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Abstract

Understanding how pollen moves between species is critical to understand-
ing speciation, diversification, and evolution of flowering plants. For co-
flowering species that share pollinators, competition through interspecific
pollen transfer (IPT) can profoundly impact floral evolution, decreasing
female fitness via heterospecific pollen deposition on stigmas and male fit-
ness via pollen misplacement during visits to heterospecific flowers. The
pollination literature demonstrates that such reproductive interference fre-
quently selects for reproductive character displacement in floral traits linked
to pollinator attraction, pollen placement, and mating systems and has also
revealed that IPT between given pairs of species is typically asymmetric.
More recent work is starting to elucidate its importance to the speciation
process, clarifying the link between IPT and current and historical patterns
of hybridization, the evolution of phenotypic novelty through adaptive in-
trogression, and the rise of reproductive isolation. Our review aims to stim-
ulate further research on IPT as a ubiquitous mechanism that plays a central
role in angiosperm diversification.
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1. INTRODUCTION

Pollen grains from approximately 300,000 species worldwide, corresponding to 87.5% of an-
giosperms, are transported by a variety of animal pollinators (Ollerton et al. 2011). When pol-
linators alternate foraging visits between co-flowering, co-occurring plant species, pollen may
be transferred interspecifically (Morales & Traveset 2008). Interspecific pollen transfer (IPT) has
long been recognized in the pollination literature as a form of reproductive interference—a type of
competitive interaction that decreases fitness for at least one of the interacting species (Campbell
1985; Mitchell et al. 2009; Rathcke 1983; Waser 1978a, 1983). This fitness decrease can be due to
either heterospecific pollen deposition on stigmas, which can reduce seed set by clogging stigmas
or usurping ovules (Ashman & Arceo-Gémez 2013, Briggs et al. 2015, Jakobsson et al. 2008), or
pollen misplacement during foraging on heterospecific flowers, which reduces successful pollen
export to conspecific stigmas (Minnaar et al. 2019, Muchhala & Thomson 2012, Thomson et al.
2018). IPT dictates patterns of interspecific gene flow when species are closely related (Campbell
et al. 2002, Harder et al. 1993, Kay 2006, Natalis & Wesselingh 2012a); thus, the study of IPT is
also critical to understanding plant diversification in terms of the speciation process, reproductive
isolation, adaptive introgression, and hybridization.

A decade ago, Morales & Traveset (2008) contributed the first and only comprehensive review
on IPT; carefully laying out evidence for the occurrence of IPT in nature and the expected eco-
logical and evolutionary consequences. Prior to this seminal publication, IPT tended to receive
less attention than other forms of competition between co-flowering plants, such as competi-
tion for pollinator attraction (Ashman & Arceo-Gémez 2013, Mitchell et al. 2009, Muchhala &
Thomson 2012). However, pollinator sharing and generalization are widespread in pollination
networks (Arceo-Gémez et al. 2016a, Bascompte et al. 2006), and multiple recent community-
level studies have shown that IPT is more common than previously thought (Arceo-Gémez et al.
2018, Fang & Huang 2013, Johnson & Ashman 2019, Tur et al. 2016). In addition, IPT interac-
tions have recently been highlighted as one of the major sources of pollen loss along the paternity
pathway from pollen production to ovule fertilization (Minnaar et al. 2019), underscoring its im-
portance for plant reproduction and floral evolution. This growing recognition has stimulated a
burgeoning literature, including studies on the mechanics of IPT in terms of how the presence of
competitors affects pollen export and receipt (Flanagan et al. 2009, Minnaar et al. 2019, Muchhala
& Thomson 2012, Thomson et al. 2018), the evolutionary consequences of IPT in terms of se-
lection for specialization on pollinators (Armbruster et al. 2014, Muchhala et al. 2010), character
displacement in floral phenotype (Eaton et al. 2012, Grossenbacher & Stanton 2014, Muchhala
etal. 2014), and the evolution of mating systems (Briscoe Runquist & Moeller 2014, Randle et al.
2018). Importantly, the movement of pollen between species and its evolutionary costs have been
repeatedly shown to be highly asymmetric (Briscoe Runquist 2012, Natalis & Wesselingh 2012a,
Randle et al. 2018, Zhang et al. 2016). Inspired by this intensified interest in IPT as a ubiquitous
process in nature, here we review our current understanding of its implications for angiosperm
ecology and evolution.

Our first main goal is to present a critical synthesis of our current understanding of IPT and its
consequences. In Section 2, we review the fitness costs of pollen misplacement and heterospecific
pollen deposition, and in Section 3, we explore the implications of these costs for floral divergence,
specialization, and mating system evolution. Our second main goal is to explore the intersection
between the pollination ecology perspective of IPT and the evolutionary implications of IPT in
terms of how it affects gene flow during early plant diversification. In Section 4, we outline the
expected outcomes of pollen transfer between a pair of species, based on the time since they shared
a common ancestor, and the consequences for reproductive isolation and the transfer of adaptive
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genetic variation. We conclude by emphasizing the emerging patterns in an evolutionary context
and highlighting underexplored issues particularly deserving of future research.

2. EFFECTS OF INTERSPECIFIC POLLEN TRANSFER
ON FLORAL FITNESS

From the plant perspective, the fitness of a flower is maximized by increasing pollen dispersal
to conspecific flowers and by ensuring the receipt of sufficient conspecific pollen to fertilize its
ovules (Mitchell et al. 2009, Morales & Traveset 2008). These components of floral fitness corre-
spond to the male and female functions, respectively. The degree to which a pollinator maximizes
male and female fitness is termed pollinator effectiveness, and it can be further subdivided into
quantity and quality components (Ne'eman et al. 2010). The quantity component refers to the
number of visits a pollinator makes, whereas quality refers to the amount of pollen that is trans-
ported per visit as well as the genetic attributes of this pollen (in terms of the diversity of sires
and the amount of outcross pollen versus self pollen; Mitchell et al. 2009, Ne'eman et al. 2010).
Both components of pollinator effectiveness are typically thought to be determined by factors in-
trinsic to the vector, including foraging behavior, floral fidelity, visitation behavior, and visitation
rates (Armbruster 2014, Flanagan et al. 2009, Muchhala et al. 2009, Ne'eman et al. 2010), but this
perspective overlooks the fact that pollinator effectiveness may fundamentally change in the pres-
ence of competitor plant species (an extrinsic factor) if this leads to increased heterospecific pollen
transfer (negatively affecting female fitness) and/or pollen misplacement (negatively affecting male
fitness; Mitchell et al. 2009, Muchhala & Thomson 2012). Such effects may be highly asymmetric,
affecting one competitor more than the other, due to idiosyncrasies of pollinator preference, floral
morphology, spatial arrangement, species abundances, and postpollination reproductive barriers
(Muchhala & Thomson 2012, Natalis & Wesselingh 2012b, Thomson et al. 2018). In the follow-
ing subsections, we review evidence for negative effects of pollen misplacement on male fitness
followed by negative effects of heterospecific pollen deposition on female fitness.

2.1. Pollen Misplacement

Male fitness in plants requires efficient pollen transport from the anthers, where it is produced,
to conspecific stigmas, where it can germinate, produce a pollen tube, reach the ovary, and deploy
the sperm cells that will ultimately effect ovule fertilization (Minnaar et al. 2019, Mitchell et al.
2009, Morales & Traveset 2008). Mounting evidence shows that pollen loss during transport is
arguably the largest factor affecting male fitness, as the vast majority of pollen never reaches con-
specific stigmas (Minnaar etal. 2019). Throughout this review, we use pollen misplacement to refer
specifically to competitive costs due to the loss of pollen during visits to competitor species; this
includes pollen deposited on foreign stigmas or other plant structures as well as pollen lost from
pollinators’ bodies due to passive detachment or active grooming (Muchhala & Thomson 2012).
We prefer the term pollen misplacement to conspecific pollen loss (Morales & Traveset 2008) be-
cause of the referential difficulties of the latter term—pollen lost during visits to foreign flowers is
not merely conspecific to the source flower, it was produced by it (Muchhala & Thomson 2012).

A critical first step in the pathway to paternity, which can have important implications for pollen
misplacement, involves the deposition of pollen on pollinators’ bodies (Minnaar et al. 2019). The
interaction between a plant’s traits, including its morphology (e.g., anther size and orientation,
corolla constriction, tube length) and the nature of its floral rewards (e.g., position in the flower
and quantity), and the pollinator’s traits (including size, shape, and visitation behavior) together
determine the amount of pollen placed, its position on the pollinator’s body, and the total area
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it covers (Armbruster et al. 2009, Huang & Shi 2013, Muchhala 2007). Two co-flowering plant
species that place pollen in the same region of a pollinator’s body will be at risk of losing pollen
every time the vector misplaces it onto the reproductive organs of its competitor (Muchhala &
Potts 2007, Muchhala & Thomson 2012, Natalis & Wesselingh 2012a). For a more thorough
discussion of intra- and interspecific competition for pollen placement on pollinator bodies, we
refer readers to the excellent review by Minnaar et al. (2019).

Even when pollen is deposited on and picked up from different portions of a pollinator’s body,
it may still be lost during visits to competitor flowers (Flanagan et al. 2009, Muchhala & Thomson
2012). For example, Murcia & Feinsinger (1996) found no effect of floral morphological similarity
(which corresponds with overlapping pollen placement) on pollen losses by foraging humming-
birds alternating between competitor flowers but still found that visits to competitors decreased
the pollen transferred to conspecific stigmas by as much as 76%. Most of this pollen loss ap-
peared to be from the corollas of competitor flowers scraping pollen off of the birds’ bills (Murcia
& Feinsinger 1996). Another study showed that increased grooming frequency by bumblebee
pollinators during visits to the invasive competitor Lythrum salicaria (Lythraceae) was the main
contributor to pollen misplacement in Mimulus ringens (Phrymaceae) (Flanagan et al. 2009). Very
little pollen was transferred to heterospecific stigmas, but pollen misplacement due to groom-
ing while visiting competitor flowers was sufficient to limit seed set of M. ringens, showing that
male fitness costs can carry over and depress female fitness of a population as well (Flanagan et al.
2009). Finally, Muchhala & Thomson (2012) found that, although competitor species with simi-
lar sites of pollen placement on bats’ bodies suffered the greatest pollen losses, all pairs of species
suffered significant amounts of pollen misplacement relative to the amount of pollen transferred
without intervening visits to a competitor, demonstrating the importance of losses from pollina-
tors’ bodies due to passive detachment or active grooming (Figure 1). Regardless of how exactly
pollen is misplaced, studies such as those mentioned above and others in natural and experimen-
tal populations show that pollen misplacement can often entail larger overall fitness losses than
those incurred through heterospecific pollen deposition (Campbell & Motten 1985, Muchhala
& Thomson 2012, Thomson et al. 2018). Despite its high contribution to overall fitness, pollen
misplacement has been much less explored than heterospecific pollen deposition, likely due to the
difficulties associated with accurately tracking pollen grains’ fate and/or distinguishing between
pollen from closely related species (Minnaar et al. 2019, Morales & Traveset 2008). Fortunately,
in the last decade, powerful methods of pollen tracking and identification have emerged, such as
individual grain genotyping (e.g., Hasegawa et al. 2015) and biolabeling (Minnaar & Anderson
2019), which should greatly facilitate the study of male fitness, competition for pollination, and
floral evolution (Minnaar et al. 2019).

We know very little about the magnitude and prevalence of pollen misplacement in nature,
but recent evidence shows that it can be as common as heterospecific pollen deposition. One
detailed study on the structure of a pollen transfer network of 57 species from an alpine com-
munity in China revealed that plant species exported pollen to stigmas of 5.5 [+5.4 standard de-
viation (SD)] other species on average and received pollen in their stigmas from 7.2 (£5.0 SD)
other species (Fang & Huang 2013). Interestingly, the number of recipient species per donor
species was positively correlated with the total number of pollen grains exported, as were the
number of donor species per recipient species and the total number of heterospecific pollen
grains received in stigmas (Fang & Huang 2013). In other words, most species suffered exten-
sive pollen misplacement, experienced high rates of heterospecific pollen deposition from a diver-
sity of sources, or had a minor participation in the network overall. These results and those from
other IPT network studies typically show that separate subsets of species regularly experience high
rates of pollen misplacement or of heterospecific pollen deposition (Arceo-Gémez et al. 2016a,
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Fang & Huang 2013, Johnson & Ashman 2019, Tur et al. 2016). However, because they use only
stigmatic loads to build IPT networks, these studies underestimate the magnitude of pollen mis-
placement, as they do not account for passive or active pollen detachment during the intervening
visits (e.g., Murcia & Feinsinger 1996). Overall, the imbalance in the amount of research on pollen
misplacement versus heterospecific pollen deposition has precluded a more complete understand-
ing of the importance of IPT interactions in nature.
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Figure 1 (Figure appears on preceding page)

Example of interspecific pollen transfer interactions among three sympatric bat-pollinated flowers that
exhibit distinct but overlapping pollen placement patterns on their shared bat pollinators (e.g., Anoura
geoffroyi, Phyllostomidae). Panel 2 shows the pollen placement location for each species indicated by dashed
lines and colors: Centropogon nigricans (Campanulaceae) (green), Aphelandra acanthus (Acanthaceae) (yellow),
and Burmeistera sodiroana (Campanulaceae) (red). Panel b shows the number of pollen grains (£ standard
error) from focal species A. acanthus that were transferred by bats to conspecific stigmas following four
treatments: without any intervening visit and after an intervening visit to either a plastic straw (control), a
female B. sodiroana flower, or a male B. sodiroana flower bearing pollen. Panel ¢ shows the results of the
experiments in which the competitor was C. nigricans. Together, both sets of experiments show that greater
overlap in pollen placement promotes higher rates of pollen misplacement during alternating visits,
therefore diminishing male fitness as a result of competition. In addition, intervening visits to male flowers
caused the bats to deposit large amounts of foreign pollen in 4. acantbus stigmas (95.4 grains from

B. sodiroana and 115.7 grains from C. nigricans, on average) (Muchhala & Thomson 2012). Such
heterospecific pollen deposition would further impact fitness through the female floral function. Figure
adapted with permission from Muchhala & Thomson (2012).

2.2. Heterospecific Pollen Deposition

In contrast to the male function, the fitness costs for female function in the form of heterospecific
pollen deposition are much better understood. As with pollen misplacement, the extent to which
a species may experience heterospecific pollen deposition depends on spatial and temporal flow-
ering overlap with competitors, the degree of pollinator sharing (simultaneously determined by
plant and pollinator traits influencing attraction and pollen deposition/pickup from the pollinator
bodies), relative floral abundances, pollinator preference, and visitation behavior (Arceo-Gémez
& Ashman 2014, Mitchell et al. 2009, Morales & Traveset 2008, Thomson et al. 2018). In combi-
nation, all of these factors determine the quantity and diversity of foreign pollen a flower receives.
Below, we review the cascade of negative effects foreign pollen may have on female fitness and
then review our understanding of how the quantity and diversity of these foreign pollen loads
modulate these negative effects.

Following the arrival of foreign pollen on a stigma, the first potential negative effects occur on
the stigmatic surface. Foreign grains may interact with conspecific grains or with the stigma itself,
interfering with conspecific pollen adhesion and germination (Ashman & Arceo-Gémez 2013,
Brown & Mitchell 2001). Studies that applied foreign pollen either before, after, or at the same
time as conspecific pollen demonstrate the importance of timing: Although several studies found
that seed set was decreased only when the foreign pollen was applied beforehand (Caruso &
Alfaro 2000, Kohn & Waser 1985, Waser & Fugate 1986), one study found that applying foreign
pollen before or after had no effect and seed set was decreased only when foreign and conspe-
cific pollen were applied together (Bruckman & Campbell 2016). The mechanisms by which
foreign pollen affects conspecific pollen adhesion and germination can vary and may include
stigma clogging (Galen & Gregory 1989), foreign pollen allelopathy (Murphy & Aarssen 1995,
Thomson et al. 1982), induction of the mechanical closure of the stigma (Waser & Fugate 1986),
or the triggering of incompatibility reactions in the stigma surface that also impact conspecific
grains (reviewed in Ashman & Arceo-Gé6mez 2013).

A second set of negative effects can occur if the foreign pollen germinates and forms pollen
tubes. This is more likely among closely related species, as they may have similar pollen—pistil
compatibility. The foreign pollen tubes may reduce seed set through stylar clogging as they phys-
ically crowd the stylar tissue. This idea makes intuitive sense and is supported by the fact that
several hand-crossing studies using a single self-incompatible (SI) species have shown that mixing
incompatible pollen (i.e., self pollen) with compatible pollen reduces seed set via stylar clogging
(Palmer et al. 1989, Scribailo & Barrett 1994, Shore & Barrett 1984). However, we are not aware
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of a study clearly showing stylar clogging in crosses between pairs of species. The strongest evi-
dence for such an effect comes from crosses between the congeners Impatiens capensis and I. pallida
(Randall & Hilu 1990). This study found that seed set was reduced only when I. capensis was the
recipient and that I pallida pollen tubes can reach the ovaries in I. capensis styles, whereas L. capensis
pollen fails to adhere to I pallide stigmas (Randall & Hilu 1990). This finding would seem to im-
plicate stylar clogging but does not rule out the possibility that negative effects may be due solely
to interactions on the stigmatic surface.

Finally, assuming it successfully germinates on the stigma and forms a pollen tube capable of
reaching the ovules, foreign pollen from closely related species may release sperm and fertilize
ovules, causing the recipient plant to waste precious maternal resources (Jakobsson et al. 2008).
Such usurped ovules are no longer available for conspecific fertilization, a fitness cost termed
interspecific seed discounting (Burgess et al. 2008) that may lead to seed or whole fruit abortion
(Fishman & Wyatt 1999, Montgomery et al. 2010, Wang & Cruzan 1998, Wolf et al. 2001), seed
germination failure (Natalis & Wesselingh 2012b), or the production of unfit or sterile offspring
(Goodwillie & Ness 2013).

Now that we have outlined the various negative effects heterospecific pollen can have on female
fitness, we consider how quantity and diversity of heterospecific pollen loads can modulate these
effects. In terms of quantity, heterospecific pollen has been found to account for up to 74% of
total pollen receipt in nature (Arceo-Gémez et al. 2016a, Ashman & Arceo-Gémez 2013). How
does increasing heterospecific pollen quantity affect the fitness costs? Unfortunately, few studies
directly address this question. Most examine heterospecific pollen deposition by applying a 50:50
ratio of conspecific to heterospecific pollen to stigmas (Ashman & Arceo-G6mez 2013). In one
study that varied this ratio, no amount of heterospecific pollen from invasive nightshade Solanum
elaeagnifolium (Solanaceae) decreased seed production (50-70 seeds per fruit, on average) in the
poppy relative Glaucium flavum (Papaveraceae) as long as some conspecific pollen was present
(Tscheulin et al. 2009). In four other cases involving pairs of closely related hybridizing species,
the relative proportion of heterospecific pollen was inversely correlated with seed production,
although the strength of this relationship varied across the different recipient species (Harder etal.
1993, Montgomery et al. 2010, Ramsey et al. 2003, Wang & Cruzan 1998). In an additional study,
the proportion of heterospecific pollen did not affect total seed set but predicted the proportion
of hybrid seeds produced (Alarcon & Campbell 2000). Finally, we are aware of only one study to
examine effects of variable amounts of heterospecific pollen on seed set in natural settings (rather
than experimental hand-pollinations): For the herb Delphinium barbeyi, receipt of greater amounts
of heterospecific pollen dampened the positive interaction between conspecific pollen receipt and
seed set (Briggs et al. 2015). Thus, overall, the evidence to date tends to support the conclusion
that greater amounts of heterospecific pollen lead to lower conspecific seed set.

Similar to the above question about the effects of quantity, how does diversity of heterospecific
pollen loads affect the fitness costs? We know of only one study that directly addressed this ques-
tion. For the monkey flower Mimulus guttatus (Phrymaceae), seed set decreased with increasing
number of foreign pollen donor species, although the effect size of this pattern varied depend-
ing on donor identity (Arceo-Gémez & Ashman 2011). Pollen from one species, the sunflower
Helianthus exilis (Asteraceae), was capable of reducing M. guttatus seed set by the same magni-
tude as its congener Mimulus nudatus and also equaled the combined effect from a mixture of
M. nudatus and the mint relative Stachys albens (Lamiaceae) (Arceo-Gémez & Ashman 2011). The
authors hypothesized that the strong negative effect H. exilis had on M. guttatus seed set was due
to a combination of the large size and spiny surface of its pollen grains, its ability to germinate in
M. guttatus stigmas, and possibly additional allelopathic effects decreasing conspecific pollen ger-
mination. M. nudatus, however, reduced seed production at a later stage by usurping ovules and
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promoting seed abortion. The negative effects of S. albens on M. guttatus seed set were weak un-
less in combination with pollen from the other two competitors (Arceo-Gémez & Ashman 2011).
Although this remains the only study of its kind that we are aware of, it suggests that female fit-
ness responses to diverse heterospecific pollen loads may be highly species- and context-specific.
Given the extreme variability in the amount of foreign pollen receipt found within and among
plant communities (Arceo-Goémez et al. 2016a, Fang & Huang 2013, Johnson & Ashman 2019,
McLernon et al. 1996, Tur et al. 2016), the fitness consequences to diverse heterospecific pollen
deposition represent an exciting avenue for future research.

3. EVOLUTIONARY RESPONSES TO INTERSPECIFIC
POLLEN TRANSFER

Angiosperms have evolved a wide range of strategies to reduce the impact of IPT on fitness, which
can be categorized into three main types. The first involves adaptations to prevent IPT from
occurring in the first place (prepollination isolation), which can reduce both pollen misplace-
ment and heterospecific pollen deposition, thus improving male and female fitness (Armbruster
et al. 1994, Kay et al. 2019, Muchhala et al. 2014). The second involves adaptations to counteract
foreign pollen germination and performance after heterospecific pollen arrives on stigmas (ga-
metic isolation), which limits negative effects on female fitness (Arceo-Gémez et al. 2016b, Kay
& Schemske 2008, Natalis & Wesselingh 2012b). A third type of evolutionary response to IPT
involves an increase in autonomous self-pollination rates, which allows conspecific (selfed) seed
set even when foreign pollen is deposited (Briscoe Runquist & Moeller 2014, Randle et al. 2018,
Smith & Rausher 2008).

Before discussing these three responses to IPT, we would first like to clarify pertinent termi-
nology. By prepollination isolation, here we mean any reproductive barriers that act to reduce
IPT and thus arrival of foreign pollen to stigmas. Gametic isolation refers to barriers that occur
as the gametes interact, from the point at which heterospecific pollen arrives at the stigmas until
ovule fertilization occurs (Coyne & Orr 2004). Both are forms of prezygotic isolation, whereas any
barriers that serve to reduce gene flow after ovules are fertilized are here referred to as postzy-
gotic isolation. It is important to note that we still consider prepollination and gametic barriers as
forms of reproductive isolation, regardless of whether gene flow can actually occur between a pair
of species, because they still serve to limit reproductive interference. Any evolutionary increases
in prepollination barrier strength in response to pollen transfer between species in sympatry is
termed reproductive character displacement, whether or not the species are already fully repro-
ductively isolated through postpollination barriers, whereas a special form of reproductive charac-
ter displacement termed reinforcement occurs when natural selection favors increased prezygotic
isolation in the face of ongoing gene flow (Beans 2014, Hopkins 2013, Kay & Schemske 2008).
In the following three subsections, we explore how plants may respond to competition through
IPT, with or without accompanying gene flow, through evolutionary increases in prepollination
isolation, gametic isolation, or selfing rates.

3.1. Prepollination Isolation

When IPT occurs, selection may favor divergence in several aspects of floral phenotype to in-
crease prepollination isolation, thus reducing the fitness costs arising from pollen misplacement
and heterospecific pollen deposition. One response to IPT, termed temporal isolation, occurs
when competing species diverge in phenology, flowering at different times of the day or of the
year (Borchsenius et al. 2016, Hipperson et al. 2016, Martin & Willis 2007, Paudel et al. 2018,
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Waser 1978b, Yang et al. 2007, Zhang et al. 2016). In such instances, if flowering overlap is
not completely eliminated, the later-flowering species might still experience low but detectable
fitness costs when its first-flowering individuals are at a large numerical disadvantage versus
earlier-flowering competitors (e.g., Waser 1978b). Similarly, among hybridizing species, the later-
flowering species might suffer asymmetric hybridization from its earlier-flowering relative (Martin
& Willis 2007, Zhang et al. 2016). To date, no studies have found support for either reproductive
character displacement or reinforcement of temporal isolation when comparing sympatric and
allopatric populations (Christie & Strauss 2018, Kay 2006, Paudel et al. 2018), but it is possible
that flowering time differences evolve as an initial step following secondary contact, yet quickly
relax after other barriers to IPT evolve (Christie & Strauss 2018).

A second response to IPT, termed floral isolation, involves diverging in the use of pollinators to
reduce the amount of pollen they transfer between species. Floral isolation can be divided into two
subcomponents: ethological isolation, which involves differences in floral traits affecting pollina-
tor preference and thus reducing interspecific pollinator movements, and mechanical isolation,
which involves differences in traits that influence the mechanical fit between flower and pollina-
tor during visits (Grant 1994, Schiestl & Schliiter 2009). For the former, the most direct way to
achieve ethological isolation is for competing species to specialize on different pollinator types
by diverging in traits influencing attraction (e.g., color, scent) or access to rewards (e.g., morphol-
ogy), thus reducing interspecific pollinator movements (Muchhala et al. 2010, Rodriguez-Gironés
& Santamaria 2007). A less obvious way to achieve ethological isolation involves increasing floral
constancy, or the degree to which individual pollinators remain constant to one single flower type
during foraging bouts instead of switching between types (Amaya-Mirquez 2009, Waser 1986).
This can lead to, for example, a bumblebee being classified as generalized on a species or colony
level despite individuals being highly specialized to different species of flowering plant and thus
not contributing to competition via IPT (Oyama et al. 2010). There are three proposed mecha-
nisms by which shifts in floral traits could improve constancy. First, if accessing nectar rewards is
complicated, this may encourage constancy to one flower type due to constraints on the ability
to learn and remember how to manipulate multiple types (Chittka et al. 1999, Gegear & Laverty
2005, Laverty 1994). Second, differences in floral traits could reinforce search images used to lo-
cate flowers during foraging (Goulson 2000, Heinrich 1975, Wilson & Stine 1996). For instance,
bat-pollinated Burmeistera flowers present extreme interspecific variation in the size, shape, and
orientation of the leaf-like calyx lobes at the base of their flowers (Muchhala 2006), which likely
reflect echolocation calls very differently; when multiple species co-occur, this may encourage in-
dividual bats to learn and remain constant to a single species. A third mechanism to encourage
floral constancy involves differences that encourage and reinforce social hierarchies among polli-
nators that aggressively defend resources, which may cause dominant individuals to visit different
subsets of flowers than those visited by subordinate individuals (Muchhala et al. 2014). Experi-
ments with hummingbirds and artificial flowers in flight cages support this idea. When provided
with two flower types with either high- or low-nectar rewards, dominant male and subordinate
temale Eulampis jugularis visited both types indiscriminately, but when the same types had differ-
ent colors, the sexes partitioned the resource, with males sticking with the high-reward flowers
and vice versa (Temeles et al. 2017). Although more work is needed to understand the extent to
which these three mechanisms contribute to floral constancy, all three lead to similar patterns, in
that they all favor diverging from sympatric competitors in floral traits (e.g., De Jager et al. 2011,
Takahashi et al. 2016, Weber et al. 2018).

Mechanical isolation, the other subcomponent of floral isolation, can be achieved through
changes in the length, shape, or orientation of the floral reproductive parts or of other aspects of
floral morphology that affect the pollinator positioning and mechanical fit during visits, causing
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divergence in pollen placement (Armbruster et al. 1994, Huang & Shi 2013, Huang etal. 2015, Kay
etal. 2019, Muchhala & Potts 2007). In fact, many studies on IPT and floral evolution have shown
that small trait adjustments can have large impacts on pollinator efficiency in terms of pollen trans-
port and delivery (Castellanos et al. 2003, More et al. 2007, Muchhala 2007). However, it is impor-
tant to note that even a total shift in pollen placement on shared pollinators may fail to eliminate
male fitness costs from pollen misplacement. As long as pollinators move between species, pollen
may still be lost to grooming or may be scraped off of the pollinator’s body during intervening vis-
its to competitors (Flanagan et al. 2009, Muchhala & Thomson 2012); thus, ethological isolation
is more effective at preventing pollen misplacement. On the other hand, mechanical isolation can
effectively eliminate costs to female fitness from heterospecific pollen deposition.

3.2. Gametic Isolation

The costs to female fitness from IPT can be reduced by various forms of gametic isolation, in-
cluding stigma incompatibility and suppression of pollen tube growth rate (Ashman & Arceo-
Goémez 2013). Stigmas can evolve to increase incompatibility with foreign pollen by altering
stigma structure (Arceo-Gémez & Ashman 2011, Caruso & Alfaro 2000), the chemical compo-
sition of stigma exudates (Kay & Schemske 2008), or the factors controlling pollen recognition
and self-incompatibility (Bedinger et al. 2017). These three mechanisms need not be mutually ex-
clusive, and they usually suffice to prevent germination of pollen among distantly related species
(but see Arceo-Gomez & Ashman 2011). Although few studies have determined the precise iso-
lating mechanisms operating at the stigma surface (Bedinger et al. 2017), the importance of the
self-incompatibility pathway can be seen in instances of asymmetric rejection of pollen from self-
compatible (SC) species on stigmas of SI relatives (Ashman & Arceo-Gémez 2013, Brandvain &
Haig 2005; see Section 3.3).

Differential pollen tube performance in the style constitutes the other main form of gametic
isolation that can evolve in response to IPT interactions, and it typically acts only among close
relatives, given that pollen from more distantly related species typically fails to germinate in each
other’s stigmas. Interestingly, for crosses between a given pair of species, the relative ability of
one species to germinate, form pollen tubes, and fertilize ovules of the other is typically signifi-
cantly asymmetric (Tiffin et al. 2001). Two main mechanisms have been proposed to explain such
asymmetry. The first, termed conspecific pollen precedence (Howard 1999), results from incom-
patibility reactions elicited by foreign pollen such that conspecific pollen performs better in terms
of germination, pollen tube growth rates, access to the ovary, and ovule fertilization relative to het-
erospecific pollen (Lyu et al. 2016, Montgomery et al. 2010). Because the various ways in which
heterospecific pollen is suppressed can differ between pairs of closely related species, asymme-
try often occurs across pairs in pollen tube performance and/or hybridization (Figueroa-Castro
& Holtsford 2009, Fishman et al. 2008, Harder et al. 1993, Lyu et al. 2016, Montgomery et al.
2010; but see Alarcon & Campbell 2000, Natalis & Wesselingh 2012b). The second main mecha-
nism for gametic isolation involves a mismatch between host style length and foreign pollen grain
size. Because grain size often determines the maximum pollen tube length it can attain (Brothers
& Delph 2017, Carney et al. 1996), smaller-grained pollen from short-styled species often cannot
effect fertilization in long-styled species, whereas the opposite can occur unimpeded (Carney et al.
1996, Diaz & Macnair 1999, Kay 2006, Wolf et al. 2001).

3.3. Evolution of Mating Systems

In SC plant populations, the mating system of a particular population is defined as the rela-
tive proportion of seeds sired by self pollen versus those sired by outcross pollen from other
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conspecific individuals (Barrett & Harder 2017). Flexibility in a plant’s mating system allows out-
crossing when outcross pollen is not a limiting factor while providing reproductive assurance
through self-pollination when outcross pollen is not readily available (Cheptou 2019, Karron
et al. 2012). Shifts in mating systems to higher selfing rates are typically thought to represent
a response to low or unpredictable pollination services (Cheptou 2019), but many studies have
shown that they can also occur if IPT diminishes the availability of outcross pollen (Bell et al.
2005, Fishman & Wyatt 1999, Randle et al. 2018, Smith & Rausher 2008). IPT can favor selfing
regardless of whether the competing species are closely related or not; for example, one study
found that extensive pollen misplacement by foraging bumblebees resulted in much greater prob-
abilities for stigmas to receive self pollen rather than outcross pollen in Mimulus ringens plants
growing in experimental arrays with the distantly related competitor Lobelia siphilitica (Bell et al.
2005).

In many cases, selfing may occur toward the end of the flower’s life span as a last resort if
little or no outcross pollen was received (Lloyd 1992). However, this does not prevent heterospe-
cific pollen deposition or pollen misplacement from diminishing outcrossing rates; thus, selec-
tion for delayed selfing should not occur if IPT is the main factor influencing the mating system
(Goodwillie & Ness 2013, Randle et al. 2018). Preemptive selfing, conversely, takes place before
the floral bud opens (Lloyd 1992, Sicard & Lenhard 2011), thus securing pollination before any
IPT can occur (Randle et al. 2018). Such extreme transitions to a predominantly or fully selfing
mating system are also commonly accompanied by a suite of characters termed the selfing syn-
drome, including smaller flowers, highly reduced anther—stigma separation distance (herkogamy),
lower pollen-to-ovule ratio, diminished pollen production, and limited secretion of nectar and
scent (Sicard & Lenhard 2011). Divergence in these floral traits among closely related species is
well documented in several angiosperm taxa (Briscoe Runquist & Moeller 2014, Grossenbacher
& Whittall 2011, Kalisz et al. 2012, Vallejo-Marin et al. 2014). In one clear example of selfing
in response to IPT, Fishman & Wyatt (1999) found that Arenaria uniflora populations exhibited
preemptive selfing, smaller flowers, and reduced herkogamy in regions of sympatry with its con-
gener A. glabra, and that outcrossing A. uniflora individuals placed in arrays with 4. glabra faced
significant decreases in conspecific seed set. A similar study with three Centaurium species that
exhibit a range of mating systems demonstrated that the earlier that selfing occurs in a flower’ life
span, the more effective it is in reducing costs of IPT from congeners (Brys et al. 2016). For two
of these species that overlap greatly in their native and invaded habitats in mainland Europe and
the United Kingdom (C. erythraea and C. littorale), a separate study found that herkogamy rates
decreased and selfing increased, depending on which species first colonized the site, suggesting
that the reproductive assurance value of selfing is higher for late-arriving species as it simultane-
ously counters any abundance disadvantage and prevents the production of unfit hybrid progeny
(Schouppe et al. 2017).

The outcome of IPT interactions between selfers and outcrossers also depends greatly on the
differences in their pollen competitive ability in each other’s pistils, and these differences almost
invariably favor the outcrosser (Brandvain & Haig 2005). Pollen from outcrossing species is well
adapted to compete in a wide range of pistil environments, whereas pollen from selfers typically
fails in outcrossers’ flowers. Similarly, stigmas and styles from SI outcrossing species present much
stronger barriers to pollen from SC species than vice versa (collectively termed the SI x SC rule)
(Brandvain & Haig 2005, Goodwillie & Ness 2013, Harder etal. 1993). Thus, species that begin to
shift toward selfing due to IPT competition with more outcrossing relatives may face a snowballing
selective pressure for such selfing, as their pollen loses its competitive ability.

Wide interpopulation variation in mating systems was found to be common across angiosperms
in an extensive survey covering 741 populations of 105 species from 80 genera and 44 plant families
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(Whitehead et al. 2018). This variation could be due to differences across a species’ distribution in
pollinator environments, IPT interactions with co-flowering plants, or both (Karron et al. 2012).
We know of only two cases in which researchers attempted to disentangle the importance of these
factors. The first involves two recently diverged subspecies of Clarkia xantiana (Onagraceae): the
outcrosser subsp. xantiana and the selfer subsp. parviflora. Briscoe Runquist & Moeller (2014)
found that (#) pollen limitation was higher and selfing more advantageous in regions where these
subspecies co-occurred, (4) the selfer’s herkogamy and flower size were significantly reduced in
these regions of sympatry, and (¢) contrasting pollinator environments did not explain the dif-
ferences detected between allopatric and sympatric sites (Briscoe Runquist & Moeller 2014). A
follow-up study further established that, despite pollen transfer being reduced due to low flow-
ering overlap and a stronger pollinator preference for the outcrosser, gametic isolation barriers
were weaker for the selfer, making it prone to greater costs from maladaptive hybridization with
its congener as predicted by the SI x SC rule (Briscoe Runquist et al. 2014). A second striking
example found high flowering overlap and pollinator sharing between the sister species Collinsia
linearis and C. rattanii in zones of sympatry but also found that interspecific movements by polli-
nators caused highly asymmetric pollen flow from C. /inearis to C. rattanii (Randle et al. 2018). In
line with this observation, C. rattanii (and not C. linearis) displayed significantly earlier preemp-
tive selfing in sympatry (Randle et al. 2018). Although variation in mating systems does not always
correlate with co-occurrence patterns among close relatives (Grossenbacher et al. 2016, Matallana
et al. 2010, but see Whitton et al. 2017), substantial evidence suggests that increased selfing rates
in sympatry can facilitate coexistence and may be a common evolutionary response to IPT-driven
pollen limitation.

4. POLLEN TRANSFER DYNAMICS AND GENE FLOW
DURING EARLY DIVERSIFICATION

Although IPT typically causes fitness reductions and selection for floral divergence, its impacts
can vary among more closely related species if it leads to interspecific gene flow. Among inter-
fertile plant species, IPT is in fact the means by which genes are exchanged. We believe that the
classical competition-based view of IPT prevalent in the pollination literature has limited the un-
derstanding of its evolutionary importance in angiosperm diversification in terms of speciation
and introgression. Hybridization as a consequence of IPT was recognized by Morales & Traveset
(2008) but only in the context of gene flow between alien and native species and between ge-
netically modified crops and their wild relatives. However, rapid advances in our ability to detect
and quantify interspecific gene flow using modern genomic and statistical tools (Ellstrand 2014,
Payseur & Rieseberg 2016) have revealed widespread evidence of hybridization across many levels
of the Tree of Life. Speciation and reproductive isolation are now known to commonly occur de-
spite ongoing gene flow (Abbott et al. 2013, Baack et al. 2015), and modern phylogenetic thinking
has shifted to embrace reticulation (Mallet et al. 2016). Furthermore, evidence suggests that gene
flow has contributed significantly to the evolution of many plant clades through adaptive intro-
gression (Ellstrand 2014, Schmickl et al. 2017). Finally, our rapidly changing world is bringing
about increasing opportunities for gene exchange via IPT due to range shifts among formerly al-
lopatric plant species (Vallejo-Marin & Hiscock 2016), making it particularly urgent that we study
and understand the effects of IPT on patterns of gene movement between species.

Along the continuum of evolutionary divergence, populations, lineages, and species become
gradually differentiated (De Queiroz 2011), and the effects of IPT and resulting gene flow also
change with increasing differentiation. Pollen transfer will closely approximate gene flow in
early stages of divergence, but they progressively decouple during intermediate and late stages as
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reproductive isolation increases, until eventually heterospecific pollen fails to produce any hybrid
progeny. Below, we discuss impacts of IPT in three main stages of the divergence continuum.

4.1. Early Divergence: Homogenizing Gene Flow and Gene
Flow-Selection Balance

With little evolutionary divergence and a lack of isolating barriers, IPT should lead to homoge-
nizing gene flow: Pollen is transferred and fertilizes ovules, and genes are thus exchanged. The
expectation is that the populations will fuse together or form a stable hybrid zone in the point of
contact (Abbott et al. 2013, Payseur & Rieseberg 2016). Differences in abiotic and biotic environ-
mental conditions outside of the point of contact may favor the formation of a stable hybrid zone
due to a balance between selection and gene flow, depending on the rate of IPT and the fitness
of hybrids relative to parental populations (Arnold et al. 2008, Campbell et al. 1998). Absence of
such selection outside of the point of contact would make fusion of the two gene pools more likely
(Buerkle et al. 2003).

What role do pollinators play in preventing or promoting such fusion of gene pools? Manipu-
lative studies across multiple populations are needed to understand if local adaptation to pollinator
availability and/or IPT dynamics can generate the initial levels of floral and genetic divergence
needed to restrict gene flow to some extent. For example, how do fitness costs associated with
pollen transfer between populations initially arise and drive incipient reproductive isolation?
Do local pollen transfer dynamics and the competitive environment promote local adaptation
of pollen—pistil compatibilities that restrict gene flow between populations? Does specialization
to different pollinator environments across a plant’s range (ecotypes) (e.g., Anderson et al. 2010,
Newman et al. 2015) result in floral isolation between subpopulations? These questions have only
recently begun to be explored by a handful of studies, for example, in North American Clarkia
with generalized pollination (Briscoe Runquist & Moeller 2014, Briscoe Runquist et al. 2014,
Kay et al. 2019, Miller et al. 2014), in bee-pollinated Mimulus (Grossenbacher & Stanton 2014),
in South African hawkmoth—pollinated Gladiolus (Anderson et al. 2010), and in long-proboscis
fly—pollinated Nerine (Newman et al. 2015) and Lapeirousia (Anderson et al. 2016). Unfortunately,
comparable multisite studies are lacking for other biogeographic regions, most notably from the
species-rich tropics.

One of these relevant studies, by Kay et al. (2019), examined the role of pollinators in floral
isolation between populations of the sister species Clarkia concinna (Onagraceae) and C. breweri via
experimental sympatry (Figure 24). The authors’ primary objective was to evaluate whether the
shift to hawkmoth pollination by C. breweri conferred floral isolation from the pollinator generalist
C. concinna. Common garden experiments revealed remarkable variation in IPT between C. breweri
and four different ecotypes of C. concinna (Figure 2b). Specifically, hawkmoths transferred very
little pollen from any of the C. concinna ecotypes to C. breweri, nor from C. breweri to three of
the C. concinna ecotypes, yet transferred strikingly large amounts from C. breweri to the coastal
ecotype of C. concinna (Kay et al. 2019) (Figure 2b). Thus, this coastal form of C. concinna would be
very likely to suffer hawkmoth-mediated asymmetric pollen transfer from C. breweri (and possibly
associated fitness costs) if they co-occurred together. Notably, another C. concinna ecotype (see
South in Figure 24) parapatric with C. breweri shows all of the traits typical of the selfing syndrome
described in Section 3.3, suggesting a shift to selfing might have been favored by IPT interactions
with C. breweri (Kay et al. 2019).

What does this study tell us about early divergence and how initial reproductive isolation
might arise? Results demonstrate that floral isolation remains incomplete between C. breweri and
C. concinna in either direction, that potential IPT would be mostly asymmetric (C. breweri — C.
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concinna), and that the various populations of C. concinna are not all equally isolated from their
congener. This and similar studies (Grossenbacher & Stanton 2014, Newman et al. 2015) show
that selection to local pollinator environments across a species’ range might confer ecotypes with
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different degrees of susceptibility to IPT with close relatives and even with other intraspecific
ecotypes. Over enough time, the selective effects of local pollinator environments and local com-
petition via IPT could lead to floral divergence and associated reproductive isolation, which would
then restrict gene flow among subpopulations and potentially lead to speciation.

One intriguing hypothesis is that even in the absence of differences in habitat, pollinators,
or competitors across a species’ geographic range, strong sexual selection alone may drive in-
traspecific divergence and thus ultimately promote speciation. Specifically, outcrossing species
constantly face intraspecific competition between males when pollen from multiple males is de-
posited on stigmas, such that males with pollen that germinates and reaches ovules faster will
enjoy higher levels of paternity. At the same time, females may benefit from leveling the playing
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field between competing males to maximize the diversity of sires among their offspring. Such sex-
ual conflict can lead to local adaptation of compatibility between pollen and stigmas/styles, thus
potentially promoting reproductive isolation among the various subpopulations within a species
(Ortiz-Barrientos et al. 2009). Costly maladaptive hybridization with sympatric congeners might
further select for such local adaptation between conspecific pollen and stigmas/styles, as a byprod-
uct of increasing gametic isolation from these congeners. This mechanism of local adaptation to
conspecific mating environment might similarly carry over a disruption of compatibility with in-
dividuals from other conspecific populations (Ortiz-Barrientos et al. 2009). Unfortunately, to our
knowledge, this interplay between local conspecific mating environment and IPT among diverg-
ing species remains unexplored to date.

4.2. Intermediate Divergence: Reinforcement and Adaptive Introgression

Atan intermediate stage of divergence, gene flow will be restricted to some extent but IPT dynam-
ics among two species will still affect patterns of gene flow between them (Campbell et al. 1998,
Natalis & Wesselingh 2012b, Surget-Groba & Kay 2013, Zhang et al. 2016). Even if gametic or
postzygotic isolation serves to limit gene flow, or constrain it to small parts of the genome (Payseur
& Rieseberg 2016), IPT will still influence whether gene flow occurs. Evolutionarily speaking, it
is during this stage when IPT-driven gene flow might have the most profound impacts for plant
evolution (Ellstrand 2014), leading to the merging of gene pools, the reinforcement of barriers
separating them, and/or adaptive introgression between the species.

If hybrids formed by IPT exhibit particularly low fitness relative to parental species, reinforc-
ing selection may favor strengthening of prezygotic barriers to gene flow (Hopkins 2013, Ortiz-
Barrientos et al. 2009). This can include the same adaptations outlined in Section 3: temporal iso-
lation via reduced flowering overlap (Martin & Willis 2007, Zhang et al. 2016), floral isolation via
the attraction of different pollinators (Hopkins & Rausher 2012) or differential pollen placement
(Kay & Schemske 2008), gametic isolation via increased pollen—pistil incompatibilities (Arceo-
Goémez et al. 2016b), or transitions toward self-pollination (Rausher 2017, Schouppe et al. 2017).
Such reinforcement of reproductive barriers will ultimately determine the evolutionary course of
hybridization and the resulting pattern of gene exchange between the interacting species.

As mentioned previously, it is unlikely that these various isolating mechanisms evolve at the
same rate between pairs of species; thus, we might often expect barriers and associated gene flow
between pairs to be asymmetric. In fact, previous assessments of reproductive isolation among an-
giosperms have found asymmetry to be the norm (Lowry et al. 2008, Tiffin et al. 2001). A survey
of 19 species pairs found that prezygotic barriers were on average twice as strong as postzygotic
ones but that the latter were almost three times more asymmetric (Lowry et al. 2008). Among
the prezygotic barriers evaluated, pollinator-mediated isolation (i.e., floral isolation) showed the
greatest asymmetry: almost twice as high as the other prezygotic barriers and roughly half as high
as the postzygotic ones (Lowry et al. 2008). Regrettably, no quantitative assessments of the extent
to which asymmetry in barrier strength correlates with gene flow among diverging species have
been made. As a preliminary assessment of this relationship, in Table 1 we review 10 instances
of congeneric species pairs for which the following is available from the literature: (#) clear evi-
dence for IPT between the pair, via pollinator sharing, interspecific pollinator movements, and/or
transfer of pollen or analogs; () sufficient data to quantify asymmetry in the strength of prepolli-
nation and gametic isolation (following Sobel & Chen 2014); and (¢) additional data on gene flow
between the pair. For 4 species pairs (Heliantbus, Iris fulva—Iris brevicaulis, Mimulus, and Phlox) pre-
pollination and gametic barriers were asymmetric in the same direction and correctly predicted
the direction of introgression. For 3 others (Ipomopsis, Iris fulva-Iris bexagona, and Silene), only
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gametic isolation was asymmetric and again correctly predicted the direction of introgression. In
1 pair (Costus pulverulentus and C. scaber), prepollination and gametic barriers were asymmetric in
the same direction, but inferred gene flow was symmetric. This mismatch may be due to fertile
F; hybrids crossing equally well with either parental species, nullifying the asymmetry found in
pure parental crosses (Surget-Groba & Kay 2013). In the final 2 pairs (Clarkia and Rbhinantbus),
gene flow actually followed a pattern opposite to the isolating barriers. Evidence suggests a similar
explanation for this mismatch in the case of Rhinantbus, in that backcrossing via fertile hybrids is
asymmetrical in the opposite direction (Natalis & Wesselingh 2012b). Thus, despite some excep-
tions due to backcrossing, overall the direction of asymmetry in prepollination isolation (which
equals asymmetry in IPT) and in gametic isolation between pairs of species seems to predict the
direction of gene flow, with gametic barriers typically more closely related to gene flow patterns.

In this stage of intermediate divergence between species, [IPT-mediated gene flow can also play
a profound role in plant evolution by increasing genetic variation and/or by allowing exchange of
adaptive traits across species boundaries (Abbott et al. 2013, Schmickl et al. 2017). Such adaptive
introgression has been shown for traits related to drought tolerance (Campbell & Waser 2007,
Whitney et al. 2010) and floral color (Stankowski & Streisfeld 2015). In some extreme cases, re-
peated hybridization and backcrossing can lead to the formation of new species reproductively
isolated from its parental relatives (Clay et al. 2012, Renaut et al. 2014, Vallejo-Marin et al. 2016).

Despite the large amount of research devoted to the evolution of reproductive isolation and
how it restricts gene flow during divergence, many questions remain unanswered. For example, the
relationship between IPT and gene flow is expected to be positive during early divergence as more
pollen flow leads to more genes exchanged, but how does the relationship change as different iso-
lation processes are reinforced at the pre- and postpollination stages? Do more highly asymmetric
IPT dynamics influence how fast isolating barriers arise? And does the degree of asymmetry in
IPT between a pair of species tend to decrease over time, as the species facing greater IPT evolves
stronger prepollination barriers? Finally, the relative contribution of postpollination (i.e., gametic
and postzygotic isolation) versus prepollination barriers to total reproductive isolation is expected
to increase with increasing evolutionary divergence (Christie & Strauss 2018, Kostyun & Moyle
2017); how do IPT dynamics and resulting gene flow change across these stages of speciation? We
argue that the relationship between IPT and gene flow during speciation represents an exciting
and underexplored topic in need of further research.

4.3. Late Divergence: Reproductive Character Displacement

Finally, the third stage represents IPT between pairs of species that are already completely re-
productively isolated via gametic and/or postzygotic barriers. In these cases, competition through
IPT will still negatively impact floral fitness via reproductive interference by wasting gametes and
resources for the plants and decreasing seed set (Morales & Traveset 2008). These costs will select
for reproductive character displacement that shifts barriers to earlier-acting stages of reproductive
isolation. In other words, if only postzygotic barriers are present, gametic isolation will be favored
(to prevent styles from being clogged and ovules from being usurped), and if only postpollination
barriers are present, prepollination barriers will be favored to increase temporal isolation, floral
isolation (ethological or mechanical), or selfing rates (as described previously in Section 3).

5. CONCLUDING REMARKS AND FUTURE DIRECTIONS

Although much research has focused on elucidating the effects of competition for pollination
in plant ecology and evolution, a common outcome of this competition, IPT, has received little
attention until relatively recently. Our understanding of these competitive interactions will
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only improve as more research is devoted to the fitness consequences of heterospecific pollen
deposition and pollen misplacement in natural plant populations under diverse ecological and
evolutionary contexts. In particular, the extent to which IPT affects plant reproduction must
be evaluated on multiple pollinator community contexts across species’ ranges, over a breadth
of phylogenetic distances, and at different spatial scales and habitat configurations. Experi-
mental manipulations must also be employed whenever feasible to improve our mechanistic
understanding of factors influencing IPT dynamics and their outcomes.

The role of IPT and the extent to which it matches gene flow during early plant diversification
also warrants more attention. Genomic tools, modeling approaches, and species-level phylogenies
readily available for several plant groups constitute valuable resources to investigate the influence
of IPT on reproductive isolation and floral evolution. Patterns of recent and ongoing gene flow
mediated by IPT and its effects can inform our knowledge about the evolution of reproductive
isolation and the maintenance of species boundaries, patterns of adaptive introgression, the rise
of floral phenotypic novelty, and shifts in mating systems. One particularly informative approach
to examine early divergence involves using experimental sympatry (sensu Kay et al. 2019) to ex-
amine the importance of various pre- and postpollination barriers in preventing gene flow should
allopatric subpopulations or incipient species come into secondary contact.

We also need to expand the breadth of plant—pollinator systems studied, as most research in-
volves bee- and bird-pollinated systems in temperate zones. Large-sized pollinators with hairy
body surfaces and high vagility, such as hawkmoths and bats, often carry large pollen loads from
multiple plant species (Johnson & Raguso 2016, Muchhala & Jarrin-V 2002), but the extent to
which they drive IPT interactions has been explored by only a few studies (Ippolito et al. 2004,
Muchhala & Potts 2007, Muchhala & Thomson 2012, Muchhala et al. 2009). Small-bodied bees
and flies are similarly understudied, as are tropical plants, in terms of studies of competition for
pollination generally and IPT interactions more specifically (but see Feinsinger & Tiebout 1991,
Muchhala 2008, Muchhala & Thomson 2012, Muchhala et al. 2014). The only exhaustive and
complementary set of studies on pollination, reproductive isolation, gene flow, and speciation
among closely related tropical plants was conducted in the Neotropical spiral ginger genus Costus
(Kay 2006, Kay & Schemske 2008, Surget-Groba & Kay 2013).

Finally, more attention to the magnitude and importance of IPT in natural communities will
greatly improve our understanding of plant species coexistence and community assembly. This in
turn can inform both pure and applied aspects of pollination biology (Mitchell et al. 2009), espe-
cially with regard to human-modified environments and plant invasion scenarios, in which novel
evolutionary interactions between plants and pollinators are taking place (Albrecht et al. 2016,
Johnson & Ashman 2019, Vallejo-Marin & Hiscock 2016). Further ecological and evolutionary
research on IPT dynamics is necessary to better understand plant—pollination interactions in our
rapidly changing world and will have profound implications for biodiversity conservation and the
provisioning of ecosystem services enjoyed by human societies.
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