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Abstract It has been proposed frequently, from Darwin’s time onwards, that specialized
pollination increases speciation rates and thus the diversity of plant species (i.e. clade
species richness). We suggest here that the correlation between clade species richness and
floral specialization is real, but that clade species richness is frequently the cause, not the
result of floral specialization. We urge a broader, variance-partitioning perspective for
assessing the causes of this correlation by suggesting four models of how the diversity-
specialization correlation might come about: (1) floral specialization promotes initial
reproductive isolation (“Initial-RI” model), (2) floral specialization promotes reinforce-
ment of reproductive isolation upon secondary contact (“Reinforcement” model), (3) floral
specialization reduces the extinction rate by promoting tighter species packing (“Extinc-
tion” model), (4) floral specialization is the result of high clade species richness, which
increases the number of related species in communities, and thus selects for floral character
displacement (“Character-Displacement” model). These hypotheses are evaluated by
comparing the relationships between species richness, speciation mechanisms, and polli-
nation precision, accuracy, and specialization in the broader literature and, more
specifically, in four study systems: Dalechampia (Euphorbiaceae), Collinsia (Plantagina-
ceae), Burmeistera (Campanulaceae), and Stylidium (Stylidiaceae). These systems provide
stronger support for the character-displacement hypothesis, wherein local species diversity
drives the evolution of specialized pollination. Although the two reproductive-isolation
hypotheses may hold for plants like orchids, with extremely precise pollination systems,
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the reproductive character-displacement hypothesis seems likely to be more important for
plant groups with less precise pollination systems.

Keywords Character displacement - Pollination - Reinforcement -
Reproductive isolation - Specialization - Speciation

Introduction

Charles Darwin and dozens of evolutionary biologist since have argued that specialized
biotic pollination was a key factor in the diversification and success of the angiosperms
(Darwin 1876; Stebbins 1974; Regal 1977; Crepet 1984). In support of this idea, there is
considerable evidence for a relationship between specialized pollination and high species
diversity. For example, some groups like orchids have highly specialized pollination
systems, apparently high speciation rates, and high species diversity (e.g., Dressler 1968;
Cozzolino and Widmer 2005). Hodges and colleagues (Hodges and Arnold 1995; Hodges
1997) have suggested that the evolution of long nectar spurs, which promote more spe-
cialized pollination, was coincident with an increase in species richness. Additional
statistical support comes from broad-scale studies by Ricklefs and Renner (1994), Dodd
et al. (2000), Verdu (2002), and Jesson (2007) who showed that more species occur in
lineages with specialized animal pollination than sister lineages with abiotic pollination
(but see Bolmgren et al. 2003; Davies et al. 2004). Similarly, Sargent (2004) showed that
lineages with bilaterally symmetrical flowers, which usually have more specialized rela-
tionships with pollinators, are more species rich (presumably because of higher speciation
rates) than lineages with radially symmetrical flowers. Interestingly, a recent study with
narrower taxonomic focus has shown that specialized pollination does not necessarily
promote higher speciation rates (Smith et al. 2008), raising questions about the processes
generating the relationship, if not the existence of the broad trend.

What mechanisms may have led to this apparent general association between pollination
and species diversity? The most widely accepted hypothesis, expounded by Grant (1949,
1994), Stebbins (1970, 1974), and many others, holds that specialized pollination increases
reproductive isolation, which in turn increases speciation rates (see review in Rieseberg and
Willis 2007). However, there are other possible explanations. Here we outline four
hypotheses or models that may account for the observed correlation. The goals of this paper
are to provide a solid conceptual basis for evaluating these hypotheses, suggest possible
sources of data for assessing the likelihood of the mechanistic models, provide circumstantial
data for and against each model, and suggest how to proceed for obtaining more relevant data.

Floral specialization

Before proceeding, we need first to discuss floral specialization. Generalized pollination is
commonly defined as use of many of the available pollinators in a habitat and specialized
pollination as use of few of the available pollinators (Waser et al. 1996; Fenster et al.
2004; Armbruster 2006). A related concept is phenotypic specialization, referring to
morphological and other phenotypic traits of flowers that enforce restrictive pollination
(Ollerton et al. 2007). Possible negative consequences of generalized pollination include
loss of pollen (i.e. gene copies) from the reproductive pool and stigma blockage by het-
erospecific pollen.
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We use here a more inclusive definition of floral specialization: any floral feature that
increases the rate or efficiency of pollination by reducing gamete loss (see Armbruster et al
1999; Armbruster 2006). Floral specialization, in this broad sense, may evolve along one or
more of at least four possible axes: (1) what animals are attracted (e.g. differences in
rewards, reward accessibility), (2) when animals are attracted (season or time of day), (3)
which visitors are pollinators, and (4) where pollen is placed on, and picked up from,
pollinators. The first two axes relate to attraction of pollinators whereas the third and fourth
relate to the fit between flower and pollinator. The latter two are affected by factors such as
modular variance (Berg 1960, Armbruster et al. 1999), developmental repeatability
(Diggle 1992, Pelabon et al. 2004), and floral accuracy, optimality, and precision in the
pollination process (Armbruster et al. 2004, Hansen et al. 2006).

Divergence in attraction systems (rewards and advertisements)

Attraction systems influence which animal species are attracted to the flowers. The nature of
the pollinator reward can have major effects on the species attracted. For example, while
nectar and pollen, the commonest rewards, attract a wide variety of invertebrates and verte-
brates, floral oils, fragrances, and resins attract only certain species of bees. The animals
attracted can also be affected by the nature of floral advertisements. These promote associative
learning and increase the apparency of flowers, and include bright colours, distinctive shapes,
and strong fragrances. Species attracted to a flower are also affected by reward accessibility.
This is acommonly reported axis of specialization; for example, nectar is often secreted at the
base of long tubular corollas or spurs (see Hodges and Arnold 1995; Hodges 1997; Muchhala
2006b). Specialization along this axis may result in a coevolutionary spiral or serial pollinator
switches, as appears to be the case for the long spurs of some orchid and columbine flowers and
their long-tongued pollinators (Darwin 1877; Nilsson et al. 1987; Nilsson 1988; Wasserthal
1997; Whittall and Hodges 2007; Ennos 2008; Hodges and Whittall 2008).

Divergence in timing of flower opening and receptivity

Another axis of specialization is the evolution of a specific period when pollination can occur.
Nearly all plants flower in a particular season. The shorter the period of flowering, the more
specialized the pollination system, because fewer individuals, and often species, will be used as
pollinators (e.g. Armbruster et al. 1992). A second form of temporal specialization is exhibited
by plants whose flowers open for only part of the diel period. A common type of floral
divergence along this axis is diurnal vs. nocturnal opening, which affects the species of potential
pollinators (e.g. Muchhala 2003, 2006a). More restricted variation is seen when species differ
in the time of day that flowers open and are receptive to pollination: e.g. morning-, afternoon-,
or evening-opening flowers (Armbruster 1985, 1997, 2006; Stone and Wilmer 1998).

Divergence in morphological fit

The morphological fit between the parts of flowers and flower visitors determines which
floral visitors actually pollinate and at what efficiency. Specialization along this axis results
in using only a subset of floral visitors as pollinators. This is seen in Dalechampia vines,
which have either large or small bees as pollinators, but almost never both (Armbruster
1988, 1990), and in Burmeistera spp., which have bats as effective pollinators only when
flowers are wide, and hummingbird as effective pollinators only when flowers are narrow
(Muchhala 2007). Dressler (1968, 1981) has described similar patterns in orchids.
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Divergence in where pollen is placed on pollinators

It has long been recognized that most flowers are either “nototribic”, placing (and picking
up) pollen from the dorsal surface of the pollinator, or “sternotribic”, placing (and picking
up) pollen from the ventral surface of the pollinator (Faegri and van der Pijl 1979; Keller
and Armbruster 1989). Some flowers show further spatial specialization; e.g. most orchids,
place pollen in precise locations on pollinators (Dressler 1968, 1981).

Hypotheses

What processes may have led to the observed correlation between floral specialization and
species diversity? In addition to the two hypotheses embedded in the “classic model” of
reproductive isolation (1 and 2 below), we propose here two additional hypotheses. These
four hypotheses (Fig. 1) include: (1) initial reproductive isolation (“Initial-RI” model), in
which specialized plant-pollinator relationships increase speciation rates; (2) reinforcement
of reproductive isolation (“Reinforcement” model), in which plants with specialized
pollination experience more effective reproductive isolation on secondary contact, which
in turn increases the rate of species accumulation; (3) reduced extinction rates (“Extinc-
tion” model) associated with floral specialization, and (4) reproductive character
displacement (“Character-Displacement” model), in which speciation rates affect the
number of species packed into communities, which in turn selects for floral divergence and
specialization. Below we describe these hypotheses in further detail.

Hypotheses 1 and 2: reproductive-isolation models

Pollinators may contribute to angiosperm diversity through their effects on reproductive
isolation in two ways: either through shifts in pollinators generating reproductive isolation

Hypothesis 1: Initial RI

Reproductive Increased
isolation in sympatry speciation rates

Hypothesis 2: Reinforcement

Reproductive isolation Increased
upon secondary contact speciation rates ; )
Floral High Species

Diversity

Specialization

Hypothesis 3: Extinction

Ability to persist in small,
dispersed populations and/or Decreased
pack into more species-rich extinction
communities rates

Hypothesis 4: Character Displacement

Character displacement Increased number
from sympatric relatives « of species in sympatry

Fig. 1 Four hypotheses explaining the correlation between floral specialization and the species richness of
clades (phylogenetic groups)

@ Springer



Evol Ecol (2009) 23:159-179 163

and hence speciation (“Initial-RI model”), or through specialized pollination promoting
the reinforcement of reproductive isolation upon secondary sympatry of incipient species
(“Reinforcement model”; Grant 1949, 1971, 1994; Stebbins 1970, 1974; van der Niet et al.
2006; see Johnson 2007; Rieseberg and Willis 2007; Fig. 1).

Details of possible mechanisms of speciation through pollinator-induced reproductive
isolation have been described (Schemske and Bradshaw 1999; Bradshaw and Schemske
2003). Neither these nor earlier studies, however, document whether pollen flow is suffi-
ciently segregated to generate the degree of reproductive isolation needed for speciation
(cf. above with counter-example described by Cooley et al. 2008).

A recent paper by van der Niet et al. (2006) provides evidence supporting the role of
specialized pollination in the reinforcement of reproductive isolation. They suggest that
shifts in pollination systems have contributed to speciation by reinforcement of repro-
ductive isolation in Orchidaceae, Iridaceae, and Geraniaceae in South Africa. They showed
that shifts in pollination between sister species were associated with edaphic differences
and parapatry; this suggests that speciation was related to edaphic factors, but isolation was
reinforced when and where they come together secondarily (see also Hopper 1979). In
contrast, Moyle et al (2004) failed to find any genetic evidence for speciation via rein-
forcement in Glycine (Fabaceae), Silene (Caryophyllaceae), and Streptanthus
(Brassicaceae). These divergent results may be resolved by the fact that, as van der Niet
et al. (2006) pointed out, their data do not allow one to distinguish between pollinator
divergence as the result of reinforcement (selection against hybridization) versus repro-
ductive character displacement (selection against loss of gametes when gene flow is
already precluded by postzygotic isolation; see hypothesis 4 below).

Reinforcement of reproductive isolation has been proposed repeatedly as an explanation
for the evolution of pre-zygotic isolating in animals as well as plants (e.g., Dobzhansky
1937, Grant 1966). However, over the subsequent decades the concept has passed out of
favour (Butlin 1989; Rice and Hostert 1993), and then back in (Noor 1999; Servedio and
Noor 2003), based on theoretical issues. While much empirical data support the evolution
of reproductive isolation predominantly as a by-product of divergence in allopatry or
parapatry (Rice and Hostert 1993; McKinnon et al. 2004; Rieseberg et al. 2004; Orr 2005),
some recent data support reinforcement as a mechanism of divergence (Coyne and Orr
1989; Hoskin et al. 2005; Lukhtanov et al. 2005). How this debate pans out in the future
will either increase or decrease support for the Reinforcement model.

Hypothesis 3: extinction model

Clade species richness is the difference between prior speciation and extinction; thus,
extinction rates may also influence clade species richness. An association between spe-
cialization and clade species richness could be the result of floral specialization influencing
extinction rates within a clade. Waser et al. (1996) used a simple model to show that plants
with specialized pollination (using few pollinator species) might be expected to suffer
higher extinction rates due to fluctuations in the population sizes of their special pollin-
ators. This would lead to a negative relationship between specialization and species
richness across lineages, which has never been reported (see Ollerton 1996).

Floral specialization along other axes (e.g. flowering time or pollen placement), how-
ever, may decrease extinction rates. This might occur if floral specialization allows more
species to be packed into a community, because they do not suffer the negative effects of
interspecific pollination (Armbruster et al. 1994; Armbruster 2006). Indeed, animal
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pollination generally, and any other floral adaptation that increases the effectiveness of
intraspecific pollen flow, may allow plant populations to succeed at lower densities and
when more widely dispersed than is otherwise possible (Raven 1977, Regal 1977). This
might, in turn, affect reproductive success, population viability, species persistence, and
ability to colonize new areas, leading to lower extinction rates and higher species richness.

Hypothesis 4: character-displacement model

The species richness of clades often influences the number of related (e.g. congeneric)
species that occur together in a community. Although very few data have been collected, it
is self evident that species-rich genera should have, on average, more sympatric species
that species-poor genera. Although there are certainly exceptions, as when related species
are restricted to different parent material or microclimates, it is generally the case that
groups with high species diversity have more species in the same community (see Kozak
et al. 2005; Smith et al. 2007).

The co-occurrence of numerous sympatric species may generate selection for parti-
tioning of the available pollinator fauna through floral adaptations along one or more of the
axes of floral specialization. Such evolutionary change (character displacement) has been
detected in many studies (e.g. Armbruster 1985; Armbruster et al. 1994; Fishman and
Wyatt 1999; Muchhala and Potts 2007; Smith and Rausher 2007), and if this is a frequent
response in sympatry, it may lead to a positive correlation between specialized pollination
and clade species richness (Fig. 1). This hypothesis differs from the other three in positing
that floral specialization is a result (rather than a cause) of species diversity.

Because the outcomes of floral character displacement and reinforcement of repro-
ductive isolation are similar, they have often been treated as single process or otherwise
variously conflated (e.g. van der Niet et al. 2006, Smith and Rausher 2007). However, in
the context of speciation, the distinction between the two is of fundamental importance.
When reinforcement of reproductive isolation occurs, it prevents gene flow that would
otherwise cause two incipient species to become a single intermating population. In
contrast, the Character-Displacement hypothesis relates to populations (species) that are
already isolated (usually postzygotically) to a sufficient degree to prevent genetic amal-
gamation of the two populations.

The selective pressures involved in these two processes are very similar (loss of gene
copies to unfit hybrids and/or unreceptive stigmas), as are many of the outcomes, such as
floral character divergence and use of different pollinators. However, the two processes
have very different effects on the relationship between pollination and speciation. Any shift
in pollination system that increases the segregation of pollen flow (assortative mating) to a
sufficient degree to prevent genetic fusion of populations is likely to increase the speciation
rate, as described under hypothesis 1. In contrast, selection for improved mate discrimi-
nation between inter-sterile species will not affect speciation rates because reproductive
isolation is already in place. Importantly, features that would not prevent genetic fusion of
inter-fertile populations (because pollen segregation is incomplete) can be fixed by char-
acter displacement.

Lines of evidence and study systems

Below we consider several lines of evidence that may help us evaluate the likelihoods of
the four hypotheses described above. In addition to reviewing relevant literature, we
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present new data from four study systems with which we have had extensive experience:
Dalechampia spp. (Euphorbiaceae), Collinsia spp. (Plantaginaceae), Burmeistera spp.
(Campanulaceae), and Stylidium spp. (Stylidiaceae).

Dalechampia contains ca. 120 species of mostly perennial vines, distributed throughout
most of the lowland tropics. The pollination unit is a blossom inflorescence (pseudanthium)
comprising usually 10-15 staminate flowers, three pistillate flowers, and a gland that
secretes resin in most species. These parts are subtended by two showy bracts. Pollination
of most species is by resin-collecting bees, which use resin in nest construction (Armbr-
uster 1993).

Collinsia and its close relative, Tonella, form a clade of about 24 annual species,
primarily of temperate western North America. The pollination unit is the zygomorphic
(bilateral) flower. Pollination is by long-tongued, nectar-feeding bees (which may also
collect pollen; Armbruster et al. 2002).

Burmeistera is exclusively neotropical, with 102 species distributed from Guatemala to
Peru. Flowers are protandrous and zygomorphic, with staminate and pistillate tissues
partially fused into a column that first deposits pollen and then picks it up with the stigma.
The genus is primarily bat-pollinated, with one known switch to hummingbird pollination
(Muchhala 2003, 2006a).

Stylidium contains over 250 species of herbs, perennial rosette plants, and small shrubs,
most of which are endemic to Australia. The pollination unit is zygomorphic flower, which
characterised by the fusion of staminate and pistillate tissues into a motile, protandrous
column. Pollination is by nectar-feeding bee flies (Bombyliidae) and small solitary bees
(Armbruster et al. 1994).

Dalechampia blossoms have low floral integration, precision, and accuracy, compared
to the other three genera (see Fig. 2; Armbruster et al. 2004). Collinsia has intermediate
integration (fusion) and accuracy. Burmeistera and Stylidium flowers are highly integrated
(fused), with greater precision and accuracy. The number of coexisting, co-flowering
species is higher in Burmeistera and Stylidium than in Dalechampia and Collinsia, and the
ability of co-occurring species to achieve segregated pollen flow follows a similar trend
across genera. These taxa thus fit the predicted relationship between species diversity
within communities and floral specialization. The above pattern suggests that the degree of
floral specialization may also be influenced by the extent of floral integration and precision.

The remainder of this contribution attempts to assess the relative likelihoods of the four
hypotheses described above. It is important to note that these hypotheses are not mutually
exclusive, but instead possible mechanisms whose relative frequency we wish to assess. In
the following sections, we will focus primarily on four lines of evidence: the degree of
segregation of pollen flow provided by floral specialization, the extent of hybridization and
types of isolating mechanisms, the nature of macroevolutionary shifts in pollination sys-
tems, and the relatedness of sympatric species (Table 1).

Degree of segregation of pollen flow

Under the Initial-RI and Reinforcement models, which depend on prezygotic reproductive
isolation, we expect pollination differences to segregate pollen flow very effectively (see
Gegear and Burns 2007). Consideration of population-genetic models suggests that such
assortative pollen flow must be nearly complete for divergence to occur in the absence of
strong selection. The most appropriate population genetic model to compare against is the
relationship between migration (gene flow) and random genetic drift: Foq = 1/(4 Nm + 1),
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A Low Precision, B Low Precision,
Low Optimality in Mean High Optimality in Mean
optimal | o;latimal
o pollen placement or optimalit pollen placement or
optimality % pickup p y% ' pickup
Frequency < g

Distance from Landmark Distance from Landmark
C High Precision, D High Precision,
Low Optimality in Mean High Optimality in Mean
optimal timalit " o;IJtimaI
optimality pollen placement or
P pollen placement or !
Frequency optlmallty%_» pickup % pickup
A 4
observed
observed pollen placement
ppllen placement

Distance from Landmark Distance from Landmark

Fig. 2 Adaptive accuracy, precision, and departure of the mean from the optimum, in the context of pollen
placement and pollen pickup. a. With low precision (high variance in stigma/anther position) and low
optimality (large deviation of mean stigma/anther position from the optimum). b. With low precision and
high optimality (small deviation of the mean from optimum). ¢. With high precision (low variance in stigma/
anther position) and low optimality. d. With high precision and high optimality. Adaptive accuracy is the
joint effect of precision and optimality on fitness. More specifically, selection minimizes adaptive
inaccuracy, which is the sum of the trait variance and the square of the departure of the trait mean from the
optimum value (see Armbruster et al. 2004; Hansen et al. 2006). “Frequency” refers to frequency
distribution of distances of stigmas or anthers from the relevant floral landmark (e.g. the site of the reward)

where F.q is equilibrium autozygosity (a measure of drift), N is the population size, m the
fraction of the population migrating per generation. Note that Nm is thus the number of
migrants per generation. When 4 Nm >1, the two populations are so strongly linked by
gene flow that they function essentially as a single panmictic population (Roughgarden
1979). Hence, only a tiny amount of gene flow will prevent divergence of populations by
genetic drift (Wright 1940, Roughgarden 1979). The net effect of selection and gene flow
can be assessed by considering the magnitude of s, the local selection coefficient, in
relation to m; s must exceed the value of m for selection to outweigh gene flow (Wright
1940). Thus, in general, weak selection will not result in divergence with moderate gene
flow, although strong selection can do so (Wright 1940, Roughgarden 1979). We can
conclude that the equivalent of one inter-“morph” pollination every other generation will
swamp out differentiation under all but very strong selective pressures.

How frequently do pollinators actually provide such a high degree of segregation of
pollen flow in nature? Barriers to gene flow may be manifested through sympatric cong-
eners using different pollinator species (ethological isolation) or, alternatively, through
sympatric congeners placing and picking up pollen accurately (and precisely) on different

@ Springer



167

Evol Ecol (2009) 23:159-179

pringer

As

omedwAs
Kj241.4 1R S9103ds 19151

eurwopaxd

aseyd ojerpawnroiur

M SYIYS AneIenb
pue syIys dAneInuend)

2.4p.4 e SpPLQAY
[eIOyNIE pUE [eInjeu ylog
J9ysuen) udjod osyroadsiojur
§20mpa. uonezI[eIoads [erof]

omedwAs
(12414 1€ $A103ds 19)S1§

uonoipaid Ies[d oN

244 I SPLQAY
[eIOynIE puE [eInjeu ylog
19jsuen) uafjod oyroadsiojur
§20mpa. uonezIerodds [erof]

ommedwAs
U210 are sa10ads 19181

uouruod
o1e 93e)s oJeIpouIolul
oYM SPIYs aanelend)
UOWUI09
KIoA Q1B SpLIQAY [eroynIe
‘uowrwod A[ejeIopout
QIe spLqAY [eInyeN
19ysuen uaqjod oyroadsiour
sjuada4d uoneziferoads [e1o[]

ommedwAs
U210 are sa10ads 111§

uowruod
o1e 93e)s oJeIpouLIolul
mnoym SIPIYs aanelend)
UOWUIOD
KI9A 2Ie SpLIQAY [eIOynIR
‘uowrod A[oreIopow
QIe SpLqAY [eInyeN
19ysuen uaqjod oyroadsiour
sjuada4d uoryeziferodds [e1of]

AnedwAs jo
suroned onoua3o[Ayg

swo)sAs uoneurjjod
usam1aq SYIYS
AIeuOnN[OA90IBIA

SWISTURYOW
Suneost

pue uonezipuqAyg
moyg udjrod jo

uonesaI3as Jo 2139

saAnefal ommedwAs

JO Juouraoe[dsIp IojorIRyD

y3noryy uonezieroads
S9seaIOUl AJISIQAIP YIIH
Juowaoedsig-Ia10RIey)) (1)

suorjendod

pastadsip ‘Ia[ews

ur ooud)sisiod Surmoyre

£Q UONOUNIXQ SISBAIOIP
uoneziferoads [e1o[
uonounxy (€)

uone[ost aanonpoidar

JO JUOUIAOIOJUIST YINOIy)

uoneroads sasearour
uonezierodds [e1o[]
JUWAIOJUIY (7)

UOIB[OST

aanonpoidar fentur ysnoayy

uonerdads sasearour
uonezierdads [e1o[]
ra-renwg (1)

sasayjodAH

QOUQPIAD JO SAUT]

uopeurfjod pue ssauyowr saroads ape[d usamieq diysuonerar ay) 1oy sasaylodAy 1oy oy Jo suonodIpaid T dqelL



168 Evol Ecol (2009) 23:159-179

locations on shared pollinators (mechanical isolation; cf. Grant 1949, 1994). Below we
consider each barrier in greater detail.

Do pollinators of sympatric congeners differ enough to generate reproductive
isolation?

According to Waser and colleagues (Waser et al. 1996, Waser 1998, 2001), ethological
isolation is nearly always incomplete because most plants are visited by several to many
species of pollinators, which also visit many kinds of plants (generalized pollination; see
Waser et al. 1996). Hence, in this view, pollinator differences are usually statistical rather
than absolute and not likely to generate reproductive isolation or promote speciation (see
also Waser and Campbell 2004).

More focused studies provide ample empirical evidence that significant proportions of
pollen grains commonly move between different floral types despite them having differ-
ences in pollinator faunas (e.g. Armbruster and Webster 1982, Armbruster and Herzig
1984). Other data illustrating the lack of complete isolation come from studies of rampant
hybridization between species with large differences in what pollinates them most of the
time (Aldridge and Campbell 2007; Hersh and Roy 2007), including studies of gene flow
between highly specialized, sexually deceptive orchid species using different pollinator
species (Cozzolino et al. 2005; Cozzolino and Scopece 2008).

Many orchids may be a notable exception to the general observation that differences in
specialized pollination usually do not generate reproductive isolation. Most species have
pollen grains united into pollinia, which may reduce the “random” component of pollen
flow. In conjunction with this, orchid species often have very specialized relationships with
pollinators, where a specific type of reward or mimicry system operates. Together, these
features may permit closely related sympatric orchid species to have perfectly segregated
pollen flow and reproductive isolation in the absence of post-zygotic isolating mechanisms
(Dressler 1968, 1981; but see Cozzolino et al. 2005; Cozzolino and Scopece 2008, as noted
above). Thus, use of different pollinators may maintain reproductive isolation between
sympatric incipient species and thus increase the net speciation rates in orchids either
through Initial-RI (see Johnson 2007) or Reinforcement (see van der Niet et al. 2006).

Outside of orchids, however, it seems likely that plant-pollinator interactions rarely
generate sufficiently extreme segregation of pollinator species to effect complete repro-
ductive isolation (Waser 1998, 2001; Waser and Campbell 2004). We must look elsewhere
to account for the correlation between specialized pollination and species richness (spe-
ciation) that appears to hold in many plant groups.

Can differences in location of pollen placement effect reproductive isolation?

Even if sympatric incipient species share pollinators, it may still be possible that they
experience prezygotic isolation if they place pollen and pick it up from different locations
on shared pollinators. This may occur if pollen placement and stigma contact with poll-
inators is generally very accurate and precise (see Fig. 2). The best example of highly
accurate and precise pollination is again among members of the Orchidaceae, in which
most species have pollen grains united into pollinia. Pollinium placement can be very
precise and correspond exactly to the position of stigma contact. These features may permit
closely related sympatric species to have perfectly segregated pollen flow and reproductive
isolation when sharing pollinators and in the absence of post-zygotic isolating mechanisms
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(Dodson 1962; Dressler 1968, 1981; but see Cozzolino et al. 2005). Thus, use of different
locations on the same pollinator may maintain reproductive isolation between sympatric
incipient species and thus increase the net speciation rates in orchids (see Johnson 2007)
via either the Initial-RI or Reinforcement model (or both).

In most situations, however, such segregated pollen flow appears rare. In a study of
assemblages of unrelated humming bird-pollinated plants, Murcia and Feinsinger (1996),
for example, found large amounts of interspecific pollen transfer, despite large differences
in floral architecture and pollen placement.

Comparison of study systems

Our four study systems exhibit a strong gradient in floral integration, accuracy, precision,
and potential to segregate pollen flow among sympatric species sharing pollinators.
Dalechampia blossoms show the least integration due to the pseudanthial nature of the
pollination unit. They also have the lowest accuracy and precision (see Fig. 2), and are
unable to segregate pollen flow among sympatric species that use the same pollinators at
the same time (Armbruster and Herzig 1984; Armbruster et al. 2004). Low accuracy and
precision may be the result of conflicting selection for herkogamy (spatial separation of
pollen and stigmas) because it reduces self pollination in this group of self-compatible
plants (Fig. 2c).

Collinsia spp. has more integrated flowers and higher accuracy and precision (Arm-
bruster et al. 2002). There appears to be some ability to segregate pollen flow among
sympatric species that share pollinators, but not to a level that would prevent gene flow. As
in Dalechampia, self-pollination is prevented or delayed by herkogamy, and this may
select against greater optimality and precision (Armbruster et al. 2002, 2004).

Burmeistera flowers are highly integrated, with staminal and pistillate tissues partially
fused into a column. Separation of sexual functions in time (protandry) rather than space
combined with floral integration appears to have allowed response to selection for high
optimality and precision. The development of the staminal tube is coordinated with the
style such that the two function as a single unit (the “column”), initially releasing pollen
from the tip and then receiving pollen onto the stigma in same location (Cronquist 1982;
Muchhala 2003, 2006a, Muchhala and Potts 2007). Muchhala (2006a, 2008) showed that
species of Burmeistera diverge from one another in the length of the column. Detailed
flight cage experiments with pairs of Burmeistera species showed that the greater the
difference in column length, the less pollen is transferred interspecifically (Muchhala and
Potts 2007). Furthermore, column lengths of assemblages of co-occuring Burmeistera are
significantly overdispersed relative to null expectations (Muchhala and Potts 2007).
However, even for the species pair in the flight cage experiments with the greatest dif-
ference in column length (B. borjensis and B. sodiroana), more than 15% of the pollen was
transferred between species. Burmeistera flowers in nature receive similar levels of het-
erospecific Burmeistera pollen (approximately 20% on average; Muchhala 2006a). Thus
placing pollen in different locations on the pollinator appears to be unable to generate
reproductive isolation even in this specialized system. Were this amount of gene flow to
occur between incipient species in sympatry, the two populations would simply introgress
back into one population.

In Stylidium the fusion of male and female tissues is very similar to that seen in
Burmeistera, although the Stylidium column is motile and places and picks up pollen by
springing forward from a recurved position. Thus, the flowers are highly accurate and
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precise, with the ability to partition pollen flow among sympatric species using the same
pollinators. There is sufficient precision to enhance male fitness (getting pollen to the right
stigmas), but as in Burmeistera, it seems unlikely that pollen flow is sufficiently segregated
to preclude gene flow (Armbruster et al. 1994).

This analysis of four study systems reveals a range of integration, precision, and
accuracy in pollination. Most plants fall out somewhere in the middle of this continuum;
very few groups show the degree of integration and accuracy seen in Burmeistera and
Stylidium. This suggests that most plants will not experience complete reproductive iso-
lation even if they place pollen in different average locations on shared pollinators. These
results do not support the Initial-RI and Reinforcement hypotheses, but instead bolster the
Character Displacement and Extinction hypotheses (Table 1).

Hybridization and isolating mechanisms

Because the Initial-RI and Reinforcement hypotheses assume prezygotic (ethological or
mechanical) isolation, if they are correct we expect hybrids will be relatively easy to obtain
in artificial crosses. We should also find the occasional hybrid in the field, because, in
incipient cases, reproductive isolation may still be leaky, and it is hybridization that selects
for secondary reinforcement. In contrast, the Character-Displacement and Extinction
hypotheses assume post-zygotic isolation is already in place and therefore predict very
little artificial or natural hybridization (Table 1).

To evaluate these ideas we wish to know whether species with specialized vs. gen-
eralized pollination systems are exclusively prezygotically or postzygotically isolated.
Systematic data are hard to come by, however, although assessing the commonness of
natural and artificial hybrids is a good start. Orchids are better studied than most groups.
Here hybrids are commonly formed by artificial crossing, and hybrids are occasionally
reported in the field (Dressler 1981), indicating that many species are exclusively pre-
zygotically isolated.

The best data on orchids come from a recent comparison of food-deceptive and sexually
deceptive orchids (Scopece et al. 2007). Food-deceptive orchids have strong post-mating
and weak pre-mating isolation barriers, while sexually deceptive orchids have the opposite.
Sexual deception reflects unusual specialization based on chemical exploitation of one or a
few pollinators species, whereas pollination in food-deceptive orchids is more akin to
pollination of “normal” flowers. Interestingly, post-mating isolation has evolved in a
clock-like manner, whereas pre-mating barriers have not, supporting the idea that, for
angiosperms with “normal” pollination systems, speciation commonly occurs through
gradual divergence in allopatry. Hybridization and introgression is more common between
sympatric sexually deceptive orchids than food-deceptive orchids (Cozzolino et al. 2005;
Cozzolino and Scopece 2008).

In our four study systems, hybrids are seen very infrequently in the field, and have
almost never been produced in the greenhouse. All the data indicate that isolation among
related species is postzygotic. The clearest data come from greenhouse experiments with
Dalechampia. Hybrids between Dalechampia species are almost never found in the field,
even when pollinators move between closely related species (e.g. Armbruster and Steiner
1992). An extensive interspecific crossing program between both sympatric and allopatric
species in the greenhouse at the University of California Davis, conducted 1979-1981,
resulted in no definitive hybrids (Armbruster and Herzig 1984; Armbruster “unpublished
data”). This suggests strongly that there are effective postzygotic barriers to hybridization.
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A crossing program between populations of the D. scandens species complex in the NTNU
Biology greenhouse at Trondheim, Norway, showed surprisingly strong postzygotic bar-
riers between putatively conspecific populations that showed small morphological
differences (Pelabon et al. 2005). Thus lack of hybrids in the field and greenhouse indicate
strong postzygotic reproductive isolation. This, combined with the lack of evidence for
prezygotic isolation, suggests that floral specialization and divergence in sympatry have
not been involved in speciation.

Several years of collecting Burmeistera in sites throughout Ecuador similarly revealed
very few suspected natural hybrids (Muchhala, “personal observation”). Interspecific
crosses of sympatric species never resulted in seed set, although sample sizes were small
(Muchhala, “unpublished data”). A study with a larger sample size provides even stronger
evidence for post-zygotic rather than pre-zygotic isolation barriers. From Feb. to Mar. of
2004, crosses were made between two populations of Burmeistera sodiroana, one from
Bellavista Reserve (BV) on the western slopes of the Andes of Ecuador and one from
Yanayacu Reserve (YC) on the eastern slopes. These populations differ in the length of the
staminal column, but are otherwise morphologically identical (Muchhala 2006a), and
conspecific according to a phylogenetic analysis (Knox et al. 2008). This experiment was
planned to verify that the populations could be crossed, in order to then be able to estimate
the amount of pre-zygotic reproductive isolation that the difference in column length
would provide should the populations come into secondary contact (cf. the Reinforcement
hypothesis). However, results demonstrated that post-zygotic barriers already existed
between the populations. Flowers from BV crossed with BV pollen donors set 1767 seeds
(£356.0 SE) per cross on average while those crossed with YC pollen donors only set 1028
(£194.5). Similarly, YC flowers crossed with YC pollen donors set 972 seeds (£224.2)
while those crossed with BV pollen donors only set 231 (£156.6). Decreases in the
between-population crosses were due to a combination of increased fruit abortions and less
seeds per fruit (Muchhala, “unpublished results”). These results suggest that post-zygotic
barriers evolve before differences in column length, and specialization is more likely a
result of character displacement rather than a cause of reproductive isolation or
reinforcement.

A similar situation appears to hold in both Collinsia and Stylidium. Hybridisation in the
field is extremely rare, despite large numbers of populations that co-flower with congeners
(Armbruster et al 2002; Juliet Wege, “personal communication”). Similarly, artificial
hybrids can be made very rarely, suggesting there are strong postzygotic reproductive
barriers (Armbruster “unpublished data”; Juliet Wege, “personal communication”).

Macroevolutionary shifts between pollination systems

Macroevolutionary data provide an additional means for evaluating our four hypotheses.
Comparisons among closely related species can shed light on how transitions between
pollinators occur over the course of evolutionary diversification and reveal relationships
among species that differ in pollinators. In the context of reproductive isolation, it is
important to understand how species-level shifts in pollination systems occur, and how
often they might lead to reproductive isolation.

Contrary to predictions of the reproductive isolation hypotheses, speciation is not
always tightly associated with shifts in pollinators. Examples can be found even in groups
with specialized pollination. Well studied examples include species-rich groups such as
Pedicularis (Orobanchaceae), which are almost all bumble-bee pollinated (Macior 1975,
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1983; Yang et al. 2007), the Coryciine orchids that are pollinated by one genus of oil-
collecting bees (Steiner 1989, Pauw 2006), and the genus Burmeistera, for which only one
of more than one hundred speciation events is thought to be correlated with a shift in
pollinators (Knox et al. 2008). These observations suggest that high speciation rates and
increases in diversity often result from factors other than shifts between specialized
pollinators (see also Hopper 1979; van der Niet et al 2006; Scopece et al. 2007; Cozzolino
and Scopece 2008).

Even when evolutionary shifts between pollination systems do occur, we argue that they
only rarely have the potential to cause reproductive isolation. Three kinds of pollinator
shifts have been recognized (Armbruster 1993): (1) quantitative shifts, (2) qualitative shifts
with an intermediate phase, and (3) qualitative shifts without an intermediate phase.
Quantitative shifts occur through gradual changes in traits (often with quantitative-genetic
inheritance) that influence the frequency of visitation by animal species and the probability
that visitors pick up and deposit pollen. For example, an increase in the amount of nectar
secreted might increase the rate of visitation by larger pollinators, but not a sudden tran-
sition from small to large (Heinrich and Raven 1972). An increase in the distance between
the nectary and stigma lowers the probability that a small visitor contacts the stigma and
deposits pollen compared to a larger visitor.

A study of Dalechampia vines (Euphorbiaceae) estimated 14 independent quantitative
shifts in pollination systems (out of ca. 50 species studied). These involved shifts in blossom
size and amounts of rewards offered, which influenced the rates of visitation and pollination
by bee species of different body sizes. Because such shifts are probabilistic rather than
complete, they are unlikely to generate sufficient reproductive isolation (in the absence of
other barriers) to allow divergence of populations by drift or weak selection (Initial-RI) or to
reinforce reproductive isolation (Reinforcement) in any but the weakest of manners.

Qualitative shifts with an intermediate phase (in which both old and new pollinators are
effective; see Stebbins 1974) occur when the quality of the reward or advertisement has
changed and causes a shift in pollinators. There is an intermediate phase in which both the
old and new rewards and advertisements are present and both old and new pollinators visit.
Thus, such shifts seem unlikely to generate sufficient reproductive isolation (in the absence
of other barriers) to allow divergence of populations by drift or weak selection. Stebbins
(1970, 1974) argued that this mode of pollinator shift, in combination with the quantitative
shifts (which also involves an intermediate phase), was virtually the rule. Indeed some six
out of seven qualitative pollinator shifts detected in Dalechampia involved an intermediate
phase with both old and new rewards in place (Table 2).

Qualitative shifts without an intermediate phase involve a floral change that causes a
complete switch to a new pollinator and immediate cessation of visitation by the old
pollinator. This may occur frequently in orchids that are pollinated by male euglossine
bees, and is thought to contribute to their high speciation rate and species diversity

Table 2 Number of pollination shifts of each type observed in Dalechampia

Type of pollination shift Isolation consequences Number observed
Quantitative shifts No reproductive isolation 15+
Qualitative shifts with intermediate No reproductive isolation 5-6
phase
Qualitative shifts without intermediate Immediate reproductive isolation, 1
phase instantaneous speciation?
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(Dodson 1962; Dressler 1968, 1981; Chase and Hills 1992). However its frequency else-
where in the angiosperms has not been considered. It is invoked in Penstemon (Straw 1955,
1956) and Mimulus (Schemske and Bradshaw 1999), but on fairly weak inference. It was
found to be very rare in Dalechampia (1 out of ca. 22 documented shifts; Table 2;
Armbruster 1993).

Less information is available in the other three study systems. Shifts between pollina-
tion systems across species appear to be largely quantitative in nature in Collinsia
(interspecific variation in flower size), Burmeistera (interspecific variation in column
length), and Stylidium (interspecific variation in column length and position; Armbruster
et al. 1994; Wege 1999).

We suggest that these three types of pollinator shifts, as detected in comparisons of
related species, are broadly applicable to all animal-pollinated plants. The relative fre-
quency can inform our evaluation of the four possible causes of the diversity-specialization
correlation. Only the third type of pollinator shift is likely to impart reproductive isolation
and hence promote speciation. Its rarity in nature argues against the importance of Initial-
RI and Reinforcement models.

Phylogeographic patterns of sympatry

If either of the two reproductive-isolation hypotheses (Initial-RI or Reinforcement) is
correct, we should expect sympatric species differing in pollination often to be sister
species. This is because species are expected to diverge in pollination and achieve
reproductive isolation in sympatry or parapatry. In contrast, there is no expectation of close
relationship between sympatric species under the Extinction and Character-Displacement
hypotheses. It is thus useful to examine the phylogenetic relationships of sympatric
species.

Two or three Dalechampia species can often be observed growing together in the same
habitat (see Armbruster 1985, 1986). Partitioning of pollinator resources is usually by
attracting, and being pollinated by, different species of bees. Molecular phylogenetic and
distributional data from Dalechampia indicate that sympatric species are almost never
closely related. Most sister species usually occur in widely different places, with a mean
separation of ca. 190 km, suggesting allopatric speciation without secondary sympatry of
close relatives (Table 3). This argues against frequent sympatric or parapatric speciation,
or reinforcement, by pollinator shifts in Dalechampia.

Collinsia assemblages often comprise two, or occasionally three, sympatric species.
One instance of sibling species growing together and using different pollinators has been
detected, but otherwise sympatric species are not usually closely related (Armbruster
“unpublished data”). Sister species in the phylogeny tend to occur in geographically
separate locations, with a mean separation of ca. 70 km (Table 3).

Table 3 The number of pairs of sympatric species that are sister taxa and the mean geographical distance
between allopatric sister species

Taxon No. species studied (no. Number of sympatric sister Mean distance between allopatric
sympatric pairs) species observed sister species (£SE)

Dalechampia 55 (ca. 95) 2 187 (£24) km

Collinsieae 24 (ca. 45) 1 67 (£12) km

Burmeistera 21 (6) 0 -

@ Springer



174 Evol Ecol (2009) 23:159-179

Burmeistera assemblages typically comprise two to four co-flowering species (Much-
hala and Potts 2007). Out of six sister species pairs in a phylogeny of 21 Ecuadorian
species, none occurs sympatrically (Table 3; Knox et al. 2008). This phylogeny does not
include species from other countries; however, should any of these turn out to be the actual
sister species to the Ecuadorian pairs, it would not change the conclusion that these species
do not occur sympatrically with their sister species.

Assemblages of Stylidium often comprise four or five co-flowering species. Sympatric
species do not usually appear to be very closely related, judging from vegetative and
reproductive differences (Armbruster et al. 1994, unpublished) and phylogenetic analyses
(Wege 1999; Wege “personal communication”). Initial geographical and systematic evi-
dence thus argues against frequent sympatric speciation by pollinator shifts (see also
Hopper 1979; Coates et al. 2003).

Similar conclusions have been drawn from studies of members of the tribe Sinningieae
(Gesnericaeae). Except in one small clade, sympatric species are rarely closely related, and
phylogeographic evidence indicates that most speciation has occurred allopatrically (Perret
et al. 2007). Thus for all of these study systems, phylogeographic data suggest that sister
species are only rarely sympatric, supporting predictions of the Character Displacement and
Extinction hypotheses over those of the two reproductive isolation hypotheses (see Table 1).

Conclusions

Two tentative conclusions emerge from the data presented here: (1) There appears to be a
relationship between clade species richness, floral specialization, floral integration, and
adaptive accuracy. (2) Much of the covariance seems to have been generated by clade
species richness influencing specialization rather than the reverse.

The comparative data from our four study systems provide varying support for the four
models of the link between floral specialization and clade species richness. Most of the
predictions of the Character-Displacement and Extinction models were borne out, whereas
almost no predictions of the Initial-RI and Reinforcement models were supported
(Table 1). Specifically, pollinators commonly move between species and pollination is
only rarely extremely precise. With the possible exception of plants with pollinia (Or-
chidaceae and Asclepiadaceae), pollination is probably not sufficiently precise to
completely eliminate interspecific pollen flow (see Muchhala and Potts 2007). In the study
systems examined here, hybrids are rare, isolation appears to be largely post-zygotic, and
sister species rarely occur sympatrically, suggesting speciation has been largely allopatric.
Finally, pollinator shifts appear to have usually involved an intermediate phase, and thus
could not have provided ethological isolation.

It seems likely that the association between clade species richness and specialized
pollination is often the result of high species diversity selecting for the partitioning of
pollinators through reproductive character displacement. The mechanism would be
selection for high reproductive success in the face of reproductive interference (compe-
tition for pollination, sensu Waser 1983), even though post-zygotic reproductive isolation
was already in place. Another important conclusion from our data is that the degree of
floral integration and pollination accuracy affects the evolutionary response to this
selective pressure. The relationship between floral traits and diversity may thus influence
both steps of the evolutionary process: (1) the biotic environment (sympatric congeners
and types of pollinators) selects for floral specialization, and (2) the degree of floral
integration and precision determines the response to this selection.
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The Character-Displacement hypothesis is also supported by the numerous reports of
widespread plant species differentiating into pollination ecotypes (Dodson 1962; Grant and
Grant 1965; Stebbins 1970; Miller 1981; Armbruster 1985; Inoue & Amano 1986; Pellmyr
1986; Steiner and Whitehead 1988, 1990, 1991; Robertson and Wyatt 1990; Susuki, 1992;
Armbruster et al. 1994; Johnson 1994, 1997; Arroyo and Dafni 1995; Johnson and Steiner
1997; Muchhala and Potts 2007; see also Thompson 1994, 2005). This suggests that either
differences in the local pollinator fauna, or more commonly “competition for pollination”
(Waser 1983) select for floral differences (Dressler 1968; Whalen 1978; Howell 1977,
Brown and Kodric-Brown 1979; Armbruster 1986, 1994; Nilsson et al. 1987, Goldblatt
et al. 1995; Miyake and Inoue 2003; Tschapka et al. 2006; Muchhala and Potts 2007,
Smith and Rausher 2007).

We are not arguing that the Initial-RI and Reinforcement models are invalid; indeed,
these models may hold for some plant groups, like orchids with fused pollinia. Additional
uncertainty relates to the importance of the Extinction model, although it has more
stringent requirements than character displacement and hence may be rarer. The major
conclusion here is that we need a pluralistic perspective to analyzing the correlation
between floral specialization and species richness. We can view this as a problem in
analysis of variance and covariance, in which we partition the covariance between spe-
cialization and diversity among at least four possible sources.

Our results reinforce Johnson’s (2007) call that we increase our attention to the pro-
cesses that drive divergence of populations and species as opposed to simply the factors
contributing to reproductive isolation. This call is particularly relevant if it turns out that
most features that appear to effect “reproductive isolation” are actually a product of
selection for assortative pollination between populations that are already reproductively
isolated (cf. Rieseberg and Willis 2007). Additional research is also needed to determine
explicitly whether floral specialization increases or decreases the likelihood of extinction.
Such an approach is especially timely, not only for evaluation of the hypotheses discussed
here, but also because of the number of pollination mutualisms that are presently threa-
tened by anthropogenic environmental change.

Acknowledgments We thank numerous students, postdoctoral researchers, and collaborators for stimu-
lating discussions and help in the field and glasshouse collecting the morphological and pollination data used
in this paper. We thank Roger Hardling, Kathleen Donohue, and two anonymous reviewers for comments on
an earlier draft of this paper. Research was funded by the US National Science Foundation (DEB—0324808,
DEB-0444745) and the Norwegian Research Council.

References

Aldridge G, Campbell DR (2007) Variation in pollinator preference between two Ipomopsis contact sites
that differ in hybridization rate. Evolution 61:99-110

Armbruster WS (1985) Patterns of character divergence and the evolution of reproductive ecotypes of
Dalechampia scandens (Euphorbiaceae). Evolution 39:733-752

Armbruster WS (1986) Reproductive interactions between sympatric Dalechampia species: are natural
assemblages “random” or organized? Ecology 67:522-533

Armbruster WS (1988) Multilevel comparative analysis of morphology, function, and evolution of Dale-
champia blossoms. Ecology 69:1746-1761

Armbruster WS (1990) Estimating and testing the shapes of adaptive surfaces: the morphology and polli-
nation of Dalechampia blossoms. Am Nat 135:14-31

Armbruster WS (1993) Evolution of plant pollination systems: hypotheses and tests with the neotropical
vine Dalechampia. Evolution 47:1480-1505

@ Springer



176 Evol Ecol (2009) 23:159-179

Armbruster WS (1997) Exaptations link the evolution of plant-herbivore and plant-pollinator interactions: a
phylogenetic inquiry. Ecology 78:1661-1674

Armbruster WS (2006) Evolutionary and ecological perspectives on specialization: from the arctic to the
tropics. In: Waser N, Ollerton J (eds) Plant-pollinator interactions: from specialization to generaliza-
tion. University of Chicago Press, Chicago, pp 260-282

Armbruster WS, Herzig AL (1984) Partitioning and sharing of pollinators by four sympatric species of
Dalechampia (Euphorbiaceae) in Panama. Ann Missouri Botanical Garden 71:1-16

Armbruster WS, Steiner KE (1992) Pollination ecology of four Dalechampia species (Euphorbiaceae) in
northern Natal, South Africa. Am J Bot 79:306-313

Armbruster WS, Webster GL (1982) Divergent pollination systems in sympatric species of South American
Dalechampia (Euphorbiaceae). Am Midl Nat 108:325-337

Armbruster WS, Herzig AL, Clausen TP (1992) Pollination of two sympatric species of Dalechampia
(Euphorbiaceae) in Suriname by male euglossine bees. Amer J Bot 79:1374-1381

Armbruster WS, Edwards ME, Debevec EM (1994) Character displacement generates assemblage structure
of Western Australian triggerplants (Stylidium). Ecology 75:315-329

Armbruster WS, Di Stilio VS, Tuxill JD, Flores TC, Velasquez Runk JL (1999) Covariance and decoupling
of floral and vegetative traits in nine neotropical plants: a reevaluation of Berg’s correlation-pleiades
concept. Am J Bot 86:39-55

Armbruster WS, Mulder CPH, Baldwin BG, Kalisz S, Wessa B, Nute H (2002) Comparative analysis of late
floral development and mating-system evolution in tribe Collinsieae (Scrophulariaceae, s.1.). Amer J
Bot 89:37-49

Armbruster WS, Pélabon C, Hansen TF, Mulder CPH (2004) Floral integration and modularity: distin-
guishing complex adaptations from genetic constraints. In: Pigliucci M, Preston KA (eds) The
evolutionary biology of complex phenotypes, Oxford University Press, Oxford, pp 23-49

Berg RL (1960) The ecological significance of correlation pleiades. Evolution 14:171-180

Bolmgren K, Eriksson O, Linder HP (2003) Contrasting flowering phenology and species richness in
abiotically and biotically pollinated angiosperms. Evolution 57:2001-2011

Bradshaw HD, Schemske DW (2003) Allele substitution at a flower colour locus produces a pollinator shift
in monkeyflowers. Nature 426:176-178

Brown JH, Kodric-Brown A (1979) Convergence, competition, and mimicry in a temperate community of
hummingbird-pollinated flowers. Ecology 60:1022-1035

Butlin R (1989) Reinforcement of premating isolation. In: Otte D, Endler JA (eds) Speciation and its
consequences. Sinauer, Sunderland, MA, pp 158-179

Chase MW, Hills HG (1992) Orchid phylogeny, flower sexuality, and fragrance-seeking bees. BioScience
42:43-49

Coates DJ, Carstairs S, Hamley VL (2003) Evolutionary patterns and genetic structure in localized and
widespread species in the Stylidium caricifolium complex (Stylidiaceae). Am J Bot 90:997-1008

Cooley AM, Carvallo G, Willis JH (2008) Is floral diversification associated with ollinator divergence?
Flower shape, flower colour and pollinator preferencein Chilean Mimulus. Ann Bot 101:641-650

Cozzolino S, Widmer A (2005) Orchid diversity: an evolutionary consequence of deception? Trend Ecol
Evol 20:487-494

Cozzolino S, Scopece G (2008) Deceptive orchids: the promise of sex or food and its consequences for
reproductive isolation. Phil Trans R Soc B (in press)

Cozzolino S, Schiestl FP, Muller A, De Castro O, Nardella AM, Widmer A (2005) Evidence for pollinator
sharing in Mediterranean nectar-mimic orchids: absence of premating barriers? Proc R Soc B Biol Sci
272:1271-1278

Coyne JA, Orr HA (1989) Patterns of speciation in Drosophila. Evolution 43:362-381

Crepet WL (1984) Advanced (constant) insect pollination mechanisms—pattern of evolution and impli-
cations vis-a-vis angiosperm diversity. Ann Miss Bot Gard 71:607-630

Cronquist A (1982) An integrated system of classification of flowering plants. Columbia University Press,
New York

Darwin C (1876) The effects of cross—and self-fertilization in the vegetable kingdom. John Murray,
London

Darwin C (1877) The various contrivances by which orchids are fertilised by insects. Republished 1984,
University of Chicago Press, Chicago

Davies TJ, Barraclough TG, Chase MW, Soltis PS, Soltis DE, Savolainen V (2004) Darwin’s abominable
mystery: Insights from a supertree of the angiosperms. Proc Nat Acad Sci USA 101:1904-1909

Diggle PK (1992) Development and the evolution of plant reproductive characters. In: Wyatt R (ed) Ecology
and evolution of plant reproduction. Chapman & Hall, New York, pp 326-355

Dobzhansky T (1937) Genetics and the origin of species. Columbia Univ Press, New York

@ Springer



Evol Ecol (2009) 23:159-179 177

Dodd ME, Silvertown J, Chase MW (2000) Phylogenetic analysis of trait evolution and species diversity
variation among angiosperm families. Evolution 53:732-744

Dodson CH (1962) The importance of pollinators in the evolution of the orchids of tropical America. Am
Orchid Soc Bull 31:525-534, 641-649, 731-735

Dressler RL (1968) Pollination by euglossine bees. Evolution 22:202-210

Dressler RL (1981) The orchids: natural history and classification. Harvard University Press, Cambridge,
Mass, USA

Ennos RA (2008) Spurred by pollinators. Heredity 100:3—4

Faegri K, van der Pijl L (1979) The principles of pollination ecology, 3rd edn. Pergamon, Oxford, 244 pp

Fenster CB, Armbruster WS, Wilson P, Dudash MR, Thomson JT (2004) Pollination syndromes and floral
specialization. Annu Rev Ecol Evol Syst 35:375-403

Fishman L, Wyatt R (1999) Pollinator-mediated competition, reproductive character displacement, and the
evolution of selfing in Arenaria uniflora (Caryophyllaceae). Evolution 53:1723-1733

Gegear RJ, Burns JG (2007) The birds, the bees, and the virtual flowers: can pollinator behavior drive
ecological speciation in flowering plants? American Naturalist 170:551-566

Goldblatt P, Manning JC, Bernhardt P (1995) Pollination biology of Lapeirousia subgenus Lapeirousia
(Iridaceae) in Southern Africa—floral divergence and adaptation for long-tongued fly pollination. Ann
Mis Bot Gard 82:517-534

Grant V (1949) Pollination systems as isolating mechanisms in plants. Evolution 3:82-97

Grant V (1966) The selective origin of incompatibility barriers in the plant genus Gilia. Am Nat 100:99-118

Grant V (1971) Plant speciation, 2nd edn. Columbia University Press, New York, NY, USA

Grant V (1994) Modes and origins of mechanical and ethological isolation in angiosperms. Proc Nat Acad
Sci USA 91:3-10

Grant V, Grant KA (1965) Pollination in the phlox family. Columbia University Press, New York

Hansen TF, Carter AJR, Pélabon C (2006) On adaptive accuracy and precision in natural populations. Am
Nat 168:168-181

Heinrich B. Raven PH (1972) Energetics and pollination ecology. Science 176:597-602

Hersch EI, Roy BA (2007) Context-dependent pollinator behavior: an explanation for patterns of hybrid-
ization among three species of Indian paintbrush. Evolution 61:111-124

Hodges SA (1997) Floral nectar spurs and diversification. Int J Plant Sci 158:S81-S88

Hodges SA, Arnold ML (1995) Spurring plant diversification: are floral nectar spurs a key innovation? Proc
R Soc Lond B Biol Sci 262:343-348

Hodges SA, Whittall JB (2008) One-sided evolution or two? A reply to ennos. Heredity (advance online
publication) doi:10.1038/hdy.2008.12

Hopper SD (1979) Biogeographical aspects of speciation in the southwest Australian flora. Annu Rev Ecol
Syst 10:399-422

Hoskin J, Higgie M, McDonald KR, Moritz C (2005) Reinforcement drives rapid allopatric speciation.
Nature 437:1353-1356

Howell DJ (1977) Time sharing and body partitioning in bat-plant pollination systems. Nature 270:509-510

Inoue K, Amano M (1986) Evolution of Campanula punctata Lam. in the Izu Islands: changes of pollinators
and evolution of breeding systems. Plant Spec Biol 1:89-97

Jesson LK (2007) Ecological correlates of diversification in New Zealand angiosperm lineages. N Z J Bot
45:35-51

Johnson SD (2007) Pollinator-driven speciation in plants. In: Harder LD, Barrett SCH (eds) Ecology and
evolution of flowers. Oxford University Press, Oxford, UK, pp 295-310

Johnson SD, Steiner KE (1997) Long-tongued fly pollination and evolution of floral spur length in the Disa
draconis complex (Orchidaceae). Evolution 51:45-53

Keller CS, Armbruster WS (1989) Pollination of Hyptis capitata in Panama by eumenid wasps. Biotropica
21:190-192

Knox EB, Muasya AM, Muchhala N (2008) The predominantly South American clade of Lobeliaceae.
Sys Bot (in press)

Kozak KH, Larson AA, Bonett RM, Harmon LJ (2005) Phylogenetic analysis of ecomorphological diver-
gence, community structure, and diversification rates in dusky salamanders (Plethodontidae:
Desmognathus). Evolution 9:2000-2016

Lukhtanov VA, Kandul NP, Plotkin JB, Dantchenko AV, Haig D, Pierce NE (2005) Reinforcement of pre-
zygotic isolation and karyotype evolution in Agrodiaetus butterflies. Nature 436:385-389

Macior LW (1975) The pollination ecology of Pedicularis (Scrophulariaceae) in the Yukon Territory. Am J
Bot 62:1065-1072

Macior LW (1983) The pollination dynamics of sympatric species of Pedicularis (Scrophulariaceae). Am J
Bot 70:844-853

@ Springer


http://dx.doi.org/10.1038/hdy.2008.12

178 Evol Ecol (2009) 23:159-179

McKinnon JS, Mori S, Blackman BK, David L, Kingsley DM, Jamieson L, Chou J, Schluter D (2004)
Evidence for ecology’s role in speciation. Nature 429:294-298

Miller RB (1981) Hawkmoths and the geographic patterns of floral variation in Aquilegia caerulea. Evo-
lution 35:763-774

Miyake T, Inoue K (2003) Character displacement in style length between pollinator-sharing Clerodendrum
trichotomum and C. izuinsulare (Verbenaceae). Plant Syst Evol 243:31-38

Moyle LC, Olson MS, Tiffin P (2004) Patterns of reproductive isolation in three angiosperm genera.
Evolution 58:1195-1208

Muchhala N (2003) Exploring the boundary between pollination syndromes: bats and hummingbirds as
pollinators of Burmeistera cyclostigmata and B. tenuiflora (Campanulaceae). Oecologia 134:373-380

Muchhala N (2006a) The pollination biology of Burmeistera (Campanulaceae): specialization and syn-
dromes. Am J Bot 93:1081-1089

Muchhala N (2006b) Nectar bat stows huge tongue in its rib cage. Nature 444:701-702

Muchhala N (2007) Adaptive tradeoff in floral morphology mediates specialization for flowers pollinated by
bats and hummingbirds. Am Nat 169:494-504

Muchhala N (2008) Functional significance of interspecific variation in Burmeistera flower morphology:
evidence from bat captures. Biotropica doi:10.1111/j.1744-7429.2007.00381.x

Muchhala N, Potts MD (2007) Character displacement among bat-pollinated flowers of the genus Bur-
meistera: analysis of mechanism, process, and pattern. Proc R Soc B 274:2731-2737

Murcia C, Feinsinger P (1996) Interspecific pollen loss by hummingbirds visiting flower mixtures: effects of
floral architecture. Ecology 77:550-560

Nilsson LA (1988) The evolution of flowers with deep corolla tubes. Nature 334:147-149

Nilsson LA, Jonsson L, Ralison L, Randrianjohany E (1987) Angrecoid orchids and hawkmoths in central
Madagascar: specialized pollination systems and generalist foragers. Biotropica 19:310-318

Noor MAF. 1999. Reinforcement and other consequences of sympatry. Heredity 83:503-508

Ollerton J (1996) Reconciling ecological processes with phylogenetic patterns: the apparent paradox of
plant-pollinator systems. J Ecol 84:767-769

Ollerton J, Killick A, Lamborn E, Watts S, Whiston M (2007) Multiple meanings and modes: on the many
ways to be a generalist flower. Taxon 56:717-728

Orr HA (2005) The genetic basis of reproductive isolation: insights from Drosophila. Proc Nat Acad Sci
USA 102:6522-6526

Pauw A (2006) Floral syndromes accurately predict pollination by a specialized oil-collecting bee (Rediviva
peringueyi, Melittidae) in a guild of South African orchids (Coryciinae). Am J Bot 93:917-926

Pélabon C, Carlson ML, Hansen TF, Armbruster WS (2004) Variational and genetic properties of devel-
opmental stability in Dalechampia scandens. Evolution 58:504-514

Pélabon C, Carlson ML, Hansen TF, Armbruster WS (2005) Effects of crossing distance on offspring fitness
and developmental stability in Dalechampia scandens (Euphorbiaceae). Am J Bot 92:842-851

Pellmyr O (1986) Three pollination morphs in Cimicifuga simplex—Incipient speciation due to inferiority in
competition. Oecologia 68:304-307

Perret M, Chautems A, Spichiger R, Barraclough TG, Savolainen V (2007) The geographical pattern of
speciation and floral diversification in the neotropics: the tribe Sinningieae (Gesneriaceae) as a case
study. Evolution 61:1641-1660

Raven PH (1977) A suggestion concerning the cretaceous rise to dominance of the angiosperms. Evolution
31(2):451-452

Regal PJ (1977) Ecology and evolution of flowering plant dominance. Science 196:622-629

Rice WR, Hostert EE (1993) Laboratory experiments on speciation: what have we learned in 40 years?
Evolution 47:1637-1653

Ricklefs RE, Renner SS (1994) Species richness within families of flowering plants. Evolution 48:1619—
1636

Rieseberg LH, Willis JH (2007) Plant speciation. Science 317:910-914

Rieseberg LH, Church SA, Morjan CL (2004) Integration of populations and differentiation of species. New
Phytol 161:59-69

Robertson JL, Wyatt R (1990) Evidence for pollination ecotypes in the yellow-fringed orchid, Platanthera
ciliaris. Evolution 44:121-33

Roughgarden J (1979) Theory of population genetics and evolutionary ecology: an introduction. MacMillan,
New York, 612 pp

Sargent RD (2004) Floral symmetry affects speciation rates in angiosperms. Proc R Soc Lond B Biol Sci
271:603-608

Schemske DW, Bradshaw HD (1999) Pollinator preference and the evolution of floral traits in monkey-
flowers (Mimulus). Proc Nat Acad Sci USA 96:11910-11915

@ Springer


http://dx.doi.org/10.1111/j.1744-7429.2007.00381.x

Evol Ecol (2009) 23:159-179 179

Scopece G, Musacchio A, Widmer A, Cozzolino S (2007) Patterns of reproductive isolation in Mediter-
ranean deceptive orchids. Evolution 61:2623-2642

Servedio MR, Noor MAF (2003) The role of reinforcement in speciation: theory and data. Ann Rev Ecol
Syst 34:339-364

Smith SA, Rausher MD (2007) Experimental evidence that selection favors character displacement in the
ivyleaf morning glory. Am Nat 171:1-9

Smith SA, Montes de Oca AN, Reeder TW, Wiens JJ (2007) A phylogenetic perspective on elevational
species richness patterns in Middle American treefrogs: why so few species in lowland tropical
rainforests? Evolution 61:1188-1207

Smith CI, Pellmyr O, Althoff DM, Balcazar-Lara M, Leebens-Mack J, Segraves KA (2008) Pattern and
timing of diversification in Yucca (Agavaceae): specialized pollination does not escalate rates of
diversification. Proc R Soc B Biol Sci 275:249-258

Stebbins GL (1970) Adaptive radiation of reproductive characteristics in angiosperms. I. Pollination
mechanisms. Ann Rev Ecol Syst 1:307-326

Stebbins GL (1974) Plant species. Evolution above the species level. Harvard University Press, Cambridge,
Massachusetts, USA

Steiner KE, Whitehead VB (1988) The association between oil-collecting flowers and oil-collecting bees in
the Drakensberg of southern Africa. Monograph Syst Bot Mis Bot Gard 25:259-277

Steiner KE, Whitehead VB (1990) Pollinator adaptation to oil-secreting flowers — Rediviva and Diascia.
Evolution 44:1701-1707

Steiner KE, Whitehead VB (1991) Oil flowers and oil bees: further evidence for pollinator adaptation.
Evolution 45:1493-1501

Stone GN, Willmer P, Rowe JA (1998) Partitioning of pollinators during flowering in an African Acacia
community. Ecology 79:2808-2827

Straw RM (1955) Hybridization, homogamy, and sympatric speciation. Evolution 9:441-444

Straw RM (1956) Floral isolation in Penstemon. Am Nat 90:47-53

Susuki K (1992) Bumblebee pollinators and pollination ecotypes of Isodon umbrosus and I. shikokianus
(Lamiaceae). Plant Spec Biol 7:37—48

Thompson JN (1994) The coevolutionary process. University of Chicago Press, Chicago, USA

Thompson JN (2005) The geographic mosaic of coevolutionary. University of Chicago Press, Chicago, USA

Tschapka MS, Dressler S, van Helversen O (2006) Bat visits to Marcgravia pittieri and notes on the
inflorescence diversity within the genus Marcgravia (Marcgraviaceae). Flora 201:383-388

van der Niet TS, Johnson SD, Linder HP (2006) Macroevolutionary data suggest a role for reinforcement in
pollination system shifts. Evolution 60:1596-1601

Verdu M (2002) Age at maturity and diversification in woody angiosperms. Evolution 56:1352-1361

Waser NM (1983) Competition for pollination and floral character differences among sympatric plant
species: a review of the evidence. In: Jones CE, Little RJ (eds) Handbook of experimental pollination
ecology. Van Nostrand Reinhold, New York, pp 277-293

Waser NM (1998) Pollination, angiosperm speciation, and the nature of species boundaries. Oikos 82:198-201

Waser NM (2001) Pollinator behavior and plant speciation: looking beyond the “ethological isolation”
paradigm. In: Chittka L, Thomson JD (eds) Cognitive ecology of pollination Cambridge University
Press, Cambridge, UK, pp 318-335

Waser NM, Campbell DR (2004) Ecological speciation in flowering plants. In: Dieckmann U, Doebeli M,
Metz JAJ, Tautz D (eds) Adaptive speciation. Cambridge University Press, Cambridge, UK, pp 264—
271

Waser NM, Chittka L, Price M, Williams N, Ollerton J (1996) Generalization in pollination systems, and
why it matters. Ecology 77:1043-1060

Wasserthal LT (1997) The pollinators of the Malagasy star orchids Angraecum sesquipedale, A. sororium
and A. compactum and the evolution of extremely long spurs by pollinator shift. Botanica Acta
110:343-359

Wege J (1999) Morphological and anatomical variation within Stylidium (Stylidiaceae)—a systematic
perspective. PhD Thesis, University of Western Australia, Perth

Whalen MD (1978) Reproductive character displacement and floral diversity in Solanum sect. Androceras.
Syst Bot 3:77-86

Whittall JB, Hodges SA (2007). Pollination shifts drive increasingly long nectar spurs in columbine flowers.
Nature 447:706-709

Wright S (1940) Breeding structure of populations in relation to speciation. Am Nat 74:232-48

Yang CF, Gituru RW, Guo YH (2007) Reproductive isolation of two sympatric louseworts, Pedicularis
rhinanthoides and Pedicularis longiflora (Orobanchaceae): how does the same pollinator type avoid
interspecific pollen transfer? Biol J Linnean Soc 90:37-48

@ Springer



	Associations between floral specialization and species diversity: cause, effect, or correlation?
	Abstract
	Introduction
	Floral specialization
	Divergence in attraction systems (rewards and advertisements)
	Divergence in timing of flower opening and receptivity
	Divergence in morphological fit
	Divergence in where pollen is placed on pollinators

	Hypotheses
	Hypotheses 1 and 2: reproductive-isolation models
	Hypothesis 3: extinction model
	Hypothesis 4: character-displacement model 
	Lines of evidence and study systems
	Degree of segregation of pollen flow 
	Do pollinators of sympatric congeners differ enough to generate reproductive isolation?
	Can differences in location of pollen placement effect reproductive isolation?
	Comparison of study systems

	Hybridization and isolating mechanisms
	Macroevolutionary shifts between pollination systems
	Phylogeographic patterns of sympatry
	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


