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This volume is about one of the most celebrated 
relationships between species in all of natural 
history – that relationship between the bees and the 
flowering plants, the angiosperms. To be precise, 
this volume explores the relationship between bees 
and those angiosperms that make up modern crop 
plants that depend on bee pollination.

1.1. Sex: Diversity with Stability

For the plants, it is all about sex – that most 
extravagantly successful (and arguably popular) 
invention of natural selection that set multicellular 
organisms on their path toward global dominance. 
‘Global dominance?’ you ask, ‘How’s that?’ That’s 
a fair question when one considers the other suc-
cessful life alternatives.

The single-celled life alternative is indeed amply 
represented in Earth’s biota. Just consider the bac-
teria and archaebacteria that carpet the planet, 
colonizing virtually every terrestrial and aquatic 
niche, even penetrating kilometres deep into the 
planet’s crust. It is these simplest representatives of 
the biological continuum that baffle us with their 
boundary bending tolerances to environmental 
extremes (Merino et al., 2019), making them figure 
prominently in our discussions about the evolution 
of life on other planets (Sundarasami et al., 2019).

At the opposite pole of biological organization we 
have those assemblies of multicellular organisms 
who have banded together so tightly that we have to 
consider the group, not the individuals who make it 
up, as a Darwinian unit of selection. These we call 
the superorganisms (Wilson and Hölldobler, 2009), 
most famously represented by the termites, ants, and 
the social wasps and bees (most wasps and bees are 
not social), although quirky representatives exist in 
the forms of a genus of shrimps (Synalpheus spp.) 
and the naked mole rats of Africa (Heterocephalidae). 
The ecological impact of the superorganisms is 

wildly out of proportion to their species count. As 
one example, the ants and termites make up only 2% 
of the estimated 900,000 known species of insects on 
Earth, yet together account for more than half of 
total insect biomass (Wilson and Kinne, 1990). These 
are nature’s great recyclers and soil conditioners. 
Another example is those superorganisms repre-
sented by the social bees; these will figure promi-
nently in this volume about bee pollinators of crop 
plants, although we will also see that their solitary 
bee cousins are the real workhorses of pollination. To 
be plain, it is ‘beeness’ that makes a good pollinator, 
not ‘superorganismness’.

Superorganismality, however fascinating and eco-
logically important its representatives, is nevertheless 
a bit of an evolutionary oddball. As far as we can tell, 
it has independently evolved only 28 times in the his-
tory of Earth (Bourke, 2011); all but two of those 
independent events happening in the insects.

It is the multicellular organisms (hereafter simply 
‘organisms’) who occupy the middle of our biological 
continuum, those bundles of cooperating eukaryotic 
cells (cells whose DNA is enclosed in a nucleus) who 
together form a contiguous entity; share a common 
genetic fate; specialize for the diverse functions of 
procuring nutrients, defending self and reproducing; 
and by one means or another resolve internal genetic 
conflicts. They are the protists, fungi, plants and ani-
mals. Together, they are called the Eukarya, one of 
life’s three domains, or highest taxonomic ranks, 
standing alongside the Eubacteria and Archaea.

If there is a case to be made that organisms are 
dominant in the grand scheme of things, it is 
because they have resolved many of the impedi-
ments that hazard the single-celled or superorgan-
ismal options. The feverish diversity of body plans 
and life strategies expressed in organisms have let 
them approach a measure of the global niche pen-
etration achieved by the more nimble single-celled 
forms. And owing to the genetic clonality of their 
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body cells, each organism is far more genetically 
stable than the superorganism, every member of 
which is an organism in their own right and always 
poised for mutiny.

Diversity with stability. It is sex that makes all 
this possible.

Beginning with the eukaryotic single cells and car-
rying on into the eukaryotic multicellular organism, 
sex permitted a fresh roll of the genetic dice with 
every generation, the repeated pairing of unprece-
dented gene combinations, providing raw fodder for 
natural selection to act upon. Gene combinations 
whose phenotypes favoured their transmittal to the 
next generation were, by logical extension, preserved; 
unsuccessful combinations were, with symmetrical 
extension, not. In this way a population’s genes were 
winnowed and tried against all the extremes its habi-
tat could throw at it. The result was a species opti-
mally adapted to its habitat.

So much for diversity; what about stability?
An emergent outcome of sexual reproduction in 

organisms is the single-celled zygote, or embryo – 
that product of the female’s ova fertilized with the 
male’s sperm. In that one special cell reside all the 
genetic resources of the future individual. After 
fertilization and when growth conditions permit, 
the zygote divides, then divides again, then divides 
again (1, 2, 4, 8, 16, etc.) in exponential progres-
sion until the mature organism is in place. However, 
the critical point here is that at every division the 
entire genome is replicated in virtual perfection. 
The somatic cells of an organism are genetically 
identical. They are clones and by definition cannot 
be in conflict.

The sexually derived single-celled zygote is thus 
the genetic bottleneck that harmonizes genetic vari-
ation with clonal compatibility. It is the secret to 
organisms’ morphological and behavioural diver-
sity, structural complexity, and ecological success 
among Earth’s biological experiments. It is no 
accident that it is organisms that come to mind for 
most of us when we think about life on Earth; it is 
organisms that Darwin (1859) considered when he 
wrote On the Origin of Species.

Sex is a big deal then, and it was taking place at 
the very beginning for the angiosperms and plants 
in general.

1.2. Sex in the Gymnosperms

Rather than begin with primitive plants, let us jump 
to the gymnosperms, the nearest older relatives to 

the angiosperms (Fig. 1.1). Gymnosperm ovules are 
‘naked’ (hence the Greek name gymnos) and remain 
exposed on the surface of leaf-derived structures 
called bracts, which when tightly concentrated 
together are called cones. The sexual structures are 
segregated into male cones and female cones. 
Pollen is transferred from male to female cones by 
abiotic vectors such as water and wind, the first 
pollinating agents (Ollerton and Coulthard, 2009). 
The morphology of windborne pollen reflects its 
mode of transfer by wind. Under magnification, 
windborne pollen grains appear dry, smooth and 
small to moderate in size; moreover, the pollen is 
produced in huge quantities (Ackerman, 2000). 
Anyone who lives in pine regions where windborne 
pollen blankets the landscape every spring, can 
appreciate the vast scales in quantity and space 
possible with gymnosperm pollination. However 
impressive these seasonal surges, from a biological 
point of view they are indiscriminate in pollen’s 
spread and deposition, profligate in their wastage 
of it, and ultimately limited in the efficiency by 
which they ensure plant mating, reproduction, and 
range expansion.

Among the surfaces indiscriminately dusted with 
pine pollen are female cones and their exposed 
ovules. Each ovule excretes a solution called a pol-
lination drop that extends beyond the terminus of 
the micropyle – a small opening at the apex of each 
ovule. (Fig. 1.2). This pollination drop serves as a 
landing site for airborne pollen. Once pollen lands 
on it, the drop recedes back into the interior of the 
ovule, carrying the pollen with it, facilitating polli-
nation and subsequent fertilization and maturation 
of the seed.

1.3. Flower Morphology and Fertilization

Now for some terms.
A flower is a plant organ unique to the angio-

sperms, evolved for increasing efficiency of sexual 
reproduction. An inflorescence is an arrangement 
of flowers on a stem. The main stem of an inflores-
cence is the peduncle, and the stem of any individ-
ual flower is the pedicel. The thickened end of the 
pedicel forming the base of the flower is the recep-
tacle. The configuration of inflorescences are varia-
tions on the presence, arrangement and point of 
origin of pedicels relative to the peduncle; a sam-
pling of their multiplicity of form is shown in Fig. 1.3. 
A raceme has a series of unbranching pedicels 
along a central axis and no terminal flower. A spike 
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is a kind of raceme without pedicels. A head, also 
called a composite flower, can be thought of as a 
concentrated raceme in which individual flowers 
are massed together onto one enlarged receptacle. 
A corymb is flat topped or convex, with long proxi-
mal pedicels becoming increasingly shorter as they 
move distally, and lacking a terminal flower. An 
umbel resembles a corymb, but all pedicels are of 
equal length and originate from one point of 
attachment. A panicle, or compound raceme, is 
irregularly branched with each branch possessing a 
terminal flower.

A flower’s outer whorl of petals is called the 
corolla and functions to protect the interior sexual 
parts, to exclude ineffective pollinators, to attract 

effective pollinators, and to direct effective pollina-
tors toward the inside of the flower (Fig. 1.4). In 
legume-type flowers, two anterior petals are modi-
fied to form a keel inside which are housed the sex-
ual parts of the flower. At the base of the corolla are 
the calyx or sepals; typically green and leaf-like, 
sepals protect the flower in bud and provide struc-
tural support in bloom. Collectively, the non-sexual 
parts of the flower – the sepals and petals – are 
called the perianth. In some of the basal angio-
sperms it is difficult to distinguish sepals from petals, 
in which case the structures are called tepals 
(Endress, 2008). The aggregate structure comprising 
the bases of the sepals, corolla and stamens is called 
the hypanthium and often contains the nectaries.
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Fig. 1.1. Phylogeny showing chronology of angiosperm divergence and position of orders containing the major bee-
pollinated crop plants listed in Table 3.1. Adapted from topology of Byng et al., 2016, superimposed with geological 
divergence dates of Bell et al., 2010. Gymnosperms are supported as a monophyletic sister group to the angiosperms 
from Bowe et al., 2000. Bold lines indicate where topology is sustained with the confidence intervals of Bell et al., 
2010. Vertical tick marks indicate divergence chronology for the crown taxon. Divergence dates for bees from 
Cardinal and Danforth, 2013. Icons show representative crop members of each order.
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Fig. 1.2. Gymnosperm pollination and fertilization. The pollination drop in gymnosperms is a precursor to angiosperm 
nectar. The sugary solution extends beyond the micropylar opening of an ovule (A). After airborne pollen lands on it 
(B), the droplet recedes back into the pollen chamber (C), facilitating pollination. The pollination drop is secreted by 
cells in the nucellus – ovular tissues that contain the embryo sac. Redrawn from Jin et al., 2012.
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Fig. 1.3. Some examples of inflorescence designs. The floret in each example is indicated in red.
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Male parts of a flower are called the stamens, 
each made up of a slender filament holding an 
anther at the tip. When it is mature, the anther 
opens and exposes or releases pollen grains which 
contain the equivalent of animal sperm. In both 
gymnosperms and angiosperms each pollen grain 
consists of two cells – a vegetative cell and a repro-
ductive cell – all encased in a tough covering of 
biopolymer that protects the pollen during its 
adventures in the environment.

The female part of a flower is called the pistil, 
made up of an ovary with ovules and a stalk-like 
style terminating with a sticky stigma. Ovaries are 
frequently enclosed or compartmentalized into 
units called carpels. An ovary with one carpel is 
called simple and an ovary with more than one is 
called compound. Recognizable examples of car-
pels are the five compartments of seeds found at 
the centre of an apple or the sections of an orange. 
Carpels may (e.g. orange) or may not (e.g. cucur-
bits) be separated by a thin partition called a 
septum.

A flower with both stamens and a pistil is called 
a perfect, bisexual or hermaphrodite flower. A 
flower expressing only one sexual function is 
called unisexual or imperfect and is further distin-
guished as staminate if male and pistillate if 
female. If staminate and pistillate flowers both 
occur on the same plant, the species is called 
monoecious; this term applies also to species with 
bisexual flowers (Beentje, 2016). If sexes segregate 
so that any one plant bears exclusively male or 

exclusively female flowers, the species is called 
dioecious. Dioecy is by far the minority condition 
in the angiosperms, occurring in only about 6% of 
species (Renner and Ricklefs, 1995). Complicating 
things is the fact that some species defy these cat-
egories by producing partial exceptions. So-called 
andromonoecious species have both male flowers 
and bisexual flowers on the same plant. A gyno-
monoecious plant has both female and bisexual 
flowers on the same plant. Androdioecious species 
have individual plants with exclusively male flow-
ers and other individual plants with bisexual flow-
ers, and gynodioecious species have individual 
plants with exclusively female flowers and other 
plants with bisexual flowers. It clearly helps to 
keep in mind the Greek andro for male and gyno 
for female!

Yet another form of sexual segregation happens 
with species whose bisexual flowers express 
dichogamy – a functional sex change over time. In 
protandrous flowers the stamens activate first, then 
senesce, leaving the pistil to activate next. In pro-
togynous flowers the reverse happens – the female 
pistil activates first. This process is more generally 
called sequential hermaphroditism, a term that 
makes clear the fact that the flowers involved are 
still morphologically bisexual.

All these forms of sexual segregation, or lack 
thereof, have enormous implications in the breed-
ing systems and pollination requirements of a crop 
plant (Table 3.1).

Once a pollen grain lands on a receptive stigma, 
the vegetative cell inside the grain elongates to rup-
ture the biopolymer coating and grows a pollen 
tube that penetrates the length of the female style 
to reach an ovule. The pollen’s reproductive cell 
divides to yield two sperm cells which are pushed 
along by the growing pollen tube and delivered to 
an ovule (Fig. 1.5).

Like pollen, the angiosperm ovule is not a single-
celled haploid gamete. It is rather a sac-like struc-
ture containing an egg cell plus other cell-like 
components (Fig. 1.5). Inside the ovule a curious 
‘double fertilization’ event ensues once a pollen 
tube delivers its sperm cells. One of the sperm fer-
tilizes the egg cell in the ovule which becomes the 
zygote and embryo. The second sperm fuses with 
two ovule components called polar nuclei, resulting 
in a triploid endosperm – the starchy seed matrix 
that nourishes the embryo, being the functional 
equivalent to yolk in a chicken egg. All are encased 
in a tough coating derived from ovary tissue. After 
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Fig. 1.4. General morphology of a hermaphrodite (also 
called perfect or bisexual) flower. The pistil (female part 
of the flower) in this case has only one carpel and is 
an example of a perigynous ovary (see Fig. 3.2, this 
volume).
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these developments, an ovule may properly be 
called a seed. Endosperm is the nutrient basis of 
such important grains as wheat and barley, giving 
cause for celebration to eaters of bread and drink-
ers of beer everywhere. In angiosperms, fertiliza-
tion of one or more ovules further stimulates the 
ovary wall to develop into either a fleshy fruit or, in 
the case of nuts, a tough shell.

1.4. Evolution of the Flower

We have diverged into these details about plant sex to 
set the stage for an understanding about how and 
why flowers evolved in the first place. Make no mis-
take, flowering was a wildly successful innovation. 
Angiosperms today are among the most successful of 
all life forms. They comprise up to 400,000 named 
species, making up nearly 90% of all terrestrial plants 
(Jarvis and Linné, 2007). They embrace virtually 
every known plant body form and growth strategy 
and occupy every terrestrial habitat on Earth (Crepet 
and Niklas, 2009). The flower was certainly front and 

centre of these developments, so let us think a 
moment about the innovations a flower does, and 
does not, represent.

To begin, flowers do not mark the beginning of 
pollen or ovules; these were already here millions of 
years earlier, entering the fossil record together (not 
uncoincidentally) in the late Devonian around 365 
million years ago (mya) (Fairon-Demaret, 1996; 
Wang et al., 2016), fully double the antiquity of the 
flowers (183 mya; Fig. 1.1). Pollen and ovules are 
rather the common legacy of all seed plants – the 
group that includes the angiosperms and the gymno-
sperms. Neither do flowers signal the beginning of 
insect pollination. Evidence for that comes from as 
early as 320–300 mya (Crepet, 1979), predictably 
after the arrival of ovules and pollen but long before 
the angiosperms.

Flowers do not mark the beginning of nectar. The 
pollination drop described in the previous section is 
living evidence for the kinds of pre-angiosperm ovule 
secretions that evolution would later coopt into sugar 
rewards for flower visitors. Other evidence for 
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Fig. 1.5. Pollen deposition, pollen tube growth and fertilization in the angiosperm ovary. Synergids occur at the 
opening, or micropyle, of the ovary sac and help guide a sperm to the egg. Antipodals occur at the opposite pole of 
the ovule and are involved in nourishing the embryo and helping to grow the endosperm.
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pre-angiosperm nectar comes from a comparative fos-
sil analysis of 11 scorpionfly species of the Mesozoic 
that had tubular sucking mouthparts and were able to 
feed on nectar-like secretions of five extinct gymno-
sperm taxa, a case representing the earliest known 
example of plant and pollinator coevolution (Ollerton 
and Coulthard, 2009; Ren et al., 2009).

Given that the gymnosperm pollination syndrome 
was the ground plan for what was to come, we can 
expect that between the two there are similarities – 
characters ancient and shared – as well as differences 
in innovations unique to the angiosperms. For exam-
ple, let us go back to pollen and ovules, structures 
common to both groups. For both, pollen is released 
from male structures that are morphologically dis-
tinct from female structures. But when it comes to 
the location of ovules and mode of pollination, the 
angiosperms have something totally new. Seeds are 
no longer naked but enclosed in an ovary. The ovary 
affords protection and spatial concentration of 
ovules and probably represents efficiencies in their 
metabolic development. However, secreting ovules 
away inside a protective ovary necessitated a new 
mode for bringing pollen and ovules together, and 
natural selection’s answer was the style and its terminal 
stigma. Lloyd and Wells (1992) argue that the angio-
sperm stigma evolved from precursors associated with 
the ancient gymnosperm pollination drop (Fig. 1.2).

What successful innovations did flowers thus 
contribute to the project of angiosperm evolution? 
A generality weaving through the literature is the 
idea that flowers represent improvements in plant 
mating and reproductive efficiency (Barrett, 2010).

One efficiency may be the elevated number of pol-
len grains per ovule made possible by the association 
of multiple ovules per stigma, in contrast to the sin-
gle ovule/single pollination drop model in the gym-
nosperms. The surface of animal-borne pollen grains 
tends to be heavily reticulated and sticky, a feature 
referred to as pollenkitt, which causes insect-adapted 
pollen to clump (Faegri and Van der Pijl, 1979), 
doubling in the case of honeybees the amount of 
pollen the insect can carry (Amador et  al., 2017). 
This clumping not only encourages large depositions 
of pollen on a stigma (Pacini, 2000), but also pro-
motes fitness gains through pollen tube competition 
(Erbar, 2003) and lowers the chance of individual 
pollen grains drying out (Dafni and Firmage, 2000). 
In general, a stigmatic pollination surface seems to 
optimize opportunities for ovules being fertilized.

Another efficiency may be the fruit’s role in seed 
dispersal. Fruit design is variable, and one ovary/fruit 

may encase one seed or many. A common feature of 
fruits, however – not unnoticed by the frugivores that 
eat them – is their palatability. By ingesting sweet, 
fatty or proteinaceous fruits and excreting their 
seeds, frugivores across a range of taxa – mostly 
mammals, birds and ants (Eriksson, 2008) – have 
partnered with angiosperms to disperse their seeds, 
expand their population ranges and promote their 
species diversity. However, seed dispersal by animals 
is also common in the gymnosperms (Leslie et  al., 
2017), so any benefits of fruit-assisted seed dispersal 
are contextual. Tiffney and Mazer (1995) show that 
species diversity in woody dicots is positively associ-
ated with seed dispersal by vertebrates, whereas the 
reverse is true in herbaceous monocots and dicots in 
which species diversity is associated with abiotic seed 
dispersal. The authors point out that these results are 
consistent with a traditional hypothesis that says 
selection will favour large seeds with large stores of 
starchy endosperm in woody species, in which seed-
lings must germinate and grow in conditions of low 
light. Only large vertebrates can successfully disperse 
such large seeds. Thus, at least for woody angio-
sperms and forest communities, fruit-assisted seed 
dispersal seems to be adaptive.

Another efficiency may derive from floral her-
maphroditism, which is the majority condition 
among the angiosperms (Klinkhamer and de Jong, 
2002). Compared to gymnosperms with their sexu-
ally segregated cones and profligate expenditure of 
pollen, floral hermaphroditism reduces energetic 
demand for pollen production and increases likeli-
hood that a stigma will receive pollen. The fact that 
much of that pollen is self-pollen suggests an evolu-
tionary trade-off in the form of inbreeding depres-
sion by selfing. However, as we will see in later 
chapters, many flowers have desynced maturation 
sequences in floral sexual tissues so that selfing is 
minimized and out-crossing maximized. Alternatively, 
a species may segregate the sexes on to separate flow-
ers (unisexual or imperfect flowers) or different 
plants (dioecy), or it may evolve varying degrees of 
self-compatibility (Schemske and Lande, 1985), a not 
uncommon option. In fact, of all hermaphroditic 
plants, 62–84% of temperate species and 35–78% of 
tropical species are at least partially self-compatible 
(Arroyo and Uslar, 1993). The frequency of self-
compatibility seen across the angiosperms is thought 
to indicate a selective response to pollinator scarcity 
(Lewis, 1973). It demonstrates how strongly pollina-
tor availability has shaped the breeding systems of 
angiosperms (Lloyd, 1965; Schemske, 1978). In the 
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end, the majority condition of hermaphroditism sug-
gests that there were efficiencies to be gained by 
concentrating the sexual tissues in one space.

The sexual parts of the angiosperm flower – the 
carpels and stamens – evolved once in the angio-
sperms, meaning that the bewildering varieties of 
carpels and stamens we see today are homologous 
variations of that one innovation. The non-repro-
ductive perianth organs, on the other hand, have 
arisen independently multiple times so that peri-
anth tissues in one angiosperm branch may not be 
homologues to those in another branch (Eames, 
1961; Takhtajan, 1991). However, this tidy story 
was upended by subsequent genomic analyses sug-
gesting in avocado (Persea americana) that petals 
derive from staminal tissue (Chanderbali et  al., 
2006). It is likely that other surprising homologies 
await discovery, especially in the basal angiosperms 
and monocots.

Additional reconstructions suggest that the ances-
tral state of the earliest flowers included an extended 
stigma and stamens with lateral pollen sacs; however, 
whether the ancestral flower state was bisexual or 
unisexual remains unresolved (Endress and Doyle, 
2009).

1.5. Coevolution of Animal Pollinators 
and the Flower

We have reviewed some of the putative improve-
ments in mating and reproduction made possible by 
the flower, but let’s face it, these efficiencies seem 
marginal and inadequate for explaining the rapid 
expansion and dominance of angiosperms across 
ecosystems. This expansion happened over a span of 
46 million years, from about 130 to 84 mya, and was 
directly responsible for large-scale replacements and 
extinctions of gymnosperms and ferns (Coiffard 
et al., 2012). Charles Darwin, perplexed at the sud-
denness of their appearance in the fossil record, 
famously lamented in a letter to Joseph Dalton 
Hooker dated 22 July 1879, that ‘The rapid develop-
ment as far as we can judge of all the higher plants 
within recent geological times is an abominable mys-
tery’ (Darwin and Seward, 1903, p.539).

Down the decades, legions of commentators have 
weighed in on the matter, and the consensus is that 
flowers are indeed major actors in angiosperm 
diversification and niche penetration (Barrett, 2010) 
– but not owing to any one-sided selection respond-
ing to ‘reproductive efficiency’. Instead, flowers are 
adaptations by plants in response to animal visitors –  

sexual organs that encourage beneficial flower visi-
tors and exclude ineffective ones. Most of those 
flower visitors are insects. The insects, foraging for 
food in the forms of pollen and nectar, pollinate 
their host plants as a matter of course, ensuring 
those plants’ sexual reproduction and succession to 
another generation. In the case of bees in particular, 
the relationship has engendered adaptations for 
nectar and pollen feeding, such as the famous pollen 
basket or corbiculum. It is textbook coevolution – 
the reciprocal evolution of interacting species driven 
by natural selection (Thompson et al., 2017). It is 
not an altruistic relationship: evolution operates 
unwaveringly under the principle that genes act self-
ishly to optimize their own reproduction (Dawkins, 
1989), but it is equally true that the way to optimize 
one’s reproduction often means partnering with 
other genomes to form alliances of shared interests 
(Bourke, 2011). One suspects one is on the trail of 
coevolution when the cause and effect thread 
becomes difficult to untangle: did the pollinator 
select for the flower or the flower select for the 
pollinator?

What energized the diversification and ecological 
success of angiosperms is the synergy between the 
morphological plasticity of the flower’s bauplan and 
the ecological agility of its insect pollen collectors. 
The floral design of ‘sexual parts + perianth’ is a 
versatile template that allowed for near-infinite vari-
ations in form, colour and scent. For their part, the 
5.5 million species of insects (Stork, 2018) occupy 
virtually every terrestrial niche and many aquatic 
environments as well, which means that the insects’ 
tight association with angiosperm pollen vectoring 
afforded flowering plants directional expansion into 
most of Earth’s terrestrial ecosystems.

Almost immediately, the dynamics of coevolution 
set the stage for specialization in pollination systems. 
Specialization can be considered from the perspec-
tive of the plant or the perspective of the pollinator. 
For the plant it means adaptations that enhance 
delivery of conspecific pollen to receptive stigmas. It 
can be things like the petals of orchids that mimic 
female bees, duping sexually aroused males into 
vectoring pollen when they were expecting to have 
sex (Ciotek et al., 2006; Schiestl, 2010). Adaptations 
can be long tubular corollas (Rodríguez-Gironés and 
Santamaría, 2007) that limit their pollinators to 
long-tongued visitors such as hummingbirds (Fenster, 
1991), bees (Inouye, 1980), moths (Alexandersson 
and Johnson, 2002) or butterflies (Bauder et  al., 
2011) – a strategy for foiling nectar thieves 
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(Rodríguez-Gironés and Santamaría, 2005) or in 
Darwin’s (1862) venerable opinion, a strategy by 
which the plant compels a pollinator to probe deeply 
to reach nectar, touching the anthers and stigma 
with its face, effecting pollination with subsequent 
floral visits, an hypothesis substantiated with 21st 
century field data (Alexandersson and Johnson, 
2002). For the pollinator, specialization means 
obligatory commitment to visiting flowers within a 
narrow range of plant taxa or floral morphologies.

Specialization is only significant in context to 
generalization – a pollination syndrome that seems 
to get less attention than it deserves. For a plant 
this means a floral morphology that is openly avail-
able to a variety of flower visitors or even abiotic 
vectors. A good example is the flower of oilseed 
rape (Brassica napus) that has a simple, open mor-
phology that admits pollen vectoring by a variety 
of insects as well as wind (Langridge and Goodman, 
1982). For the pollinator this means a flower visi-
tor who visits a range of plant taxa. Owing to their 
long colonial lifespans and season-long foraging 
activity, social bees often fit the bill for a generalist 
flower visitor (Heithaus, 1979; Westerkamp, 1991). 
Analysis of the fossil record (Crepet, 2008) and 
extant angiosperm divisions (Hu et  al., 2008) 
shows a trend from generalized to specialized pol-
lination systems over geological time.

In pollination, the adjective polylectic is applied 
to a flower visitor that visits a wide taxonomic 
range of plants. The term oligolectic is used for a 
pollinator that visits a narrow taxonomic range of 
plants. In an effort to accommodate cases ascribed 
to ‘broad oligolecty’ or ‘narrow polylecty’, Cane 
and Sipes (2006) proposed the term mesolectic to 
apply to those bee taxa that collect pollen from 
numerous species and genera of plants drawn from 
the same few plant families or tribes.

Although the idea of specialization in pollination 
systems has merit, it can be overinterpreted. Nature, 
as always, is messier than our categories for it. For 
one thing, specialization is not symmetrical: there 
are more plants that specialize on one or a few pol-
linators than pollinators that specialize on one plant 
(Vázquez and Aizen, 2004). This would appear to 
be dissolutive to coevolution; but what actually 
happens is that individuals of even ‘generalist’ 
flower visitors can become flower specialists, visit-
ing a narrow range of flowers in their lifetimes 
(Chittka et  al., 1999), the result being a ‘complex 
geographical mosaic of coevolutionary interactions’ 
(Johnson and Anderson, 2010, p.32) at the local 

level. Similarly, even ‘specialized’ plants receive 
flower visitors of many taxa at a local scale. The 
upshot being – it is more productive to consider 
specialization and generalization as dynamics that 
operate at different timescales. Specialization – the 
accurate delivery of conspecific pollen – is plainly 
adaptive in the short term; but in the long term, 
generalization is more favourable to ecosystem-
wide species diversity and stability (Brosi, 2016).

The dynamism sparked between floral morpho-
logical adaptability and insect ecological domi-
nance invited the proliferation of a near-infinite 
variety of reproductive and ecological strategies 
adaptive to both players. This is captured in the 
concept of pollination syndromes – that floral evo-
lution acts in response to the most effective pollina-
tor or group of pollinators (Rosas‐Guerrero et al., 
2014; Ashworth et al., 2015). Pollinator syndromes 
are seen as evidence of convergent evolution among 
flowering species jockeying for access to an avail-
able cohort of effective pollinators (Rosas‐Guerrero 
et al., 2014).

The result is a suite of pollinator and flower 
characteristics that cluster together (Table 1.1). For 
example, bird-pollinated flowers are often long-
tubed and red. It is no accident that these long 
corollas exclude ineffective pollinators; neither is it 
accidental that birds can see red easily whereas this 
colour can be difficult for bees (Spaethe et  al., 
2001). On the other hand, bee-pollinated flowers 
are overwhelmingly represented by flowers that are 
blue, white or yellow – colours comfortably within 
the visible spectrum for bees. Moreover, in the bees 
there are potential ‘subsyndromes’ such as the 
mechanical keel tripping mechanism in alfalfa 
(lucerne) that repels ineffective flower visitors, or 
the anthers of blueberries whose pollen is only 
released by bees capable of sonicating the flower 
(De Luca and Vallejo-Marín, 2013). Bumble bees 
famously partition themselves so that bee species 
with long tongues forage on flowers with deep 
corollas while short-tongued bees specialize on 
those with shallow corollas (Heinrich, 1976). In 
cropping systems, morphological flower constraints 
such as these often segregate effective from less 
effective bee pollinators.

However, if it is true that specialization in polli-
nation systems must be handled cautiously, the 
same holds for pollination syndromes. Studies for-
mally addressing the matter have concluded in 
favour of pollination syndromes (Rosas‐Guerrero 
et  al., 2014; Ashworth et  al., 2015) while others 
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have concluded that pollination syndromes are 
unreliable at predicting the most effective pollina-
tors for a focal plant group (Li and Huang, 2009; 
Ollerton et al., 2009). In spite of these cautions, the 
general robustness of a coevolutionary relationship 
between flowers and flower visitors has never been 
seriously challenged.

1.6. Insect Flower Visitors and the 
Significance of Bees

It is safe to say that the flower has spectacularly 
exploited insects – those widely available pollen 
vectors capable of directional motility that pro-
moted angiosperm diversification, range expansion 
and niche penetration. That insects were involved 
at an early stage is supported by the fact that wind 
pollination prevails in ancient and modern non-
angiosperm seed plants (Ollerton and Coulthard, 

2009); however, by the emergence of basal angio-
sperms we see insects as the primary mode of pol-
lination in 86% of families (Hu et  al., 2008). 
Moreover, molecular phylogenetics infers that 
 animal pollination is the ancestral state of the 
angiosperms (Hu et al., 2008); in other words, the 
coevolution of flower morphology and animal 
flower visitors was the defining innovation of the 
most recent common ancestor of the angiosperms. 
Flowers and animal flower visitation are not acci-
dental to the angiosperms; they are essential to the 
angiosperms. Today, 78–94% of angiosperms rely 
on animal pollinators (Ollerton et  al., 2011), the 
vast majority of which are insects (Grimaldi, 1999).

The panoply of insect flower visitors is wide and 
deep, taxonomically speaking. Figures 1.6 and 1.7 
show a variety of pollinator syndromes docu-
mented from several tropical and temperate sam-
pling sites. A cursory glance shows that bees, 

Table 1.1. Pollinator syndromes, compiled from Thien et al., 2000; Rodríguez-Gironés and Santamaría, 2004; Wolfe 
and Sowell, 2006; Fleming et al., 2009; Rosas-Guerrero et al., 2014; and Varatharajan et al., 2016.

Syndrome Pollinator Floral colour Floral shape Floral odour Reward

generalized many, including 
abiotic

variable open, easily 
accessible

variable nectar, pollen, 
none

chiropterophily bats white, green suspended on 
long stalks, 
tubular, radially 
symmetrical

musky nectar, pollen

melittophily bees yellow, blue,  
white

corolla enlarged 
for landing pad, 
bowl, tubular

sweet pollen, fragrance, 
oil, resin, 
low-volume 
concentrated 
nectar

cantharophily beetles brown, green,  
red, white

bowl fruity, musky heat, nectar, 
pollen

ornithophily birds red tubular imperceptible high-volume dilute 
nectar

psychophily butterflies blue, orange, pink, 
red, yellow

small, medium, 
large, bell, 
tubular

fresh nectar

myophily flies brown, green, 
white, yellow

small sweet, fruity, sour nectar

saprophily flies (carrion) brown, green, 
purple

bell, dish, trap putrid none

rhinomyophily flies (long-tongued) pink, purple tubular imperceptible nectar
phalaenophily moths white tubular sweet, scented  

in evening
nectar

therophily non-flying 
mammals

brown, green, 
white

dish fruity, musky, sour nectar, pollen

thripophily thrips white, yellow medium size sweet nectar, pollen
sphecophily wasps brown, green, 

purple
bell, dish sour, sweet nectar
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beetles and flies predominate. Of these, beetles are 
by far the most species-rich insect order, and their 
density and taxonomic diversity at flowers in the 
tropics can rival that of the bees (Wardhaugh et al., 
2013); in fact, it has been argued that beetles, with 
400,000 described species and potentially millions 

more awaiting discovery, may constitute the most 
species-rich group of flower visitors on Earth 
(Wardhaugh, 2015). Flies, with a species count 
approaching that of beetles, are the most ecologi-
cally diverse insect order with blood feeders, verte-
brate endo- and ectoparasites, gall makers, leaf 
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miners, wood borers and pollinators among their 
ranks (Grimaldi et  al., 2005). Surely the contribu-
tion of beetles and flies to plant and crop pollination 
is substantial, underappreciated and understudied.

However, among all the animals that visit flow-
ers, it is the bees who have attained pre-eminence 
as the paradigmatic animal partner with flowers in 
their shared coevolution. As we have already seen, 
insect flower visitation is ancient and predates the 
angiosperms; however, it is noteworthy that among 
the ‘big three’ – the beetles, the flies and the bees – 
the bees are by far the youngest taxon. Beetles and 
flies are higher taxa, each constituting its own 
order whereas bees are a monophyletic offshoot of 
a different order, the Hymenoptera. By monophyl-
etic, we mean a taxon with all members sharing a 
derived set of characters inherited by genetic 
descent from the group’s most recent common 
ancestor.i The mid-Triassic marks the emergence of 
the flies (240 mya) and beetles (230 mya) (Grimaldi 
et  al., 2005), while the bees diverged from their 
crabronid wasp sisters much later, 113–132 mya, in 
the mid-Cretaceous (Cardinal and Danforth, 2013).

What makes that last timepoint so astonishing is 
its literal synchrony with the emergence of the eud-
icots – the largest and most taxonomically rich 
branch of the angiosperms, including most of the 
crop plants covered in this volume (Fig. 1.1). 
Among the big three, the relative youth of bees 
means that only bees were there at the beginning of 
eudicot divergence, literally coevolving with and 
synergizing that divergence. To underscore this 
point, the derived shared characters that define the 
monophyly of bees are adaptations associated with 
flower foraging – plumose hairs (the better for 
picking up pollen), pollen-feeding larvae, and the 
hind basitarsus (first foot segment) broader than 
subsequent segments (a precursor to the later pollen 
basket) (Michener, 2000). Such foundational, 

 integral, obligatory and coinfluencing generaliza-
tions cannot be applied to any other taxon. Even 
though many, especially the bats, post-date the 
emergence of angiosperms and have members who 
evolved pollinating behaviours, for all of them 
flower feeding is derived, not ancestral. For exam-
ple, the emergence of bats (64 mya; Teeling et al., 
2005) post-dates the angiosperms; however, the 
ancestral state of bats is insectivory, not flower 
feeding, and pollination in bats is a specialization 
of only some families (Simmons et al., 2008).

It remains that the relationship between angio-
sperms and bees is exceptional for its mutuality, 
codependence and diversity of cospecializations. 
Among the big three, only the bees express univer-
sal adaptations and obligations to flower foraging. 
Bees are universally committed to flower feeding 
and morphologically adapted for it.ii For these 
compelling reasons, bees will be the focus of our 
attention for the rest of this volume.

Notes
i Monophyletic taxa are considered ‘natural’ in that they 
categorize groups based on natural descent and not 
classification errors. For example, a category based on 
‘winged animals’ would not constitute a natural taxon 
of insects and birds because wingedness evolved 
independently in each and their modern states of 
wingedness have no relationship based on shared 
descent. It is the work of phylogenists to reconstruct 
relationships by identifying evolutionarily informative 
characters and determining whether they are inherited 
by descent or represent independent evolutionary 
convergences.
ii The only exceptions are three species of Trigona, 
stingless bees in Central and South America that have 
abandoned pollen feeding for carrion. This is a derived 
condition and essentially the exception that proves the 
rule of obligatory flower foraging in the bees.
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