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Polyploidy in urban environments
Highlights
Rapidly expanding urban areas pose a
novel suite of challenges to organisms,
and these are expected to strongly
influence the evolution and ecology of
species living in urban environments.

Polyploidy (i.e., organisms with >2 chro-
mosome sets) is common among plants
and some animals, and polyploidisation
is often associated with historical periods
of environmental change.
Wendy E. Van Drunen 1,2,3,*,@ and Marc T.J. Johnson2,3,@

Polyploidy is a major driver of evolutionary change in plants, but many aspects of
polyploidy in natural systems remain enigmatic. We argue that urban landscapes
present an unprecedented opportunity to observe polyploidy in action. Integrating
polyploid biology and urban evolutionary ecology, we discuss multiple factors
expected to promote polyploid formation, establishment, and persistence in
urban systems. We develop a predictive framework for the contemporary ecology
and evolution of polyploid plants in cities, and through this novel perspective pro-
pose that studying polyploidy in an urban context could lead to breakthroughs in
understanding fundamental processes in polyploid evolution. We conclude by
highlighting the potential consequences of polyploidy in urban environments,
and outline a roadmap for research into this currently unexplored field.
Urbanisation and urban environments
have the potential to promote polyploidy
through the formation and establishment
of newly formed polyploids, aswell as the
preferential persistence of polyploids
over diploids within and between
species.

Polyploidy may play a key role in survival
and adaptation to city life, and con-
sidering polyploidy in the complex
eco-evolutionary dynamics of urban
systems may be crucial for predicting
the short- and long-term responses
of plant species to local and global
environmental change.

1Department of Biology, Queen's
University, Kingston, Ontario K7L 3N6,
Canada
2Department of Biology, University of
Toronto Mississauga, Mississauga,
Ontario L5L 1C6, Canada
3Centre for Urban Environments,
University of Toronto Mississauga,
Mississauga, Ontario L5L 1C6, Canada

*Correspondence:
we.vandrunen@gmail.com
(W.E. Van Drunen).
@Twitter: @WEVanDrunen
(W.E. Van Drunen) and @evoecolab
(M.T.J. Johnson).
Polyploidy: not just a blast from the past?
Anthropogenic global changes present a novel set of challenges for plant species, few of which
are more extreme than urbanisation (see Glossary) [1]. Relative to nonurban areas, urban
environments can exert considerable stress on urban individuals through exposure to elevated
temperatures, water and nutrient limitation, increased impervious surface cover (e.g., concrete,
asphalt), novel species interactions, frequent disturbances, and a deeply fragmented landscape
that is spatially and temporally variable [1–4]. The short- and long-term evolutionary effects of
urbanisation are largely unknown [5], but are expected to substantially influencemajor evolutionary
processes including speciation, mutation, adaptation, and nonadaptive evolution [6].
Urbanisation may also have a significant impact on one of the most prevalent large-effect genomic
phenomena across the tree of life – polyploidy [7].

Polyploids, individuals with more than two complete chromosomes sets resulting from whole-
genome duplication (WGD), can arise within a single species (autopolyploids) or through
hybridisation (allopolyploids). Although polyploidy is common in many organisms, it has had a
major influence on the evolutionary history of the flowering plants in particular, where as many as
180 ancient WGDs have occurred [8]; all species are palaeopolyploid, and ~35% of extant spe-
cies are classified as recent polyploids (i.e., established polyploids) [9]. However, polyploidy is not
evenly distributed among angiosperms, nor are the rates of WGD uniform across time. Studies
have linked bursts of WGDs to periods of climatic upheaval such as the Cretaceous–Palaeogene
extinction [10], and credit polyploidy as an important factor in the survival and success of
plant lineages during and after these events [11,12]. Thus, polyploidy is often associated with
rapid adaptation [13,14], genetic and phenotypic novelty [15,16], and enhanced tolerance
to environmental stress [17], although the mechanisms behind these associations remain poorly
understood [14,18].

Our goals in this opinion article are threefold. First, we argue that urban environments present an
exceptional opportunity to study fundamental questions in polyploid plant biology – a new tool to
answer old questions. Second, we highlight the potential of urbanisation to elevate rates of polyploid
formation, establishment, and persistence. Last, we explore the consequences of polyploidy for
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Glossary
Adaptation: a genetically based
phenotypic change that confers higher
fitness in a particular context or
environment as a result of natural
selection.
Allopolyploid: a polyploid formed
through WGD in a hybrid between two
species.
Autopolyploid: a polyploid formed
through whole-genome duplication
within a single species.
Ecological heterogeneity: landscape
nonuniformity, which may encompass
differences in surface substrates,
abiotic conditions, or biotic
communities.
Heterozygosity: the presence of two
or more different alleles at a particular
locus.
Inbreeding depression: reduced
fitness in inbred offspring relative to
outcrossed offspring that results from
loss of heterozygosity or the expression
of deleterious alleles.
Minority cytotype exclusion (MCE):
the loss of rare cytotypes due to a
frequency-dependent mating
disadvantage caused bymating with the
majority cytotype.
Mutation: a change in DNA sequence.
Neopolyploid: a newly formed
polyploid, either first-generation or within
the first few generations of aWGD event,
and before the establishment of the
polyploid species or lineage.
Niche: in ecology, the set of abiotic and
biotic conditions required by an
organism to persist, and that define the
role of an organism in an ecological
community.
Nonadaptive evolution: changes in
population allele frequencies that do not
result from natural selection
(e.g., genetic drift).
Palaeopolyploid: a species or lineage
exhibiting genomic signatures of an
ancient WGD event several million years
ago.
Polyploidy: the presence of more than
two paired sets of homologous
chromosomes in somatic cells.
Reproductive assurance (RA): a
mechanism of ensuring reproduction
in the absence of outcrossed mating.
Reproductive isolation: reduced
gene flow between populations or
species due to because of genetic,
physical, or behavioural barriers.
Somatic doubling: duplication of
homologous chromosome sets in
somatic cells.
urban plants, and suggest that considering the historical role of polyploidy will be important in under-
standing contemporary plant ecology and evolution in urban environments.

Urbanisation promotes polyploidy
We outline here a conceptual framework of five testable hypotheses and predictions by exploring
multiple, nonmutually exclusive mechanisms through which urban environments and urbanisation
may promote polyploidy (Figure 1). Urban areas contain extreme and novel selection pressures,
and these may drive polyploid evolution at relatively short timescales, in small geographic areas,
and with high replication across cities worldwide. These attributes make urban environments
ideal natural laboratories to observe and explore long-standing questions about fundamental
processes in polyploid ecology and evolution that have proven difficult to answer in natural
populations.

Prediction 1: polyploid formation is higher in urban versus nonurban areas
The ephemeral first steps of neopolyploids in natural populations are challenging to study, and
nearly impossible to observe, restricting most eco-evolutionary studies of these critical early
stages to theory and speculation [17,19,20]. Quantifying the rates of neopolyploid formation
remains particularly challenging, and we know little about the factors contributing to this process
in nature [21].

Neopolyploids arise through two major routes: the sexual union of unreduced gametes (UGs)
and somatic doubling [19,20]. We predict that urbanisation will affect both of these pathways,
thereby elevating both autopolyploid and allopolyploid formation rates in urban versus nonurban
areas (Box 1) [7]. UG frequency and the probability of somatic doubling are known to increase as
a result of environmental stresses such as fluctuating temperatures, drought, nutrient limitation,
chemical pollutants, and physical damage [19,22] that cause mitotic and meiotic errors, resulting
in chromosome nondisjunction and WGD. These are precisely the abiotic conditions plants
experience in heavily urbanised areas [2], suggesting that urban individuals could have high
rates of UG production and somatic doubling [7,23]. For example, urban plants growing near
heat-absorbing impervious surfaces may have a higher UG frequency than conspecifics in less
stressful, nonurban areas (Figure 1). Since the probability of polyploid formation should directly
scale with UG frequency [19], urban environments could provide more accessible opportunities
to study polyploid formation than most natural populations – in essence decreasing the size of
the haystack, as well as increasing the number of needles we search for.

Prediction 2: urbanisation provides polyploid establishment opportunities
Our understanding of the early polyploid establishment process (i.e., the establishment of a self-
sustaining neopolyploid lineage) is limited by a lack of empirical data, but theory shows that
neopolyploids are most likely to successfully overcome minority cytotype exclusion (MCE)
when they are reproductively, physically, or ecologically segregated from their diploid parents
[13,17,24]. Neopolyploid establishment may then be more likely in urban versus nonurban
environments where outcrossing is limited (prediction 5) and extensive ecological heterogeneity
[25,26] allows neopolyploids to colonise different habitats than diploids, especially when combined
with an ability to exploit new niches (prediction 4) [27,28]. Frequent disturbance and turnover in
urban plant communities [26,29] should also promote establishment by continually opening new
habitat and decreasing competition for space (Figure 1).

We speculate that cryptic and overlooked neopolyploids may already exist in urban areas (Box 2),
and that intensive ploidy screening at fine spatial scales could reveal where and how urban
neopolyploids are likely to arise. Although many factors in urban environments could affect
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Figure 1. Factors influencing polyploid formation, establishment, and persistence in urban environments.
For a Figure360 author presentation of Figure 1, see the figure legend at https://doi.org/10.1016/j.tree.2022.02.005.
(i) Rates of polyploid formation through somatic doubling or the union of unreduced gametesmay be elevated in urban areas due to
exposure to a variety of abiotic stressors (e.g., heat, air pollution). (ii) Urban habitat heterogeneity and frequent disturbances causing
plant community turnover could create establishment opportunities for neopolyploids, away from competition with their diploid
parents. (iii) Polyploids with high tolerance to stress (e.g., drought, heat, salinity) may withstand urban environments bette
than diploids, eventually outcompeting and displacing diploids in urban areas. (iv) Polyploids may be able to rapidly respond
and adapt to urban environments via higher mutation rates and genetic diversity relative to diploids, or through neo- and sub-
functionalisation of homologous gene copies. (v) Multiple modes of reproductive assurance (e.g., self-fertilisation) in polyploids
could increase reproductive success in mate- or resource-limited urban environments.
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Speciation: the evolution of genetically
based reproductive isolation between
lineages, due to reduced gene flow
between populations or species
because of genetic, physical, or
behavioural barriers.
Tolerance: the range of abiotic and
biotic conditions in which an individual
can survive.
Unreduced gametes (UGs): pollen or
ovules with the somatic chromosome
number (2n) that arise through meiotic
error.
Urban heat island: elevated
temperatures in urban areas caused by
the presence of heat-retaining and
impermeable surfaces (e.g., concrete).
Urban environments: areas of dense
human settlement, including city centres
and residential or industrial areas.
Urbanisation: anthropogenic
transformation of natural landscapes
into urban environments, a type of global
change.
Whole-genome duplication (WGD):
an event resulting in the duplication of
homologous chromosome sets at the
cellular or whole-organism level.
r
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establishment, we predict that neopolyploids will be most common in older urban areas, with
intense pollution, or where hybridisable species are brought into secondary contact [7,30].
Lessons learned in urban systems may then be applied to studying polyploid establishment in
natural populations.

Prediction 3: polyploids are more tolerant of urban stress than diploids
Polyploidy is frequently associated with large morphological, physiological, and molecular
changes [16,17], some of which may confer increased tolerance to abiotic and biotic stresses
in rapidly changing urban environments [31]. In particular, there is evidence that polyploids are
more tolerant of drought [32], elevated temperatures [33], and saline environments [34] than
diploids, which may provide advantages in urban areas with high impervious surface cover and
winter salt application (Figure 1) [2]. Furthermore, polyploid plants can experience greater fitness
benefits than diploids from a wider range of mutualistic symbionts [35,36], and have increased
resistance to pathogens and herbivores [37,38], leading us to predict that polyploids might
outcompete and eventually displace diploids in stressful urban habitats containing novel biotic
interactions. This process may occur between diploids and neopolyploids within a single species,
or between established diploids and polyploid species.

However, not all polyploids are more resilient than their diploid relatives, and a full understanding
of the eco-evolutionary interactions between polyploidy and stress tolerance is still lacking de-
spite decades of research [14,18]. We suggest that the strong abiotic and biotic stressors asso-
ciated with urban environments may provide an ideal arena in which to test these relationships.
Box 1. The formation of urban polyploids

Polyploid formation is arguably the least understood aspect of polyploid evolution in natural populations [19,20]. If the
likelihood of polyploidisation is elevated by the abiotic and biotic conditions associated with urbanisation, prioritising
research in urban areas could lead to breakthroughs in characterizing the mechanisms of polyploid formation.

Unreduced gametes (UGs)

Polyploid formation via the sexual union of unreduced gametes (UGs; gametes with the somatic chromosome number, 2n)
is constrained by (i) UG production rate within individuals, and (ii) the probability of mating events involving one or more
UGs. Unreduced pollen production in natural populations is ~0.5–2%, but can vary between individuals, and is higher in
hybrids and polyploids themselves [19,20]. By contrast, the single study quantifying UG production in anthropogenically
disturbed areas in situ found that plants exposed to industrial pollution produced up to 50% diploid pollen (mean 6%)
[62]. Laboratory experiments have repeatedly found that UGs increase with common urban stressors [19,22,23]. For
example, in Rosa hybrida, unreduced pollen increased 25-fold following a high-temperature treatment of 36°C [63] – a
temperature frequently experienced in cities due to the urban heat island effect [1,3]. However, more research on UG
production in both natural and urban environments is needed. For instance, since most studies focus solely on male
gametes (i.e., pollen) [19,20], it is currently unknown whether male and female UGs are genetically correlated or respond
differently to environmental stress. If male and female UGs are correlated, self-fertilisation in urban plants (prediction 5) will
increase the probability of autopolyploid formation (Figure IA) [19,20], particularly if UG production is elevated because of
local environmental conditions. Furthermore, allopolyploid formation may be more frequent in urban areas if human-
mediated hybridisation is more common (Figure IB) [7,19,30]. Overall, we predict that UG-derived urban neopolyploids will
be most commonly found among self-fertilizing plants under abiotic stress.

Somatic doubling

Polyploids can arise through genome doubling in meristematic tissue (i.e., mitotic origin) [19] that generates polyploid
shoots on otherwise diploid plants (Figure IC). Doubling early in development may result in fully polyploid individuals, is
believed to be a frequent route to allopolyploidy by way of genome stabilization – and fertility restoration – in first-generation
homoploid hybrids (Figure ID) [30]. The frequency of somatic doubling in natural populations is unknown [19]; however,
whereas a UG mating event can result in only one polyploid individual, a reproductive polyploid shoot can immediately
produce many polyploid offspring at once (Figure IA versus Figure IC). We hypothesise that somatic doubling could be
elevated if mutation rates and mitotic errors increase in response to anthropogenic mutagens and pollutants [5,6], or if
the abiotic and biotic stresses in urban environments induce endopolyploidy (tissue-specific polyploidy) [64], which can
promote the production of fully polyploid shoots [65].
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Figure I. Pathways to polyploidy. Urban polyploids may arise through mating events involving reduced (light-grey
circles; 1n = 1x for diploid individuals, where x = the haploid genome size) or unreduced gametes (UGs, dark-grey
circles; 2n = 2x for diploids), or through somatic doubling (red starbursts). (A) Self-fertilisation (looped arrows) in an
urban diploid (2x) may give rise to auto-tetraploids (4x) through one-step union of two UGs, or through two steps via a
self-fertilising auto-triploid (3x) producing a mixture of reduced and unreduced gametes. Self-fertilisation in the
autotetraploid then results in many polyploid offspring. (B) Hybridisation between two diploid species (yellow and blue)
can produce allotetraploids (green) in one step, or in two steps by self-fertilising in a diploid hybrid (purple) with high UG
production. Self-fertilisation in the allotetraploid may then produce polyploid offspring. (C) Somatic doubling in a diploid
results in an autotetraploid branch which can directly produce sexual polyploid offspring. (D) A hybridisation event
between two diploid species (yellow and blue, from B) involving only one UG will result in allo-triploids, which are often
sterile. Somatic doubling in the allotriploid produces a fertile allohexaploid (6x) branch, which self-fertilises to make
allohexaploid offspring. For clarity, this schematic only highlights pathways discussed in the text, and does not depict all
possible routes to polyploidy.

Trends in Ecology & Evolution
Moreover, high rates of urban polyploid formation and establishment could increase our ability to
separate the direct effects of WGD per se on stress tolerance in neopolyploids from evolutionary
divergence between diploids and established polyploid species (e.g., stem diameter versus
hydraulic conductivity in fireweed, Chamerion angustifolium [32]) [14–16].

Prediction 4: polyploidy enables rapid adaptation to urban environments
Population genetic theory and empirical studies demonstrate that autopolyploid and allopolyploid
populations can adapt to novel conditions more rapidly than closely related diploid populations
[28,39,40]. Faster adaptive evolution in polyploid populations is facilitated by chromosome
doubling (i.e., tetraploids have twice as many gene copies as diploids), which translates into
higher heterozygosity [41], greater effective population sizes [42], deleterious allele masking
[40,43], slower losses of genetic diversity due to self-fertilisation or genetic drift [43,44], and the
potential for neo- and subfunctionalisation in homologous genes [13]. Polyploids also experience
higher recombination rates [13,45], larger mutational target size [46], and themutagenic effects of
polyploidisation itself [14,39].
Trends in Ecology & Evolution, June 2022, Vol. 37, No. 6 511
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Box 2. Examples of urban polyploids in Senecio and Tragopogon

Several allopolyploid species have arisen in the past ~200 years as direct consequences of human-mediated species
introductions [7]. Some of these remain restricted to garden cultivation (e.g., Primula kewensis), and some have spread
extensively in natural habitat (e.g.,Mimulus peregrinus, Spartina anglica). Others have colonised anthropogenically disturbed
sites and have become established in urban areas.

Recent hybridisation between the UK native tetraploid Senecio vulgaris and the introduced diploid Senecio squalidus gave
rise to allotetraploid Senecio eboracensis and allohexaploid Senecio cambrensis [29,66]. S. eboracensis arose only once
in 1979 next to a railway line in York, and has since become extinct in the wild. By contrast, there are two documented
origins of S. cambrensis. First recorded in North Wales in 1925, it has become firmly established on urban roadsides
and waste-grounds in human settlements; this has been attributed to the continual colonisation of newly disturbed areas
where competition is low [29,66]. An independent re-formation of S. cambrensis in urban Edinburgh occurred in 1974, but
this population dwindled to zero in 1993 after redevelopment on the open sites it occupied [29].

In North America, allotetraploids Tragopogon mirus (Tragopogon porrifolius × Tragopogon dubius) and Tragopogon
miscellus (Tragopogon pratensis × T. dubius) were first described in 1950 [67], and have become established in anthropo-
genic environments across several counties in the northwest USA. T. miscellus is particularly abundant in urban areas [71],
and populations sometimes reach many thousands of individuals, whereas T. mirus is less widespread and often occurs at
sites also containing both parents [68]. However, in both species, populations remain demographically unstable because of
repeated extinctions caused by continued urbanisation and human activity, followed by re-formation or re-colonisation [68].

Similarly to many allopolyploid systems, eco-evolutionary studies in Senecio or Tragopogon remain scarce [18], and we
know little about the specific factors contributing to the success or failure of these different polyploid lineages. Indeed,
the vast majority of new polyploid populations fail to establish [17], but these examples demonstrate that the availability
of disturbed sites in urban areas can be an important factor in the establishment of some neopolyploids (prediction 2).

There are no reports of neo-autopolyploids in urban areas, perhaps because they are often not easily distinguishable from
their lower-ploid parents. Within mixed-ploidy species there is some evidence that polyploids are more often found in
ruderal or disturbed sites than diploids [21,69,70], although these represent colonisation rather than formation events, and
the role of urbanisation per se in cytotype distribution has not yet been assessed. Describing urban neo-autopolyploids will
be key to understanding the relationship between urbanisation and polyploidy because it avoids the confounding effects of
hybridisation in allopolyploids. We predict that neo-autopolyploids may be found in the habitats that neo-allopolyploids seem
to succeed in, namely abandoned and under-development city lots, waste-grounds, and roadsides.

Trends in Ecology & Evolution
We therefore predict that polyploids will exhibit faster adaptive evolution and niche divergence
than diploids in response to urban environmental change and disturbance (Figure 1). However,
links between polyploidy and adaptation outside theoretical and experimental settings are
needed, and the effects of WGD and polyploidy on urban adaptation are likely to be complex
and context-dependent [14,18]. The sheer replication of urbanisation throughout the world
makes cities excellent study systems to untangle the role of polyploidy in evolutionary adaptation,
for instance by allowing the investigation of strong interacting selective pressures, local adaptation
to heterogeneous urban matrices, and mechanisms of parallel evolution [3,5,6]. Moreover, the co-
occurrence of both established and newly formed polyploids in urban systems (predictions 1 and 2)
may help to resolve the extent to which adaptation in polyploids can be driven by the immediate
effects of WGD versus long-term evolution [24,27,32].

Prediction 5: polyploid traits increase reproductive success in urban environments
Whether urbanisation has a positive or negative influence on sexual reproduction and individual
fitness is unclear [3], but mating in urban plants can be affected by reduced mate availability
[47], changes to pollinator behaviour [48], and shifts in pollinator assemblages [49]. In general,
we predict that the reproductive and life-history traits of polyploids will frequently allow them to
maintain higher fitness in urban environments compared with diploids (Figure 1). For example,
polyploidy is evolutionarily and functionally associated with several modes of reproductive
assurance (RA), including self-fertilisation, asexuality, and perennial life history, such that
polyploids may still achieve reproductive success even if sexual reproduction is limited [13,50].
In neopolyploids, WGD can immediately result in RA via the breakdown of self-incompatibility
512 Trends in Ecology & Evolution, June 2022, Vol. 37, No. 6
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[51], decreased inbreeding depression [52], increased clonal reproduction [53], or longer
lifespans [13]. These traits can contribute to neopolyploid establishment (prediction 2), and higher
relative fitness could ultimately allow neopolyploids to outcompete their diploid parents in urban
areas (prediction 3). Strong selection on reproductive traits in urban areas may also favour the
survival of established polyploid species with pre-existing RA over diploids lacking these charac-
teristics. However, long-term reliance on RAmay temper these advantages through reductions in
genetic diversity. Studying plants in urban areas could help to tease apart the effects of polyploidy
on reproductive traits and uncover the role of environmental stress in shaping polyploid life-history
strategies.

The significance of polyploidy for urban ecology and evolution
Based on these predictions, we suggest that urban environments will intensify some aspects of
polyploid evolution, which could result in urban areas being disproportionately composed of poly-
ploid lineages over time compared with nonurban areas (Figure 2A). This process may be further
exacerbated by the fact that horticultural and agricultural plants grown in and around cities are
often polyploid [50,54], and these plants can be a prominent source for species introductions.
If urban areas experience an influx of polyploids, what does this mean for eco-evolutionary
dynamics in urban ecosystems?

Community-level shifts in polyploidy could have wide-ranging consequences for urban biodiversity
and ecological interactions [17,36], although these shifts may be more apparent in clades with
many extant polyploids or frequent neopolyploid formation (e.g., commelinids, ferns) than in groups
with a low incidence of polyploidy (e.g., rosids, gymnosperms). If established polyploid species
tend to replace diploid species in urban areas, we expect that diploid species richness will decline
with urbanisation while polyploid species richness may increase (Figure 2B), especially if there are
high rates of polyploid speciation (Box 2) [7] or multiple introduced and human-associated
polyploid species. Ploidy-mediated changes in urban community composition, within or between
species, could significantly affect plant diversity and biotic interactions [17,36], and thus have
cascading effects across ecological networks. For example, polyploids with increased defences
against insect herbivores could intensify herbivory on other plant species that lack these defences
[56], and differences in floral characteristics could trigger pollinator shifts [57]. Similarly, both
neopolyploids and established polyploids can interact with mycorrhizal fungi differently than their
diploid relatives, possibly increasing the competitive ability of polyploids and affecting local rhizobia
diversity [35,58]. However, the effects of polyploidy on biotic interactions and community compo-
sition are still rarely studied, and further research will be necessary to understand the multifaceted
impacts of polyploidy on urban plant ecology [36].

An increase in polyploid lineages should substantially influence urban plant evolution, and could
even directly increase the rates of speciation in urban areas in as few as 1–2 generations
(Box 2) [7]. We predict that that polyploids will experience smaller reductions in relative fitness
with increasing urbanisation (Figure 2C), thereby causing competitive exclusion of diploid species
at the community-level, and of diploid cytotypes within mixed-ploidy species (Figure 2A). This
may be driven in part by limited evolvability in diploid populations because genetic diversity is
generally expected to decrease as populations become smaller and more isolated with increasing
urbanisation (Figure 2D) [5,59]. However, for polyploids with higher evolutionary potential (prediction
4), genetic and phenotypic diversity could increasewith urbanisation as polyploid populations rapidly
accumulate variation during adaptation to local conditions, particularly if reproductive shifts also
reduce homogenizing gene flow between urban polyploid populations (Figure 2D; prediction 5).
Recurrent formation could also contribute to greater genetic diversity in urban polyploids than in
urban diploids, or in nonurban polyploids with fewer independent origins (Figure 2D) [45]. This will
Trends in Ecology & Evolution, June 2022, Vol. 37, No. 6 513
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Figure 2. Effects of urbanisation on polyploids versus diploids. Diploids (red) and polyploids (blue) may exhibit
different ecological and evolutionary responses to urbanisation. (A) Our five predictions suggest that there will be a shift
towards polyploidy within urban environments, and that polyploids will become more common with urbanisation at both
the community level and within species. (B) Diploid species richness may decrease with urbanisation as they are replaced
by polyploid species, but polyploid species richness may increase if nonnative polyploid species are more common and
polyploid speciation is higher in urban areas. (C) Polyploids with higher tolerance, faster adaptation, and greater
reproductive success will have greater fitness than diploids in urban areas, and experience less of a reduction in fitness as
a result of urbanisation. (D) Polyploids that harbour higher levels of heterozygosity and genetic novelty will have greater
genetic diversity in urban areas than diploids. This difference may be further exaggerated if neopolyploid formation in
urban areas infuses polyploid lineages with novel variation.
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Outstanding questions
Are rates of unreduced gamete
production, somatic doubling, and
polyploid formation elevated in urban
environments?

Is polyploid speciationmore frequent in
urban areas, and does it occur at a
higher rate than speciation in diploid
taxa?

Do neopolyploids have higher
establishment success in urban versus
nonurban environments, and where
are they most likely to establish within
urban environments?

Are polyploids more tolerant of the
stressful abiotic and biotic conditions
in urban environments than diploids?

Are polyploids able to adapt to novel
urban environments faster than diploids?

Do polyploids have greater fitness in
urban environments than diploids, or
different reproductive strategies such
as self-fertilisation or asexuality?

Do urban plant communities contain a
larger proportion of polyploid species
than nonurban communities, and are
such shifts more common in certain
clades?

Are differences in the relative
abundances of polyploid taxa within
communities driven by human-
associated species or by shifts in
native flora?

Is the relationship between polyploidy
and urbanisation consistent across
cities, or are some urban areas more
likely to promote polyploidy than
others?

Will interactions between polyploidy
and urbanisation be similar across
different groups of taxa, including
plants, animals, and fungi?
be contingent on the type of neopolyploids being formed: immediately after their formation,
neopolyploids resulting from somatic doubling will have equivalent genetic diversity to their diploid
parents, whereas UG-derived neopolyploids will likely have higher variation [24,45]. Intriguingly,
even if they ultimately fail to establish self-sustaining populations, neopolyploids may affect the
patterns of evolution in urban diploids by infusing their parental populations with novel alleles via
backcrossing [40].

Concluding remarks
Our vision is that urban polyploid ecology and evolution will help to answer the when, where, and
how questions of polyploid formation, establishment, and persistence. Conditions in urban environ-
ments are similar to past eras rich in WGD events and polyploidy [17,60], and we argue that
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polyploidy may play a key role in responding to these new challenges. However, many mechanisms
by which polyploidy is associated with environmental stress remain speculative [17], and more
empirical work is needed. Eco-evolutionary studies of polyploidy have lagged behind genetic and
genomic research, perpetuated by gaps in our understanding of allopolyploid versus autopolyploid
systems due to the technological and logistic difficulties of observing and testing outstanding
hypotheses in natural populations (e.g., polyploid formation, Box 1) [18]. We propose that urban
environments provide a great natural experiment to tackle these problems, facilitated by a suite of
novel abiotic and biotic changes that are largely shared across a huge number of replicated cities
globally [1,6]. Moreover, unique historical and environmental differences between cities may allow
us to tease apart the influences of specific factors on polyploid ecology and evolution. By using
knowledge gained in urban systems, we hope to further our understanding of how polyploidy
contributes to shaping the past, present, and future of plant species.

Urban evolution remains a burgeoning field of study [3], and there is a wide range of places to start
to investigate interactions between polyploidy and urbanisation (see Outstanding questions). We
have focused our discussion on plants, but how urbanisation and polyploidy influence evolution
and ecology in general (e.g., in fungi, animals) is an exciting avenue for future research. Considering
how polyploids tolerate and adapt to disturbed urban environments also has wider implications for
understanding the ecology and evolution of plants, and understanding the contemporary stress
responses of polyploids will be useful in applied contexts such as agricultural breeding and
urban biodiversity conservation. Furthermore, because urban environments mirror predicted con-
ditions in natural populations under continued global change (e.g., city temperatures are decades
ahead of global averages) [1,61], the effects of urbanisation on polyploidy could provide important
insight into the future evolutionary trajectories of plant groups.
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