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Summary

Whole-genome duplication (WGD), or polyploidy, has important effects on the genotype and

phenotype of plants, potentially altering ecological interactions with other organisms. Even

though the connections between polyploidy and species interactions have been recognized for

some time, we are only just beginning to test whether WGD affects community context. Here I

review the sparse information on polyploidy and community context and then present a set of

hypotheses for future work. Thus far, community-level studies of polyploids suggest an array of

outcomes, fromno changes in community context to shifts in the abundance and composition of

interacting species. I propose a number of mechanisms for how WGD could alter community

context and how the emergence of polyploids in populations could also alter the community

context of parental diploids and other plant species. Resolving how andwhen these changes are

expected to occur will require a deeper understanding of the connections among WGD,

phenotypic changes, and the direct and indirect effects of species interactions.

I. Introduction

Whole-genome duplication (WGD) has long been recognized as a
fundamentalmechanism of diversification in plants. Polyploidy, or
the state of having more than two chromosome sets, is exceedingly
pervasive throughout the history of plant evolution. For example,
all extant angiosperms can be traced to a polyploid ancestor (e.g.
Jiao et al., 2011), and 15% of plant speciation events are linked to
WGD (Wood et al., 2009). Although WGD does not appear to

increase speciation rates within polyploid lineages (Otto &
Whitton, 2000; Meyers & Levin, 2006; Vamosi & Dickinson,
2006; Mayrose et al., 2011; Arrigo & Barker, 2012; Estep et al.,
2014; Scarpino et al., 2014; Puttick et al., 2015), this process does
fuel the accumulation of nascent lineages that can subsequently
evolve, diverge, anddiversify.Duplicate allele copies canbe released
from selective constraints, allowing genes to neofunctionalize, that
is, to gain new or alternate functions (e.g. Hughes et al., 2014; van
den Bergh et al., 2016). Furthermore, changes in gene expression,
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gene loss, hybridization (allopolyploidy), and chromosomal rear-
rangements all contribute to the complex genetic pathways that
shape the phenotype (e.g. Birchler, 2012; Soltis et al., 2014a; Yoo
et al., 2014; Wendel et al., 2016). Ultimately, the resulting genetic
and phenotypic changes associated with WGD directly influence
the ecology of polyploid lineages (Levin, 2002; Ramsey&Ramsey,
2014).

Although there are clear links betweenWGD and plant ecology,
comparatively few studies have assessed how polyploidy changes
the ecological context of a plant.We understand farmore about the
genome-level alterations that follow WGD (e.g. Birchler, 2012;
Soltis et al., 2014a; Yoo et al., 2014; Wendel et al., 2016) than
about how these effects filter down to impact how an individual
performs in its abiotic and biotic environment. For instance,
WGD-induced changes in water-use efficiency could impact
whether a plant has the physiological ability to persist in dry
environments (e.g. Garbutt & Bazzaz, 1983). Likewise, WGD can
affect interactions with other organisms, including those with
pollinators, herbivores, and pathogens, while also potentially
altering the ecology of these species in return (Segraves &
Anneberg, 2016). These reciprocal effects could have far-reaching
consequences for the ecology and evolution of the species that live
within a community (Fig. 1). Similar to throwing a pebble into a
still pool ofwater, the ripples caused byWGDcould be experienced
throughout an entire community. The strength of the disturbance
in the pool will depend on a number of factors, including the
genetic composition of polyploids, whether hybridization is
involved in polyploid formation, the extent towhich the phenotype
is altered by WGD, as well as the strength of interactions that are
present within the community.

The challenge in understanding the effect of WGD in a
community context is that while a number of studies have

documented how polyploidy impacts interactions with a few
species, it is comparatively rare to find studies of the collective
species within a guild, such as all herbivore species that attack a
polyploid plant. Moreover, no single study has documented the
simultaneous effects of multiple guilds. I echo the frustration of
others (e.g. Ramsey & Ramsey, 2014; Soltis et al., 2014b) that the
current paucity of data on polyploidy makes piecing together a
well-supported perspective premature. Instead, I use the available
information to offer a prospectus on the factors thatmay contribute
to how WGD impacts community context. I define community
context as the ecological setting in which a focal organism lives.
Specifically, I focus on the interactions with other organisms and
how this community changes geographically and through time.
The ultimate goal of this review is to explore where genome
duplication might fall on our community disturbance scale. Is the
impact equivalent to the ripples caused by a grain of sand? A
pebble? A boulder?

To accomplish this goal, I begin this review by discussing the
available evidence on whether WGD impacts community context.
Given the diverse results fromahandful of studies, I propose a series
of predictedmechanisms bywhichWGDcouldmediate changes in
the surrounding community. I then offer approaches for testing
these mechanisms, touching on some of the challenges that are
inherent to the study of community context. Next, I consider
hypotheses on how recurrent formation could affect community
context. Finally, because the presence of polyploids in a community
might also affect other plant species, I switch the viewpoint to
examine howWGDalters community context from the perspective
of other plant species within a community. These endeavors
emphasize a strong need for additional work that draws clear
connections among WGD, phenotypic change, and community
context.

Fig. 1 Ecological interactions of polyploid
plants within a community. Polyploids (large,
yellow-flowered plant) will interact with a
range of above-ground community members,
including seed dispersers, pathogens,
herbivores, and pollinators, as well as the
diploidparents (smaller,white-floweredplant)
and other plants in the community (grass-like
plants). Below-ground, polyploids interact
with mycorrhizal fungi (inset), bacteria
(purple), and soil herbivores and pathogens.
There will also be higher-order interactions
such as tritrophic interactions with parasitoids.
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II. Impact of WGD on community context of
polyploids: from the ground up

Given the varied ways in which WGD can impact phenotype, it is
not a stretch to imagine how changes in phenotype could lead to
shifts in the communities of organisms that interact with polyploid
plants. Even subtle phenotypic changes could pose a barrier for
some community members, causing reduction or complete
cessation of an interaction or, alternatively, WGD could offer an
opportunity for some community members to expand their
repertoire of interactions, potentially creating novel associations
(Thompson et al., 1997). The changes occurring in one interaction
can then flow into other types of interaction, moving up or down
through trophic levels via direct effects and indirect effects that are
mediated through other members of the community. Conse-
quently, we expect to observe changes in the collective assemblage
of species that interact with polyploids. The question is whether
data from naturally occurring populations support this view that
polyploids experience different community contexts than their
diploid parents. In this section, I summarize the scant community-
level data on how the interaction landscape changes from the
perspective of a polyploid plant, acknowledging that there exists a
much larger literature on specific pairwise interactions (reviewed in
Segraves & Anneberg, 2016).

Although below-ground species interactions are key in deter-
mining above-ground productivity and diversity (Wardle et al.,
2004), they have been largely ignored in the study of WGD. To
date, only three studies have compared below-ground species
composition of diploids and polyploids, and the results show a
diversity of outcomes. First, Th�ebault et al. (2010) used a pot
experiment to show that soil bacterial species differed between pots
containing diploid and allotetraploid Centaurea maculosa; how-
ever, they found no effect of allopolyploidy on soil bacteria of pots
containing Senecio inaequidens. Second, comparisons of natural
mycorrhizal guilds of diploid and autotetraploid Gymnadenia
conopsea orchids showed a strong shift in species composition,
particularly when the cytotypes were growing in sympatric field
sites (T�e�sitelov�a et al., 2013). Not only did diploids and autote-
traploids have significantly different mycorrhizal guilds, but all
except one mycorrhizal species was exclusively associated with a
specific cytotype (T�e�sitelov�a et al., 2013). Lastly, Stutz et al. (2016)
showed that the root herbivores of diploid and allotetraploid
Leucanthemum consisted of the same species and had similar attack
rates, but that the species evenness of the communities differed. For
example, two root-feeding weevils weremore common on diploids,
while a root-galling fly attacked allotetraploids more frequently.
Together, these studies show us the full range of possible outcomes
from no effect in Senecio to changes in the dominance hierarchy to
strong shifts in community composition inGymnadenia. It remains
unclear whether these effects are a direct outcome of WGD or of
alternative factors such as local adaptation. As allopolyploids were
examined in three of the four study systems, hybridizationmay also
play a major role in dictating the results. Interestingly, the below-
ground system in which the most change was observed was of an
autopolyploid.

Not surprisingly, there has been more work on above-ground
interactions, although efforts have only focused on guilds of
herbivores and pollinators/flower visitors of autopolyploids. For
plant–herbivore interactions, studies show that the herbivores
associated with diploids and autopolyploids are often the same
species, but that species evenness and attack rates can drastically
change between diploids and autopolyploids (e.g. Nuismer &
Thompson, 2001; Halverson et al., 2008a; Richardson & Hanks,
2011; M€unzbergov�a et al., 2015). Similarly, comparisons of
diploids and autopolyploids show shifts in the dominance of
particular pollinator species (Thompson &Merg, 2008) or flower
visitor species (Segraves & Thompson, 1999; Borges et al., 2012).
In rare instances, there can be unique sets of floral visitors, such as
those observed in autopolyploid Erythronium lilies (Roccaforte
et al., 2015). By contrast, floral visitors can also exhibit no
differentiation between diploids and autopolyploids; however,
their visitation frequency may show differential preference for one
cytotype (Husband, 2000; Kennedy et al., 2006; Castro et al.,
2011; Nghiem et al., 2011). It seems themost common effect is for
shifts in the dominance hierarchy of species rather than a change in
guild membership per se, but as observed below-ground, above-
ground interactions can also exhibit a range of outcomes from no
change to strong species turnover. Since all of the above-ground
work has been done with autopolyploids, the variability among
studies cannot be attributed to hybridization, pointing to other
factors that may drive these patterns.

Taken together, the limited data on above- and below-ground
interactions suggest thatWGDcan impact community context, yet
we lack a clear view of how these effects aremediated or whether the
outcomes are predictable. As there are many potential factors that
could contribute to how a polyploid plant interacts with other
members of its community, perhaps the breadth of observed
outcomes is expected. Not only are we comparing different types of
studies from field observations to glasshouse experiments, but we
are also comparing different plant lineages that vary with respect to
phenotypic divergence, niche divergence, evolutionary divergence,
and whether hybridization was involved duringWGD. The results
of these pioneering studies emphasize themultivariate nature of the
problem and indicate that as we move forward, the key is to isolate
how the effects ofWGDcontribute to shaping community context.
This will allow us to build a predictive framework for how WGD
mediates changes in species interactions.

III. Predictedmechanisms bywhichWGD could affect
community context

Determining the pathways by which WGD can impact commu-
nity context is the first step in forming the foundation of our
predictive framework. Although we know that WGD-induced
phenotypic change is the connection that tiesWGD to community
context, we are sorely lacking tests that examine how often these
changes arise and whether phenotypic shifts in polyploids translate
into changes at the community level. An array of phenotypic
changes following WGD have been shown in many species (e.g.
Otto &Whitton, 2000; Levin, 2002; Ramsey & Schemske, 2002;
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Suda et al., 2015), yet this may represent a biased sample, as many
polyploid species may bemorphologically cryptic and thus difficult
to identify (Soltis et al., 2007). This may be especially true for
autopolyploids that can very closely resemble their diploid
progenitors (e.g. Judd et al., 2007). Consequently, in order to
appreciate the impact of WGD on community context, we must
evaluate whether polyploidy results in phenotypic change and,
when differentiation arises, if these changes instigate alterations in
the community of organisms interacting with polyploids. In this
section, I outline a set of predictions that illustrate a diversity of
potential mechanisms that connectWGD and community context
(Table 1). This list is not intended to be exhaustive, but to serve as a
starting point for future work.

1. Increase in DNA content

Perhaps the most obvious and universal feature of polyploidy is
the increase in DNA content of cells. This physical change has
direct consequences for cell size that can impact the speed of
cellular processes (Muntzing, 1936; Stebbins, 1971). For instance,

there is a positive relationship between nuclear DNA C-value and
cell division time (e.g. Cavalier-Smith, 1978; Bennett, 1987;
Bennett & Leitch, 2005) that can also correlate with changes in
relative growth rate and generation times (e.g. Knight et al., 2005;
Herben et al., 2012). In addition, changes in plant growth rates
have also been correlated with WGD (Garbutt & Bazzaz, 1983).
If WGD alters growth rates, this can change patterns of
phenology, potentially delaying or accelerating the timing of
flowering, shortening or extending the flowering season, or
altering the timing of leaf unfurling (e.g. Garbutt & Bazzaz, 1983;
Bretagnolle & Thompson, 1996; Segraves & Thompson, 1999;
Knight et al., 2005; Oswald & Nuismer, 2011; Laport et al.,
2016). I predict that such shifts in phenology will have direct
consequences for interactions with a wide range of community
members. We know, for instance, that changes in flowering
phenology and leaf emergence can affect the guilds of pollinators,
florivores, and herbivores that use flower and leaf resources,
altering the abundance and composition of species that visit (e.g.
Yang & Rudolf, 2010; Rafferty & Ives, 2011). Furthermore,
changes in the timing of flowering can also change the timing of

Table 1 Predicted mechanisms for the effects of whole-genome duplication (WGD) on community context

Cause Effect Potential outcome(s) of effect Predicted consequences for community context

Increased
DNA content

Decreased growth rate Flower later, leaf out later,
prolonged flowering

Pollinator, herbivore, pathogen species composition shift to
late-season species; increased diversity of these species

Increased growth rate Flower earlier, leaf out earlier Species composition shifts to early-season pollinators,
herbivores, pathogens

Gigas effect Larger flowers, fruit, seeds, pollen,
leaves, stems, overall plant size

Species composition shifts to those that prefer larger organs
or have ability to handle larger organs; increased
competitive ability

Physiological changes Increased root exudation Stimulates soil microbe growth, species turnover, diversity
Increased stress tolerance Increases competitive ability
Improved water relations Increased competitive ability in dry habitats
Ecological niche shifts Encounter new species; lose some of the former associations
Decreased photosynthetic rate Mycorrhizal species composition shifts to those that require

less carbon (C)
Changes in stoichiometry Increased requirement for nitrogen (N) Decreased competitive ability; loss of mycorrhizal species with

high N requirements or decreased benefits conferred to host;
herbivores consume more tissue or species composition shifts
to herbivores with decreased N requirements

Increased requirement for phosphorus (P) Decreased competitive ability; increased association with
mycorrhizal species that forage for P

Genetic
phenomena

Changes in genotype New allelic combinations, increased
heterozygosity

Genotype-specific interactions such as gene-for-gene
interactions will be altered; specialists more likely to be affected

Translocations Transition from sexual monomorphism to
dimorphism

Pollinator and florivore species composition shifts to those
that favor new sexual systems; altered competition for
pollinators

Hybridization Disruption of cytonuclear interactions,
change in mating system

Pollinator and florivore species composition shifts to those
that favor new sexual system; altered competition for
pollinators

Divergence in phenotype, niche divergence Decrease in competitive interactions; divergence in species
composition

Evolutionary
processes

Neofunctionalization Altered defensive chemistry Reduction in herbivory, pathogen attack; increased frequency
of specialists with counterdefenses

Altered flower color, scent Pollinator and florivore species composition shifts to those
favoring new color or scent

Natural selection Divergence in phenotype, niche divergence Decrease in competitive interactions; divergence in species
composition

Recurrent formation Divergence in phenotype across
independent origins

Geographic mosaic of species interactions
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fruit maturation, impacting interactions with the community of
seed dispersers and seed predators (e.g. Elzinga et al., 2007).
Although studies have shown that there can be modest differences
in flowering phenology between polyploids and their diploid
progenitors (e.g. Segraves & Thompson, 1999; Husband &
Schemske, 2000; Gross & Schiestl, 2015; Roccaforte et al., 2015),
we are still determining how these changes come about (e.g.
Mayfield et al., 2011) and the role they play in shaping
community context.

Another common phenotypic change in polyploid plants is the
gigas effect where polyploids have larger features than their
diploid progenitors (Stebbins, 1971). The gigas effect is often
attributed to a larger volume of nuclear DNA causing increased
cell size that results in an overall increase in organ size; thus,
polyploid plants often have larger flowers, leaves, pollen, seeds,
and fruit, as well as more robust stems and an overall increase in
plant size (e.g. Levin, 2002; Ramsey & Schemske, 2002). Changes
in these traits could impact interactions ranging from mutualism
to antagonism. For example, there is strong evidence demon-
strating that flower size and shape dictate the pollinator species
that visit flowers and can also alter the per-visit efficacy of
pollinators (e.g. Galen, 1999; Policha et al., 2016). Thus,
pollinator and floral visitor guilds are predicted to change when
WGD alters flower size, shape, or other floral traits, favoring
attraction of species that prefer larger flowers and that can
successfully reach the floral rewards within the larger flowers of
polyploids. Moreover, these effects on the community may, in
turn, extend to the next trophic level, for example, by altering the
interactions between pollinators and their predators (Segraves &
Anneberg, 2016). Similar predictions would also be made for
herbivores. For instance, we know that some insect herbivores
preferentially oviposit on larger shoots and leaves and that this
may also affect subsequent offspring survival (e.g. Fritz et al.,
2000). WGD-induced changes in organ size, then, could alter
herbivore guilds or attack rates, and we would expect to see an
increase in the species that prefer the larger stems and leaves of
polyploid plants. Increases in fruit and seed size could also cause
significant changes in the guilds of seed dispersers or predators.
For example, changes in seed or fruit size can impact seed dispersal
distances or alter attractiveness to specific disperser species (e.g.
Ben�ıtez-Malvido et al., 2014); thus, we would expect to see an
increase in interactions with species that are able to process larger
fruit or prefer larger seeds. A similar outcome would be predicted
for seed predators where we may see a reduction in the number of
species able to access the seeds. Seed predation by soapberry bugs,
for instance, is limited by the size of the fruit, with larger fruit
requiring longer mouthparts in order for the bugs to gain access to
the seeds (Carroll & Boyd, 1992). Finally, competitive ability is
mediated in part by the overall size of the plant, and so large
polyploid plants may have an advantage over their diploid
parents.

Increased cell size can also lead to physiological changes in
polyploids, affecting a broad array of traits such as the ability to
withstand drought, salt tolerance, and photosynthetic activity (e.g.
Levin, 2002; te Beest et al., 2012; Ramsey&Ramsey, 2014). Shifts
in physiology could have important consequences for the ecological

interactions of a polyploid plant. For example, we know thatWGD
can increase root exudation (Tal & Gardi, 1976). An increase in
root exudation also increases carbon (C) input into the soil,
stimulating microbial activity (Hamilton & Frank, 2001) and
potentially altering diversity (Wardle, 2006; Dennis et al., 2010;
Steinauer et al., 2016). Thus, changes in root exudation caused by
WGD could be an important pathway for modification of soil
microbial communities. Along with this, we should also expect to
observe changes in community context if the physiological shifts
that occur in polyploids move them into new niches. Although not
a universal feature of polyploids (e.g. Glennon et al., 2014), niche
divergence is often linked toWGD(e.g. Jakob et al., 2007;Raabov�a
et al., 2008; Manzaneda et al., 2012; McIntyre, 2012) and could
play a key role in determining the community of organisms that
interact with polyploids.

Increased DNA content may also influence the ecological
stoichiometry of the plant. IfDNA content per cell doubles and cell
number remains constant, polyploids should experience an
increased need for limiting nutrients such as nitrogen (N) and
phosphorus (P) (Leitch & Bennett, 2004; Leitch & Leitch, 2008;
Hessen et al., 2010; Guignard et al., 2016). The reason for this
change in nutrient requirements is that the additional DNA
content of polyploid cells will theoretically increase the need for N
and P during DNA replication and translation. Although this idea
remains untested, there is evidence that polyploidy/DNA content
of cells is positively correlated with nutrient limitation (Neiman
et al., 2009;�Smarda et al., 2013;Guignard et al., 2016). If this is the
case, plant stoichiometric changes could alter competitive interac-
tions. For example, WGD could reduce competitive ability of
polyploid plants if they are more strongly limited by their
nutritional requirements. If so, we would expect to see changes in
community composition where polyploids are restricted to envi-
ronments withmore available nutrients. There is some evidence for
this in long-term nutrient addition experiments where plant
community composition in plots with lowN and P shifted towards
species with predominantly lower nuclear DNA content (�Smarda
et al., 2013; Guignard et al., 2016). Experiments comparing
diploid and polyploid competitive ability should reveal a disad-
vantage of polyploids if stoichiometry and nutrient demands
change followingWGD.Moreover, herbivory could be impacted if
the nutritional quality of forage decreases as a result of a change in
stoichiometry. We know, for instance, that herbivores increase the
volume of plant tissue consumed and that the species composition
of herbivores changes as forage quality decreases (e.g. Mattson,
1980; Awmack & Leather, 2002); thus, I predict that polyploid
plants will host herbivore species that are tolerant to consuming
low-quality forage and that damage on these plantswill be increased
as compared with diploids. In addition, WGD-induced nutrient
limitation could also impact the communities of below-ground
mutualists. For instance, arbuscular mycorrhizal fungi (AMF) on
diploids andpolyploids are predicted to differ if polyploidy causes P
limitation. I predict that polyploids will selectively form associa-
tions with AMF species that have enhanced ability to acquire P for
their host plants. Furthermore, we may also see divergence in the
guilds of mycorrhizal associates between diploids and polyploids
growing in sympatry. This latter pattern was observed in sympatric
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diploid and autotetraploid Gymnadenia orchids and may be a
mechanism that reduces competition between the cytotypes
(T�e�sitelov�a et al., 2013).

2. Genetic phenomena

Increased DNA content clearly has a number of direct conse-
quences for the phenotype of polyploid plants, but the process of
WGD also confers genetic differences that could similarly alter
phenotype. Extensive research in this area has revealed that there are
many genetic effects of WGD (e.g. Birchler, 2012; Soltis et al.,
2014a; Yoo et al., 2014;Wendel et al., 2016), but several stand out
as being particularly relevant for explaining howWGDcould shape
interacting communities. Genotypic changes, for instance, could
have a tremendous impact on community context (e.g. Crutsinger
et al., 2006; Johnson et al., 2006; Abdala-Roberts & Mooney,
2013; Barbour et al., 2016), especially as WGD can increase
heterozygosity and bring together allelic combinations that are
impossible in diploids. As a consequence, I predict that allelic
changes following WGD will impact interactions that are depen-
dent on host-plant genotype. AMF and fungal pathogens are good
examples of organisms that have been shown to be directly
impacted by plant genotype (e.g. Hartnett et al., 1993; P�ankov�a
et al., 2008; Lamit et al., 2014), and are strong candidates for future
work on the ecological effects of genotypic change in polyploids.
Moreover, I also predict that highly specialized interactions are
more likely to be altered by WGD-induced changes in plant
genotype. We know that specialization can be extreme; for
example, some scale insects may have evolved to feed on a single
host plant genotype (Edmunds & Alstad, 1978). Although this
degree of specialization is not required to observe changes in the
composition and abundance of organisms interacting with a
polyploid, it does illustrate the potential for genotypic changes to
alter community context. Similarly, we could also imagine how
gene-for-gene or genotype9 genotype types of interactions, such
as those between plants and pathogens or nitrogen-fixing sym-
bioses, could be directly affected by the genotypic changes
conferred by polyploidy (Oswald & Nuismer, 2007; Powell &
Doyle, 2015), and models of gene-for-gene interactions have
shown that polyploids are predicted to have increased resistance
to pathogens as a result of the genotypic effects ofWGD(Oswald&
Nuismer, 2007). Although we have evidence indicating that
genotypic effects can be important in defining interactions with
diploid plants, this remains to be tested in polyploids.

Changes in the genotype, however, are only one type of genetic
change that occurs with WGD. Genomic rearrangements, for
instance, have also been tied to critical changes in phenotype. A
noteworthy example is the proposed connection between genomic
translocations and shifts in mating system. Translocations that
occur with WGD have been proposed as one mechanism that can
cause transitions from sexual monomorphism to dimorphism in
polyploids (Miller & Venable, 2000; Ashman et al., 2013; Glick
et al., 2016; Miller et al., 2016). Because changes in mating system
can alter floral traits that can influence visitation patterns of both
pollinators and florivores (e.g.Dart&Eckert, 2015), a prediction is
that WGD-induced changes in mating system will alter the guilds

of organisms that visit flowers. Furthermore, changes in mating
system can also alter plant competition for pollinators (e.g.
Runquist et al., 2016); thus, it would be interesting to determine
whether WGD frequently impacts pollinator guilds and/or
competitive interactions between diploids and polyploids via this
mechanism.

Interestingly, shifts in the mating system can also occur through
interspecific hybridization, a common mode of polyploid forma-
tion that can have many effects on phenotype. WGD involving
hybridization (allopolyploidy) could induce changes in mating
system via disruption of cytonuclear pathways (Glick et al., 2016).
Because shifts inmating systemhave been attributed to interactions
between nuclear genes and cytoplasmic male sterility genes (e.g.
Dudle et al., 2001), and hybridization can disrupt these interac-
tions (Bock et al., 2014), WGD has strong potential to lead to
changes in mating system in allopolyploids. Moreover, hybridiza-
tion coupled with WGD is also known to cause a range of
phenotypic effects, creating plants that are similar to one parent,
intermediate, or that have extreme phenotypes exceeding the values
of either parent (e.g.McCarthy et al., 2016); thus, we could observe
greater phenotypic variance in allopolyploids because of pheno-
typic changes generated by polyploidy or hybridization, or an
interaction of these two processes. As a consequence of the effects of
hybridization, I predict that we will see greater variability in the
community context of allopolyploids vs autopolyploids, simply
because trait variation is expected to be higher in allopolyploids,
especially as genetic divergence between the diploid parents
increases. These effects could extend to a number of different
members of a community. Thus far, there are too few studies to
make formal comparisons, as all of the above-ground studies to date
have focused on autopolyploids and all but one below-ground
study has focused on allopolyploids.

3. Evolutionary processes

So far, this discussion has focused on mechanisms in which WGD
immediately affects phenotype as an outcome of the increase in
chromosome sets; however, we should also keep in mind that there
are other forms of phenotypic change driven by evolutionary
processes. For example, another mechanism by whichWGD could
affect community context is neofunctionalization. This genomic
recycling can create novel gene products or gene expression patterns
that could alter phenotype in a number of ways. One particularly
intriguing pathway for phenotypic evolution is through neofunc-
tionalization which leads to diversification of biochemical path-
ways that produce plant secondary chemicals. We know, for
instance, that WGD can strengthen the chemical defensive
machinery of a plant that may allow it to escape herbivory (Edger
et al., 2015; M€unzbergov�a et al., 2015; van den Bergh et al., 2016;
Meyerson et al., 2016) or confer resistance to pathogens. I would
predict, then, in situations in which WGD causes heightened
defenses, that polyploids will have reduced diversity of herbivore or
pathogen species attacking them or that they will be attacked by a
larger proportion of specialist species that harbor counterdefenses
to the defensive chemistry. Alternatively, neofunctionalization
coupled with changes in gene expression can create novel floral
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scent bouquets (e.g. Jers�akov�a et al., 2010; Gross & Schiestl, 2015)
or alter flower color (e.g. Borges et al., 2012; Gross & Schiestl,
2015; McCarthy et al., 2015). These modifications could impact a
range of species that interact with flowers, particularly affecting
those species that are attracted via floral signals.

Even in the absence of neofunctionalization, natural selection
could create divergence between diploids and polyploids that
can strongly impact community context. WGD causes instan-
taneous speciation, offering the opportunity for these new
lineages to follow independent evolutionary trajectories from
their diploid parents (Rieseberg & Willis, 2007). As a case in
point, selection is predicted to favor polyploids with divergent
phenotypes because of the reproductive disadvantage experi-
enced by newly formed polyploids. Levin (1975) modeled the
establishment of a newly formed polyploid (neopolyploid) in an
existing diploid population and showed that because neopoly-
ploids will be the minority cytotype, they will be at a
disadvantage finding suitable mates. For this reason, natural
selection should push polyploids into new niches or phenotypic
spaces that favor assortative mating. An excellent example of
this is the work conducted on Chamerion angustifolium where
significant phenotypic divergence has been observed between
diploids and naturally occurring autotetraploids (Husband et al.,
2016). This divergence creates substantial prezygotic isolation of
the cytotypes, favoring assortative mating via several mecha-
nisms, including shifts in plant–pollinator interactions. Com-
parisons of phenotypic divergence and prezygotic isolation of
diploids and newly formed autotetraploids, however, indicated
that while there are instantaneous changes in neopolyploid
phenotypes, they are much reduced compared with those
observed in evolved autotetraploids (Husband et al., 2016).
Moreover, prezygotic isolation was substantially reduced in
neopolyploids, indicating that selection has favored traits
promoting reproductive isolation (Husband et al., 2016). Thus,
evolutionary change will play a key role in shaping the
phenotype of polyploids through time.

IV. Moving towards a predictive framework

There are clearly many ways in which WGD could directly or
indirectly change the phenotype, suggesting a number of possible
avenues for alterations of the network of interactions associated
with polyploids. Although characterizing phenotypic change in
polyploids is an excellent starting point for understanding the
ecological effects of WGD, gaining a deeper appreciation of these
patterns will require bridging several gaps in our knowledge. First,
we need tests of whether the observed effects are caused by WGD.
Studies that exclusively examine established polyploid populations
are confounded by evolutionary history because selection will have
shaped these populations, potentially obscuring the original effects
ofWGD (Ramsey&Ramsey, 2014;Husband et al., 2016). A good
example of this is the evolution of flowering phenology inHeuchera
grossulariifolia. At a sympatric diploid-autotetraploid site along the
Salmon River in Idaho, established autotetraploids of
H. grossulariifolia flower earlier than their diploid progenitors
(Segraves&Thompson, 1999); however, first-generation synthetic

autotetraploids flower later than diploids even when derived from
parental Salmon River diploids (Oswald&Nuismer, 2011). These
differences between synthetic and established polyploids are
probably driven by selection favoring early flowering in natural
populations of autotetraploids (Nuismer & Cunningham, 2005),
showing how selection could blur the effects of WGD and give
misleading results. Thus, we need to conduct experiments that
include synthesized and/or natural early-generation polyploids,
established polyploids, and their diploid parents. Experiments
using these groups could then tease apart the contribution ofWGD
to phenotype, as well as testing whether there is an unintended
effect of synthesizing polyploids (e.g. Husband et al., 2016). In
addition to evolutionary change, we must also consider whether
observed differences between diploids and polyploids are poten-
tially confounded by hybridization, as about 50% of extant
polyploids are of hybrid origin (Barker et al., 2016). As hybridiza-
tion will confer genetic and phenotypic effects independent of
WGD, sorting out these contributions is essential. The best
approach would compare synthesized allopolyploids with synthe-
sized homoploid (diploid) hybrids and the diploid parental species
to assess the relative effects of hybridization and WGD. Resolving
the effects of hybridization and natural selection could be
challenging, as it may be difficult or impossible to synthesize
homoploid hybrids or polyploids in some species. As a conse-
quence, development of model systems that are amendable to these
manipulations would be very useful.

Second, our predictive framework will be incomplete without
experiments that also determine how WGD causes a specific
community-level effect. Although we have volumes of information
on the phenotypic effects of WGD, we have yet to pin down how
these changes impact species interactions. This information would
allow us to directly link WGD to community context, providing a
framework for us to predict when andwhereWGDeffects are likely
to occur. Having said that, making these connections will require
labor-intensive, controlled experiments that use diploids and their
derived (synthetic and established) polyploids in an ecologically
realistic setting. Ideally, we would use manipulative field experi-
ments to alter phenotypic traits to test howone ormoremembers of
a community are affected. Although these types of experiments can
be technically difficult, there are great examples of how the effect of
traits can be isolated through elegant manipulations (e.g. Policha
et al., 2016).

Third, in addition to drawing connections that enable us to
determine the mechanisms ofWGD effects on the community, we
also need to understand how interactions between the community
members affect community context. Unfortunately, we cannot
na€ıvely assume that WGD is the source of all alterations in the
community. Studies on community context have shown a
multitude of ways in which changes in biotic context can affect
other interactions. For example, we know that the presence of AMF
can alter plant resistance to root pathogens, with specific AMF
species assemblages conferring enhanced resistance (Sikes et al.,
2009; Sikes, 2010). AMF can also affect above-ground interactions
by altering plant resistance to above-ground herbivores and/or their
predators (Borowicz, 1997; Gange et al., 2003; Hempel et al.,
2009; Koricheva et al., 2009; Vannette & Hunter, 2011; Jung
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et al., 2012; Barber et al., 2013;Del Fabbro&Prati, 2014), altering
plant attractiveness to pollinators (Gange & Smith, 2005; Wolfe
et al., 2005; Barber et al., 2013; Barber & Soper Gorden, 2014),
and causing changes in the composition of the surrounding plant
community (van der Heijden et al., 1998a,b). Moreover, these
interactions are mediated by the identity of the AMF species (van
der Heijden et al., 1998a; Varga & Kyt€oviita, 2010; Barber et al.,
2013). These indirect effects also extend beyond plant–AMF
interactions, with studies showing, for example, that interactions
with competitors can influence interactions with pollinators and
herbivores, or that above-ground herbivores can also impact
pollinators, and soilmicrobes can affect the outcome of competitive
interactions between plants (e.g. Sotomayor & Lortie, 2015).
Observing patterns such as these can be difficult to interpret
without appreciating the extent to which WGD has direct effects.
We know that WGD can directly impact interactions such as
resistance to root herbivores (e.g. Hannweg et al., 2015), and so the
challenge is to design experiments that allow us to understand the
community-level effects driven by WGD vs the effects caused by
other species interactions.

Finally, we need to keep in mind that community context will
also change with the abiotic environment. For instance, a plant’s
response to AMF inoculation is largely dependent on the context of
the soil characteristics, specifically whether the plants are limited by
P (Hoeksema et al., 2010). Some evidence for the role of the abiotic
environment in altering community context has also been
suggested by studies comparing herbivory in diploids and
autopolyploids. Previous work suggests that the local habitat can
influence patterns of herbivory (M€unzbergov�a, 2006; Richardson
&Hanks, 2011; K€onig et al., 2014;M€unzbergov�a et al., 2015). For
example, Richardson & Hanks (2011) showed that Solidago
cytotypes in natural populations experienced differential attack by
some herbivore species, but when the plants were placed together in
a common garden, the attack rates were the same. The differences
observed between garden and field experiments suggest that the
local environment might also mediate changes in community
context. Thus, interpretations of the role of WGD in structuring
the community will require both the abiotic and biotic environ-
ments to be considered.

V. Recurrent formation, geographic mosaics, and
community context

We face many challenges in resolving how and when WGD
will have community-level effects, and one factor we have yet
to consider is recurrent polyploid formation. Multiple origins
of polyploidy are common, with a majority of polyploid taxa
having evolved replicate lineages (e.g. Soltis & Soltis, 1999).
For instance, Tragopogon miscellus allotetraploids have evolved
c. 20 times in < 100 yr (Symonds et al., 2010), polyploidy in
Draba norvegica has evolved 13 times (Brochmann et al., 1992),
and tetraploid Galax urceolata has at least 46 independent
origins (Servick et al., 2015). The presence of multiple,
independent polyploid lineages could play a key role in
shaping the community of organisms that interact with
polyploids. Because independently formed origins can derive

from different parental genotypes, recurrent formation can
create enhanced genetic diversity of the polyploid gene pool.
Gene flow between polyploids of independent origin could also
create unique allelic combinations that may give polyploids an
evolutionary advantage (Soltis & Soltis, 1999; Soltis et al.,
2010), creating novel phenotypes that can alter their interac-
tions with other species.

Another possibility is that recurrent formation sets the stage for
a geographic mosaic of interactions (Thompson et al., 2004).
When independent origins form in different populations, they
will come from populations with different genetic backgrounds
and live in different biotic and abiotic contexts. Together, these
factors can lead to local adaptation, creating divergence in traits
and species interactions across origins. If this is the case, then we
would expect to see strong variability in species interactions across
origins, suggesting that studies of single populations could
present misleading results. Alternatively, we could observe
consistent patterns among origins if those patterns are being
driven by a universal effect of polyploidy itself. A good example
of this would be changes induced by the physical effects of
increasing nuclear DNA content such as increased organ size.
These effects would be consistently observed across independent
origins irrespective of genotype, and so communities across
origins might converge. I am aware of only two study systems that
have incorporated knowledge of multiple origins into their
analyses of species interactions. Heuchera grossulariifolia has at
least five origins of tetraploids that occur across its geographic
range (Segraves et al., 1999) and includes several sympatric sites
where diploids and autotetraploids grow in close proximity
(Thompson et al., 1997). Studies of the herbivore and pollinator
guilds of this plant suggest a surprising consistency across origins.
The pollinating seed-feeding parasite Greya politella prefers
autotetraploid H. grossulariifolia across origins (Thompson
et al., 1997) and the pollinator guilds of autotetraploids are
consistent in comparisons of two independent origins that occur
symptrically with diploids (Thompson &Merg, 2008). Similarly,
Solidago altissima has multiple origins of polyploidy (Halverson
et al., 2008b) and comparisons of herbivore guilds show that the
galling insect Eurosta was more frequently found on autote-
traploids across sites/origins (Halverson et al., 2008a). It would be
interesting to know if we generally observe replicate assembly of
the same communities across origins or whether these examples
present a special case.

VI. Alternative perspectives – impact of the
appearance of polyploid plants in a community

Thus far in our discussion we have considered how community
context changes from the perspective of a plant lineage that has
undergone WGD; yet the introduction of a new polyploid species
may also alter species interactions of other members of a plant
community. As has been found in other studies of community
context, there should be both direct and indirect effects of the
appearance of polyploids in a plant community (Fig. 2), and the
strength of these effects will be determined by the natural history
and population growth parameters of the plant species involved.
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Because direct and indirect effects will occur with the introduction
of any new plant species to a community, the ultimate question is
whether adding a polyploid is profoundly different.

In the case where polyploids arise elsewhere and migrate into a
new plant community, there are no a priori reasons to predict
that they would elicit an exceptional community-level response.
As a polyploid becomes established in a new population, it
would fill the role of a new plant in a community, and this
process should be the same irrespective of whether a plant has
undergone WGD. That is, a polyploid entering a population
should have the same effect as a diploid. Having said that, there
is a known relationship between polyploidy and invasiveness,
suggesting that the many changes induced by WGD confer
polyploids with an advantage in a novel range (e.g. Pandit et al.,
2011; te Beest et al., 2012; Suda et al., 2015). Invasive species
often cause remarkable changes in community context (Sim-
berloff et al., 2013), yet it is unclear whether an invasive
polyploid would have a dramatically different impact than an
invasive diploid.

By contrast, as WGD is arguably the most common form of
instantaneous, sympatric speciation in plants (Rieseberg &Willis,
2007), polyploids that arise de novo within populations might be
uniquely situated to have direct effects on the community context
of their diploid parents. Direct effects will be mediated through
competitive interactions (Fig. 2), and because newly formed
polyploids are very close relatives, they could have exceedingly
similar requirements to those of their diploid progenitors. If so, I
predict that diploid parents will experience an increase in
competition and that this increase will be greater than that of the
addition of a random, more distantly related plant species in the
community. However, we also know that WGD can cause
immediate phenotypic changes that could reduce the strength of
competition between diploid progenitors and polyploids, and that
the greater the divergence in these traits, the less likely it is that the
cytotypes would have overlapping resource requirements and
would compete. In fact, this scenario may be common as we know
that polyploid establishment is tied to niche divergence (Levin,

1975) and that many polyploid lineages perish following their
formation (Mayrose et al., 2011), suggesting that ecological
constraints could dictate which lineages persist. We have evidence
that diploids and polyploids compete with one another (Maceira
et al., 1993; Baack & Stanton, 2005; Fialov�a et al., 2014;
Thompson et al., 2015), but we do not know if the strength of
this competition is greater than that expected when a random plant
species invades a community.

Another factor that could determine whether WGD plays a
special role in altering the community context of the parental
diploids is themode of formation of the polyploids. Allopolyploids,
for instance, might express strong shifts in phenotype that reduce
competition with one or both parental species. By contrast,
autopolyploids can closely resemble their parents (Soltis et al.,
2007), increasing the likelihood of competition. For example, we
know that a number of sympatric diploid and autopolyploid species
have overlapping pollinator communities (e.g. Kennedy et al.,
2006; Thompson & Merg, 2008) and this pollinator sharing can
set up competitive interactions which can lead to the competitive
exclusion of the minority cytotype (Levin, 1975; Fowler & Levin,
2016). There is also some evidence that sympatric diploids and
autopolyploids might compete for mycorrhizal species that acquire
critical plant nutrients for their hosts, as evidenced by strong
changes in species composition of the mycorrhizal root commu-
nities in sympatric diploid and polyploid Gymnadenia orchids
(T�e�sitelov�a et al., 2013). Consequently, it would be interesting to
make comparisons between auto- and allopolyploids to assess the
overlap in resource requirements with their diploid parents and
whether this creates strong competitive interactions. Testing these
ideas would shed light on how and when we would expect to
observe far-reaching effects of WGD within plant communities.

This discussion has focused on the direct effects of competitive
interactions, but indirect effects could also be altered by WGD
through the same mechanisms (Fig. 2). Indirect effects are effects
that are mediated through another species and they could have a
positive or negative impact on the focal species. For example, the
presence of polyploid plants in a community might alter the
presence and abundance of herbivore species. These changes in the
herbivore community caused by WGD could, in turn, indirectly
affect the amount of damage experiencedby the parental diploids or
other members of the plant community, potentially increasing or
decreasing damage. Similar scenarios could be envisioned for
WGD-induced changes in pathogen, pollinator, AMF, and other
types of organism, creating a vast number of possible indirect effects
that could be mediated by WGD. As with direct interactions, the
introduction of a polyploid to a community could have substan-
tially different effects from those of a randomly added plant species.
For example, allopolyploids could act as a bridge between parental
diploid species, facilitating host shifts of herbivores or pathogens
and increasing the diversity of herbivores feeding on diploids.
Alternatively, allopolyploids may act as a sink that reduces attack.
Both of these patterns have been observed in diploid hybrid systems
(e.g. Whitham, 1989; Whitham et al., 1999), but are yet to be
shown in polyploids. The question remains as to whether WGD
creates a fundamentally different effect on indirect interactions
within a community.

Pollinators

Herbivores

Polyploids

Diploids

Other plants

Pathogens

Mycorrhizas

Competition

Fig. 2 Direct and indirect effects of whole-genome duplication (WGD) on
the diploid parents and other plants within a community. Solid arrows
indicate direct effects of competition on other plant species. Dashed arrows
indicate the indirect effects on other plants mediated through members of
the community.
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VII. Sand, pebbles, and boulders

The recent, albeit modest, upswing of research on the ecology of
WGD is leading us towards a better understanding about how far
the effects of polyploidy extend through natural communities. We
are now faced with the challenge of disentangling how and when
WGDhas played amajor role in shaping the ecological interactions
within a community. A central question in this regard is to
determine the circumstances in which we expect to observe small vs
large changes in the community context. For example, the
placement of polyploids within an interaction network may dictate
the magnitude of the observed effect of WGD. Large changes
would be predicted when WGD changes the interaction network
structure such that polyploids become highly connected within the
network. If a polyploid occupies a central, well-connected node
within an ecological interaction network, the loss of that species
could have large effects on the community. Studies of mutualistic
networks, for instance, have shown that the removal of highly
linked species is more likely to cause declines in overall species
diversity (e.g. Memmott et al., 2004; Saavedra et al., 2011).
Whether WGD can change the interaction structure remains to
be tested, but indirect evidence suggests a tie between genetic
changes and interaction diversity. For example, hybrid plants and
their backcrosses can harbor higher interaction diversity than their
parents (e.g. Whitham et al., 1999), suggesting that the position of
allopolyploids within an interaction networkmay be different from
that of the diploid parents. Sorting out the confounding effects of
hybridization in allopolyploids, however, would be an essential
aspect of testing this idea.

Another situation that could promote large changes in commu-
nity context is when there are strong feedbacks between different
types of interaction. For example, we know that above-ground
interactions can influence the outcomeof below-ground interactions
such as when above-ground herbivores cause exudation of C from
roots that can stimulate the growth of soil microbes (Wardle et al.,
2004). These indirect effects can also generate feedback loops where,
for instance, increased microbial activity may in turn increase N
availability for the plant and surrounding plant community (Wardle
et al., 2004). Thus, the stronger the feedbacks between different
types of interaction, the more likely it is that indirect effects will
cascade throughout the community. In this case, even subtle changes
in one type of interaction could have large overall effects.

Although large effects are possible, the multitude of ways in
which WGD can affect species interactions probably means that
we will observe a range of community-level effects and that these
may be species-specific. Yet, even in the cases where we find
subtle effects, we should still pursue whether WGD matters,
because small changes in community context could result in
significant changes in fitness. As a consequence, if we observe
changes in community context, it is important to determine
whether the observed differences cause fitness-related effects or
alter ecosystem functioning in some way. Otherwise, jumping to
conclusions about the overall impact could lead us astray if
changes in community context have unpredictable effects on
fitness. Ideally, at the end of the day we would like to draw
conclusions about how WGD functions in a community context.

We may not find general predictions that govern the role of
WGD in community ecology, but we are bound to reveal
exciting new data on how plant species become established and
evolve in native communities.

Acknowledgements

I thank D. Althoff for lively discussions about polyploidy and for
providing comments on the manuscript. Three reviewers provided
thoughtful comments on an earlier draft.

References

Abdala-Roberts L, Mooney KA. 2013. Environmental and plant genetic effects on

tri-trophic interactions. Oikos 122: 1157–1166.
Arrigo N, Barker MS. 2012. Rarely successful polyploids and their legacy in plant

genomes. Current Opinion in Plant Biology 15: 140–146.
Ashman TL, Kwok A, Husband BC. 2013. Revisiting the dioecy-polyploidy

association: alternate pathways and research opportunities. Cytogenetic and
Genome Research 140: 241–255.

Awmack CS, Leather SR. 2002.Host plant quality and fecundity in herbivorous

insects. Annual Review of Entomology 47: 817–844.
Baack EJ, Stanton ML. 2005. Ecological factors influencing tetraploid

establishment in snow buttercups (Ranunculus adoneus, Ranunculaceae):
minority cytotype exclusion and barriers to triploid formation. American Journal
of Botany 92: 1827–1835.

Barber NA, Kiers ET, Hazzard RV, Adler LS. 2013. Context-dependency of

arbuscular mycorrhizal fungi on plant–insect interactions in an agroecosystem.

Frontiers in Plant Science 4: 338.
Barber NA, Soper Gorden NL. 2014.How do belowground organisms influence

plant–pollinator interactions? Journal of Plant Ecology 8: 1–11.
Barbour MA, Fortuna MA, Bascompte J, Nicholson JR, Julkunen-Tiitto R, Jules

ES, Crutsinger GM. 2016. Genetic specificity of a plant–insect food web:
implications for linking genetic variation to network complexity.Proceedings of the
National Academy of Sciences, USA 113: 2128–2133.

Barker MS, Arrigo N, Baniaga AE, Li Z, Levin DA. 2016.On the relative

abundance of autopolyploids and allopolyploids.New Phytologist 210: 391–398.
te BeestM, Le Roux JJ, RichardsonDM, Brysting AK, Suda J, Kube�sov�a M, Py�sek

P. 2012. The more the better? The role of polyploidy in facilitating plant

invasions. Annals of Botany 109: 19–45.
Ben�ıtez-Malvido J, Gonz�alez-Di Pierro AM, Lombera R, Guill�en S, Estrada

A. 2014. Seed source, seed traits, and frugivore habits: implications for

dispersal quality of two sympatric primates. American Journal of Botany 101:
970–978.

Bennett MD. 1987. Variation in genomic form in plants and its ecological

implications. New Phytologist 106(Suppl.): 177–200.
BennettMD, Leitch IJ. 2005.Genome size evolution in plants. In: GregoryTR, ed.

The evolution of the genome. Amsterdam, the Netherlands: Elsevier Academic,

89–162.
van den Bergh E,Hofberger JA, SchranzME. 2016. Flower power and themustard

bomb: comparative analysis of gene and genome duplications in glucosinolate

biosynthetic pathway evolution in Cleomaceae and Brassicaceae. American
Journal of Botany 103: 1212–1222.

Birchler JA. 2012.Genetic consequences of polyploidy in plants. In: Soltis PS, Soltis

DE, eds. Polyploidy and genome evolution. Berlin/Heidelberg, Germany: Springer,

21–32.
Bock DG, Andrew RL, Rieseberg LH. 2014.On the adaptive value of cytoplasmic

genomes in plants.Molecular Ecology 23: 4899–4911.
Borges LA, Souza LGR, Guerra M, Machado IC, Lewis GP, Lopes AV. 2012.

Reproductive isolation between diploid and tetraploid cytotypes of Libidibia
ferrea (= Caesalpinia ferrea) (Leguminosae): ecological and taxonomic

implications. Plant Systematics and Evolution 298: 1371–1381.
Borowicz VA. 1997. A fungal root symbiont modifies plant resistance to an insect

herbivore. Oecologia 112: 534–542.

New Phytologist (2017) � 2017 The Authors

New Phytologist� 2017 New Phytologist Trustwww.newphytologist.com

Review Tansley review
New
Phytologist10



Bretagnolle F, Thompson JD. 1996. An experimental study of ecological

differences in winter growth between sympatric diploid and autotetraploid

Dactylis glomerata. Journal of Ecology 84: 343–351.
Brochmann C, Soltis PS, Soltis DE. 1992. Recurrent formation and polyphyly of

nordic polyploids in Draba (Brassicaceae). American Journal of Botany 79: 673–
688.

Carroll SP, Boyd C. 1992.Host race radiation in the soapberry bug: natural history

with the history. Evolution 46: 1052–1069.
Castro S, M€unzbergov�a Z, Raabov�a J, Loureiro J. 2011. Breeding barriers at a

diploid–hexaploidcontactzoneinAsteramellus.EvolutionaryEcology25:795–814.
Cavalier-Smith T. 1978.Nuclear volume control by nucleoskeletal DNA, selection

for cell volumeand cell growth rate, and the solutionof theDNAC-valueparadox.

Journal of Cell Science 34: 247–278.
Crutsinger GM, Collins MD, Fordyce JA, Gompert Z, Nice CC, Sanders NJ.

2006. Plant genotypic diversity predicts community structure and governs an

ecosystem process. Science 313: 966–968.
Dart S, Eckert CG. 2015.Variation in pollen limitation and floral parasitism across

a mating system transition in a Pacific coastal dune plant: evolutionary causes or

ecological consequences? Annals of Botany 115: 315–326.
Del Fabbro C, Prati D. 2014. Early responses of wild plant seedlings to arbuscular

mycorrhizal fungi and pathogens. Basic and Applied Ecology 15: 534–542.
Dennis PG, Miller AJ, Hirsch PR. 2010. Are root exudates more important than

other sources of rhizodeposits in structuring rhizosphere bacterial communities?

Fems Microbiology Ecology 72: 313–327.
Dudle DA, Mutikainen P, Delph LF. 2001. Genetics of sex determination in the

gynodioecious speciesLobelia siphilitica: evidence from twopopulations.Heredity
86: 265–276.

Edger PP, Heidel-Fischer HM, BekaertM, Rota J, Gl€ockner G, Platts AE, Heckel

DG, Der JP, Wafula EK, Tang M et al. 2015. The butterfly plant arms-race

escalated by gene and genome duplications.Proceedings of theNational Academy of
Sciences, USA 112: 8362–8366.

Edmunds GF, Alstad DN Jr. 1978. Coevolution in insect herbivores and conifers.

Science 199: 941–945.
Elzinga JA, Atlan A, Biere A, Gigord L, Weis AE, Bernasconi G. 2007. Time after

time: flowering phenology and biotic interactions. Trends in Ecology & Evolution
22: 432–439.

EstepMC,McKainMR, Diaz DV, Zhong JS, Hodge JG, Hodkinson TR, Layton

DJ, Malcomber ST, Pasquet R, Kellogg EA. 2014. Allopolyploidy,

diversification, and the Miocene grassland expansion. Proceedings of the National
Academy of Sciences, USA 111: 15149–15154.

Fialov�a M, Duchoslav M, Loudet O. 2014. Response to competition of bulbous

geophyte Allium oleraceum differing in ploidy level. Plant Biology 16: 186–196.
Fowler NL, Levin DA. 2016.Critical factors in the establishment of allopolyploids.

American Journal of Botany 103: 1236–1251.
Fritz RS, Crabb BA,Hochwender CG. 2000. Preference and performance of a gall-

inducing sawfly: a test of the plant vigor hypothesis. Oikos 89: 555–563.
Galen C. 1999.Why do flowers vary?: the functional ecology of variation in flower

size and form within natural plant populations. BioScience 49: 631–640.
Gange AC, Brown VK, Aplin DM. 2003.Multitrophic links between arbuscular

mycorrhizal fungi and insect parasitoids. Ecology Letters 6: 1051–1055.
GangeAC, SmithAK. 2005.Arbuscularmycorrhizal fungi influence visitation rates

of pollinating insects. Ecological Entomology 30: 600–606.
Garbutt K, Bazzaz FA. 1983. Leaf demography flower production and biomass of

diploid and tetraploid populations of Phlox drummondiiHook on a soil moisture

gradient. New Phytologist 93: 129–141.
Glennon KL, Ritchie ME, Segraves KA. 2014. Evidence for shared broad-scale

climatic niches of diploid and polyploid plants. Ecology Letters 17: 574–582.
Glick L, Sabath N, Ashman TL, Goldberg E, Mayrose I. 2016. Polyploidy and

sexual system in angiosperms: is there an association? American Journal of Botany
103: 1223–1235.

Gross K, Schiestl FP. 2015. Are tetraploids more successful? Floral signals,

reproductive success and floral isolation in mixed-ploidy populations of a

terrestrial orchid. Annals of Botany 115: 263–273.
Guignard MS, Nichols RA, Knell RJ, Macdonald A, Romila CA, Trimmer M,

Leitch IJ, Leitch AR. 2016. Genome size and ploidy influence angiosperm

species’ biomass under nitrogen and phosphorus limitation.New Phytologist 210:
1195–1206.

Halverson K, Heard SB, Nason JD, Stireman JO III. 2008a.Differential attack on

diploid, tetraploid, and hexaploid Solidago altissima L. by five insect gallmakers.

Oecologia 154: 755–761.
HalversonK,Heard SB,Nason JD, Stireman JO III. 2008b.Origins, distribution,

and local co-occurrence of polyploid cytotypes in Solidago altissima (Asteraceae).
American Journal of Botany 95: 50–58.

Hamilton EW, Frank DA. 2001.Can plants stimulate soil microbes and their own

nutrient supply? Evidence from a grazing tolerant grass. Ecology 82: 2397–2402.
HannwegK, SteynW, Bertling I. 2015. In vitro-induced tetraploids of Plectranthus
esculentus are nematode-tolerant and have enhanced nutritional value. Euphytica
207: 343–351.

Hartnett DC, Hetrick BAD, Wilson GWT, Gibson DJ. 1993.Mycorrhizal

influence on intra- and interspecific neighbour interactions among co-occurring

prairie grasses. Journal of Ecology 81: 787–795.
van der Heijden MGA, Boller T, Wiemken A, Sanders IR. 1998a.Different

arbuscular mycorrhizal fungal species are potential determinants of plant

community structure. Ecology 79: 2082–2091.
vanderHeijdenMGA,Klironomos JN,UrsicM,Moutoglis P, Streitwolf-EngelR,

Boller T, Wiemken A, Sanders IR. 1998b.Mycorrhizal fungal diversity

determines plant biodiversity, ecosystemvariability andproductivity.Nature396:
69–72.

Hempel S, Stein C, Unsicker SB, Renker C, Auge H, Weisser WW, Buscot F.

2009. Specific bottom-up effects of arbuscular mycorrhizal fungi across a plant–
herbivore–parasitoid system. Oecologia 160: 267–277.

Herben T, Suda J, Klimesova J, Mihulka S, Riha P, Simova I. 2012.

Ecological effects of cell-level processes: genome size, functional traits and

regional abundance of herbaceous plant species. Annals of Botany 110: 1357–
1367.

Hessen DO, Jeyasingh PD, Neiman M, Weider LJ. 2010. Genome streamlining

and the elemental costs of growth. Trends in Ecology & Evolution 25: 75–80.
Hoeksema JD, Chaudhary VB, Gehring CA, Johnson NC, Karst J, Koide RT,

Pringle A, Zabinski C, Bever JD, Moore JC et al. 2010. A meta-analysis of

context-dependency in plant response to inoculation with mycorrhizal fungi.

Ecology Letters 13: 394–407.
Hughes TE, Langdale JA, Kelly S. 2014. The impact of widespread regulatory

neofunctionalization on homeolog gene evolution following whole-genome

duplication in maize. Genome Research 24: 1348–1355.
Husband BC. 2000. Constraints on polyploid evolution: a test of the minority

cytotype exclusion principle.Proceedings of the Royal Society of LondonB: Biological
Sciences 267: 217–223.

Husband BC, Baldwin SJ, Sabara HA. 2016. Direct vs. indirect effects of

whole-genome duplication on prezygotic isolation in Chamerion
angustifolium: implications for rapid speciation. American Journal of Botany
103: 1259–1271.

Husband BC, Schemske DW. 2000. Ecological mechanisms of reproductive

isolation between diploid and tetraploid Chamerion angustifolium. Journal of
Ecology 88: 689–701.

Jakob SS, Ihlow A, Blattner FR. 2007. Combined ecological niche modelling and

molecular phylogeography revealed the evolutionary history of Hordeum
marinum (Poaceae)–nichedifferentiation, loss of genetic diversity, and speciation
in Mediterranean Quaternary refugia.Molecular Ecology 16: 1713–1727.

Jers�akov�a J, Castro S, SonkN,Milchreit K, Sch€odelbauerov�a I, TolaschT,D€otterl

S. 2010. Absence of pollinator-mediated premating barriers in mixed-ploidy

populations of Gymnadenia conopsea s.l. (Orchidaceae). Evolutionary Ecology 24:
1199–1218.

Jiao Y, Wickett NJ, Ayyampalayam S, Chanderbali AS, Landherr L, Ralph PE,

Tomsho LP, Hu Y, Liang H, Soltis PS et al. 2011. Ancestral polyploidy in seed
plants and angiosperms. Nature 473: 97–100.

JohnsonMTJ,LajeunesseMJ,AgrawalAA. 2006.Additive and interactive effects of

plant genotypic diversity on arthropod communities and plant fitness. Ecology
Letters 9: 24–34.

JuddWS, SoltisDE, Soltis PS, IontaG. 2007.Tolmiea diplomenziesii: a new species

from the Pacific Northwest and the diploid sister taxon of the autotetraploid T.
menziesii (Saxifragaceae). Brittonia 59: 217–225.

Jung SC, Martinez-Medina A, Lopez-Raez JA, Pozo MJ. 2012.Mycorrhiza-

induced resistance and priming of plant defenses. Journal of Chemical Ecology 38:
651–664.

� 2017 The Authors

New Phytologist� 2017 New Phytologist Trust
New Phytologist (2017)

www.newphytologist.com

New
Phytologist Tansley review Review 11



Kennedy BF, Sabara HA, Haydon D, Husband BC. 2006. Pollinator-mediated

assortative mating in mixed ploidy populations of Chamerion angustifolium
(Onagraceae). Oecologia 150: 398–408.

Knight CA, Molinari NA, Petrov DA. 2005. The large genome constraint

hypothesis: evolution, ecology, and phenotype. Annals of Botany 95: 177–190.
K€onig MAE, Wiklund C, Ehrl�en J. 2014. Context-dependent resistance against

butterfly herbivory in a polyploid herb. Oecologia 174: 1265–1272.
Koricheva J, Gange AC, Jones T. 2009. Effects of mycorrhizal fungi on insect

herbivores: a meta-analysis. Ecology 90: 2088–2097.
Lamit LJ, Lau MK, Sthultz CM, Wooley SC, Whitham TG, Gehring CA. 2014.

Tree genotype and genetically based growth traits structure twig endophyte

communities. American Journal of Botany 101: 467–478.
Laport RG, Minckley RL, Ramsey J. 2016. Ecological distributions, phenological

isolation, and genetic structure in sympatric and parapatric populations of the

Larrea tridentata polyploid complex. American Journal of Botany 103: 1358–
1374.

LeitchAR, Leitch IJ. 2008.Genomic plasticity and the diversity of polyploid plants.

Science 320: 481–483.
Leitch IJ, Bennett MD. 2004. Genome downsizing in polyploid plants. Biological
Journal of the Linnean Society 82: 651–663.

LevinDA. 1975.Minority cytotype exclusion in local plant populations.Taxon 24:
35–43.

Levin DA. 2002. The role of chromosomal change in plant evolution. New York, NY,

USA: Oxford University Press.

Maceira NO, Jacquard P, Lumaret R. 1993. Competition between diploid and

derivative autotetraploid Dactylis glomerata L. from Galicia: implications for the

establishment of novel polyploid populations. New Phytologist 124: 321–328.
ManzanedaAJ, Rey PJ, Bastida JM,Weiss-LehmanC, Raskin E,Mitchell-Olds T.

2012. Environmental aridity is associated with cytotype segregation and

polyploidy occurrence in Brachypodium distachyon (Poaceae). New Phytologist
193: 797–805.

MattsonWJ. 1980.Herbivory in relation to plant nitrogen-content.Annual Review
of Ecology and Systematics 11: 119–161.

Mayfield D, Chen ZJ, Pires JC. 2011. Epigenetic regulation of flowering time in

polyploids. Current Opinion in Plant Biology 14: 174–178.
Mayrose I, Zhan SH, Rothfels CJ, Magnuson-Ford K, Barker MS, Rieseberg LH.

2011. Recently formed polyploid plants diversify at lower rates. Science 333:
1257.

McCarthy EW, Arnold SE, Chittka L, Le Comber SC, Verity R, Dodsworth S,

Knapp S, Kelly LJ, ChaseMW, Baldwin IT et al. 2015.The effect of polyploidy
and hybridization on the evolution of floral colour in Nicotiana (Solanaceae).
Annals of Botany 115: 1117–1131.

McCarthy EW, Chase MW, Knapp S, Litt A, Leitch AR, Le Comber SC. 2016.

Transgressive phenotypes and generalist pollination in the floral evolution of

Nicotiana polyploids. Nature Plants 2: art16119.
McIntyrePJ. 2012.Polyploidy associatedwith altered and broader ecological niches

in the Claytonia perfoliata (Portulacaceae) species complex. American Journal of
Botany 99: 655–662.

Memmott J, Waser NM, Price MV. 2004. Tolerance of pollination networks to

species extinctions. Proceedings of the Royal Society of London B: Biological Sciences
271: 2605–2611.

Meyers LA, Levin DA. 2006.On the abundance of polyploids in flowering plants.

Evolution 60: 1198–1206.
Meyerson LA, Cronin JT, Bhattarai GP, Brix H, Lambertini C, Lucanova M,

Rinehart S, Suda J, Pysek P. 2016.Do ploidy level and nuclear genome size and

latitude of origin modify the expression of Phragmites australis traits and
interactions with herbivores? Biological Invasions 18: 2531–2549.

Miller J, Venable D. 2000. Polyploidy and the evolution of gender dimorphism in

plants. Science 289: 2335–2338.
Miller JS, Kamath A, Husband BC, Levin RA. 2016.Correlated polymorphism in

cytotype and sexual system within a monophyletic species, Lycium californicum.
Annals of Botany 117: 307–317.

Muntzing A. 1936. The evolutionary significance of autopolyploidy.Hereditas 21:
263–378.

M€unzbergov�a Z. 2006. Ploidy level interacts with population size and habitat

conditions to determine the degree of herbivory damage in plant populations.

Oikos 115: 443–452.

M€unzbergov�a Z, Skuhrovec J,Mar�s�ık P. 2015.Large differences in the composition

of herbivore communities and seed damage in diploid and autotetraploid plant

species. Biological Journal of the Linnean Society 115: 270–287.
NeimanM, Theisen KM, Mayry ME, Kay AD. 2009. Can phosphorus limitation

contribute to the maintenance of sex? A test of a key assumption. Journal of
Evolutionary Biology 22: 1359–1363.

Nghiem CQ, Harwood CE, Harbard JL, Griffin AR, Ha TH, Koutoulis A. 2011.

Floral phenology and morphology of colchicine-induced tetraploid Acacia
mangium compared with diploid A. mangium and A. auriculiformis: implications

for interploidy pollination. Australian Journal of Botany 59: 582.
NuismerSL,CunninghamBM.2005.Selection for phenotypic divergence between

diploid and autotetraploid Heuchera grossulariifolia. Evolution 59: 1928–1935.
Nuismer SL, Thompson JN. 2001. Plant polyploidy and non-uniform effects on

insect herbivores. Proceedings of the Royal Society of London B: Biological Sciences
268: 1937–1940.

Oswald BP, Nuismer SL. 2007. Neopolyploidy and pathogen resistance.

Proceedings of the Royal Society of London B: Biological Sciences 274: 2393–2397.
Oswald BP, Nuismer SL. 2011. Neopolyploidy and diversification in Heuchera
grossulariifolia. Evolution 65: 1667–1679.

Otto S, Whitton J. 2000. Polyploid incidence and evolution. Annual Reviews in
Genetics 34: 401–437.

Pandit MK, Pocock MJO, Kunin WE. 2011. Ploidy influences rarity and

invasiveness in plants. Journal of Ecology 99: 1108–1115.
P�ankov�a H, M€unzbergov�a Z, Rydlov�a J, Vos�atka M. 2008. Differences in AM

fungal root colonization between populations of perennial Aster species have

genetic reasons. Oecologia 157: 211–220.
Policha T, Davis A, Barnadas M, Dentinger BTM, Raguso RA, Roy BA. 2016.

Disentangling visual and olfactory signals in mushroom-mimicking Dracula
orchids using realistic three-dimensional printed flowers. New Phytologist 210:
1058–1071.

Powell AF, Doyle JJ. 2015. The implications of polyploidy for the evolution of

signalling in rhizobial nodulation symbiosis. In: Bais H, Sherrier J, eds. Plant–
microbe interactions. London, UK: Academic Press, 149–190.

PuttickMN, Clark J, Donoghue PCJ. 2015. Size is not everything: rates of genome

size evolution, not C-value, correlate with speciation in angiosperms. Proceedings
of the Royal Society of London B: Biological Sciences 282: 20152289.

Raabov�a J, Fischer M, M€unzbergov�a Z. 2008. Niche differentiation between

diploid and hexaploid Aster amellus. Oecologia 158: 463–472.
Rafferty NE, Ives AR. 2011. Effects of experimental shifts in flowering phenology

on plant–pollinator interactions. Ecology Letters 14: 69–74.
Ramsey J, Ramsey TS. 2014. Ecological studies of polyploidy in the 100 years

following its discovery. Philosophical Transactions of the Royal Society of London B:
Biological Sciences 369: 20130352.

Ramsey J, Schemske DW. 2002. Neopolyploidy in flowering plants. Annual
Reviews in Ecology and Systematics 33: 589–639.

RichardsonML,Hanks LM. 2011.Differences in spatial distribution,morphology,

and communities of herbivorous insects among three cytotypes of Solidago
altissima (Asteraceae). American Journal of Botany 98: 1595–1601.

Rieseberg LH, Willis JH. 2007. Plant speciation. Science 317: 910–914.
Roccaforte K, Russo SE, Pilson D. 2015.Hybridization and reproductive isolation

between diploidErythroniummesochoreum and its tetraploid congener E. albidum
(Liliaceae). Evolution 69: 1375–1389.

Runquist RB, Grossenbacher D, Porter S, Kay K, Smith J. 2016. Pollinator-

mediated assemblage processes in California wildflowers. Journal of Evolutionary
Biology 29: 1045–1058.

Saavedra S, Stouffer DB, Uzzi B, Bascompte J. 2011. Strong contributors to

network persistence are the most vulnerable to extinction.Nature 478: 233–235.
Scarpino SV, Levin DA, Meyers LA. 2014. Polyploid formation shapes flowering

plant diversity. American Naturalist 184: 456–465.
Segraves KA, Anneberg TJ. 2016. Species interactions and plant polyploidy.

American Journal of Botany 103: 1326–1335.
Segraves KA, Thompson JN. 1999. Plant polyploidy and pollination: floral traits

and insect visits to diploid and autotetraploidHeuchera grossulariifolia. Evolution
53: 1114–1127.

Segraves KA, Thompson JN, Soltis PS, Soltis DE. 1999.Multiple origins of

polyploidy and the geographic structure of Heuchera grossulariifolia.Molecular
Ecology 8: 253–262.

New Phytologist (2017) � 2017 The Authors

New Phytologist� 2017 New Phytologist Trustwww.newphytologist.com

Review Tansley review
New
Phytologist12



Servick S, Visger CJ, Gitzendanner MA, Soltis DE. 2015. Population genetic

variation, geographic structure, and multiple origins of autopolyploidy in Galax
urceolata. American Journal of Botany 102: 973–982.

Sikes BA. 2010.When do arbuscular mycorrhizal fungi protect plant roots from

pathogens? Plant Signaling & Behavior 5: 763–765.
Sikes BA, Cottenie K, Klironomos JN. 2009. Plant and fungal identity determines

pathogen protection of plant roots by arbuscular mycorrhizas. Journal of Ecology
97: 1274–1280.

Simberloff D, Martin JL, Genovesi P, Maris V, Wardle DA, Aronson J,

Courchamp F, Galil B, Garcia-Berthou E, Pascal M et al. 2013. Impacts of

biological invasions: what’s what and the way forward. Trends in Ecology &
Evolution 28: 58–66.

�Smarda P, Hejcman M, B�rezinova A, Horov�a L, Steigerov�a H, Zedek F, Bure�s

P, Hejcmanov�a P, Schellberg J. 2013. Effect of phosphorus availability on

the selection of species with different ploidy levels and genome sizes in a

long-term grassland fertilization experiment. New Phytologist 200: 911–921.
Soltis D, Soltis P. 1999. Polyploidy: recurrent formation and genome evolution.

Trends in Ecology & Evolution 14: 348–352.
Soltis DE, Buggs RJA, Doyle JJ, Soltis PS. 2010.What we still don’t know about

polyploidy. Taxon 59: 1387–1403.
Soltis DE, Soltis PS, Schemske DW, Hancock JF, Thompson JN, Husband BC,

JuddWS. 2007.Autopolyploidy in angiosperms: have we grossly underestimated

the number of species? Taxon 56: 13–30.
SoltisDE,VisgerCJ, Soltis PS. 2014a.The polyploidy revolution then. . . and now:

Stebbins revisited. American Journal of Botany 101: 1057–1078.
Soltis PS, Liu X, Marchant DB, Visger CJ, Soltis DE. 2014b. Polyploidy and

novelty: Gottlieb’s legacy. Philosophical Transactions of the Royal Society of London
B: Biological Sciences 369: 20130351.

Sotomayor DA, Lortie CJ. 2015. Indirect interactions in terrestrial plant

communities: emerging patterns and research gaps. Ecosphere 6: art103.
Stebbins GL. 1971. Chromosomal evolution in higher plants. London, UK: Edward
Arnold Ltd.

Steinauer K, Chatzinotas A, Eisenhauer N. 2016. Root exudate cocktails: the link

between plant diversity and soil microorganisms? Ecology and Evolution 6: 7387–
7396.

Stutz S, �Stajerov�a K, Hinz HL,M€uller-Sch€arer H, Schaffner U. 2016.Can enemy

release explain the invasion success of the diploid Leucanthemum vulgare inNorth

America? Biological Invasions 18: 2077–2091.
Suda J,Meyerson LA, Leitch IJ, Pysek P. 2015.The hidden side of plant invasions:

the role of genome size. New Phytologist 205: 994–1007.
Symonds VV, Soltis PS, Soltis DE. 2010. Dynamics of polyploid formation in

Tragopogon (Asteraceae): recurrent formation, gene flow, and population

structure. Evolution 64: 1984–2000.
Tal M, Gardi I. 1976. Physiology of polyploid plants: water balance in

autotetraploid and diploid tomato under low and high salinity. Physiologia
Plantarum 38: 257–261.

T�e�sitelov�a T, Jers�akov�a J, Roy M, Kub�atov�a B, T�e�sitel J, Urfus T, Tr�avn�ı�cek P,

Suda J. 2013. Ploidy-specific symbiotic interactions: divergence of mycorrhizal

fungi between cytotypes of the Gymnadenia conopsea group (Orchidaceae). New
Phytologist 199: 1022–1033.

Th�ebault A, Frey B, Mitchell EA, Buttler A. 2010. Species-specific effects of

polyploidisation andplant traits ofCentaureamaculosa and Senecio inaequidenson
rhizosphere microorganisms. Oecologia 163: 1011–1020.

Thompson JN, Cunningham BM, Segraves KA, Althoff DM, Wagner D. 1997.

Plant polyploidy and insect/plant interactions. American Naturalist 150: 730–
743.

Thompson JN, Merg KF. 2008. Evolution of polyploidy and the diversification of

plant–pollinator interactions. Ecology 89: 2197–2206.
Thompson JN, Nuismer SL,Merg K. 2004. Plant polyploidy and the evolutionary

ecology of plant/animal interactions. Biological Journal of the Linnean Society 82:
511–519.

Thompson KA, Husband BC,Maherali H. 2015.No influence of water limitation

on the outcome of competition between diploid and tetraploid Chamerion
angustifolium (Onagraceae). Journal of Ecology 103: 733–741.

Vamosi JC, Dickinson TA. 2006. Polyploidy and diversification: a phylogenetic

investigation in Rosaceae. International Journal of Plant Science 167: 349–358.
Vannette RL, Hunter MD. 2011. Plant defence theory reexamined: nonlinear

expectations based on the costs and benefits of resource mutualisms. Journal of
Ecology 99: 66–76.

Varga S, Kyt€oviita M-M. 2010. Gender dimorphism and mycorrhizal symbiosis

affect floral visitors and reproductive output in Geranium sylvaticum. Functional
Ecology 24: 750–758.

Wardle DA. 2006. The influence of biotic interactions on soil biodiversity. Ecology
Letters 9: 870–886.

Wardle DA, Bardgett RD, Klironomos JN, Setala H, van der Putten WH, Wall

DH. 2004. Ecological linkages between aboveground and belowground biota.

Science 304: 1629–1633.
Wendel JF, Jackson SA, Meyers BC, Wing RA. 2016. Evolution of plant genome

architecture. Genome Biology 17: 37.
Whitham T, Martinsen G, Floate K, Dungey H, Potts B, Keim P. 1999. Plant

hybrid zones affect biodiversity: tools for a genetic-based understanding of

community structure. Ecology 80: 416–428.
WhithamTG. 1989. Plant hybrid zones as sinks for pests. Science 244: 1490–1493.
Wolfe BE, Husband BC, Klironomos JN. 2005. Effects of a belowground

mutualism on an aboveground mutualism. Ecology Letters 8: 218–223.
WoodTE,TakebayashiN, BarkerMS,Mayrose I,GreenspoonPB,Rieseberg LH.

2009. The frequency of polyploid speciation in vascular plants. Proceedings of the
National Academy of Sciences, USA 106: 13875–13879.

Yang LH,Rudolf VH. 2010.Phenology, ontogeny and the effects of climate change

on the timing of species interactions. Ecology Letters 13: 1–10.
YooMJ, Liu XX, Pires JC, Soltis PS, Soltis DE. 2014.Nonadditive gene expression

in polyploids. In: Bassler BL, ed. Annual Review of Genetics 48: 485–517.

� 2017 The Authors

New Phytologist� 2017 New Phytologist Trust
New Phytologist (2017)

www.newphytologist.com

New
Phytologist Tansley review Review 13


