model of evolution. The aim of the present
book is to embrace an evolutionary point of view, bringing together the contribu-
tions from a large panel of research groups that have explored pollination with
various approaches. The following chapters address a series of domains within the
biology of pollination:

(1) Evolutionary biology of pollination integrating phylogenetic thinking
(2) Evolution of pollination syndromes, floral displays and rewards

(3) Evolution of feature of pollination networks

The contributions in these sections outline both the state of the knowledge in
the three domains and novel aspects under development.
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Phylogenetics are the new toolkit in studying all aspects of the diversification
of life. This is, of course, true when studying examples of coevolution involving
distinct groups of living forms, as for instance in the evolution of pollination.
The methodological and analytical opportunities to map phylogenies onto one
another, to date clades using molecular clocks, and to trace evolution of characters
on trees are the operational promises of phylogenetics as applied to pollination
biology. However, despite this promise of phylogenetics, very few specific empir-
ical results have been produced so far for the study of pollination as has been the
case in biogeography (e.g. Ree and Sanmartin 2009; Salvo et al. 2010). Evolutionary
pollination biology has so far mostly benefited from the general progress made
in phylogenetics. For example, phylogenetics allow us to recast our conceptual
understanding of macroevolution. The first chapters of this book present some of
the key phylogenetic insights into pollination biology.

For a long time, attention has been paid to the concordant evolution of plants
and their pollinators, notably the evolutionary strategies developed by plants to
increase pollination by their best pollinators and the senses used by pollinators
to identify and locate food. The conceptual framework of pollination syndromes
developed from these two topics (Faegri and van der Pijl 1979; Proctor et al. 1997).
With increased ease over the next few years, genomics, transcriptomes, and flo-
ral physiology point to a wealth of new directions for investigation. This will open
new vistas in pollination biology. Our understanding of the ways in which pollina-
tors perceive flowers and are rewarded by flowers seems to be constantly improv-
ing. While all these avenues of research are of interest in and of themselves, they
also are providing a fountain of data of a new kind to be used in deciphering the
evolutionary relationships between plants and pollinators. Aspects of these top-
ics are developed in the last chapters dedicated to the evolution of pollination
syndromes.

Moving out in scale, to the level of communities, we must now recognize that
pollination webs evolve. This topic is directly related to conservation, as well as
evolution. Pollination webs are fundamental to understanding the general pat-
terns in community context in which the evolution of the pollination systems
occurs. Studying pollination webs means considering the interactions of multiple
species with distinct levels of respective knowledge and interacting partners that
are, at some level, competing for niches and resources within niches. The study of
pollination webs is, par nature, integrative. The chapters dealing with pollination
webs discuss both the theoretical aspects of pollination evolution and several
study cases. A particular focus has been set on evolution of the plant sex systems,
emergence of unusual floral rewards, and relationships between herbivory and
pollination.

This book should become a reference for questions related to the evolution of
pollination systems in varied contexts. Secondly, it documents the ways in which
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the complexity of pollination ramifies into many areas within biology. Finally, it
serves as an example of new research methods applied to pollination systems that
give us the opportunity to revisit old problems such as the usefulness of varied

species concepts.
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Macroevolution for plant
reproductive biologists

PauL WILSON

1.1 From micro- to macroevolution

Just as there is a microevolutionary process that explains organismal adapta-
tions, so is there a macroevolutionary process that explains biological diver-
sity. Consider western North America’s wildflowers. How is it that there are 246
penstemons that are hymenopteran pollinated, and 40 penstemons that have
taken on hummingbirds, but no penstemon species has adapted to fly or butter-
fly or beetle pollination? How is it that there are 60 kinds of dudleyas, all with
ranges emanating from the coastal mountains? And how about mariposa lilies,
a group of 35 species varying in flower colors and petal hairs yet all pollinated by
both beetles and bees via a highly generalized floral mechanism? The amounts
of diversity and the patterns in which they are arranged are the products of a
macroevolutionary process.

The microevolutionary process is more familiar. Mutations occur from time to
time. They are undirected. Many are deleterious to the functioning of the organism
in its environment. For a while they contribute to the genetic load, then eventually
they are lost due to natural selection. Many other mutations are neutral or nearly
neutral given the environment where the organism lives and the genetic state
of the organism at other loci. Neutral alleles change in frequency due to genetic
drift. A few new mutations are beneficial to the individuals that carry them, or to

Evolution of Plant-Pollinator Relationships, ed S. Patiny. Published by Cambridge University
Press. © The Systematics Association 2012.
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their close relatives, and these are selected up in frequency. The beneficence of
these alleles may depend on the outside environment, for example on the kinds
of animals that are pollinating those plants in their local population. Likewise,
whether or not an allele is beneficial may depend on the genetic state of the rest of
the organism. If the outside environment or the genetic background change, then
what was once deleterious or neutral may become beneficial.

This dynamic that happens at the microevolutionary scale has an analogue at
the macroevolutionary scale, what Stephen Jay Gould (2002) called a “grand ana-
logy.” The analogue to selection amongindividuals within a population is selection
among clades in a biota. Clades with certain character states diversify more. For
example, flowers with nectar spurs have higher rates of diversification than flow-
ers without nectar spurs (Hodges 1997a). The analogue of mutation is the punctu-
ation in punctuated equilibrium, the shift to a new adaptive state, such as when an
isolated population shifts to a different pollinator. The analogue of genetic drift in
allele frequencies at a locus is clade drift in the frequency of species having a par-
ticular trait in a region’s biota. In Gould’s hierarchical process, characters come to
be fixed in a lineage through organismal adaptation, and then those fixed differ-
ences among lineages become the criteria for selection at a higher level.

Individual selection along with some other microevolutionary ingredients such
as mutation and drift are mainly what is responsible for the adaptations of organ-
isms: how a bee-pollinated penstemon has come to have purple vestibular flowers
that make nectar of a certain sort and have a staminode for levering the anthers and
stigma onto the bee’s back in a certain way, etc. But there is more to explain about
life than just the adaptations of this or that flower: there is the amount and pattern of
biodiversity. Clade selection and other macroevolutionary ingredients are respon-
sible for the diversity of organisms: how many species of penstemons there are, how
many are specialized for pollination by bees versus birds, the size of penstemon geo-
graphic ranges, the way they remain clustered into groups nested within the larger
penstemon clade, how each of those smaller groups is characterized, the disparity
of specializations within the groups, etc. (Wilson et al. 2006). Microevolution and
macroevolution work together and end up affecting one another. Together they con-
stitute one unified machine that generates order out of history."

! Those who are reading for pleasure should ignore my footnotes. My chapter is an
introduction to hierarchical evolution aimed at people interested in pollination. As
such, I have refrained from reviewing many philosophical distinctions and historical
debates. For instance, I do not review the claims of Gould and associates circa 1980 and
the criticisms of those early attempts. An improved and less controversial version of how
hierarchical evolution works followed from a change in definitions announced in Gould
and Lloyd (1999). Refinements to the grand analogy beyond Gould (2002) are continuing,
and I here add some of my own. True, the logic of hierarchical evolution could use some
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1.2 Four forms of clade selection

Akeyinnovation is a derived feature of alineage that leads to greater diversity than
would otherwise arise. Typically, this is detected by finding more species in the
clade with the innovation than in a sister clade without the innovation (Kay et al.
2006). Nectar spurs seem to have led the groups that possess them to be species-
rich compared to sister clades. Such a key innovation can work by either increas-
ing the rate of speciation or decreasing the rate of extinction, and new statistics are
starting to allow people to tease apart the two (FitzJohn et al. 2009). Evolutionary
biologists have gotten used to thinking of speciation and extinction, but I shall
ease into my developing argument by using slightly different language. I invoke
cladogenesis (which is like speciation without focusing on the point when repro-
ductive barriers become permanent) and persistence (which describes a lineage
before its extinction). There are two causal paths for an innovation to be favored: it
may be favored via increasing the likelihood of cladogenesis or increasing the like-
lihood of a clade persisting. Innovations may also be disfavored via lowering the
likelihood of subsequent cladogenesis, or more generally, lowering the time that
lineages are likely to persist. Consider all four cases (Fig 1.1).

(1) An innovation that favors cladogenesis is bilateral symmetry in flowers.
Sargent (2004) found that groups with bilaterally symmetric flowers had more
species in them than sister groups. Kay et al. (2006) worry that six of 22 sister
groups show the reverse pattern, with radially symmetric flowers being more
species rich. Nevertheless, the pattern seen in most cases is that bilateral sym-
metry increases the rate of cladogenesis. How would this work? Flowers that
guide their pollinators to visitin a receiving line place pollen on the pollinator
more accurately (Armbruster et al. 2009b). That tends to promote speciation in
the form of a reproductive isolating barrier whereby different kinds of pollina-
tors are employed or different areas of the pollinator’s body are used by differ-
ent plants. In addition to presenting numerous species to pollinators, having
high rates of cladogenesis might multiply the chances that a sub-lineage of a

scholarly help, but that should be done elsewhere. I add only a very few footnotes to help
readers who are of a more critical mind.

The overarching semantic debate would be whether it is better to draw a grand analogy or
to use verbiage at the level of clades distinct from the verbiage of microevolution. Many
would prefer to not use loaded terms like clade selection as an analogue to individual
selection because by their definitions there is only one kind of selection. They use other
terminology to write about the phenomenon of some clades being more successful than
others because of the traits of those clades. I choose to put as much as possible into a
theory of hierarchical evolution. I do, however, believe the hierarchy should be presented
with some exploration of how the two levels are not parallel.
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Innovation
that favors
cladogenesis

Innovation
that favors
persistence

Innovation
that disfavors
cladogenesis

v a particularly diverse group

Innovation
that disfavors
persistence

T extinction of a clade

B3 an innovation of a particular type,e.g., nectar spurs

Fig 1.1 Four forms of clade selection affecting diversity.

clade will survive through catastrophes. Thus, an innovation that favors clado-
genesis has two effects: in a snapshot in time, the groups with the innovation
have many species; and in the long term, as ecological divergence proceeds,
the clade as an aggregate is likely to have varied chances of surviving.

(2) Aninnovation that favors long persistence by means other than the multipli-

cation of its clades might be the evolution of seed dormancy. Seed dormancy
allows seeds to survive in a seed bank for longer than the seeds of cousins
that lack seed dormancy. I know of no phylogenetic analysis that shows this
pattern, but a bit of inspiration can be drawn from work done on an eco-
logical time scale. Kalisz et al. (1997) have used population data on blue-eyed
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mary to parameterize a model showing how a seed bank buffers a popula-
tion against the vagaries of bad years. Stécklin and Fischer (1999), reporting
on a grassland community, found that species with seeds that live for more
than five years are less likely to go to extirpation than species with short-
lived seeds. On a longer time scale, clade selection in favor of seed dormancy
seems likely. If one had quantitative measures of seed dormancy for a group
of species and a phylogeny relating the species, one could test for a phylogen-
etic effect of seed longevity on how deeply rooted the dormant clades are. It
would also be worthwhile to see if the effect was contingent on the life his-
tory of the plants involved. The clade selection might be stronger in annuals
than in perennials. It might also be stronger in biomes with highly stochastic
weather than in biomes where rainfall is relatively constant. Comparative
tests of hypotheses about seed dormancy will surely be complicated (Baskin
and Baskin 1998).

An innovation that disfavors cladogenesis is the shift to abiotic pollination
(Dodd et al. 1999). Most major lineages of flowering plants were once ani-
mal pollinated and those that are still animal pollinated have high rates
of cladogenesis, but those that have gone over to wind or water pollination
have lower rates of cladogenesis. Why? First, animal pollinators tend to be
picky about the appearance of the flowers they visit. For example, individ-
ual bees are prone to becoming temporarily constant to a particular color
or appearance of flower (Gegear and Laverty 2005). In a local community,
flowers that evolve to be distinctive in appearance compared to co-flower-
ing species encourage such constancy and thereby have their pollen moved
with less wastage and purer delivery (Wilson and Stine 1996). This may even
cause ecological sorting allowing species with distinctive colors to become
abundant in their community (McEwen and Vamosi 2010). In addition to
appearance, the mechanical fit of flowers around pollinator bodies is prob-
ably selected to be as efficient as possible (Castellanos et al. 2003). Second,
pollinators differ discontinuously in physical dimensions, so flowers polli-
nated by different types of animals could be experiencing diversifying selec-
tion (Wilson and Thomson 1996). Finally, aside from being an organ of local
differentiation (Johnson 2006), when divergent flowers come back together
in sympatry, the functional variation is grist for positive assortative mating
whereby similar flowers mate with one another. The assortative mating is
caused by animals having a behavioral tendency to categorize (Jones 2001),
and the assortative mating maintains or even adds to genetic correlations.
Genetic correlations in turn predispose lineages to evolve reproductive iso-
lating barriers (Kondrashov and Shpak 1998). When a clade changes from
animal pollination to pollination by wind or water, there is then a relaxation
of the tendency towards subsequent cladogenesis.
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(4) An innovation that disfavors persistence might be the evolution of separate
sexes. Dioecious clades have been found to have fewer species than their sister
clades that are co-sexual (Heilbuth 2000), and they tend to have more endan-
gered and threatened species (Vamosi and Vamosi 2005). Compared to herm-
aphroditic lineages, dioecious plants are likely to be inferior at establishing
new sub-populations in the meta-population dynamic. Also, dioecious plants
have more of a seed-shadow handicap whereby seedlings are clumped around
mother plants and compete with each other to the detriment of the popula-
tion. Finally, dioecious plants have a stronger reliance upon pollinators in the
face of stochastic variation in pollinator services. Not only is self-pollination
impossible, but there is more of a chance that neighboring plants will be of the
same gender. The phylogenetic patterns could be because dioecious clades
have low rates of cladogenesis, but it seems more likely that they have a higher
rate of extinction than co-sexual clades. In other words, dioecy evolves from
time to time but tends to be an evolutionary dead end.?

1.3 Other macroevolutionary ingredients

Just as clade selection is an analog of allelic selection, so there is a process of clade
drift that is analogous to genetic drift. Gould suggested that at the macroevolu-
tionary level drift might be more important than it is at the level of sexual individ-
uals adapting to their surroundings. More generally, there is the possibility that
ingredients that are most important for macroevolution might not be parallel to
ingredients that are most important for microevolution. At any rate, several ingre-
dients other than selection need to be introduced as I proceed to layer my argu-
ment for recognizing a hierarchical evolutionary process.

2 1 choose to use clade selection generally and species selection as a special case. Gould
used the word “species” a great deal, as in species selection, species drift, and directional
speciation. He defended punctuated equilibrium at the species level; at levels above the
species level, he would say the dynamic was punctuational. I am reluctant to extend this
usage (Mishler 2010). It seems particularly odd to speak of species selection resulting
from characters acquired in a lineage making it more prone to subsequent cladogenesis
and through that proliferation to the clade’s extended life than if the characters were
otherwise. I am more comfortable speaking of species selection when its mechanism
is to delay extinction by some means other than favoring additional cladogenesis, but
the term clade selection works in all cases. I probably picked up my usage by taking a
class from George Williams, who considered it a fallacy to tie much of anything to the
taxonomic species level (1992 starting on p. 118). “Clade” is actually also objectionable
because, unlike an individual, a clade includes its descendants (Okasha 2003). A clade is
like a family, so the strict analog of clade selection would be clone selection.
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As a way of appreciating clade drift, consider the role of founder effects in the
Hawaiian Islands. The original colonizers dispersed a fantastic distance and were
not absolute outcrossers, yet aside from these traits (which need not have been
innovations), once a founding colonist got to Hawaii and established a population,
ithad averygood chance of undergoing an adaptive radiation. Ricklefs and Renner
(2000) sought explanations for Hawaii’s radiations and found little more than the
usual tendency for animal-pollinated groups to diversify. Thus, it would seem that
local populations have adapted, each guided by individual selection, while at the
level of the larger clades, those clades that diversified and those that did not have
been largely drawn at random with respect to their traits. An appreciation for both
levels in the hierarchy greatly aids understanding of the process.

Founder effects are not the only form of clade drift. The frequency of a traitamong
species in a biota on a phylogeny naturally staggers up and down even without the
trait of interest causing the changes in its frequency. Differences might seem big
in terms of numbers of species, but from a purely statistical standpoint, all pos-
sible partitions of species richness into two groups are equally likely (Slowinski
and Guyer 1993). Maybe the number of petals has experienced clade drift. Vast
swaths of angiosperm diversity have five-parted flowers; fewer, such as mustards,
have four-parted flowers. The monocots are the main group that has three-parted
flowers. Even if the number of parts has not causally affected the diversification
process, the frequencies of five-, four- and three-parted flowers would still have
changed as the tree of life has grown. So far as I know, clade drift could have
accounted for the way in which biogeographic provinces around the world have
different proportions of their floras that are five-, four- and three-parted.

Another macroevolutionary ingredient is clade hitchhiking. If you were taught
evolution by focusing on quantitative traits being optimized in sexually reprodu-
cing organisms with selection among individuals, then you are not likely to think
hitchhiking is a very important feature of evolution. If you were taught evolution
by comparing DNA sequences for a particular gene where there is little chance
of recombination, you are more likely to be familiar with the idea. Hitchhiking
is when one character’s frequency is dragged quickly up or down by linkage to
another character that is undergoing a selective sweep (Barton 2000). Orchids
have inferior ovaries, and there are many orchids, so maybe inferior ovaries favor
cladogenesis. But maybe not. For orchids, it is possible that having inferior ovaries
is merely coincidental with other traits that favor diversification: like having bilat-
erally symmetric flowers, stigma and anthers on a rigid column, pollen dispersed
in pollinia, tiny seeds, ectomycorrhizae, the proclivity to grow as epiphytes, etc.
The inferior ovary might have been dragged to high frequency by clade hitchhik-
ing. Because there is usually no recombination between clades, clade selection is
similar to selection in a strictly asexual organism, or selection on a stretch of DNA
that does not recombine, and hitchhiking is to be expected.
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Examples of clade drift and clade hitchhiking bring up the possibility that non-
deterministic factors can explain many macroevolutionary patterns. A particu-
lar ancestor was at the right place at the right time and so it gave rise to a diverse
lineage. It had a peculiar feature, not generally superior to alternative character
states, and that feature was lucky to get to go along for the ride in a group that
for other reasons diversified. Gould gave the name “contingency” to the way such
arbitrariness can be propagated, and he suspected that many of the great suc-
cesses and failures in the pageant of life were contingent turns of history, rather
than determined by the features of the clades.

Let’s say, the contingent bit of luck is dispersal to a different biogeographic prov-
ince. That dispersal event might have the effect of favoring cladogenesis, favoring
clade persistence, disfavoring cladogenesis, and/or disfavoring clade persistence.
Moreover, luck and innovation could interact: the value of an innovation could
be contingent upon the dispersal event. Moore and Donoghue (2007) considered
both dispersal and innovation, looking to see if either or both might affect diver-
sification in the Adoxaceae and Valerianaceae. They looked for changes in diversi-
fication rate anywhere in their phylogenies, and then they tested for associations
with characters and with dispersal events. Of seven phylogenetic segments where
diversification rates shifted into high gear, three were associated with dispersal to
a new province. One of those also might have been associated with a decrease in
stamen number. No specific reason was found for the remaining four increases in
diversification rate.

The final evolutionary ingredient to be introduced early in my chapter is less
whimsical and more tractable than drift or hitchhiking. It is transitional drive.
Transitional drive corresponds to what is called mutational drive at the level of the
gene. Mutational drive is an inequality in the direction of mutations. For example,
if mutations from allele Violet to allele White are very frequent but mutations from
allele White to allele Violet are nearly impossible, then over time a population of
violet flowers will be converted to a population of mostly white flowers (if selection
is negligible). At the level of clades, transitional drive is an inequality in shifts from
adaptive mode A to Bversus from adaptive mode Bto A. An example of transitional
drive is found among penstemons. Hummingbird pollination has evolved from
hymenopteran pollination many times, and there is no evidence for any reversals,
nor have there been shifts to any other pollination syndrome (Wilson et al. 2007).

Transitional drive may figure largely in macroevolution, whereas at the level
of organismal evolution it is rarely treated as a very strong ingredient. Within
populations, mutation-selection balance on flower color seems to keep albino-
flowered individuals very rare despite mutational drive that eliminates floral pig-
ments (Waser and Price 1981). At the macroevolutionary level, eudicots started out
having purplish anthocyanin-pigmented flowers, but a great many lineages have
transitioned to warmer or paler colors and few have transitioned back to purple
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(Rausher 2006, 2008). Perhaps color has not had a consistent effect on cladogen-
esis or clade persistence, so transitional drive would seem to greatly explain why
now there are untold numbers of eudicot species with flowers that are red, orange,
yellow, or white.’

1.4 A full-blown example: the evolution of selfing

With these evolutionary ingredients in mind, contemplate an extended example: the
rise and fall of self-pollination in the flora of a region. Self-pollination is when pollen
on an individual plant ends up siring seeds on the same individual. It is not asexual:
meiosis and fertilization remain part of the genetic lifecycle. However, as for asexual-
ity, some of the inefficiency of outcrossing and the cost of male function can be saved
by selfing. For example, a population of selfers would be expected to have a growth
rate higher than a population of outcrossers if all other things were equal.

Butall other things are not equal. There are often fitness advantages to outcross-
ing. If the particular species has been outcrossing for a large number of genera-
tions, then deleterious recessive alleles will have built up in the gene pool. This is
the dominance genetic load that is carried around by diploid organisms such as
poppies and people. If, from this state, a plant self-pollinates, homozygocity will
increase. Selfing brings together recessive deleterious alleles, and this makes for
seeds and seedlings plagued with genetic disease. Across much of angiosperm
diversity, outcrossing has been maintained as the norm (Stebbins 1957).

Nevertheless and despite the norm, selfing has arisen over and over in mon-
keyflowers and lupines, gilias and lotuses, and collinsias and drabas. In scattered
species, selfing becomes habitual (although not necessarily obligate). Anthers and
stigmas evolve to mature at the same moment, to have no positional separation,
and to be self-compatible. Nectar evolves to nothing. Petals become diminutive.
Pollen production declines. All these traits tend to evolve together or as a close
cascade (Cruden 1977; Aarssen 2000).

Near the microevolutionary scale, there are many circumstances that can favor
selfing. Perhaps a population findsitselfin a situation where pollinators are scarce.
Perhaps selfing allows the plants to set seed quickly over a growing season that has

3 Vrba and Gould (1986) distinguish upward versus downward causation in the
hierarchical evolutionary process. Transitional drive upwardly causes patterns among
clades. Selection downwardly causes patterns among gene frequencies. In this passage,
I presume flower color is acted on by individual selection and is adaptive at the level
of the organism. This translates into drive among clades. I entertain the possibility
that although flower color is selected upon at the individual level, at the clade level its
frequency distribution might be determined by transitional drive (caused by selection at
alower level) plus clade drift, and not by clade selection.



10

EVOLUTION OF PLANT—POLLINATOR RELATIONSHIPS

become compressed compared to the growing season of ancestors. Perhaps the
costs of putting on a show for pollinators and rewarding them with nectar have
become exorbitant because the plants, though they once lived in good conditions,
are now living in harsh conditions. All these reasons can be considered aspects of
the “efficiency of selfing.”

Another class of reason for the evolution of selfing is often called “the two-fold
advantage.” This is not a way in which selfing is advantageous to the health of the
organism, rather it is a way in which selfish alleles tend to spread in the popula-
tion. If, in a population of outcrossers, a mutant arises that makes its bearers put
their pollen on their own stigmas and still present about as much pollen to polli-
nators for outcrossing, then that allele will nearly double its success via male func-
tion. There are, however, complications that might make the two-fold advantage
less than two-fold.

(1) The mechanism by which the flowers self-pollinate might be that pollination
happens quickly and pre-empts outcrossing. In this case, as the population
becomes dominated by plants that never present fresh stigmas, which are
available to receive outcrossed pollen, the two-fold advantage goes to zero.

(2) By selfing, the plant may use up some of the pollen that would have been
available for outcrossing. If so, then the two-fold advantage would be
reduced by pollen discounting (Holsinger and Thomson 1994; Harder and
Wilson 1998).

Presumably because of the efficiency of selfing and the up-to-two-fold allelic
advantage, there are many species that have transitioned to become selfers, but
it is hypothesized that selfing clades tend to be dead ends (Stebbins 1957). The
dead-end-selfers hypothesis asserts first, that there is transitional drive from out-
crossing to selfing, and second, that it is counteracted by clade selection favoring
outcrossing clades.

The first assertion, that of transitional drive, is expected since, as selfingbecomes
the norm for a species, deleterious recessive alleles ought to be purged, inbreed-
ing depression ought to be lessened, and there would then be less of an immediate
microevolutionary selective reason for outcrossing (Lande and Schemske 1985).
This diminution of selection-for-outcrossing ought to remain even after the spe-
cies enters better environments where selfing would not have been favored in the
first place. The reasons why a species evolved from outcrossing to habitual selfing
do not work in reverse.

The second assertion, that of clade selection favoring outcrossing, is suggested
by the facts that most selfing species are closely related to outcrossing species and
few large genera consist only of selfers. Eventual extinction of selfing lines com-
pared to outcrossing clades can proceed by either of two mechanisms.
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(1) Selfing species may ratchet themselves into poor genetic health (Lynch et al.
1995). They have thousands ofloci that can mutate and that, because of selfing,
have a high chance of becoming homozygous for the deleterious allele. To the
degree that the population size is small, mutation-free genotypes will be lost
due to drift, and without outcrossing, they will not be reinvented. Hence there
is a ratcheting down of viability. If a local population were to self-pollinate
exclusively for hundreds of generations, it would be expected to have a muta-
tional meltdown (Lynch et al. 1995), although a small amount of outcrossing
would delay this fate (Charlesworth et al. 1993). Extinction is not inevitable as
long as outcrossing occurs occasionally, but still mutational meltdown puts
lineage persistence at risk.

(2) Selfing species have less opportunity to recombine genetic variation, so they
are less adaptable to changing conditions. They would be dependent on occa-
sional outcrossing to bring together beneficial alleles at different loci for poly-
genic adaptation. They might go extinct just because they cannot keep up with
environmental changes, or they might eventually be displaced by outcrossing
species that have become generally superior.

In principle, the dead-end-selfers hypothesis can be tested with phylogenies.
It predicts more transitions to selfing than away from it, and that selfing lineages
should be shallowly rooted in the phylogeny. Takebayashi and Morrell (2001)
attempted such a test, but they failed to confirm the expected patterns with con-
fidence, and they worried their phylogenies lacked enough resolution. More pro-
gress has been made on the related topic of transitions from self-incompatibility
to self-compatibility. Igic et al. (2006) have presented evidence stemming from
ancient polymorphism for many losses of self-incompatibility without reversal in
the Solanaceae.

The rise and fall of selfing offers an example of evolution involving ingredients
from several levels. There is mutational drive that is creating the deleterious alle-
les, selection “for” selfish alleles via male function to “cheat” on the social contract
of outcrossing, selection at the level of the individual to be efficient in reproducing,
transitional drive, and there is also clade selection that keeps selfers at the tips of
phylogenies.

1.5 Phylogenetic conservatism is like heritability

At the species level, lack of change is called stasis (Eldredge et al. 2005). When
the same species occurs essentially unchanged through many strata in the fossil
record, it is said to be static. Stasis may also be inferred from a species having a
large geographic range, if the range is thought to be ancient (Levin 2000). Above
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the species level, lack of change in a character or complex of characters is called
phylogenetic conservatism. Phylogenetic conservatism is lack of change despite
divergence in other (often subsidiary) characters. Conservatism is probably caused
by stabilizing selection and similar, but more complex, forms of past selection.

The morphology of a larkspur flower with its characteristic nectar spur is con-
served among 340 species of Delphinium + Consolida, and in a larger clade that
also includes Aconitum the arrangement of having nectariferous petals tucked
inside the dorsal sepal and of being bilaterally symmetric is conserved more
broadly. The overwhelming experience of systematists is that taxa can be char-
acterized morphologically, developmentally, functionally, and ecologically.
Experience with the fossil record and with comparative developmental genetics
further confirms the impression that conservatism is the rule, and evolutionary
change very often (but not always) is restricted to new kinds of divergence nested
within old norms. The diversity of flowers often appears as variations on themes
that are themselves variations nested within the themes of more inclusive groups
(Endress 1996).

In macroevolution, conservatism is the analog to what quantitative geneticists
call heritability. You might be familiar with the function R = S x k2, or in words,
response to selection follows from selection times heritability. In an artificial selec-
tion experiment in which a quantitative trait (like floral tube length) is selected
upon, if heritability is zero, then response to selection is zero (tube length does
not evolve). By analogy, species stasis or phylogenetic conservatism is what makes
clade selection amount to something that is especially hierarchical.

Clade selection would have an effect even without conservatism, just with
ordinary heritability, but it has a different sort of effect when there is conserva-
tism among clades. Consider a character that, after being fixed in a species, is irre-
versible. Imagine total loss of nectaries is irreversible. Species that have lost their
nectaries will then go extinct or thrive, and their lack of nectaries might affect the
outcome. If on the other hand, it is a character that continues to be evolutionar-
ily labile - imagine the amount of nectar produced - then a prolonged wrestling
match will ensue between levels of selection. Sexual selection might drive flowers
to produce more nectar, but species selection might act against species that invest
heavily in nectar. Perhaps the average amount of nectar in most flowers would be
moderate with occasional local populations and neoendemic species producing
copious nectar because they have yet to be eliminated by species selection. (For
birds, Doherty et al. 2003 find a similar pattern in color differences between the
sexes.)

Clade selection acting above individual selection is one way in which the evolu-
tionary process is hierarchical; phylogenetic conservatism further contributes to
the hierarchical nature of the evolutionary process. In Gould’s view, punctuated
equilibrium is the analog to mutation creating alleles that are not subsequently
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fluid. Punctuated equilibrium creates species, and then species selection sorts
those static entities. The punctuations would generally be caused by a local
population adapting to new conditions via ordinary selection among organisms.
Rephrasing so as not to dwell on the species level, clade selection affects patterns
of diversity by sorting alternative adaptive states that evolved once upon a time
but that are not constantly continuing to change at lower levels.*

There is an abundance of monophyletic clades and paraphyletic grades at every
taxonomic rank that display considerable floral conservatism. Many of them are
or once were named sections, genera, tribes, families, etc. As an example, consider
the ceropegias (Ollerton et al. 2009). Ceropegia flowers are flasks that temporar-
ily trap medium-sized flies (Fig 1.2). The flask shape, mechanical function, and
taxonomic order of pollinators are all highly conserved, but within that morpho-
logical architecture, the flowers vary in their decorations. There are 180 species.
The ceropegia morphology is a conserved evolutionary formation centered on an
adaptive mode of pollination. There are some other groups, such as Aristolochia,
that have converged on having flask-shaped temporary flytraps, but the adaptive
mode would be obvious without any convergence.

Floral conservatism ought to be seen as a largely nested hierarchy of morpho-
logical ground plans. Ceropegia flowers have the diagnostic morphology of the
erstwhile genus Ceropegia (now thought to be paraphyletic). The flowers also have
features of the broader subfamily Asclepiadoideae, including the packaging of
pollen in pollinia. Going farther back in time and outward in the taxonomic hier-
archy, one can see characters of the asterid clade, such as the fusion of petals to
one another and of stamens to petals. The ancestor’s tale continues as we recog-
nize the consolidation of the core eudicot flower into four whorls (not spirals) of
organs with the number of sepals and petals fixed at five. We can go farther back
to when angiosperms settled on closed carpels with a style and stigma, and yet
farther back to when the seed-plant lifecycle was established. This nested conser-
vatism has accumulated in the ceropegia flower.

* The word sorting is used inconsistently. Ecologists typically are talking about selection,
not drift. Vrba and Gould (1986) attempted to establish sorting as an umbrella term for
sorting due to selection or drive or drift with no specification of the level of causation. I
sense they failed to get those speaking about community assembly to follow their usage,
even those who comprehend it (e.g. Hererra 1992; Ackerly 2003). The way ecologists speak
is often the opposite of what Vrba and Gould recommended. To me, ecological sorting
is to clade selection as phenotypic sorting is to allelic selection. Williams (1992) taught
discernment of the material domain versus the codical domain. Ecological sorting to
me is the same as Janzen’s (1985) “ecological fitting.” It allows for species stasis while the
species’ range waxes and wanes (Levin 2000). While I am reciting analogies, I'll add that
geographic-community ecology is to macroevolution as within-population ecology is to
organismal evolution.
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Fig 1.2 A ceropegia flower. Flies are attracted by scent and get trapped in the flask where
they often get a foot caught in the pollinium apparatus before they escape. There are 180
species of ceropegias, united by their conserved pollination system and diverse in the
coloring, hairs, and dimensions of the flask.

Admittedly, phylogenetically nested conservatism is often not absolute. In the
case of ceropegia, the group is paraphyletic because out of it sprung two other
groups that do not have the flask-shaped flowers, Brachystelma and the Stapeliads.
Sometimes new lineages break with the past, but the breaks are not so frequent as
to obliterate what we see as the morphological hierarchy. In fact, even for charac-
ters that are not particularly diagnostic of a taxon, and thus are far from absolutely
conserved, statistics quantifying phylogenetic conservatism still find that related
species tend to be more similar than one would expect of evolution by Brownian
motion (Ackerly 2009 gives statistical options).

The reasons for species stasis and phylogenetic conservatism have been written
about for two hundred years, starting at least with Georges Cuvier. Futuyma (2010)
reviews recent explanations. Here I give only a taste.

In the case of the ceropegia flower, I suppose that the various characters all work
well together to allow for pollination by flies that are temporarily trapped, get a
foot caught in the gynostegium, and eventually escape, and that deviations from
this ground plan are generally maladaptive. By this view, stabilizing selection
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maintains those aspects of the flower that are integral to its mode of pollination.
Other aspects of the flower - in the case of ceropegia, color patterning, hairs, and
proportions of the flask - are free to vary, and so the 180 species are diverse in
these subsidiary features. Taking the Asclepiadoideae as a whole, I would suppose
the gynostegium is integral to the functioning of Asclepiadoideae flowers, includ-
ing ceropegia flowers.

Explanations for conservatism can be divided into externally enforced rea-
sons and internal genetic reasons. External reasons for conservatism include
“habitat tracking:” species or more inclusive groups that are adapted to one
niche do not survive in other habitats for long enough to permit directional
selection to change the norm (Eldredge 2003). In other words, ecological sort-
ing puts organisms in situations where they experience stabilizing selection
(Ackerley 2003). Internal reasons for conservatism could have the same systems-
structural organization but instead of each character being maintained because
the whole flower works as an integrated functional module, a network of genes
is maintained because they collectively work in an integrated way, and those
same genes are responsible for the characters we notice as conserved. When
the integration is via developmental genetics instead of external coordinated
function, the conserved characters might be as inscrutably connected as, say,
stamen shape and mode of photosynthesis. According to the systems view by
which conservatism results from integration, the internal and external reasons
amount to the same thing, either co-adapted gene complexes or co-adapted
aspects of ecological function.

Itis helpful to here mention the writings of Rupert Riedl (Wagner and Laubichler
2004). Riedl held that the characteristics of major taxonomic groups that are con-
served are traits that have become “burdened” with other traits built upon them,
making them centrally connected (Riedl 1975, 1977). Among animals, the body
plans have become the most burdened, the features that distinguish orders of
insects have become subsequently burdened in a subsidiary manner, and so on.
Within a lineage’s ground plan other traits are relatively free to vary; they have
not become burdened and might never become burdened. Riedl (1975) illustrated
the labellae of orchids as an organ that freely varies and is associated with varied
pollinators.

Innovations do not start out burdened when they originate. It is just that the
innovations we notice as being useful at a high taxonomic level are the ones that
became burdened. Burden increases presumably because of selection, perhaps
even stabilizing selection on the trait itself, though not necessarily. It could alter-
natively increase because of selection for subsequent adaptations that are built
on part of the trait’s established developmental genetic system. The selection that
originally burdens a ground plan need not continue to be ever-present for the
ground plan to be conservative. It becomes internalized so that the conserved
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traits as we see them are not the target of on-going stabilizing selection. Thus,
as the tree of life has grown, different branches have become conservative in
different ways, and subsidiary branches have themselves become conservative
each in their own way.

1.6 The evolution of evolutionary ingredients

In Ried!’s view, the nested hierarchy of conserved traits not only marks the course
of evolution, but also represents evolutionary change in adaptation ability along
the branches of the tree. A fern need not have the same ability to adapt as an orchid.
An orchid need not have the same ability to adapt as an iris. We might suspect that
the adaptation ability of orchids and irises is more similar than either is to the
adaptation ability of ferns. Riedl believed that the macroevolutionary fixation of
traits potentially has consequences for subsequent evolutionary dynamics. I wish
to extend this argument to evolutionary ingredients other than the ability to adapt.
Not all systems have the same proclivity to specialize, speciate, expand geograph-
ically, persist, or undergo subsequent cladogenesis (Levin 2000). The capacities
for evolution themselves evolve along the branches of the tree of life. Roy et al.
(2009) have shown phylogenetic conservatism in rates of extinction, and it would
be expected in other macroevolutionary ingredients.

The establishment of one set of characters may spawn taxon-specific diver-
sity in other subsidiary aspects of the organism (Riedl 1975 starting on p. 157).
Establishmentofthepea-typeflowersinthelineageleadinguptothePapilionoideae
might have spawned diversification in the placement of pollen on specific parts of
the bodies of varied pollinators, and this may well have permitted high species
richness (Leppik 1966). A corollary would be that different groups, such as differ-
ent subfamilies, may diversify (or not) in their own specific way. In contrast to the
Papilionoideae, the Mimosoideae has diversified in colors and rewards while being
conservative in its mess-and-soil pollination mechanics. It also seems less prone
to speciation, probably because of the difference in flower morphology, along with
the greater tendency of the Papilionoideae to be herbaceous and to have shorter
generations times.

Explanations for high species richness in species-rich groups might generally be
posed in the form of a lucky-streaks account. The dynamics that lead to high diver-
sification depend on a long and winding series of contingencies that act together
to foster cladogenesis. We should not attribute the high species richness of colum-
bines only to their nectar spurs, but to their nectar spurs in the context of being
perennials that tolerate the accentuated cold season of high mountains, and in
the broader context of being animal pollinated, and in the even broader context of
being herbaceous while having limited seed dispersal (Hodges 1997b).
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There is an analogy to how we study organismal adaptations. In Gould’s 2002
book he gave an expansive alternative to the cartoon adaptationist’s program
(Gould and Lewonton 1979), explaining how we ought to consider the possibility
that traits once adapted for one purpose have been co-opted for another. By ana-
logy, we can use the same logic as an alternative to a cartoon version of the key-
innovationist’s program given near the beginning of my chapter. A character that
favors diversity may have favored diversification from the start or it may have been
long established in its lineage and then later came to be important. This dissection
of possibilities is analogous to the distinction between an adaptation and an exap-
tation (Gould and Vrba 1982; Armbruster et al. 2009a). Plausibly, closed carpels
was not an innovation of any consequence when it came into being, but later after
pollen-style interactions became more complex, closed carpels may have become
an “exovation” favoring angiosperm diversification (Mulcahy 1979).

At the risk of taking the grand analogy too far, consider the following algorithm
of propositions:

(1) More local populations are produced than can possibly survive. To a progres-
sively lesser extent, this is also true of “species” and “genera,” whatever they
are. All these entities can be called incipient clades.

(2) To some extent the differences between incipient clades affect the likelihood
that they will survive and not merge back into the mother species, find aniche
in a community that sustains the population demographically, and expand to
have a geographic range that allows the clade to persist. To some extent the
differences will affect the tendency of the clade to undergo subsequent clado-
genesis, producing subsidiary clades (“grand-daughter species”).

(3) Tosome extent the clade differences become conservative tending to become
synapomorphies among the subsidiary clades that are produced. Thus there
ensues a struggle for existence that occurs among clades. The effect of the
characters on the likelihood of success may be very small but nonetheless
cumulatively telling. The clade heritability of the traits may be far from abso-
lute but nonetheless come to be consolidated as the process is extended. So,
in various branches of the tree of life, the various capacities to evolve have
accumulated in differing manifestations. In some branches extreme diversity
has evolved. In other branches extreme clade longevity has evolved. In many
clades a mixed strategy has evolved.

This grand analogy to the process of organismal adaptation should be recited
onlywith some criticism. The action of clade selection is analogous to that of ordin-
ary natural selection, but it is not identical. It might be more similar to the action
of evolution on DNA sequences that are not recombining than to the action of evo-
lution on sexual organisms. Aside from the defining difference of success being
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measured at a higher level (Gould and Lloyd 1999), clade selection, unlike ordin-
ary natural selection, does not involve the recombination that occurs through sex,
i.e. through meiosis and fertilization.

Presumably sex itself was consolidated in the core eukaryotes via a process of
clade selection (Nunney 1989). Most but not all other adaptations of organisms
are probably mostly caused by selection among individuals, family groups, and
groups of cooperating friends, whereas clade selection and its attendant dynamics
probably mostly affect features of biodiversity, such as species richness, morpho-
logical disparity, the geographic ranges of clades, and the breadth of their special-
ties. Many features of the tree of life could be outcomes of clade selection, although
this is far from proven since we do not know the relative importance of transitional
drive, clade hitchhiking, and clade drift.

Also complicating matters, the environments that have formed the context for
the diversification process have changed at the same time that the process has
been producing patterns of diversity. This is also true of the evolution of adapta-
tion in the sense that an organism'’s adaptations have arisen in the long and wind-
ing tale of its ancestors who lived through changing environments that accreted
one adaptation and its byproducts after another. In the end, the story of diversifi-
cation, like the story of adaptation, is a singular pageant colored by streaks of con-
tingency. Nevertheless, it is imaginable that the ancestor’s tale for diversification
involves less discovery-of-reasons and more invention-of-idiosyncrasies than the
ancestor’s tale of adaptation.

Another way in which clade selection is probably unlike organismal selection
is that typically incipient clades are allopatric and arise in different environments
whereas individual organisms often importantly vie with each other within a
population (Brandon 1990). Species vie with each other at a site within a com-
munity, but the species as represented at the site are generally not closely related.
Ecological sorting leads to community succession, but I presume communities
have low heritability, so they tend not to accumulate much evolutionary organ-
ization (Dawkins 2004). Phylogenies have astoundingly high conservatism, albeit
the sorting tends to be what a gambler would call “each player against the house”
rather than “all players facing off.”

In organismal adaptation, components of fitness trade-off against one another;
how about in diversification? The analogy is only suggestive. A dynamic is some-
times established whereby certain clades are prone to give rise to varied special-
ists that tend to go extinct. The flywheel of specialization-followed-by-extinction
seems evident in leaf-eating insects and various other parasites (Kelley and Farrell
1998). The host-plants available to leaf-eating insects differ from one another dis-
continuously reflecting the categories of plant taxonomy. There is selective pres-
sure to specialize, and speciation seems to often involve host-shifts or shifts in
degree of specialization. Leaf-eating insects, then, are species rich, but they are
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not as species rich as they would be if specialization did not also come with a
shortened period of persistence-to-extinction.

What about floral specialization on pollinators? Flowers are not usually so spe-
cialized, so we might doubt that there is much of an extinction effect (Waser et al.
1996). We might also doubt that floral adaptation to different principal pollinators
directly causes reproductive isolation (Waser 2001). However, in orchids, genera
with species that have few pollinators are more species rich than genera with spe-
cies that are less specialized (Schiestl and Schliiter 2009). Finally, because floral
divergence is often caused partially by sexual selection rather than only by sur-
vival selection, the extinction effect ought to be less pronounced. I am not sure
of the net effect of the mix of ingredients involved in pollination. Some groups of
flowers do not diversify. Others do. I could believe specialization in these flowers
is relatively decoupled from extinction.

1.7 Pollination leads to everything

Pollination biology can be made more profound by considering hierarchical evo-
lution, but then consideration of hierarchical evolution leads beyond pollination
to a more complete interest in the organism’s reproductive biology.

It has been suggested that while pollination characters often diverge during
cladogenesis, seed dispersal characters are relatively static (Schaefer et al. 2004).
Animal-pollinated flowers often seem to be selected to be different from coflow-
ering species, but animal-dispersed fruits do not seem to be under selection to
look different from cofruiting species. We might even expect fruits to mimic each
other thereby cooperatively using animal dispersers. Also floral characters might
be freer to vary because floral flags are often different organs than floral rewards,
whereas fruits are generally both the signal and the reward to dispersers.

To partially test the theory that flowers are more distinct than fruits, Whitney
(2009) studied the animal-pollinated fleshy-fruited species of three regional flo-
ras: the Great Plains, Hawaii, and the Virgin Islands. He scored the size and color
of flowers and fruits. In each flora, most-similar species were more similar for fruit
characters than for flower characters. It would be interesting to do a similar study
but comparing closest relatives in a flora (Grant 1949). The predictions would stem
from a theory of which types of plants would involve pollination traits in clado-
genesis (perhaps those in groups that are more specialized) and which types of
plants would involve dispersal characters in cladogenesis (possibly in groups that
use ant dispersal Lengyel et al. 2009).

Although dispersal characters might not so often be the characters that diverge
in a vigorously diversifying group, surely dispersal traits play a big role in allow-
ing for cladogenesis. Homosporous pteridophytes tend to have species with large
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ranges compared to heterosporous plants (Moran 2004 starting on p. 178). In many
floras, the proportion of endemics and the smallness of their ranges is much more
dramatic for flowering plants than for ferns. An exception that proves the rule is
that the ranges of species in Selaginella, a heterosporous pteridophyte, tend to
be much smaller and more allopatric (Valdespino 1993). This can be blamed on
the limits of megaspore dispersal: the wind-born spores of a normal fern prevent
cladogenesis, whereas large megaspores or seeds predispose the groups that have
them to diversify in other characters.

Nested within the seed plants, there would be additional consequences of the
size of seeds, their means of dispersal, and their longevity. All of these features of
dispersal ought to affect the likelihood of allopatry and thus biological speciation.
Orchids have tiny seeds that allow them to have widely scattered populations. How
could this not affect the dynamics of diversification? Similarly, all other things
being equal, when a clade shifts from dumping its seeds on the ground to having
birds disperse its seeds, all subsequent species will have a much greater ability to
expand their geographicranges. Bird-dispersed genera seem to have lower rates of
endemism than genera with seeds that have no special means of dispersal.

Good dispersal allows a species to expand its range, and the range size of a
species surely ought to affect its ability to elude extinction (Payne and Finnegan
2007, cf. Lester et al. 2007). What then are the correlates of geographic range size?
Lavergne et al. (2004) surveyed 20 pairs of endemic and widespread species from
the Mediterranean. Endemic and widespread species did not differ significantly in
leaf traits. Endemics did make significantly fewer seeds than widespread conge-
ners and had a number of characters associated with greater inbreeding (smaller
flowers, lower pollen:ovule ratios, less stigma-anther separation). Finally, endem-
ics tended to be in steeper, rockier, and less vegetated habitats than closely related
widespread species. I suppose that clades of plants that are good competitors with
habitual outcrossing and good dispersal ought to have long persistence times.

I cannot stop at going beyond floral characters to dispersal characters. Just as I
had to mention dispersal characters because I think they allow floral characters to
become diverse, I have to atleast touch on the rest of the plant’s lifecycle because it
is likely to be tied into increasing or decreasing the diversification rate of alineage.
The many ingredients that affect diversification have evolved up and down along
the various branches of the tree of life. It is the accumulated biology that deter-
mines the capacity of, for example, a genus to disperse and diversify (Fig 1.3).

For example, whether dispersal by animals increases the diversification rate or
decreases it apparently depends on whether the plant is woody or not. Woodiness
makes fleshiness increase diversification; herbaceousness does not (de Quieroz
2002). Tiffney and Mazer’s (1995) explanation for this pattern is that woodiness is
a character related to having an ecology in which plants are seriously limited by
competition. Fleshiness would then allow the plants to escape from competition.
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Fig 1.3 As one traces a path from the root to any tip, various characters affect the capacity
for diversification, positively or negatively. With a much more extensive phylogeny, such
as the phylogeny of flowering plants resolved to the genus level, one could do an analysis
in the spirit of multiple regression to see how several traits cumulatively affect the species
richnesses of the genera.

Herbaceous plants differ ecologically, being tolerant of overstory trees or occupy-
ing sites early in succession or living in ecosystems where water is only seasonally
available. Bolmgren and Eriksson (2005) add to the explanation by documenting
that fleshiness seems to evolve with shifts to closed-canopy ecosystems that have
spatially less predictable disturbances such as tree-fall gaps and trampling by
herds of mammals.

Not just woodiness versus herbaceousness, but more generally a lineage’s
schedule of life history events is going to frame the context for its macroevolution-
ary dynamics. Annuals evolve differently than perennials. Even within a group
of generally similar plants, subtle changes in life history are likely to imply differ-
ences in components of species success.

Consider evolutionary changes in life history in the genus Dudleya, a group of
succulents that has formed many neoendemic species in the coastal mountains of
California and Baja (Dorsey and Wilson 2011). Species vary in their life histories,
with some rushing to reproduce early and nearly ceasing growth, while other spe-
cies delay reproduction and become larger and tougher. Correlated with position
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along this life-history trade-off envelope is geographic range size. The species that
rush to reproduce have not expanded out of the tiny ranges where they originated,
whereas the species that delay reproduction have considerably broader geographic
ranges. The former are government-listed as threatened; the latter are not. Itis easy
to understand how other aspects of life history would similarly affect components
of clade success. Imagine evolution along the trade-off envelope defined by alloca-
tion to larger seed size versus greater seed number, or the investment in excessive
flowers versus fruits.

Ecological niches are another aspect of conservatism that colors macroevolution.
Related species tend to have similar requirements and tolerances for wetness of soil,
tend to grow at similar elevations, and so on (Prinzing et al. 2001). Furthermore,
these ecological traits are associated with such issues as the likelihood of speci-
ation. Kimball et al. (2004) compiled data on the ecological differences and geo-
graphic ranges of plants in a landscape on the eastern side of California’s Sierra
Nevada. The plants that grow in wet sites have broad geographic ranges, whereas
the endemic species are almost all plants of dry rocky sites. Stebbins (1952) argued
that groups of plants that live at intermediate levels of aridity are more prone to
diversification than groups that live in mesic or desert ecosystems. Living on eco-
tones spurs on diversity in combination with other aspects of the plant’s heritage.

The various factors I have mentioned as being the basis for clade selection and
transitional drive might be only the tip of the iceberg on features that affect macro-
evolution. It is possible that the body of the iceberg is hidden in the dark waters
of the operational systems inside the skin of the organism. To add just one other
suggestion, perhaps the rate at which chromosomes diverge in their ability to rec-
ognize homologues at meiosis would have an important effect on the tendency for
speciation in a group.
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Pollination crisis, plant sex systems, and
predicting evolutionary trends
in attractiveness

ToM J. DE JONG

2.1 Introduction

Since publication of The Forgotten Pollinators by Buchmann and Nabhan (1997),
the term pollination crisis has gained widespread currency. Catchy phrases like
“silent springs” and “fruitless falls” have been adopted in both the scientific litera-
ture and newspapers. Sub-optimal pollination of crops incurs an economic cost;
less pollination may also lead to profound changes in the species composition of
ecosystems all over the world. However, Aizen et al. (2008) have recently challenged
the related idea that colonies of honeybees are generally on the decline (Jacobsen
2008). Analyzing data obtained from the FAO, they noted a downward trend in
the number of bee colonies in Europe and North America, but an upward trend in
non-industrialized countries that more than compensated for the decline. While
this is good news, it is not the whole story. Aizen et al. (2008) also noted a trend in
the crops that are being grown. Traditionally, wind-pollinated grains (rice, maize,
wheat, rye) make up most of the world’s food supply. Now, insect-pollinated crops
are on the rise - crops like Brazil nut, cocoa bean and oil palm. This creates a need
for more honeybee colonies or other alternative pollinators, which is a challenge
for the future. In this context it is useful to reflect on the likely effects of reduced

Evolution of Plant-Pollinator Relationships, ed S. Patiny. Published by Cambridge University
Press. © The Systematics Association 2012.
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pollination levels on natural ecosystems. Here I shall focus on plant sex systems
and plant attractiveness in the context of reduced pollinator visitation, approach-
ing the problem in the context of what is known about the evolutionary ecology of
plants.

2.2 Expected effects of reduced pollination: dioecy
and gynodioecy

The great majority of angiosperm species have perfect flowers. These flowers have
both male parts that bear pollen, and female parts that receive pollen and later
produce fruits and seeds. Combining the two sexes into a single flower is economic,
sharing the costs of pollinator attraction and reward over the two sex functions. The
proximity of the male and female organs has dual consequences, however. In plants
that are self-compatible (SC), when pollinators are in short supply, selfing provides
reproductive assurance, and this can be positive. Proximity may also be negative,
though, when self-pollen on the stigma prevents outcrossing and reduces seed set,
eveninself-incompatible (SI) species (Webb and Lloyd 1986; Bertin 1993). These nega-
tive effects are known as pollen-stigma interference or pollen-pistil interference.

In dioecy, the sexes are completely separated over male and female individuals.
Which factors favor the evolution of this sex system? Darwin (1878) argued that
separation of the sexes effectively bars self-fertilization, and following Darwin’s
suggestion many models have been developed for the transition from hermaph-
roditism to dioecy (reviewed in Barrett 2010). If the driving force behind dioecy
is indeed to bar self-pollination, one would expect that dioecy could only evolve
from (i) an SC ancestor, (ii) with a high selfing rate, and that (iii) seeds resulting
from self-pollination should suffer from high levels of inbreeding depression. For
all these points there is now some support (reviewed in de Jong and Klinkhamer
2005). Charlesworth (1985) found that 22 dioecious species all had SC ancestors.
Detailed studies on Sagittaria latifolia by Delesalle and Muenchow (1992), Dorken
et al. (2002) and Barrett (2003) compared populations in which the species was
dioecious and populations in which it was monoecious. They showed that self-
pollination by pollen transfer to neighboring flowers (geitonogamy) occurs fre-
quently and that selfed seeds suffer from considerable inbreeding depression,
especially in the dioecious populations. The outcrossing hypothesis can further
be tested for more species and can, in principle, be rejected when this new species
does not meet the three criteria cited above. It seems that Darwin could be entirely
correct in his suggestion that avoidance of self-pollination is the main selective
force behind the evolution of dioecy.

Anotherrelated issue is the route from hermaphroditism to dioecy. Models devel-
oped in the last 40 years assume that a female is first to establish in the population.
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This sex system with males and hermaphrodites is called gynodioecy. Females are
100 % outcrossed, which gives them an outcrossing advantage (Lloyd 1975) over
partially selfing hermaphrodites. The great majority of gynodioecious species are
SC (de Jong and Klinkhamer 2005), which is consistent with this idea. The outcross-
ing advantage helps the spread of a male-sterility mutation, regardless of whether
this mutation resides in nuclear or in cytoplasmic DNA. These ideas are illustrated
in a recent study by Kobuta and Ohara (2009), who recorded the frequency of
female plants in SC and SI populations of Trillium camschatcense. The outcrossing
advantage of females only holds in the SC populations and indeed the frequency of
females was much higher (0-42 %) in SC than in SI populations (0-2 %).

Examples in the European flora of plant species that combine dioecy and
insect-pollination include most Salix species, Asparagus officinale, Bryonia dioica,
Valerianella dioica, Silene dioica and S. alba, and fruit crops like papaya and kiwi.
Typically in such species, fruit set or seed set declines the farther female plants are
removed from nearest males in the population (de Jong et al. 2005, Table 1). This
declining seed set could have two causes. First, females receive fewer visits when
farther from a male. Second, females receive visits of a lower quality when farther
away from a male. When pollinators move between a male and a female of species
A, they may visit flowers of species B on the way, all the more so as the distance
between A individual’s increases.

This can be illustrated by a few examples from our research on dioecious plants
in the Dutch coastal sand dunes of Meijendel (cf. de Jong et al. 2005). When Salix
repens flowers in April, it is the first major source of nectar and pollen for queen
bumblebees. Bees go almost exclusively for Salix and have close to 100 % Salix pol-
len on their bodies. Visits are all of high quality and in Salix the observed decline
in seed set with distance to the nearest male (Table 2.1) must therefore be due to
fewer visits to isolated females.

In 2006, we studied pollination of the dioecious Asparagus officinalis in the
coastal sand dunes. In that year, very few pollinators were observed. Fruits per
flower showed a clear decline with distance from the nearest male: when the
male was 12.9 m from the female, fruit set was only half the value of that when the
male was adjacent to the female plant (Fig 2.1a). Fruit set was consistently below
the maximum of six seeds per fruit in Asparagus, but showed a less steep decline
with distance (Fig 2.1b). The data suggest that visited flowers set fruit, while those
that are not visited do not. There are few indications of an additional role of pol-
lination quality. Pollinators were scarce in 2006, the year that this research was
carried out. The situation may well be different in other years when bees visit-
ing female Asparagus carry relatively fewer conspecific pollen grains (Table 2.2).
Although it does not seem to play a role in these two cases that we detailed, pol-
lination quality and how this depends on various ecological factors is an import-
ant topic for further study (Mitchell et al. 2009; Vaughton and Ramsey 2010).



POLLINATION, PLANT SEX SYSTEMS AND EVOLUTIONARY TRENDS

Table 2.1 Seed set declines with distance to the
nearest male in various dioecious plant species.

50 % seed set

Species* distance (m)*
Valeriana dioica 2.3

Salix repens 5.3

Bryonia dioica 19.6
Asparagus officinale 16.1

Various tropical trees 13.3-125

31

# For data and references see de Jong et al. (2005)

* Distance at which seed set is 50 % as compared to
when a male was directly adjacent to the female plant,
calculated using linear regression
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Fig 2.1 (a) Percentage fruit set of female Asparagus officinale plants declined with
distance to the nearest male: y=0.414-0.016x, Spearman t=-0.66, P < 0.001, n=30.

(b) Seeds per fruit showed a less steep decline: y=2.834-0.030x, Spearman t1=-0.617,
P <0.001.
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Table 2.2 Percentage conspecific pollen' on bumblebees captured on female flowers.

% Conspecific No. of bees
Plant species Year pollen (range) captured
Asparagus officinale 2001 35.1 (31-43) 5
Asparagus officinale 2002 29.7 (14-52) 12
Asparagus officinale 2006 82.0 (38-100) 9
Bryonia dioica 2001 31.2 (21-96) 5
Bryonia dioica 2005 7.9 (0.1-50.8) 33

1 Used as a proxy for “pollination quality”

Note that in Bryonia dioica visiting bees typically have few conspecific pollen
grains on their body (Table 2.2), so this species would be a good candidate for fur-
ther exploring the relation between pollination quality and seed set.

Because male and female individuals offer different pollinator rewards (nectar,
pollen or both), there is also scope for flower visitors to specialize on one of the sexes.
For instance, pollen-collecting beetles frequently visit male plants of Salix repens but
avoid female plants. When queen bumblebees visit S. repens early in spring they need
either nectar for energy or pollen for provisioning the first generation of larvae. The
larvae need the pollen as a source of protein. It is therefore no surprise to see queen
bumblebees in spring showing a clear preference for either male or female Salix
plants. For wild strawberries, Ashman (2000) documented different flower visitors on
male and female plants and suggested that this sets a limit on gender dimorphism. If
male and female plants were to become too divergent, then only a few flower visitors
would move between male and female plants, as required for pollination.

Females in dioecious and gynodioecious species thus appear to have an uneasy
relationship with animal pollinators. A pollen donor is required for seed set, but
when this donor is too distant, pollen becomes a limiting factor for seed produc-
tion. Reduced pollination by animals could favor wind pollination. Reduced pol-
lination could also favor hermaphroditism or monoecy, because these sex systems
allow some reproductive assurance through selfing.

2.3 Expected effects of reduced
pollination: monoecy

In monoecious species, separate male and female flowers are formed, which
achieves spatial separation between the sexes. In Darwin’s view, monoecy would
be an adaptation that reduces selfing and promotes outcrossing. If so, one would



POLLINATION, PLANT SEX SYSTEMS AND EVOLUTIONARY TRENDS

expect an association between monoecy and SC. One would expect SI species,
which have already “solved” their problem and are 100 % outcrossing, to be rarely
monoecious. Contrary to this thinking, monoecy is equally common between SC
and SI species (Bertin 1993). Bertin therefore suggested that monoecy reduces pol-
len-stigma interference. Even in an SI species self-pollen landing on the stigma
may obstruct outcross pollen. Self-pollen may also germinate, fertilize ovules and
produce embryos that are later aborted. This wastes ovules that are then no longer
available for pollen from other plants. Monoecy leads to separation of the male
and female function in space and reduces interference.

While many models have addressed the evolution of dioecy, hardly any work has
been done on the transition from hermaphroditism to monoecy (but see Spalik
1991; de Jong et al. 2008). This is rather surprising since monoecy is also a com-
plex change of the sex system in which genes are switched on or off, resulting in a
developmental cascade leading to female flowers or to a different cascade leading
to male flowers. Once the flower is functionally unisexual, subsequent mutations
can change the characters of the male and female flowers and can reduce redun-
dant or excessive structures. Darwin (1877) pointed out that in certain species,
flowers contain the rudiment of the other sex (type I flowers), whereas in certain
others such rudiments appear to be absent (type II flowers). This distinction does
not mean these changes occurred in a single evolutionary event. Mitchell and
Diggle (2005) showed that the loss of the opposite rudimentary sex organ evolved
on at least four independent occasions in the angiosperms.

Monoecy may be beneficial in reducing pollen-stigma interference and may
therefore increase seed production (Kawagoe and Suzuki 2005). There is also a
cost, however, because hermaphroditic flowers are economic, sharing the cost of
attraction over the male and female functions. Such a shared cost would be lowest
in species with small flowers, with small petals and low nectar production rates.
Indeed, monoecious species typically have much smaller flowers than hermaph-
rodites (on average six times smaller diameter; de Jong et al. 2008). De Jong et al.
(2008) modelled the transition from hermaphroditic flowers to separate male and
female flowers on the same individual. In that model, plants could optimize sex
allocation, i.e.,, how much energy and resources to allocate to the male versus
female function. In the simplest case (with linear fitness gain curves), outcross-
ing plants are selected to allocate as much to male as to female function (Fisher
1930). Monoecious plants can adjust sex allocation exactly to Fisher’s 50:50 (or any
other value) by adjusting the ratio of male to female flowers. When a female flower,
including seed and fruit production, is far more costly than a male flower, the
plant is selected to make many more male than female flowers. This phenomenon
is widely observed among monoecious plant species (Ganeshaiah and Shaanker
1991). For hermaphroditic plants the sex allocation problem is far more complex,
however. It is generally the case that, on a per-flower basis, female costs (seeds and
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fruit) far exceed male costs. There may be many reasons for this, but the simplest
reason may be that, apart from adjusting sex allocation, plants also need to make
units that “work.” A fruit must have a certain minimum size to be picked up by a
frugivore like a bird or mammal, while a seed must be of a certain size in order to
survive the difficult seedling stage. Furthermore, a flower that matches the size of
a bee will be the most efficient at exporting pollen. The result of meeting all these
demands may well be that at the flower level there exists a strong female bias in
sex allocation. When this bias becomes too strong, it becomes profitable for the
plant not to fill each flower with a fruit. Instead the plant can abort some fruits.
The “empty” flowers still contain pollen and count towards male reproductive suc-
cess. Producing a certain number of empty flowers balances sex allocation at the
individual plant level, although not to 50:50 (de Jong et al. 2008). Production of
empty flowers is an inefficient strategy because female parts are produced and
aborted seeds and fruits will incur some cost to the plant. When the abortion rate
is always high, the plant can economize by making male flowers in which female
parts never develop. Such a sex system with hermaphroditic and male flowers on
the same plant is called andromonoecy. When female flowers are better at pro-
ducing seeds than hermaphroditic flowers, andromonoecy could evolve to mon-
oecy (de Jong et al. 2008). The transition is facilitated when there is pollen-stigma
interference, when flowers are cheap to produce, and when fruits with seeds are
much more costly than anthers with pollen. One study that deserves mention in
this context is that of Miller and Diggle (2007). Following up on earlier studies on
Solanum they quantified the fraction of male flowers in relation to fruit size. Sex
allocation theory predicts that with a large costly fruit the plantis selected to prod-
uce many extra flowers. This is indeed the case (Fig 2.2); species with larger fruits
produce relatively more male flowers.

With the model of de Jong et al. (2008) in mind, we can also now pose for monoe-
cious plants the central question of this article, “What happens when pollination
levels decline?” It turns out that in the model, high pollination levels facilitate the
first step, the production of male flowers, and the second step, the forming of female
instead of hermaphroditic flowers. When all hermaphroditic flowers make costly
fruits and seeds, there is a strong female bias in allocation and an incentive for the
production of more male flowers. When pollination levels are low, many flowers
will be “empty,” i.e. with pollen but without seeds; sex allocation at the level of the
individual plant is not strongly biased and it may not pay to produce male flow-
ers. Note also that for the fitness of a hermaphroditic plant with large fruits that
optimizes sex allocation by, for instance, aborting 75 % of the developing embryos,
it makes no difference in terms of female function whether fertilization is 100 or
25 %. After all, the hermaphroditic plant is flexible and can develop seeds in any
flower that is fertilized. Only if less than 25 % of the ovules are fertilized does the
plant become limited in its options. A monoecious plantimmediately suffers from
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Fig 2.2 Solanum species with large fruits make more male flowers, thereby adjusting
sex allocation. Reproduced with permission from Miller and Diggle (2007). Open circles:
species from section Acanthophora; closed circles: section Lasiocarpa.

less than 100 % fertilization because it produces female flowers that are costly to
the plant when they remain unfertilized.

2.4 |s seed set pollen-limited?

Do fewer pollinators result in lower seed set? That’s the underlying assumption
of the prophets of the pollination crisis. However, Bateman’s principle states that
female reproductive success is limited by how many offspring they can produce,
while the number of matings limits male success. In such a situation, it does not
matter whether some males are removed from the population, as long as there
are others who can take over their role and mate with the females. Population
growth depends on the females and their capacity to nurture as many young as
they can, and is not limited by matings. Does Bateman'’s principle hold for plants?
In a seminal article, “The function of flowers,” Bell (1985) addressed this problem
with respect to plants with hermaphroditic flowers. There are two aspects to this
problem, which in the original article by Bell (1985) are intertwined but which for
the sake of clarity I shall keep separate.

2.4.1 Bateman’s principle

First, plants produce many more pollen grains than there are ovules, in the same
way that animals produce far more sperm than eggs. The problem, however, is
that plants are not mobile and very few pollen grains will ever reach a stigma of a
flower on a conspecific. It is therefore uncertain whether other pollen can take over
the role of fertilizing an ovule when pollinator density declines. If seed set were to
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decline with distance to the nearest neighbor, this would be a clear indication that
pollen is not super-abundant and isolated plants are pollen-limited in their seed
set; in other words, for these plants Bateman’s principle would not hold. The data in
Table 2.1 indicate that this is typically the case for the insect-pollinated dioecious
species listed, when male neighbors are more than a few meters away. It would be
interesting to extend these results to females in gynodioecious species and SI spe-
cies. Ifextra pollinator visits resultin increased seed set, this is, by definition, pollen
limitation and a deviation from Bateman’s principle. However, in a breakthrough
paper, Aizen and Harder (2007) emphasized that this logical experiment, allowing
extra pollinator visits, is not what people typically do. Experimentalists typically
test for pollen limitation by collecting an overdose of outcross pollen, in most cases
from a single plant or a few plants nearby, and adding it to the stigma of a flower,
preferably just after it has opened. This will result in fertilization of all ovules and
maximum seed set. However, when a flower receives visits of low quality these vis-
its do not only apply outcross pollen to the stigma but also self-pollen and pollen of
different species. These pollen grains may interfere with newly arriving legitimate
pollen on the stigma. They could also germinate and fertilize ovules and when the
developing embryos are subsequently aborted, the ovules are no longer available.
Aizen and Harder (2007) argued that, as a result of low-quality pollinator visits, the
number of available ovules decreases over time. When no available ovules remain,
attracting more pollinators or late experimental pollination with outcross pollen
will have zero effect on seed set. Pollen is not limiting seed set. However, in the
same situation the application of pure outcross pollen in a newly opened flower
may well result in more seeds per flower. Aizen and Harder (2007) illustrated their
idea with data on the hummingbird-pollinated mistletoe Tristerix corymbosus that
showed c. 60 % seed set per flower over a very wide range of pollination intensities.
This constant seed set suggests quality-limitation of seed set and shows that seed
set is not pollen-limited, as extra pollinator visits did not result in higher seed set.
Several authors have argued against uncritically accepting Bateman’s principle
for plants (Wilson et al. 1994; Burd 1994). Haig and Westoby (1988) reasoned that
if the seed production of a species is consistently provisioning-limited, individ-
uals that allocate less to attraction are favored. Similarly, if seed set is consistently
pollen-limited, natural selection favors individuals that allocate more resources
to pollinator attraction. In their original paper, Haig and Westoby (1988) recog-
nized that their idea does not work when competition to donate pollen sets pollen
supply at much higher levels than is required for seed set. In an influential review,
Burd (1994) reported that many species show increased seed set after pollen add-
ition in some years and no effect in other years. Such data seems to support the
Haig and Westoby (1988) view that many species are on the edge of where pollen
is or is not limiting seed set. However, the criticism of Aizen and Harder (2007)
applies to almost all data sets that Burd (1994) reviewed. With the correct experi-
ment, the species that are now not pollen-limited remain in that category, while
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other species may move from the pollen-limited to the non-pollen-limited cat-
egory. How often this will occur depends on pollination quality and how often it
occurs that the “wrong” pollen at the stigma interferes with the “right” outcross
pollen. Although there are exceptions, it is my opinion that in most cases pollen is
notlimiting seed set in SC plants and that, until the correct experiments prove me
wrong, we should retain Bateman’s principle.

2.4.2 Bell’s principle

A second claim that Bell (1985) made was that drawing more pollinators to a flower
benefits the male function of that flower more than the female function. For the
female function, a single visit suffices, whereas pollen is not fully removed until
after a flower has been visited many times (Fig 2.3). Note that this claim is similar
to but also different from Bateman’s principle. Whether seed set in the popula-
tion is pollen-limited will depend on distances between plants, pollinator behav-
ior and many other factors. It is likely to depend on the weather. Seed production
of the whole plant is less likely to be pollen-limited when pollen removal rates are
high and a single visit suffices for fertilization. However, this is not a one-to-one
relationship and it is therefore wise to distinguish this idea, Bell’s principle, from
Bateman’s principle because Bateman’s principle could be taken to mean that
seed set at the plantlevel is not limited by pollen availability. Bell’s (1985) principle
is not necessarily true. When a pollen-collecting bee visits a flower and strips it in
a single visit of over 90 % of its pollen, yet misses the stigma, then surely the female
function would benefit more from an extra visit than the male function.

At the extreme, Bell’s principle states that just a few visits suffice for fertiliza-
tion but many more visits are required for complete pollen removal from a flower.
With low costs of attractiveness, plants may be selected to increase attractiveness
to receive Vvisits per flower (Fig 2.3).

If we go from a situation with V visits per flower to fewer visits per flower, for
instance as a result of a “pollination crisis,” this would reduce male fitness but
would have hardly any effect on female fitness (seed production). Fewer polli-
nators need not lead to less seed production. At the time of writing this chapter,
Bell’s (1985) paper had nearly 400 citations, demonstrating that it is a classic in
this field. This is not the place to discuss in detail how many of the 400 papers that
cite Bell (1985) agree or disagree with his idea. However, many studies support it.
For instance, Stanton et al. (1986) showed that yellow-flowered plants of Raphanus
raphanistrum receive more visits than white-flowered plants. These extra visits
resulted in yellow plants being more often the father of seeds on their neighbors
but had no positive effect on seed set. Bell and Cresswell (1998) found for Brassica
napus that 13 hours after opening of the flowers, 50 % of the ovules were fertilized
whereas only 10 % of the pollen was removed. When B. napus flowers open, pollen
and stigma are simultaneously ripe, so that this result illustrates Bell’s principle.
On the other hand, De Jong and Klinkhamer (2005) found for Echium vulgare, little
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Fitness

0 1 2 3 4 5 6 7 8 9 10

Flower visits

Fig 2.3 Bell’s principle. More visits per flower have less effect on ovules fertilized than on
pollen removal. When plant attractiveness is such that each flower receives Vvisits, then
fewer visits will reduce male fitness (pollen removal, solid line) but not female fitness
(seed production, broken line). Visits per flower is the product of attractiveness, a, and
pollinators attracted per unit of attractiveness.

difference in how pollen removal and seed set depended on bumblebee visitation
(see also Ashman and Schoen (1994)).

A corollary of Bell’s principle is that plants should invest in attractiveness where
it is most effective, i.e. in the male function. Bell (1985) had already indicated for
16 dioecious species that male flowers are in all cases larger than female flowers,
with an average seven-fold difference in petal mass. Similarly, Bell reported that
in gynodioecious species, flowers on female individuals are typically smaller than
those on hermaphroditic individuals. For dichogamous flowers, Bell’s principle
means that flowers are open longer during the male phase and produce more nec-
tar per unit of time during that period. Many insect-pollinated plants have pro-
tandrous flowers, which combine high nectar production in the male phase and
a lower level of nectar production in the subsequent female phase (Cohen and
Shmida 1993; Carlson and Harms 2006; Carlson 2007).

Again, pollen-limitation of seed set should be critically tested in appropriate
fashion. If Bateman’s and Bell’s principles hold, which Iwould expect in the major-
ity of cases, a moderate reduction in pollination services will have little effect on
seed production of SC or SI plants.

2.5 Evolutionary effects of reduced pollination on
attractiveness

Under Bell’s principle there is an effect of reduced pollination levels on male fitness,
i.e. successful pollen export, but not so edgy an effect on seed set. Plant densities
might not be affected by reduced visitation. But what would be the evolutionary
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consequences of reduced pollination levels over many generations? Schoen and
Ashman (1995) investigated an Evolutionarily Stable Strategy (ESS) model in
which a plant could either allocate to increase longevity of the flower or make a
new flower. They considered maintenance of the flower as a costly process. With
frequent pollinator visits, pollen removal and fertilization were rapidly achieved,
and this selected for flowers with a short life. With fewer pollinator visits, it took
longer for pollen removal and fertilization to be completed and this caused selec-
tion for flowers with alonglife. With long-lived flowers, more flowers are open sim-
ultaneously, so this character also leads to a larger floral display. Importantly, the
Ashman and Schoen (1994) model predicted patterns in nature correctly: plant
species in which daily male and female fitness accrual rates were low were the
ones with the greatest flower longevity.

Several authors have developed models in which plants can allocate to male
function (anthers with pollen), to female function (ovules, seeds and fruits), or to
attractiveness (for a full explanation, see Chapter 14 of de Jong and Klinkhamer
2005). Charnov and Bull (1986) estimated the chance of removal of a pollen grain
as h=a", in which a is the fractional allocation to attractiveness. The value of y
is typically between 0 and 1. The model assumes that fertilization is assured, so
that visitation only affects male fitness. The elegant result is that the EES for allo-
cation to attraction is: a*=y/(a + B + y) or a*=1/(1+(a + B)/y), in which « and B
are the exponents of the male and female gain curve, respectively. (The full model
and ESS calculation are outlined on p. 241-244 of de Jong and Klinkhamer 2005.)
When pollen removal decelerates strongly with attraction (y low), a* is low. This
is a rather abstract result. The equation h=a" is an oversimplification: pollen
grains are removed by flower visitors like bees and the chain of events is attract-
iveness, pollinators, pollen removal. In the model, seed production is ensured and
attractiveness only affects pollen removal, as in Bell’s principle. Suppose that the
common phenotype in the population has attractiveness a, with a reflecting the
amount of nectar produced by a flower. Each common plant receives V visits per
flower. If bees distribute themselves according to an ideal free distribution, then a

. . . a . . .
mutant with attractiveness a,, should obtain —* V" visits. In this way a flower with

double nectar production receives twice as many visits and the reward for each
bee is the same in all flowers. Now, for the chance that a pollen grain is dispersed

m

we can take h= V" for the common phenotype and & = ( a 7

V4
) for the rare mutant.

Next suppose that, because of a pollination crisis, bee numbers are halved. This
means that V would become half its original value. We can use the Charnov and
Bull (1986) equation and substitute the new equation for # and then calculate the
ESS value a* in the original population with V visits and the new situation with
0.5V visits. In the fitness equation the visitation rate immediately cancels, so that
fewer pollinator visits will have no effect on optimal allocation. This is perhaps
a surprising result because several authors (e.g. Fishman and Willis 2008) have
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Visits per unit of attractiveness (k)

Fig 2.4 The ESS for allocation to attractiveness (a*) decreases when pollination levels
(per unit of attractiveness) increase; when pollinators become scarce one expects
selection for increased attractiveness. Calculation based on the Charnov and Bull (1986)
model with a mutant with attractiveness a,, in a population of a plants. The chance, k,
that a pollen grain is removed from the anther is 2=1 - p". Per visit a fraction 1 - p of

the pollen is removed from the anthers, with p pollen remaining in the anthers. Vis
pollinator visits per flower: V=ka. Parameter values: p=0.9, a=f=1, r=0.3. For further
explanation of the equations used see de Jong and Klinkhamer (2005), p. 239-244.

asserted that there is strong theoretical support for attractiveness to increase
when pollinator visits decline. Might the Charnov-Bull model be too simple to
capture the essentials of pollen removal? Schoen and Ashman (1995) noted that
when one pollinator visit removes a fraction k=1 - p pollen, leaving a fraction p
pollen behind for the next visitor, then after V flower visits =1 - p" pollen grains
have been exported. The assumption that each pollinator visit removes a fraction
of the pollen might be more realistic, and it is also correct that between 0 to 100 %
of the pollen in the anther can be exported. With this new formulation an analyt-
ical solution for a* is no longer feasible. Nevertheless it is easy to calculate the ESS
value of a* numerically, making certain assumptions regarding the other param-
eters. Figure 2.4 shows that attractiveness does increase when a pollination crisis
reduces V, the average visitation rate in the population. In other words, by adding
realism to the model, it is plausible that scarcity of pollinators selects for greater
allocation to attractiveness in plants.

Fishman and Willis (2008) grew plants of Mimulus guttatus under natural pollin-
ation conditions and in cages excluding all pollinators. Under pollinator exclusion,
plants could only set seed through selfing. The authors noted that under cage con-
ditions, without pollinators, certain floral phenotypes were selected, specifically
those with narrow corollas and low stigma-anther distances that facilitated self-
ing. There was no selection for increased attractiveness. This result is unsurprising,
since in this set-up there was no possibility for the attractive plants to receive more
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pollinator visits, which was pre-empted by the cage. An alternative experimental
set-up would allow bumblebees limited access to the cages, thus reducing V. Such
an experiment would be entirely feasible because bumblebees learn within a few
hours to discriminate between plants with different nectar production rate and
then remember locations (Klinkhamer et al. 2001). With extinction of the pollinator
population, selection for increased selfing and reproductive assurance is of course
an alternative route for the plant. In a commentary on the Fishman and Willis
(2008) article, Mitchell and Ashman (2008) suggested that, “...in a world of declin-
ing populations the flowers themselves may begin to evolve to be less attractive
and less reliant on pollinators, which might then reinforce pollinator declines.”
Contrast that to Buchmann and Nabhan’s (1997) statement, “The brilliance and the
showiness of the flower is but a visual reminder of the fact that pollinators are so
often in short supply,” which is a perfect summary of the model results sketched
above. Iwould like to take an optimistic view that reduced pollination levels are not
going to lead to a silent spring, that they do not necessarily reduce seed production
or crop yield and may even be selecting for large, nectar-rich and colorful flowers.
The study of these phenomena is important and future researchers should take pol-
lination quality and sex system into account. In contrast to SC species with herm-
aphrodite flowers, SI (Burd 1994), gynodioecious and dioecious species are more
likely to be pollen-limited in their seed set, especially at low densities, and there-
fore vulnerable to reduced visitation levels. These are likely to be the first species
affected in a pollination crisis and are in need of most attention for conservation.
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Evolution and ecological implications of
“specialized” pollinator rewards

W. SCOTT ARMBRUSTER

3.1 Introduction

The transfer of pollen between flowers by animals or abiotic agents is a critical
event in the reproduction of most flowering plant species, affecting both the num-
ber and quality of offspring (seeds) produced. Most plants attract animal pol-
linators to their flowers by offering nectar, pollen, or edible floral parts to these
mutualists. A small but significant number of angiosperm species offer other
kinds of rewards, which I'will call “specialized” rewards. Yet other species offer no
rewards at all, instead deceiving their pollinators, eliciting visitation without any
compensation whatsoever.

While the list of plants known to offer specialized pollinator rewards has been
growing, we still know relatively little about the evolution of these pollinator-
attraction systems or their effects on community ecology. In particular, the eco-
logical implications of such reward systems have not been factored into thinking
about pollination networks or the relationship between specialization and vul-
nerability to anthropogenic disturbance. This chapter reviews these issues using
published data and unpublished observations to assess the evolutionary dynam-
ics and ecological importance of pollination relationships based on specialized
rewards.

Evolution of Plant-Pollinator Relationships, ed S. Patiny. Published by Cambridge University
Press. © The Systematics Association 2012.
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3.2 How flowers attract pollinators

There are two basic systems for attracting pollinators to flowers. These are rewards
(or “primary attractants”) and advertisements (“secondary attractants”; Faegri
and van der Pijl 1971; Fenster et al. 2004). Pollinator rewards are distinguished
from advertisements in that the former constitute the primary or economic motiv-
ation for animals to visit flowers. In contrast, advertisements attract the attention
of pollinators and promote associative learning. Common (“usual”) floral rewards
include nectar, pollen, and food bodies. Advertisements include bright floral
colors, distinctive flower shapes, and strong, characteristic fragrances.

3.2.1 Nectar

Nectar, the most common reward attracting pollinators, is a nutritional liquid
comprising a dilute to fairly concentrated aqueous solution of sugar and often
amino acids. The main sugars produced are the hexoses, fructose and glucose,
and the disaccharide, sucrose (Baker and Baker 1982). Sucrose-dominated nec-
tars are typically associated with hummingbird, sphingid-moth, and large-bee
pollination. Hexose-dominated nectars are associated with bat and perching-bird
pollination and pollination by insects other than those listed above (Baker and
Baker 1982). Nectar attracts a wide variety of animal acting as pollinators. These
include bats, marsupials, rodents, birds, a few lizards, flies, bees, wasps, lepidop-
terans (butterflies and moths), and other insects.

3.2.2 Pollen

Pollen is the next most common reward attracting pollinators. Pollen is expensive
for plants to lose to pollinators, not so much because it is highly nutritious, contain-
ing amino acids, starch and/or oils, but because pollen grains contain the male gam-
etes. Thus pollen eaten or collected by pollinators represents gene copies not passed
into the next generation. Pollen attracts a variety of vertebrates and invertebrates,
although insects, particularly beetles, flies, and bees, are by far the most common.
Some pollen has been shown to be toxic or at least greatly retard the growth of
bee larvae (Praz et al. 2008). The pollens of many Ranunculaceae and Asteraceae,
for example, appear to be toxic and avoided by mostbees. Those bees that do collect
this pollen, such as bees that are oligolectic on Asteraceae (Miiller and Kuhlmann
2008), are thus highly specialized in their pollen foraging. If pollen is the only
reward, and oligolectic (pollen specialist) bees are good pollinators, then pollen
can be regarded as a specialized reward (see below). Possible examples of this
relationship have been reported in a couple Brazilian Leguminoseae (Cintra et al.
2003; de Carvalho and Message 2004), but these may be exceptions rather than the
rule. Most toxic pollen is probably produced by flowers with nectar as the main
reward (e.g. Asteraceae, Ranunculaceae). Thus, pollen toxicity is likely a defense
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mechanism in many, if not most, cases (see Hargreaves et al. 2009). More work is
needed on the distribution of toxic pollens. How often are toxic pollens found in
pollen-reward versus nectar-reward flowers? Only in the former can we begin to
suspect that selection for pollinator specialization has led to the evolution of toxic
pollen. Theoretical expectations are that toxic or repellent pollens should evolve
more often when primary pollinators do not consume pollen (Hargreaves et al.
2009). Indeed, inspection of the literature suggests that most toxic pollen is found
in nectar-reward or wind-pollinated flowers, and hence toxicity is probably more
commonly defensive. I will not therefore consider “specialized” pollen rewards
further, but more research is, however, needed into the evolutionary dynamics of
this relationship.

3.2.3 Food bodies

Specialized food bodies, ranging from bracts and perianth parts to edible trichomes,
arerichin starch and/or proteins and easily eaten or collected. This reward class has
beenreported across ascattering of plantfamilies, e.g. Nymphaceae, Calycanthaceae
(Faegriand van der Pijl 1971; Thien et al. 2009), Orchidaceae (Simpson and Neff 1981),
and Pandanaceae (Cox 1982). The main groups reported to be attracted to floral food
bodies are beetles, but pollinating bats and/or birds have also been reported to be
attracted by, and to feed on fleshy bracts in Freycinetia (Pandanaceae; Cox 1982)
and fleshy pedicel/peduncle tissues in male Hura (Euphorbiaceae) inflorescences
(Steiner 1982). Because these rewards are, as far as we know, broadly nutritious, I do
not treat them as specialized rewards in the next section.

3.3 Pollinator attraction by production of
specialized rewards

3.3.1 Specialization in flowers and pollinators

Before beginning a review of specialized rewards, it is necessary to discuss and
define specialization in the context of floral evolution and pollination. This has
been a somewhat controversial topic in recent decades (cf. Waser et al. 1996;
Ollerton 1996; Johnson and Steiner 2000), although recent reviews suggest the
common ground is actually quite substantial once semantic confusion is resolved
(Armbruster et al. 2000; Fenster et al. 2004).

Specialized pollination can be defined as an ecological phenomenon in which
a flower species is pollinated by one or a few species or functional groups of ani-
mals (“ecological specialization” of flower pollination). Ecological specialization
of the pollinator similarly refers to it visiting only one or a few flowers for food
or resources. A good example of this is oligolectic bees, which visit only one or a
few species of related plants for pollen. Floral specialization refers to flowers and
flower features that limit the diversity of animals that can visit and pollinate the
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flowers. The “specialized” rewards described below are good examples. Finally,
evolutionary specialization of plant-pollinator relationships refers to the evolu-
tionary processes that increase ecological specialization, generally (but not neces-
sarily) in response to specializing selection. This process presumably generated
nearly all extant specialized plant-pollinator relationships.

The first specialized reward system to be described was brood-sites (Riley 1872;
Darwin 1874; Kerner 1898), followed by resin-rewards (Miiller 1879; Cammerloher
1931; Skutch 1971), and much later, fragrance-reward (Vogel 1966), and floral-oil
mutualisms (Vogel 1969, 1974).

3.3.2 Brood site rewards

Brood-site rewards involve relationships wherein the pollinator lays eggs on the
flowers and larvae eat a portion of the developing seeds or sometimes other tis-
sues. These relationships are similar to those involving the consumption of food
bodies or other floral parts (above), but differ in a couple of important ways. First,
gametes are usually consumed, as in pollen rewards, and this creates evolution-
ary dynamics that are very different from food bodies, e.g. selective abortion to
punish excessively “greedy” mothers (Pellmyr and Huth 1994; Goto et al. 2010).
Second, brood-site reward relationships are usually highly specialized.

Plants involved in brood-site pollination relationships may experience either
passive or active (“intentional”) pollination. The latter involves pollen collection
and active placement on the stigmas. In either case, pollination by the female
insectresultsin production of seeds, often some portion of which are fed upon by its
offspring. In some brood-site mutualism, other nearby floral or vegetative tissues
are fed upon by the larvae (see review in Dufay and Anstett 2003). Classic brood-
site relationships include figs (Ficus, Moraceae) and fig wasps (Hymenoptera:
Agaonidae; Wiebes 1979; Rensted et al. 2005), yuccas (Yucca, Agavaceae/
Liliaceae) and yucca moths (Lepidoptera: Prodoxidae: Tegiticula; Pellmyr et al.
1996), which all involve active pollination; and Trollius (Ranunculaceae) and
Chiastochaeta flies (Diptera: Anthomyidae), which involves passive pollination
(Pellmyr 1989, 1992). More recently described relationships include Shorea trees
(Dipterocarpaceae) and thrips (Thysanoptera; Appanah 1990), Eupomatia laurina
trees (Eupomatiaceae) and Elleschodes weevils (Coleoptera: Curculionidae; Irvine
and Armstrong 1990), Siparuna trees (Siparunaceae) and Asynapta flies (Diptera:
Cecidomyiidae; Feil 1992), Silene herbs (Caryophyllaceae) and Hadena moths
(Lepidoptera: Noctuidae; Petersson 1991), Lithophragma herbs (Saxifragaceae)
and Greyia moths (Lepidoptera: Prodoxidae; Thompson and Pellmyr 1992);
senita cacti (Lophocereus schottii, Cactaceae) and Upiga moths (Lepidoptera:
Pyralidae; Holland and Fleming 1999); Phyllantheae trees and shrubs (Breynia,
Glochidion, Phyllanthus; Phyllanthaceae) and Epicephala moths (Lepidoptera:
Gracillariidae; Kato et al. 2003; Svensson et al. 2010; Kawakito 2010); Macaranga
trees (Euphorbiaceae) and Neoheegeria thrips (Thysanoptera: Phlaeothripidae;
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Moog et al. 2002) or anthocorid and mirid bugs (Heteroptera: Anthocoridae,
Miridae; Ishida et al. 2009); and Chamaerops palms (Arecaceae) and Derelomus
wevils (Coleoptera: Curculionidae; Dufay 2010).

In those plant species that experience active pollination (minimally figs,
yuccas, senita cacti) and those that lack copollinators (minimally figs, yuccas,
Chaemerops, Trollius) we see the most specialized plant-pollinator relationships
ever described (see review in Dufay and Anstett 2003). One or a few pollinator spe-
cies provide pollination services to a species of plant and each pollinating insect
species has only one or a few host-plant species. Unlike most plant-pollinator
relationships, specialized brood-site mutualisms commonly reflect a high degree
of symmetry, mutual dependence, non-nested structure of interaction webs, and
ecosystem sensitivity to species loss (see discussion below).

3.3.3 Oil

Flowers producing oil rewards for pollinators (“oil flowers”) were discovered
only relatively recently, with initial elucidation by Vogel (1974). Subsequent stud-
ies have documented 11 plant families (Buchmann 1987; Vogel 2009; Renner and
Schaefer 2010) and at least 28 evolutionary origins of this mode of attracting and
rewarding pollinators (Renner and Schaefer 2010). Plant families with large pro-
portions of species involved in this relationship include Malpighiaceae (primar-
ily the New World species; 36 genera), Krameriaceae (Krameria; Fig 3.1), and
Calceolariaceae (Calceolaria). Other families with numerous species involved are
the Scrophulariaceae (sensu lato), especially in the neotropics (four genera) and
southern Africa (five to sixgenera), Iridaceae (four genera, including South American
species of Sisyrinchium; see Cocucci and Vogel 2001), and Orchidaceae (ca. ten gen-
era). Floral oil secretions produced by these diverse plants are, surprisingly, all ener-
gy-rich, long-chain (14-18 carbons), free acyloxy-fatty acids (Vogel 2009).

Bees collect these oils for larval provisioning, and in some cases for lining the
nests, and the relationship appears to be highly specialized and obligatory rather
than facultative. Bees collecting floral oils are found in two families, Apidae (mod-
ern sense; Michener 2007) and Melittidae. Systematic relationships within the
huge and diverse family Apidae are complex, but there are clearly several dis-
tinct tribes involved in oil collection, representing three to four or more origins
of oil collection (Schaeffer and Renner 2008; Cardinal et al. 2010). These include
members of tribes Centridini (Centris, Epicharis), Tapinotaspidini (Monoeca,
Trigonopedia, Tapinotaspis, Tapinotaspoides, Paratetrapedia, and probably
Arhysoceble, Chalepogenus and Caenonomada), and Tetrapediini (Tetrapedia)
(Neff and Simpson 1981; Buchmann 1987; Michener 2007). Finally, Ctenoplectra
species (Apidae: Ctenoplectrini; Michener 2007) collect oils from some cucurbits
(Momordica, Thladiantha) in tropical Africa and Asia. The other important fam-
ily is Melittidae, with the southern African genus Rediviva being an especially
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important mutualist with several Scrophulariaceae (s.l.) and Orchidaceae genera
(Steiner and Whitehead 1990, 1991a; Pauw 2006). Macropis bees (also Melittidae)
collect oils from, and pollinate, Lysimachia (Myrsinaceae/Primulaceae) in Eurasia
and North America (Michez and Patiny 2005; Michez et al. 2008, 2009).

3.3.4 Fragrance

Perhaps the most extensively studied, but still incompletely understood, special-
ized-reward relationship is between male euglossine bees (Apidae: Euglossini)
and the flowers from which they collect terpenoid and aromatic fragrances. It is
clear that these bees collect fragrances from flowers (as well as non-floral sources,
such as fungi and vegetative parts of plants) and pollinate flowers in the process.
It is not as clear just how these fragrances are used by the bees. The fragrances
are apparently used to attract and/or impress females for mating. It is not known,
however, to what extent they are modified into pheromones, or, as now seems more
likely, simply expressed as admixtures of the original floral compounds (Eltz et al.
1999). The collection of a diversity of compounds is probably favored through sex-
ual selection: females probably choose males on the basis of the composition and
complexity of the fragrance bouquets they have assembled. If heritable, the bou-
quet would indicate the male’s genetic quality for traits influencing foraging abil-
ity, which is an important capability for both the sons and daughters of the female
choosing a mate. There is evidence that females mate only once (Zimmermann
etal. 2009a), so this choice is extremely important. Species recognition and repro-
ductive isolation are either by-products or possibly contributing selective drivers
of this system (Zimmermann et al. 2009b).

Flowers involved in mutualisms with fragrance-collecting male euglossine
bees include a numbers of orchid genera, notably nearly all species in Catesetinae
(e.g. Catesetum) and Stanhopinae (e.g. Stanhopea), plus another 50+ genera for
a total of more than 650 species (Dressler 1972). Other monocots whose flow-
ers are exploited by male euglossines for fragrances include Spathiphyllum and
Anthurium (Araceae), Xyphidium (Haemodoraceae; Dressler 1972), and pos-
sibly one or more palms, including Geonoma (Arecaceae; Listabarth 1993). Dicot
participants include Drymonia, Gloxinia (Gesneriaceae), Bignonia, Saritaea,
(Bignoniaceae), Cyphomandra (Solanaceae), Mandevilla (Apocynaceae), Tovomita
(Clusiaceae), and Dalechampia (Euphorbiaceae; Dressler 1972; Armbruster et al.
1992; Armbruster 1993; Nogueira et al. 1998; Ramirez et al. 2002). Male eugloss-
ines are also reported visiting for fragrance and probably pollinating flowers in the
Iridaceae, Liliaceae/Amaryllidaceae, and Theaceae (Ramirez et al. 2002). These
obviously represent many independent origins of the mutualism on the plant
side.

In contrast, it appears that the fragrance-collection behavior of euglossines orig-
inated only once and noreversals have occurred. Thisis based on two observations:



EVOLUTION OF SPECIALIZED POLLINATOR REWARDS

1) the tribe Euglossini (Hymenoptera: Apidae) is monophyletic (Ramirez et al.
2010); and 2) all members of the tribe collect fragrances from flowers and/or non-
floral sources (Ramirez et al. 2002). These include not only genera with “normal,”
independent life histories (Euglossa [ca. 100 spp.], Eufriesea [ca. 60 spp.], Eulaema
(15 spp.]) but also both genera with nest-parasitic life histories (Exaerete [5 spp.],
Aglae [1 sp.]). Males of all genera except Aglae have been observed visiting flowers
for fragrance and pollinating them, whereas males of the infrequently observed
Aglae have, to date, only been observed collecting fragrances at artificial baits
(Ramirez et al. 2002).

3.3.5 Resin

The use of resin in nest construction and defense by hymenopterans is widely
known (Schwarz 1948; Dodson 1966; Krombein 1967; Stephen et al. 1969;
Armbruster 1984). Resin sources include many groups of plants that produce
resin from wounds or broken stems, or as coatings of vegetative structures (e.g.
Burseraceae, Clusiaceae, Leguminoseae, Pinaceae, Zygophyllaceae; Langenheim,
2003). Construction use includes employment of resin as constituents of outer
walls, combs, and cells, binder of other materials, and sealant of gaps. Protective
use includes applying resin to enemies (e.g. on ants by stingless bees, Trigona;
Skutch 1971) and as defense against microbes attacking stored food and develop-
inglarvae (Messer 1985; Lokvam and Braddock 1999). What has been less appreci-
ated, however, is the use of flowers or inflorescences as a source of resin.

The earliest reports of resin being secreted by flowers and attracting bees were
made by Miiller (1879) and Cammerloher (1931) who reported stingless bees
(Apidae: Meliponini) collecting resin from Dalechampia (Euphorbiaceae) blos-
soms for nest construction in Brazil and Java, respectively. Neither report docu-
mented pollination, however. Indeed, stingless bees are often too small to effect
pollination in many flowers, acting instead as thieves. Skutch (1971) was appar-
ently the first to report pollination by stingless bees collecting resin from Clusia
flowers in Costa Rica (although he called it secretion gum, it is now known to be
a polyisoprenylated benzophenone resin; Porto et al. 2000). A later review of this
reward system clarified the role of resin in attracting pollinating insects that need
resin in nest construction (Armbruster 1984), although this does not exclude the
alternative hypothesis that resin sometimes glues pollen to pollinators for secure
transport (Bittrich and Amaral 1997; see discussion in Armbruster 1984).

To date only three families and five genera of flowering plants are known to prod-
uce terpenoid or isoprenylated floral resins for attracting pollinators: Dalechampia
(Euphorbiaceae; ca 100 species have resin rewards); Clusia, Tovomitopsis and
Clusiella (Clusiaceae; ca 200 species); and Maxillaria (Orchidaceae; a few species;
Armbruster 1984, 1993; Gustafsson and Bittrich 2002; Flach et al. 2004; Singer and
Koehler 2004; Whitten et al. 2007). While the three resin-reward Clusiaceae and
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orchids are restricted to the Neotropics, resin-reward Dalechampia occur in trop-
ical Asia, Africa and Madagascar, as well as the neotropics. Given the importance
of resin in the life history of many bees, other taxa with resin-reward flowers are
likely to be found.

Bees reported to collect resin from flowers occur in two families: Apidae and
Megachilidae. Inthe Apidae, the most frequently observed pollinators of resin flow-
ers are the non-parasitic female euglossine bees, Euglossa, Eulaema, and Eufriesea
(Euglossini; Armbruster 1984, 1993). These are almost exclusively neotropical in
distribution (marginally into the New World subtropics). Stingless bees (Apidae:
Meliponini)arealsocommonresin-collectingfloralvisitorsand sometimespollina-
tors, especially Trigona (sensu lato) (Dalechampia, Clusia) and less often Melipona
(Clusia; Armbruster unpublished data). Honeybees (Apidae: Apis mellifera) have
also been reported collecting floral resin (Clusia flowers) in Hawaii, where both
have been introduced (H. G. Baker, personal communication, 1992). Among the
megachilids, Hypanthidium (Megachilidae: Anthidiini) is the most common pol-
linator of small-blossomed Dalechampia in the Neotropics (Armbruster 1993). The
primary pollinators of Dalechampia in Africa are Pachyanthidium (Megachilidae:
Anthidiini) and Heriades (Megachildae: Megachilini; Armbruster and Mziray 1987;
Steiner and Whitehead 1991b, Armbruster and Steiner 1992), and at least the latter
is likely to be important in tropical Asia as well. Fieldwork in southwest China has
shown recently that Megachile (Callomegachile) (=Chalicodomay) spp. also collect
floral resins and pollinate Dalechampia (Armbruster et al. 2011).

There is good evidence that female euglossines, which are medium-sized to
large bees, visit flowers offering large amounts of resin (i.e. Dalechampia and
Clusia with large resin glands; Armbruster 1984). In contrast, most of the meg-
achilids and Trigona are smaller bees and visit Dalechampia with smaller glands
(as well as species with larger glands, although here larger gland-stigma distances
may preclude regular pollination; Armbruster 1988). Beyond the size relationship,
however, it is unclear if the association between certain resin-collecting bees and
certain flower species is a biological signal or the result of limited field observa-
tion (i.e. inadequate sampling). For example, to date, no megachilids have been
observed visiting Clusia flowers for resin, and Melipona has not been observed
visiting Dalechampia (W. S. Armbruster, unpublished data).

Some degree of specificity would not be surprising because not only do floral
resins from different plants differ chemically, but different bees use floral resins in
different ways. For example, the megachilid bees, so far as we know, use resin pri-
marily to cement pebbles together to make the nest walls and otherwise seal the
nest. Eufriesea use resin to cement together strips of bark to build the nest walls
and also resin in construction of the cells. Eulaema uses resin in cell construc-
tion and in sealing the nest, isolating it from the surrounding matrix. Euglossa that
nest in cavities use resin much as do Eulaema, but Euglossa that build nests in the
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open use resin for the outer wall, the cells, and also for nocturnal closure of the
entrance (Fig 3.2; W. S. Armbruster, unpublished data). Meliponines mix resins
with secreted wax and use it to reinforce comb structures and seal the hive. Apis
use resin or a mixture of resin and secreted wax to seal the hive. Several meg-
achilid and apid bees collect resin and deploy it in the nest apparently to inhibit
the growth of bacteria and fungi on food stores and growing larvae (Messer 1985).
This last use is difficult to assess and may be much more common than we realize.
Trigona (sensu lato) are reported to repel attacking ants by gluing balls of sticky
resin onto them (Skutch 1971; Lehmberg et al. 2008).

We can thus infer patterns of resin use that range from potentially generalized
to highly specialized. Resin collected by bees for sealing alone may be very dif-
ferent from resin used by other species in different ways. Similarly, different resin
sources may be used by a single bee to fulfil different applications. For example,
resin thatis used by megachilids to cement pebbles together solidifies and hardens
quickly. The same is probably true of resin used to seal nests and to form outside
walls. In contrast, resin used for cells must remain reasonably soft and workable
for an extended period, so that the new adult can emerge and that materials can be
recycled in some cases. The same is true for the front “door” of a Euglossa nest (Fig
3.2). Resins used for protection against bacteria and fungi must obviously have
antibiotic properties, probably through emission of volatile components. Thus bee

Fig 3.2 Euglossa nest constructed entirely of plant resins, with “front door” open,
hanging from branch of cf. Lycopodium, Parque Nacional Soberania, Panama. The resin
used in the hard outer wall is most likely to be a different chemical composition to that
of the internal resins and the “door” resin, which need to stay liquid and malleable. Note
female Euglossa sp. in the entrance. This opening is closed with a resin “door” by night.
See plate section for color version.
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species may vary dramatically in the sources of resins used, and many bees collect
several types of resin from multiple sources.

Another “service” provided to plants by resin-collecting bees is dispersal of
seeds. Several cases have been reported where bees that use resin in nest con-
struction visit resiniferous fruits for resin and disperse seeds in the process of
transporting the resin back to the nest (e.g. Corymbia/Eucalyptus [Myrtaceae];
Wallace and Trueman 1995; Wallace et al. 2008; Wallace and Lee 2010; Vismia
[Clusiaceae], Roubik 1989). Whether this reflects plant adaptation (or exaptation/
preadaptation) for seed dispersal is unclear, though there is some evidence from
Corymbia that suggests this possibility. It seems more likely for Vismia, if not both
genera, that this is largely an incidental by-product of bees foraging for resins that
protect seeds, rather than a dispersal adaptation.

3.3.6 Waxes

There have been a few reports of the production of waxy materials by the label-
lum of flowers of the Ornithidium orchids (Porsch 1905) and Maxillaria orchids
(Singer and Koehler 2004; Whitten et al. 2007). These waxes are presumably col-
lected by pollinating bees, although detailed observations are largely lacking or
unpublished. Meliponines are known to be wax collectors and these are likely to
be the pollinators.

Insightinto this system is yielded by consideration of wax-collecting meliponine
bees visiting Coussapoa (Cecropiacae) fruits in Brazil. In a system apparently par-
allel to the resin-fruits described above, bees disperse seeds incidentally in asso-
ciation with collecting wax and transporting it to their nests (Garcia et al. 1992;
Nunez et al. 2008). This supports the supposition that there is a potential pollin-
ation niche, in which wax-collecting stingless bees provide pollination services.

3.4 Evolutionary patterns

3.4.1 Evolutionary lability and homoplasy

Perusal of published macroevolutionary studies of pollination reveals a general
pattern in the evolution of specialized rewards. There is a large amount of evo-
lutionary lability (frequent transitions) and abundant homoplasy (parallelisms
and reversals) in the evolution of specialized rewards. This includes evolutionary
transitions from “normal” rewards (pollen or nectar) to specialized rewards, evo-
lutionary shifts between different specialized rewards, and reversals from spe-
cialized rewards back to “normal” rewards.

In the evolution of yucca moths and their hosts, for example, there is good
phylogenetic evidence that brood-site mutualisms originated multiple times on
both sides of the partnership. That is, multiple lineages of the moth independently
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evolved active pollination and oviposition relationships with particular plants
groups (Pellmyr 2003), and multiple lineages of agavaceous plants entered into
brood-site pollination mutualisms independently (Bogler et al 1995; Smith et al.
2008). This is at first surprising given the tight relationship and mutual depend-
ence. However, the likelihood of parallelism was probably increased by preapta-
tions being in place long before the mutualism evolved (Pellmyr et al 1996; Pellmyr
1997). Additional homoplasy is exhibited by the repeated loss of mutualistic behav-
iors by the moths (i.e. reversals; Pellmyr et al. 1996, Pellmyr 2003).

Similarly high levels of homoplasy are seen in the evolution of oil rewards.
A recent macroevolutionary survey by Renner and Schaefer (2010) indicated that,
across all angiosperms, oil-reward systems show a striking level of homoplasy,
with atleast 28 parallel origins and 36-40 losses (generally reversals back to pollen
or nectar). These authors date the origin of the oil-flower and oil-bee relationship
back to at least 56 millions of years before present.

Oil foraging in bees also exhibited rampant parallelism, with at least six origins
(Renner and Schaefer 2010). There is strong evidence of homoplasy in the origins
of oil collection within the Apidae; there were at least four origins of oil collection
(Schaeffer and Renner 2008; Cardinal et al. 2010). In the case of the Melittidae, it
has been hypothesized that these relationships with oil flowers evolved twice inde-
pendently (Michez et al. 2009; but see Steiner and Cruz 2006). There is clear evidence
of direct or diffuse coevolution between oil flowers and oil bees. Nearly all oil bees
have specialized setae (e.g. Melittidae: Rediviva, Macropis) or scrapers (e.g. Apidae:
Centris, Epicharis) on fore and mid-legs, often corresponding to the number and
position of specialized oil glands in their host flowers (e.g. fore-leg and mid-leg scap-
ers in Centris and four sepalar oil glands in Malpighiaceae, fore-leg setae in Rediviva
and oil-glands in a paired spurs in Diascia). In turn, there is very strong evidence that
Rediviva and Diascia have undergone coevolution at both the within- and among-
species levels, such that leg-length in the female bees corresponds closely with the
spur length in the host flowers. Curiously, an apparent genetic correlation between
leg lengths in male and female bees means that male bee legs also covary with spur
length, although the legs are not as long as in females and the male bees have no
interactions with the flowers (Steiner and Whitehead 1990, 1991a).

Fragrance-reward systems also show multiple origins (parallelism) in the
Orchidaceae (e.g. Chase and Hills 1992) and Euphorbiaceae (Armbruster 1993),
and probably in other plant families. Even within one genus, Dalechampia, with
fewer than a dozen fragrance-reward species (out of ca. 130 spp. total), there is
good evidence of three to four independent origins of fragrance rewards and male-
euglossine pollination (Fig 3.3). In two to three cases this involves fragrance secre-
tion by the stigmatic surface of the pistils, and in one case it involves a modified
“resin gland” secreting monoterpene fragrances instead (Armbruster et al. 1992;
Armbruster 1993).
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Fig 3.3 Bayesian estimate of Dalechampia (Euphorbiaceae) phylogeny, showing
evolution of pollinator rewards. The branch lengths are proportional to divergence in
the ITS sequence. See Armbruster et al. (2009) for estimation details. Pollinator rewards
are mapped onto the tree using parsimony, trace-across-all-trees, and MPRs modes
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Resin-reward mutualisms show four or more origins in three families: one ori-
gin and at least four losses in Dalechampia (Fig 3.3; Armbruster 1993), two to four
origins and at least three losses in Clusiaceae (Gustafsson and Bittrich 2002), and
one to several origins in Maxillaria and close relatives (Orchidaceae; Whitten et al.
2007). This is a surprising amount of homoplasy, especially in the Clusiaceae. As
mentioned previously, the high frequency of parallelism may reflect preaptations
being in place, a topic I address next.

3.4.2 Exaptation

Another recurrent pattern evident from the phylogenetic analysis of pollinator
interactions with plants offering specialized rewards is the importance of exapta-
tion (= preadaptation; see Gould and Vrba 1982). In the evolution of the brood-site
mutualism with yuccas, the moth partners actually evolved most of the neces-
sary traits (e.g. local host specificity, laying eggs in flowers, and limited destruc-
tion of seeds by larvae) before the mutualistic relationship was established. Hence
preaptations being in place made the final transition to a full-fledged brood-site
mutualism only a small step - the evolution of active pollination (Pellmyr et al.
1996; Pellmyr 1997).

The evolution of fragrance rewards attracting male euglossines also probably
reflects exaptation in most cases. Most flowers produce fragrances as advertise-
ments and some of these may attract euglossines incidentally. Once visiting, these
bees may sometimes exert strong enough selective pressure to shift system to fra-
grance reward (with loss of the original reward). Euglossines hence started out as
fragrance thieves and possibly incidental pollinators, becoming copollinators, and
eventually exclusive pollinators. This process almost certainly explains the three to
four shifts to male-euglossine pollination in Dalechampia (Fig 3.3). We know that
stigmas secrete advertisement fragrances in most species, including sisters to the
two of the male-euglossine clades. Similarly, there is a biochemical link between
monoterpene fragrance synthesis and triterpene resin synthesis, in that both are
derived from isoprenoid precursors. Thus, resin synthesis may be a preaptation for
monoterpene fragrance synthesis (Armbruster 1993) and vice versa in other cases.

The origin of resin rewards in both Clusiaceae and Euphorbiaceae was probably
also by exaptation. Resin in most plants plays a defensive role and probably was
the original function of resins and/or latex produced by flowers in both groups
of plants (Armbruster 1984; Armbruster et al. 2009). Interesting, the same com-
pounds that have antibacterial activity in floral resins of Clusia are found also in
the stem and leaf latex (Lokvam and Braddock 1999; Porto et al. 2000).

Fig 3.3 (cont.)

in Mesquite (Maddison and Maddison, 2009). The width of each color on each branch
indicates the proportion reconstructions with that character state, across 35 trees
sampled from the posterior distribution of 5 x 10° retained trees. The proportion of trees
lacking that branch and node is indicated in red. See plate section for color version.
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3.4.3 Specialized rewards and species diversity

There has been a general expectation since Darwin that floral specialization pro-
motes diversification and hence clade species richness. Some evidence supports
this, e.g. the observation that lineages of plants with long nectar spurs have more
specialized pollination and are more diverse than sister lineages without (Hodges
and Arnold 1995). Similarly, bilaterally symmetrical flowers (more specialized) are
more species-rich than corresponding sister lineages with radially symmetrical
flowers (less specialized; Sargent 2004; Kay and Sargent 2009; Vamosi and Vamosi
2010). We might similarly expect specialized rewards to promote diversification,
and indeed this argument has been made, although apparently never tested, for
euglossine-pollinated orchids. This hypothesis has been tested explicitly in yuc-
cas (brood-place reward). A very thorough study by Smith et al. (2008) indicates
that the specialized brood-site pollination system involving yucca moths has not
increased diversification rates over those of sister lineages in the Agavaceae. A
similar pattern seems to hold in Euphorbiaceae, wherein probable sister genera
Tragia (generalist pollen reward) and Dalechampia (specialized resin reward)
comprise similar numbers of species.

3.5 Network characteristics: structure, redundancy,
and resilience

Specialized pollinator rewards have important effects on the structure of inter-
action webs. As alluded to above, brood-site mutualisms that lack copollinators
create tight, even one-to-one, relationships between plant and pollinator. This gen-
erates clear mutual dependencies and sensitivity to local extinction of one partner,
e.g. secondary extinction. Other specialized rewards and even other brood-site
rewards do not necessarily create such strong specialization and mutual depend-
ency. Instead these relationships may resemble, at least superficially, more gener-
alized pollination systems that abound in both temperate (Waser et al. 1996) and
many tropical regions (cf. Johnson and Steiner 2000; Armbruster 2006).

As an example, I will consider in detail euglossine bees as a focal interactor.
These bees are among the most important, long-distance pollinators of trees,
orchids, and other plants in neotropical forests (Dressler 1972; Roubik 1989). A
single species will visit several to many species of flowers for nectar (males and
females), some additional species for pollen (females only), other species for fra-
grances (and/or non-flower sources; males only), and yet other flowers for resin
(and/or non-flower sources; females only). This leads to a network structure that
looks highly connected and generalized (Fig 3.4).

However, the various network connections are not equivalent. Circles connected
to the same box (Fig 3.4) may be redundant as is normally expected with multiple
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Euglossine
bee
species

Nectar Pollen Fragrance Resin
Plants Plants Plants Plants

Fig 3.4 Simplified network diagram showing links between euglossine bees and the four
major floral resource groups they must access.

connectors. Circle connections to different boxes are not redundant or parallel, but
instead can be viewed as a set of serial connectors. The bee species must connect to
each of the four boxes at least once. Conceivably, one plant species could be in more
than one box although, except for nectar and pollen sources, this is probably very
rare (but see Cappellari et al. 2009). This is because all bees must supply their energy
needs with nectar, all males must collect floral (and other) fragrances in order to
engage females for mating, all females must collect resin in order to build nests, and
all females must provide pollen for their larvae. In reality, the boxes may need to be
further subdivided (dotted lines, Fig 3.4); females may need to collect several types
of resin; male euglossines need to collect a variety of compounds, not all of which
come from a single source. Thus, there may be many more obligatory links in this
web, the absence of which would cause extinction (or at least evolution) of the bee.

More generally, animal reliance on specialized rewards reduces the apparent
redundancy of plant-pollinator links, relative to the impression we would get from
a simple network analysis. This pattern extends beyond euglossines. Megachilid
bees that use resin depend on nectar, pollen, and resin sources for survival and
reproduction. Similar multiple dependencies and specialization can be seen in
oil-collecting apid bees: they need to visit nectar plants for their own food (females
and males), pollen plants for larval food provisions (females), and oil plants also
for larval food provisions (females).

The dependency of animals on one or several special floral rewards is further
accentuated by the fact that special rewards also increase “within-box” special-
ization. That is, for a given pollinator, there are usually many potential nectar and
pollen hosts (except for oligolectic bees; see Michener 2007), but usually only one
or a few species of plants provide special rewards locally. For oil bees, there are
commonly only a few oil flowers in the local habitat (but see Bezerra et al. 2009). For
fragrance-collecting bees, there may be few or many fragrance sources, depending
on the specific fragrance needed, which varies with species and with individual
history. Resin-collecting bees often have only one or two floral resin sources in the
local habitat, although non-floral sources are important for some bees.
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This increase in specialization and dependence on additional types of resources
is expected to increase the sensitivity of the system to disturbance, such as loss of
certain members of the network (Memmott et al. 2004; Pemberton 2010). Indeed,
a recent review indicated that specialists are generally more at risk of extinction
than generalists, atleast as based on ecological and paleoecological studies (Colles
etal. 2009). Regarding pollinators, Biesmijer et al. (2006) found that more special-
ized bees in the UK and Netherlands were suffering greater declines in abundance
than were more generalized bees. Curiously, however, one study of an oil-flower/
oil-bee subweb suggested the opposite; oil bees and flowers were actually more
resilient than the average full pollination web (Bezerra et al. 2009). These conflict-
ingresults onresilience underscore the critical need for additional research on the
effect of specialization on sensitivity to disturbance.

The cryptic specialization associated with special rewards and the insects
dependent on them means that apparently redundant links in interaction webs
are requisite, not redundant, as noted above. This observation underscores the
importance of estimating interaction webs in ways that capture qualitative struc-
ture as well as quantitative linkages. Earlier breakthroughs in estimating inter-
action and food webs incorporated calculation and depiction of abundance of
participating species and the numerical strengths of those interactions (Memmott
et al. 1994; Memmott and Waser 2002; Memmott et al. 2004; Bascompte and
Jordano 2007). However, often missing from these analyses are the natural his-
tory details of each link. We see from an examination of specialized rewards in
pollination that these details can sometimes be very important, making substan-
tial differences in our interpretation of specialization, redundancy, and ecosys-
tem resilience.
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4.1 Introduction

At least three classic systems of nursery pollination mutualism are known: the
fig (Ficus, Moraceae) - agaonid (Hymenoptera, Chalcidoidea) association (Cook
and Rasplus 2003), the yucca (Yucca, Hesperoyucca; Agavaceae) - yucca moths
(Tegeticula, Parategeticula; Lepidoptera, Prodoxidae) association (Pellmyr
2003) and the Glodichion (Phyllanthaceae) - Epicephala moths (Lepidoptera,
Gracillariidae) association (Kato et al. 2003). All these mutualisms are obligate,
which means that each partner depends on the other for its own reproductive suc-
cess. The insect pollinates the flowers and oviposits in the plant ovaries where the
insect larvae subsequently feed on a subset of the developing seeds. A shift from
mutualism to parasitism by the pollinating insect would lead to reproduction fail-
ure of the plant and, without host shift, to the extinction of both lineages. Therefore,
the speciation of mutualistic pollinators is generally believed to be driven by the
speciation of their host-plants. In this hypothesis, when an ancestral plant species
splits into two daughter species, its mutualistic pollinator also splits. This scenario

Evolution of Plant-Pollinator Relationships, ed S. Patiny. Published by Cambridge University
Press. © The Systematics Association 2012.
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should resultin perfect congruence of hosts and pollinator phylogenies (Farenholz’s
rule) (Farenholz 1913). However, this seems increasingly unlikely. Indeed, more
and more studies on different coevolved associations show that a strict Farenholz’s
rule is not respected, even when a high level of host specificity exists (e.g. Paterson
and Banks 2001; Desdevises et al. 2002; Charleston and Perkins 2006).

Topological incongruence between host and associate phylogenetic trees can
result from processes like host switching, sorting events (extinction and lineage
sorting), duplication events (speciation of the parasite independent of the host),
and failure of the associate to diverge when the host diverges (“missing the boat”)
(Page 1991; Page 1994; Page and Charleston 1998; Legendre et al. 2002; Charleston
and Perkins 2006).

To be validated, a strict cospeciation hypothesis requires that (i) the tree topolo-
gies are congruent, and (ii) the timing of speciation in both lineages, inferred from
these trees, is synchronous (a correlation may only imply phylogenetic tracking)
(Lopez-Vaamonde et al. 2001; Percy et al. 2004; Light and Hafner 2008; Jousselin
et al. 2009). Consequently, rigorous cophylogenetic analyses require: (i) exhaust-
ive sampling of hosts and associates (extant and when possible extinct), (ii) reli-
able and fully resolved phylogenetic hypotheses, and iii) accurate cospeciation
and dating analyses. Assessing cospeciation between lineages is consequently a
difficult task and results must always be taken with caution.

In the case of nursery pollination mutualisms, few studies have investigated the
level of cocladogenesis between coarse phylogenies of the mutualistic partners.
While no cocladogenesis study has been published on the Yucca mutualism (Smith
et al. 2008), the only study so far of the Glodichion and Epicephala (Kawakita et al.
2004) suggest that both cospeciation and host shift have played an important role.

4.2 Study system: the figs and the fig wasps

Agaonid fig wasps (Hymenoptera, Chalcidoidea) are associated strictly with Ficus
(Moraceae) (see Weiblen 2002 and Cook and Rasplus 2003 for a review on the biol-
ogy of the mutualism and Table 4.1 for details concerning Ficus classification
and worldwide distribution). With the exception of two known cases of “cuckoo”
agaonid wasps (Compton et al. 1991; Peng et al. 2008), all species are effective pol-
linators of figs. Most agaonid fig wasps are only associated with one fig species
(the “one-to-one rule”) and there are only a few exceptions (Rasplus 1996; Cook
and Segar 2010). When the same agaonid species pollinates more than one fig
species, these Ficus are closely related and belong to the same Ficus section. In
contrast, Ficus species are pollinated by one to four wasp species (Michaloud et al.
1985; Kerdelhué et al. 1997; Lopez-Vaamonde et al. 2002; Molbo et al. 2003; Haine
et al. 2006; Su et al. 2008). The number of cases where one fig species has multiple
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Agaonidae pollinators is increasing with study effort (Cook and Segar 2010). To
our knowledge at least 50 species of fig are pollinated by more than one pollinator
and ca. 340 species of fig are known to be pollinated by one exclusive pollinator
(Cruaud and Rasplus unpublished data).

This long-lived, one-to-one rule (where most sections are pollinated by different
pollinator genera that are attracted by specific volatile compounds and manage to
enter the figs thanks to numerous specific morphological adaptations (Hossaert-
McKey et al. 1994; Borges et al. 2008), and the observation that closely related sec-
tions were supposed to be pollinated by closely related agaonids (Ramirez 1974;
Wiebes 1982; Ramirez 1991) has led to a paradigm of strict cospeciation between
Ficus and their pollinators at a coarse systematic scale (sections of figs and genera
of wasps). However, cophylogenetic studies between figs and their pollinators are
still scant and conclusions have varied depending on the taxonomic level ana-
lyzed (Cook and Segar 2010).

At a coarse taxonomic scale, recent fig phylogenies based on molecular data (fig
4.1 and Table 4.2) are roughly paralleled by most fig wasp phylogenies (fig 4.2 and
Table 4.3), therefore, strict cospeciation between both partners during the last 60
million years (Ronsted et al., 2005) is generally accepted by researchers. However,
at a coarse taxonomic scale, the cocladogenesis hypothesis has been formally
tested only once on a limited dataset (12 species of figs and their agaonid polli-
nators) using tree reconciliation analyses with subsequent randomization tests
(Jackson 2004). The results support roughly the current consensus that pollina-
tors show significant cospeciation with their hosts, but switches and losses are still
required to reconcile fig and pollinator phylogenetic trees. Moreover, dating ana-
lyses are lacking and cospeciation cannot be demonstrated.

At a fine taxonomic scale, more studies have explored coevolution/cospeciation
between figs and their pollinating wasps (Weiblen and Bush 2002; Silvieus et al.
2007; Jackson et al. 2008; Jousselin et al. 2008). There is evidence of cospeciation
between Ceratosolen and Papuan figs of the subgenus Sycomorus (Weiblen and
Bush 2002; Silvieus et al. 2007). However, Afrotropical fig wasps (several genera
of wasps, Jousselin et al. 2008) and Pegoscapus (Machado et al. 2005; Marussich
and Machado 2007; Jackson et al. 2008) often do not cospeciate with their mon-
oecious figs (section Galoglychia and Americana, respectively). Indeed, Jousselin
et al. (2008), using tree-reconciliation methods, show that host switching and
duplication followed by asymmetrical lineage extinction may have occurred dur-
ing Afrotropical pollinator diversification. Therefore, fine-scale studies from figs
and wasps in different parts of the world cast considerable doubt on the generality
of strict cospeciation and strongly suggest significant roles for other evolutionary
processes (Cook and Segar 2010).

Finally, a clear weakness of all these cospeciation analyses is that they used
a relatively low number of species that represent lineages of figs or fig wasps
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separated by several million years of independent evolution. Furthermore, fig and
fig wasp phylogenies are mostly based on one or two genes and a low number of
individuals per species and/or lineages (rarely more than one) so that analyses
are biased towards overestimating cospeciation. It therefore appears that a strict
cospeciation hypothesis between Ficus and their pollinators has yet to be tested
statistically.

4.3 How to test for cospeciation

Host and associate phylogenies can be assessed for similarity using event-based
and global-fit methods. Event-based methods attempt to use five coevolutionary
scenarios: codivergence/cospeciation, duplication, host-shifts, lineage sorting,
and “failure to diverge” (Page and Charleston 1998; Charleston and Perkins 2006)
to map the associate phylogeny to the host one. Any resulting incongruence in
the mappingis reconciled by attribution to coevolutionary events previously men-
tioned. Global-fit methods use statistical methods to assess the level of congru-
ence between host and associate phylogenies and to identify specific associations
that contribute to cophylogeny.

The most common event-based method is known as tree-reconciliation and is
implemented in TreeMap 1.0b (Page 1994). This method aims at finding the least
costly reconstruction of host-associated relationships by maximizing the num-
ber of putative cospeciation events. The major weakness of TreeMap 1.0b is that
it adds host switches a posteriori. This weakness has been adjusted in TreeMap
2.02f (Charleston and Page 2002). Moreover, TreeMap 2.02f3 allows users to assign
different costs to the diversification events, and implements the Jungle algorithm
that allows exploring all possible mappings of one tree to another (Charleston
1998). However, the complexity of the Jungle algorithm causes calculation limita-
tions because of exponential running time. Therefore, TreeMap 2.02f3 is primarily
useful for relatively small trees. Indeed, even on pruned topologies that included
two representatives of each host section and respective pollinators, TreeMap
2.02f3 reached calculation limitation and crashed. Therefore, because of the
large size of the host and associate phylogenies (89 taxa each), event-based ana-
lyses were performed with TreeMap 1.0b. We also used the recent software Jane
(Conow et al. 2010). Jane’s algorithm is fast enough to find solutions to relatively
large problems in a few days. Jane’s runtime grows linearly (not exponentially)
with the number of solves (invocations of the dynamic programming solver).
Moreover, Jane provides functionalities not found in other programs. These
include the ability to (i) set time zone ranges on both the host and parasite trees,
(if) limit host switch distance, and (iii) define regions in the host tree and specify
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different host switch costs between each pair of regions. However, Jane does not
implement randomization test.

4.4 Aims of the study

In this chapter we use an already-published large sets of sequences from figs
(Ronsted et al. 2008b) and an unpublished dataset of pollinating fig wasps that
was extracted from our large worldwide database of agaonids (about 350 species
sequenced) to (i) reconstruct new molecular phylogenies for figs and their pollinat-
ing wasps (Agaonidae) at a coarse systematic level, (ii) assess the extent of cospecia-
tion in this association, and (iii) propose an interpretation of the observed pattern.

4.5 New phylogenetic hypotheses for figs and
fig wasps

The sampling analyzed represents all Ficus sections recognized by Berg and
Corner (2005) and most of the genera of Agaonidae. When possible, agaonids and
figs are true associates, i.e. although they may not have been collected together,
the agaonid species is the pollinating wasp associated with this fig species. In a few
cases, the corresponding agaonid was not available in our collection and instead
we used the pollinator of a closely related species (Fig 4.4). A comprehensive list of
all sampled species is given in Table 4.4. True associates (66 % of the sampling) are
shaded in grey. Our final fig matrix contained 88 taxa and 2141 bp (ITS = 864 bp,
ETS =515 bp, G3pdh = 762 bp). Of these, 854 bp were variable and 503 bp (23 %) were
parsimony informative. The final alignment of agaonid dataset contained 89 taxa
and 4763 bp (COI + Cytb = 2250 bp, EF = 516 bp, Wg = 403 bp, 28S core and stems =
839 bp, 28S loops and clustal-aligned parts = 755 bp). Of these, 2627 bp were vari-
able and 1995 bp (42 %) were parsimony informative. Alignment of exons revealed
no indels. For all partitions the GTR + I + G was determined as the best-fitting
model by MrAIC (see 4.8 Materials and methods).

Whatever the analytical method used, maximum likelihood (ML) or Bayseian
inferences (BI), the recovered topologies are similar (Fig 4.3).

Black lines between taxa indicate Ficus-agaonid associations. To preserve clar-
ity only some of these associations are given (see Table 4.4 for details). Node sup-
ports are mentioned above branches (ML bootstrap support > 70 % / Bayesian
posterior probabilities > 0.95).

Our Ficus phylogeny (Fig 4.3) appears congruent with the main results of
Rensted et al. (2008b) (Fig 4.1, Table 4.2), and clearly rejects Berg’s classification
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Fig 4.3 Comparison of fig and fig wasp phylogenies.
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Fig 4.3 (cont.)
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FIG—=FIG WASP MUTUALISM

of Ficus (Berg and Corner 2005). As already observed in previous studies, the tree
is not resolved in the deeper nodes and our analyses failed to resolve the relation-
ships within the dioecious figs.

The main difference between the present analyses and the Rensted et al.
(2008b) study, is the presence of a strongly supported clade (BP 76, PP 0.99)
including subgenus Sycidium, section Eriosycea, subgenus Synoecia and sub-
section Frustescentiae (including F. pumila whose current classification within
Rhizocladus section is doubtful). In other words, the subgenera Synoecia (can-
opy lianas occurring in Malaysian Dipterocarpaceae forests) and Sycidium (small
standing trees, rarely hemiepiphytes, that mostly occur in Asia) render the sub-
genus Ficus paraphyletic (forest standing trees or bushes occurring in Asia, often
in secondary/disturbed vegetation). Hence, without considering the unresolved
position of F. palmata, the present subgenera Synoecia, Sycidium and Ficus could
be part of an extended subgenus Ficus, which includes most of the dioecious figs to
the exception of Sycomorus. Subgenus Sycidium, which isrecovered monophyletic,
and section Eriosycea appear as sister groups (BP 76, PP 0.97), confirming results
by Jousselin et al. (2003) and Rensted et al. (2005 and 2008a). Morphologically, the
relationships between these fig groups are difficult to assess. Subgenus Sycidium
shares few characters with Ficus and Synoecia: presence of Terminalia-habit
branching, sapling leaves larger, and more toothed and lobed than adult ones
(Berg and Corner 2005). However, a sister-group relationship between Sycidium
and section Eriosycea is supported by the evolutionary pathway that gynodioecy
was acquired in both groups and may be difficult to reject (Kjellberg et al. 2005).

In our analysis, the subgenus Sycomorus (standing trees growing along streams
and rivers, in Asia and Africa) is recovered as polyphyletic, a result also found
by Rensted et al. (2005), but not by Jousselin et al. (2003) and Weiblen (2000) (Fig
4.1). Sections Sycomorus and Neomorphe group together (PP 1.00) in a first clade
basal to the dioecious figs, whereas sections Adenosperma, Dammaropsis and
Sycocarpus cluster in a second clade (PP 1.00) basal to most Urostigma species.
Subgenus Sycomorus is well-defined by several morphological apomorphies:
(i) with the exception of few fig species with small syconia, the staminate flowers
are enveloped by two large bracteoles, (ii) the perianth is tubular, and (iii) the peri-
anth lobe is hooded and consequently entirely enclose the stamens. Consequently
as suggested by Ronsted et al. (2005), the polyphyly of subgenus Sycomorus is diffi-
cult to explain and could be artifactual due to lack of resolution.

The subgenus Pharmacosycea appeared polyphyletic, a result already observed
in all previous studies. Sections Pharmacosycea and Oreosycea never clus-
tered together. Furthermore, in all molecular studies where representatives of
both subsections Glandulosae and Pedunculatae are present, section Oreosycea
(small to large trees occurring at low density mostly in the Oriental and Pacific
regions, highly diversified in New Caledonia) is always recovered as paraphyletic
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or polyphyletic (Weiblen 2000; Cruaud et al. present study; Jousselin et al. 2003;
Ronsted et al. 2008b). This result is not surprising given the high morphological
diversity of the group that makes subsection delimitation difficult. In our ana-
lyses, representatives of subsection Pedunculatae (F. dicranostyla and F. callosa)
cluster with subgenus Synoecia (BP 79, PP 0.98) and subsection Glandulosae (BP
72, PP 0.99), respectively.

The diverse subgenus Urostigma is not recovered as monophyletic due to the
unresolved position of subsection Urostigma, which does not group with other
Urostigmasections and subsections. Thisresult was also observed in most previous
phylogenetic studies (Fig 4.1) and is corroborated morphologically by the presence
of ostiolar staminate flowers in the subsection Urostigma. The large monoecious
clade comprising all other Urostigma sections is subdivided into two strongly sup-
ported clades (BP > 95, PP 1.00): [Conosycea, (large stranglers of Malaysian forests,
some of them like F. benjamina may grow in your living room) + Malvanthera,
(Australian hemi-epiphytic figs)] and [Americana, (Neotropical hemi-epiphytes or
stanglers) + Galoglychia (Afrotropical hemi-epiphytic figs)]. Although these rela-
tionships were notrecovered by Jousselin et al. (2003) (Malvanthera appeared basal
to other sections, Fig 4.1), this branching pattern was already observed by Ronsted
et al. (2005). Section Americana renders section Galoglychia paraphyletic to sec-
tion Americana, as was also found by Rensted et al. (2007), while in earlier ana-
lyses based onITS and ETS alone, Americanawas recovered as sister to Galoglychia
(Jousselin et al. 2003; Rensted et al. 2005). Morphologically, these groups share
few common characters (e.g. presence of only two basal bracts (Corner 1958)) and
probably belong to closely related but different entities (Renoult et al. 2009). This
result may be due to lack of resolution, potentially caused by limited sampling
and/or hybridization between sections and we suspect that future work may con-
firm the monophyly of both sections as predicted by Renoult et al. (2009).

The coarse topology of the agaonid phylogeny (Fig 4.3) is congruent with the
previous observations of Lopez-Vaamonde et al. (2009) and Cruaud et al. (2010)
(fig 4.2). Apart from Wiebesia, Blastophaga and Dolichoris, all agaonid genera rep-
resented by at least two species are recovered as monophyletic (BP > 90, PP > 0.95).
However, concerning the genus Platyscapa, results must be considered with cau-
tion because they rely on non-exhaustive sampling. Indeed, Cruaud et al. (2010)
have shown that including more Platyscapa species, especially species from con-
tinental Asia associated with relict figs (F. orthoneura, F. hookeriana), or species
from Madagascar (associated with F. menabeensis), renders the genus polyphyl-
etic. Moreover, two groups of Platyscapa can be recognized on the basis of morph-
ology and host taxonomy. Concerning the polyphyly of Wiebesia, Blastophaga and
Dolichoris, our observations are congruent with morphology (Cruaud et al. 2010)
and previous molecular studies (Fig 4.2). They strongly suggest that nomenclatural
rearrangements are required.
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As for previous studies, ML-analysis does not resolve the basal nodes of the tree,
which appear as a trichotomy including: (i) subfamily Kradibiinae (Ceratosolen +
Kradibia sensu Cruaud et al. 2010), (ii) a clade that includes most Wiebesia spe-
cies and Blastophaga pollinating subsection Frustescentiae, and (iii) a well-sup-
ported (BP 92, PP 1.00) monophyletic clade grouping all other genera. In Bayesian
analysis, Kradibiinae and the clade grouping Wiebesia and Blastophaga species
are sister taxa (PP 1.00) whereas in ML-phylogeny this relationship is poorly sup-
ported (BP 64).

Within the third clade, relationships are poorly resolved, a result that confirms
difficulties encountered by previous studies. However, the present hypothesis is
the best resolved. The basal relationships within this group appear as a polytomy
including genera Valisia, Pleistodontes, Dolichoris + B. psenes (BP 80, PP 1.00),
D. flabellatus, a clade clustering pollinators of F. pumila and F. deltoidea (BP 81, PP
1.00), and a clade grouping all other genera (BP 97, PP 1.00). Moreover, subgenus
Valisia could be sister to all other genera (BP 68, PP 1.00), as suggested by Jiang
et al. (2006). However this result needs to be confirmed as it is not supported by
morphology. Dolichoris species (D. flabellatus excepted) and Blastophaga psenes
(type-species of the genus Blastophaga) are recovered as sister taxa with strong
support (BP 80, PP 1.00) corroborating both molecular (Lopez-Vaamonde et al.
2009; Cruaud et al. 2010) and morphological (Cruaud et al. 2010) hypotheses.

Pollinators of subgenus Urostigma (Pleistodontes excepted) cluster together in
a well-supported clade (BP 97, PP 1.00). Relationships within this clade are bet-
ter resolved and supported than in any previous study (Fig 4.2). Platyscapa is sis-
ter to all other genera (BP 97, PP 1.00), and Pegoscapus is sister (BP 97, PP 1.00) to
a highly supported clade (BP 90, PP 1.00) that clusters pollinators of Conosycea
and Galoglychia figs. Pollinators associated with subsection Conosycea and sec-
tion Galoglychia do not form monophyletic groups, and their respective spe-
cies are intermixed, a result already observed by Lopez-Vaamonde et al. (2009).
In Bayesian analysis, all Afrotropical genera (Allotriozoon excepted) cluster in a
strongly supported clade (PP 0.99) whereas in ML-analysis these genera cluster
poorly (BP 63). This result can be compared to the results of Erasmus et al. (2007),
who found that the genus Allotriozoon was the sister taxon to all other pollinators
of Galoglychia figs.

A clade intermixing pollinators of Conosycea and Galoglychia figs is not sup-
ported by morphology. Indeed, Eupristina share more characters with Pegoscapus
than with any other genus (Cruaud et al. 2010). Eupristina species does not exhibit
(i) the same structure of the first funicular segment as Galoglychia pollinators, and
(i) a longitudinally divided pronotum, a character shared by most Afrotropical
genera. Finally, Eupristina or Waterstoniella males are strongly different from
males of Galoglychia pollinators. Consequently, further studies are required to
better infer phylogenetic relationships between pollinators of Urostigma figs.
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4.6 Facts about cospeciation

Global tests using Parafit resulted in rejection of random association between host
and pollinator taxa (P=0.001). Sixty-three of the 89 tests of individual host-asso-
ciate pairs (shallower nodes) resulted in significant associations between figs and
their agaonid pollinators (P=0.001). Reconciliation analyses using TreeMap 1.0b
suggested 50 cospeciation events (on 89 nodes) and randomization indicated sig-
nificant cospeciation between Ficus and their pollinating wasps (P = 0.001). Most
of the putative cospeciation events appear to occur on shallower nodes (data avail-
able upon request). Reconciliation analyses using Jane suggested only 33 putative
cospeciation events (Fig 4.4).

In our analyses, the deeper nodes of Ficus and agaonid phylogenies are mostly
unresolved, especially for fig topology. Due to computational limitation, a cross-
testing of alternative topologies was impractical, so the true level of congruence
could not be estimated accurately. Global tests using Parafit and Treemap are
significant. Jane infers less cospeciation events than TreeMap. We can therefore
imagine a mixed structure with parts of the two trees coevolving whereas other
parts are not. Strict cospeciation (simultaneous radiation of both lineages) prob-
ably did occur, but other processes have probably played an important role during
the mutualism diversification.

Almost all authors have previously agreed in assessing long-time strict cospeci-
ation between Ficus and their pollinators (but see recent studies by Kjellberg et al.
2005; Machado et al. 2005; Jackson et al. 2008; Cruaud et al. 2010). Formal tests by
Jackson (2004) revealed cospeciation within a “Ficus microcosm;” however taxon
coverage was poor. Fig and pollinator phylogenies were based on one species (two
for Sycomorus) per fig section or subgenus so that distances between lineages may
have overestimated cospeciation. In the present study, although deeper nodes
of Ficus and agaonid phylogenies are only partly resolved, a visual examination of
both topologies reveals strong discrepancies between diversification patterns of
Ficus and their agaonid pollinators.

Ceratosolen and Kradibia are undoubtedly sister taxa, whereas their host Ficus
subgenera (Sycomorus and Sycidium respectively) are never recovered as sis-
ter taxa (Fig 4.3). Instead, Sycidium is always nested, mostly with strong support,
within a clade of dioecious figs belonging to the subgenera Ficus and Synoecia.
Morphologically, subgenus Sycidium appears to share fewer characters with Ficus
and Synoecia than with Sycomorus. Sycidium and Sycomorus species share (i) the
presence of bracts on the syconium, (ii) the structure of the ostiole, (iii) the pres-
ence of ostiolar stamens, (iv) the figs are often cauliflorous, and (v) the leaves are
frequently asymmetric (especially in Sycocarpus), but this last character could be
a convergent adaptation (Kjellberg et al. 2005). Further, peduncular bracts (two to
four) are present in a number of Sycidium species as well as in Adenosperma species
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(occasionally in some Oreosycea). Finally, subgenera Sycidium and Sycomorus differ
from all other subgenera by the absence of subulate stigma. However, a close rela-
tionship between Sycidium and Eriosycea is recovered in all studies and is possibly
corroborated by a common origin of dioecy (Kjellberg et al. 2005), so it is difficult to
rule out this relationship (Kjellberg et al. 2005; Machado et al. 2005). Consequently,
the incongruent phylogenetic pattern between pollinators and their host figs could
suggest an ancestral shift of pollinators. Host-switching of pollinators may have
been facilitated by the common ancestral areas (probably New Guinea) and the
similar habitats (forest along streams) where Sycomorus and Sycidium occurred.

One strongly supported clade clusters Galoglychia, Americana, Malvanthera
and Conosycea figs, but not Urostigma. All these groups are recovered as mono-
phyletic, mostly with a high support value. Malvanthera and Conosycea are recov-
ered as sister taxa and Americana renders Galoglychia paraphyletic. In contrast,
this part of the tree is poorly resolved in all agaonid phylogenies published to
date (Fig 4.2). In most analyses (our study included) Pleistodontes and pollina-
tors of other Ficus subgenera (i.e. Dolichoris, Wiebesia) form a polyphyletic group
basal to the all other Urostigma pollinators. Platyscapa is sister to all other gen-
era and Pegoscapus is sister to a group clustering the pollinators of Conosycea and
Galoglychia. Furthermore, the pollinators of Conosycea and Galoglychia do not
form monophyletic groups. However, these results need to be confirmed using a
broader taxonomic sampling for both groups.

Within Galoglychia, cospeciation is clearly not the rule (Erasmus et al. 2007;
Ronsted et al. 2007; Jousselin et al. 2008; Ronsted et al. 2008b; Renoult et al. 2009).
Some subsections are pollinated by a combination of unrelated genera and the
discrepancies between wasps and Ficus classification cannot be completely
explained by the difficulties in classifying the figs (Kjellberg et al. 2005). Instead,
host switches and duplications followed by asymmetrical lineage extinction may
have occurred during agaonid and fig diversification (Jousselin et al. 2008). It con-
sequently appears that a simple strict cospeciation model does not adequately
describe the codivergence of the fig/agaonid mutualism.

Previous studies provided evidence of cospeciation between Ceratosolen and
Papuan figs of subgenus Sycomorus (Weiblen and Bush 2002; Jackson 2004).
However, this result may be due to undersampling of both taxa. Indeed, phylog-
enies of Afrotropical fig wasps (several genera of wasps) (Jousselin et al. 2008) and
Pegoscapus (Machado et al. 2005; Jackson et al. 2008) are not congruent with the
topology of their hosts (section Galoglychia and Americana, respectively). Another
example is the case of the Pleistodontes/Malvanthera association. To date, two phy-
logenies of Pleistodontes (Lopez-Vaamonde et al. 2001; Cook et al. 2004) and one
phylogeny of Malvantherahave been published (Rensted etal. 2008a). A visual exam-
ination of phylogenies reveals incongruences between resolved nodes meaning that
Pleistodontes/Malvanthera codivergence cannot be explained by strict cospeciation,
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but a formal statistical test is still missing. In the present study, the best taxonomic
samplings concern section Americana and subgenus Sycidium (12 species each with
58 % of true associates). For both groups, Treemap indicates only a few strict cospe-
ciation events between figs and their pollinators. Consequently, at a fine systematic
scale, there is little evidence to support the strict cospeciation hypothesis.

Discordance between phylogenies could be explained as follows. While high host
specificity and evidence of phenotypic coevolution of both partners, especially on
characters involved in the pollination syndromes (active versus passive) have been
mentioned (Jousselin and Kjellberg2001; Jousselin etal. 2003; Weiblen 2004; Kjellberg
et al. 2005), several cases of Ficus species sharing the same pollinators in sympatry
have been reported (F. auriculata and F. oligodon, F. natalensis and F. thonningii,
F. exasperata and F. asperifolia, F. popenoei and F. bullenei). In such cases, lineage
sorting of wasps has not yet been achieved. Furthermore, we know about 50 spe-
cies of figs are pollinated by more than one pollinator (Cruaud and Rasplus unpub-
lished data). These cases reveal either speciation of fig wasps by duplication on the
same host (in case of sister taxa relationships) or host shift from another fig species
(Cruaud and Rasplus unpublished data), two cases that are clearly not cospeciation
events. In most cases of agaonid sister taxa, both species exhibit coevolved traits
with the figs, e.g. Ceratosolen flabellatus and C. silvestrianus (Kerdelhué et al. 1997);
Pleistodontes species (Haine et al. 2006), Pegoscapus hoffmeyeri A and B (Molbo et al.
2003), whereas some sister taxa exhibit different traits (small versus large pollen
pockets and presence versus absence of coxal combs (Peng et al. 2008)) that suggest
breakdown of the mutualism and evolution of cheating habits.

4.7 Conclusion and prospects

It clearly appears from our study that a simple strict cospeciation model does not
adequately describe the diversification of Ficus/agaonid mutualism at either fine
or coarse systematic scales. Indeed, a visual examination of phylogenies reveals
incongruence between resolved nodes; therefore, host switching and duplication,
followed by asymmetrical lineage extinction, must have occurred during agaonid
diversification. The sampling of the present study covers only 1/8 of the species
diversity of worldwide Ficus/agaonid associations. However, due to computa-
tional limitations of available software, this number is already too high to allow
us to statistically test the strict cospeciation hypothesis. Moreover, both fig and
pollinator relationships remain partly unresolved creating another hindrance for
assessing the degree of cophylogeny between the two groups. Increasing the taxon
sampling and the number of informative characters for both groups should facili-
tate the analyses. We are working on both objectives and aim to propose robust
phylogenetic hypotheses for both Ficus and agaonids in the near future. This will
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allow for an accurate test of the degree of cospeciation between these two large
datasets, and the strict cospeciation paradigm between Ficus and their pollinators
will finally be comprehensively assessed.

4.8 Materials and methods

4.8.1 Laboratory protocols (agaonids)

Extraction protocol follows Cruaud et al. (2010). All voucher specimens are depos-
ited at the Center for Biology and Management of Populations (CBGP), INRA,
Montferrier-sur-Lez, France. In the present study, we combined two nuclear pro-
tein-coding genes, wingless (Wg, 403 bp), F2 copy of elongation factor-1a (EF-1a,
516 bp), two mitochondrial protein-coding genes Cytochrome oxydase 1 (COI,
1503 bp), Cytochrome b (Cytb, 747 bp) and 28S rRNA (D2-D3 and D4-D5 expan-
sion regions, 1594 bp). Choice of the markers (slow or fast evolving) was guided
by the wish to resolve both intra and inter-generic level of phylogenetic relation-
ships (Wiens et al. 2005). Primers and PCR conditions are described in Cruaud
etal. (2011). PCR products were purified using Exonucleasel and Phosphatase and
sequenced directly using the BigDyeTerminator V3.1 kit (Applied biosystem) and
an ABI3730XL sequencer, whereas some other were cloned prior to sequencing
(especially for Wg). Both strands for each overlapping fragment were assembled
using the sequence editing software Geneious v3.7 (Drummond et al. 2007). All
the sequences have been deposited in GenBank.

4.8.2 Sequence alighment

All details for Ficus sequence alignment are provided in Reonsted et al. (2008b).
Concerning agaonids, protein-coding genes (COI, Cytb, EF, Wg) were aligned
using ClustalW 1.81 (Thompson et al. 1994) with default gap opening, extension
and substitution costs. For confirmation, alignments were translated to amino
acids using MEGA version 4 (Tamura et al. 2007). Alignment of sequences encod-
ing rRNA was based on secondary structure models (Gillespie et al. 2005; Gillespie
et al. 2006) using the terminology developed by Kjer (1995) and Gillespie et al.
(2004). Hypervariable regions have been aligned using ClustalW with default set-
tings and included in further analyses. Structural model of rRNA gene fragments
and alignment details are available in Cruaud et al. (2010).

4.8.3 Phylogenetic analyses

Phylogenetic trees were estimated using maximum likelihood and Bayesian meth-
ods. All the analyses have been conducted on a Linux Cluster (quadral-processor
Xeon X5472, 3GHz computers) at CBGP, Montpellier, France.
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In order to allow cophylogenetic analyses with tree-reconciliation methods, fig
and agaonid trees were rooted on subgenus Pharmacosycea and genus Tetrapus,
respectively. Indeed these taxa were recovered basal to all other fig/agaonid spe-
cies in numerous studies.

We undertook partitioned analyses implementing separate nucleotide substitu-
tion models for subsets of the data more likely to have experienced similar evolution-
ary processes (mitochondrial genes, each nuclear genes and rRNA stems and loops).
The best fitting model for each partition was identified using the Akaike information
criterion (Akaike 1973) as implemented in MrAIC 1.4.3 (Nylander 2004).

We performed maximum likelihood analyses (ML) and associated non-par-
ametric bootstrap analyses using the MPI-parallelized version of RAXML 7.0.4
(Stamatakis, 2006b). Given the computational difficulties associated to ML boot-
strapping, the GTRCAT approximation of models has been used in the second part
of RAXML analysis (Stamatakis 2006a). Robustness of topologies was assessed by
bootstrap procedures by using 1000 replicates. Following Felsenstein and Kishino
1993, a bootstrap percent (BP) > 95 % is considered a strong and a value <70 % indi-
cated a weak support for the clade.

Bayesian inferences (BI) were conducted using a parallel version of MrBayes
v.3.1.1 (Huelsenbeck and Ronquist 2001). Following Nylander et al. (2004), Marshall
et al. (2006) and McGuire et al. (2007), we assumed a cross-partition heterogen-
eity (APRV=Among Partition Rate Variation) in model parameters by consider-
ing the parameter m (rate multiplier, reflecting the overall rate of substitutions of
the given partitions). However, we assumed proportional branch lengths among
the different partitions. Parameter values for the model were initiated with default
uniform priors, and branch lengths were estimated using default exponential pri-
ors (no molecular clock). We used four Metropolis-coupled MCMC, one cold and
three heated, with incremental heating to improve mixing of the cold chain and
to avoid it becoming stocked on local optima (Huelsenbeck and Ronquist 2001). To
address the question of a good approximation of the target distribution, we carried
outtwo independent runs starting from different and randomly chosen topologies.
Each run was allowed to work for ten million generations. All values were sampled
every 1000 generations. For the initial determination of burn-in, we examined
the plot of overall model likelihood against generation number to find the point
where the likelihood started to fluctuate around a stable value (Huelsenbeck and
Ronquist 2001). We then discarded the points sampled prior to convergence of the
chains. We used a range of MCMC convergence and good mixing diagnostics fol-
lowing Huelsenbeck and Ronquist 2001; Huelsenbeck et al. 2002; Rambaut and
Drummond 2003; Nylander et al. 2004; Nylander et al. 2008; Cruaud et al. 2010).
Finally, the results were based on the pooled samples from the stationary phases
of the two independent runs. Given that PP may overestimate clade support for
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reasons discussed elsewhere (Erixon et al. 2003; Simmons et al. 2004), only clades
with PP > 0.95 were considered strongly supported.

4.8.4 Cophylogenetic analyses

For the analyses with TreeMap 1.0b, we used heuristic searches to find optimal
solutions. Randomization of the agaonid tree has been conducted using the pro-
portional to distinguishable model with 10 000 replicates. The observed number
of putative codivergence events was compared to the null distribution of codiver-
gence events derived from this randomization procedure to determine whether
the number of codivergence events recovered from the reconciliation analysis was
significant.

For the analyses with Jane, we used default cost settings (0 for codivergence events,
1 for host switching and duplications and 2 for loss) and 900 solves (30 30).

Weused the global-fitmethod, ParaFit, developed by Legendre etal. (2002) imple-
mented in the program CopyCat (Meier-Kolthoff et al. 2007). ParaFit evaluates the
global hypothesis of host-associate cospeciation with a matrix permutation test of
codivergence. This test crosses three types of information: the associate phylogeny
and the host phylogeny, both described by their respective matrices of patristic
distances, and the observed host-associate associations. Each matrix represent-
ing associates and hosts are transformed into a matrix of principal coordinates.
The association is then described by a matrix that crosses both matrices of princi-
pal coordinates and the matrix of association. Patristic distances were computed
from fig and agaonid ML-phylogenies. Tests of random association (null hypoth-
esis) were performed using 999 permutations globally across both phylogenies.
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Fossil bees and their plant associates

DENIS MICHEZ, MARYSE VANDERPLANCK
AND MICHAEL S. ENGEL

5.1 Introduction

The bees comprise a derived monophyletic group (Anthophila) of pollen-
consuming (secondarily phytophagous) wasps of the superfamily Apoidea, and
that diverged from a grade of predatory apoid wasps (formerly “Sphecidae”)
sometime in the mid Cretaceous (~120-125 megaannum) (Michener 1944, 1979,
2007; Brothers 1975, 1998; Alexander 1992; Ronquist 1999; Engel 2001a, 2011;
Danforth et al. 2006). Seven contemporary families are usually acknowledged:
Andrenidae, Apidae, Colletidae, Halictidae, Melittidae, Megachilidae and
Stenotritidae, including ~1200 genera and ~20 000 species (Michener 2007; Engel
2005, 2011). Two fossil families are also described: Paleomelittidae from mid-
dle Eocene Baltic amber, and a stem-group, Melittosphecidae from Cretaceous
Burmese amber which, as discussed below, may or may not be a bee (Engel
2001a; Poinar and Danforth 2006; Ohl and Engel 2007). Bees likely arose con-
comitantly with the diversification of flowering plants (angiosperms) (Michener
1979; Grimaldi 1999; Engel 1996, 2001a; Crepet et al. 2004; Grimaldi and Engel
2005). Represented by more than 250 000 described species, angiosperms are
the most diversified group of vascular plants, covering nearly all terrestrial and
many aquatic habitats (Soltis and Soltis 2004). The congruent rise of flowering
plants and numerous phytophagous insect lineages, such as bees, ditrysian
Lepidoptera, and various flowering-visiting beetles and flies, has fuelled the

Evolution of Plant-Pollinator Relationships, ed S. Patiny. Published by Cambridge University
Press. © The Systematics Association 2012.
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notion of coradiation between these lineages. Such a conclusion is supported
by the observation of flowers with specific combinations of traits that are cor-
related with particular pollinators (Bronstein et al. 2006). Selection for insect-
pollinated clades is also supported by the fact that deliverance by pollinators
of unconsumed pollen to the host plant’s female reproductive organs is clearly
less stochastic and more efficient than alternative ancestral wind, water or grav-
ity dispersive methods (Labandeira 1998). Lastly, association with pollinators
increases opportunities for the evolution of specialization and subsequent diver-
sification (Vamosi and Vamosi 2010).

To test hypotheses regarding the macroevolutionary dynamics of plants and
their insect associates, the examination of fossil plant-insect interactions is essen-
tial. This chapter is focused on the peculiar mutualistic interactions between
angiosperms and their major pollinators, the bees, as well as a consideration of
those traces of their past interactions preserved in the geological records. We first
describe modern bee-plant interactions and their syndromes. From there we syn-
thesize some methodologies for studying past ecological associations. The bulk of
this contribution is an elaboration of the main fossil records for bees in the con-
text of their contemporaneous environmental factors, such as climate, habitat,
and likely host plants. A general catalogue of bee fossils is presented in Table 5.1
and constitutes the current state of affairs for paleomelittology. Naturally, much
revisionary work remains to be undertaken for all of these deposits, particularly
the historical accounts of paleofaunas such as Florissant, and a re-evaluation of
these may result in considerable changes of taxonomic affinity. Such changes are
beyond the scope of the present work and require careful revisions of historical
type material. Relationships between bee fossils and their likely host plants are
discussed in the context of higher relationships as proposed in Grimaldi (1999)
and Danforth et al. (2006). Refer to Engel (2004b), Grimaldi and Engel (2005), and
Ohl and Engel (2007) for an alternative set of phylogenetic relationships in associ-
ation with the fossil records.

5.2 Modern evidence of bee—plant interactions

Pollinators develop adaptative morphological features to forage on plant
rewards while plants develop traits to announce such rewards. These adapta-
tive character syndromes are described as “pollination syndromes.” They are
morphologically convergent adaptative trends exhibited by both the floral fea-
tures of pollinated plants and the mouthpart structures as well as other flower-
interactive features of their respective pollinators (Proctor et al. 1996; Bronstein
et al. 2006). Bees and bee-pollinated angiosperms show obvious pollination
syndromes.
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