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•  Background  Species diversity is likely to undergo a sharp decline in the next century. Perhaps as many as 33 % 
of all plant species may expire as a result of climate change. All parts of the globe will be impacted, and all groups 
of organisms will be affected. Hundreds of species throughout the world have already experienced local extinction
•  Perspectives  While thousands of species may become extinct in the next century and beyond, species forma-
tion will still occur. I consider which modes of plant species formation are likely to prevail in the next 500 years. 
I argue that speciation primarily will involve mechanisms that produce reproductively isolated lineages within less 
(often much less) than 100 generations. I will not especially consider the human element in promoting species 
formation, because it will continue and because the conclusions presented here are unaffected by it. The impact of 
climate change may be much more severe and widespread.
•  Conclusions  The most common modes of speciation likely to be operative in the next 500 years ostensibly will 
be auto- and allopolyploidy. Polyploid species or the antecedents thereof can arise within two generations. Moreover, 
polyploids often have broader ecological tolerances, and are likely to be more invasive than are their diploid rela-
tives. Polyploid species may themselves spawn additional higher level polyploids either through crosses with diploid 
species or between pre-existing polyploids. The percentage of polyploid species is likely to exceed 50 % within the 
next 500 years vs. 35 % today. The stabilized hybrid derivatives (homoploid hybrid speciation) could emerge within 
a hundred generations after species contact, as could speciation involving chromosomal rearrangements (and perhaps 
number), but the number of such events is likely to be low. Speciation involving lineage splitting will be infrequent 
because the formation of substantive pre- and post-zygotic barriers typically takes many thousands of years.

Key Words:  Allopolyploidy, autopolyploidy, chromosomal rearrangements, homoploid hybrid speciation, lin-
eage splitting.

INTRODUCTION

Climate change in the next century is likely to have a major 
effect on biodiversity (Bellard et al., 2012; Moritz and Agudo, 
2013; Pacifici et al., 2015). As many as 33 % of all plant spe-
cies may expire by the end of the century (Ceballos et al., 2015; 
Pimm and Joppa, 2015). This estimate exceeds the background 
rate of extinction by 1000 to 10 000 times. All parts of the globe 
will be impacted, and all groups of organisms will be affected 
(Urban, 2015). Over 900 species have become extinct globally 
since 1600 (IUCN, 2015); and hundreds of species throughout 
the world have already experienced local extinction (Wiens, 
2016). Numerous species now persist at such low densities that 
they can be viewed as being practically extinct from an eco-
logical point of view (Wiens, 2016).

Whereas much attention has been given to expected species 
extinctions, little is said about species formation in the coming 
few hundred years, which is likely to include major shifts in 
temperature and precipitation, sea levels and in land-cover due 
to human activity (Driesschaert et al., 2005). Here I ask which 
modes of plant species formation are likely to prevail in the 
next 500  years or so. I  argue that rapid speciation primarily 

will involve mechanisms producing reproductively isolated lin-
eages within <100 generations. I will not specifically consider 
the human element in promoting species formation, as have 
several publications focusing on rapid Anthropocene diversi-
fication related to habitat disturbance, transport and domesti-
cation (Thomas, 2015; Bull and Maron, 2016; Vellend et al., 
2017; Otto 2018). Humans will continue to promote species 
formation as they have in the past 500 years.

CONDITIONS PROMOTING RAPID SPECIATION

Rapid speciation is promoted by environment-induced change 
in local plant communities (community disassembly), because 
species differ in their ability to tolerate or adapt to changing 
habitats and ecological associates (Stewart, 2009; Stewart 
et al., 2010). Correlatively, communities will be reconfigured 
because climate-related migration will be asynchronous (Urban 
et al., 2012; Blois et al., 2013). The nature of reconfiguration 
depends on its direct effects on the strength and climatic sensi-
tivity of species interactions, direct effects on interacting spe-
cies and the degree of species’ specialization (Gilman et  al., 
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2010; Alexander et al., 2015). The altered interactions of eco-
logical associates can affect the chances of species survival 
(CaraDonna et  al., 2017; Saavedra et  al., 2017; Cenci et  al., 
2018). Substantial opportunity for establishment may exist in 
transitional communities, because of the relative paucity of 
negative interspecific interactions (Wellborn and Langerhans, 
2015).

Community disassembly is associated with the decline of 
some species’ populations and the growth of other species’ 
populations. The longer a climatic shift persists and the greater 
its magnitude, the greater will be the species turnover in a given 
community. Both contracting and expanding species would 
experience local bottlenecks. The demise of a species at one 
site may be accompanied by its colonization of a more suit-
able site. The longer the duration and magnitude of climate 
change, the greater the number of bottlenecks in a given spe-
cies. Community disassembly provides opportunities for con-
tact between previously isolated congeneric species (Anderson, 
1948; Anderson and Stebbins, 1954).

MODES OF RAPID SPECIATION

There are four modes of speciation which are expected to be 
operative in the next 500 years (Fig. 1). These are auto- and 
allopolyploidy, the stabilization of hybrid derivatives and spe-
ciation via chromosomal rearrangements (Abbott et al., 2013; 
Thomas, 2015; Bull and Maron, 2016; Vellend et  al., 2017; 
Otto, 2018). All four modes yield entities that are reproduc-
tively isolated from their progenitors by virtue of post-zygotic 

barriers, especially hybrid sterility. Pre-zygotic barriers may or 
may not be present between any products of rapid speciation 
and their progenitors (Levin, 2000).

The most rapid modes of speciation involve polyploidy. 
Polyploidy can produce new species, or the antecedents 
thereof, in one generation (autopolyploidy) or two generations 
(allopolyploidy) through the production of unreduced gam-
etes or doubled somatic cells (Ramsey and Schemske, 1998; 
Mason and Pires, 2015; Kreiner et  al., 2017). Most poly-
ploids, at least those that have been named, are allopolyploids. 
There may be many autopolyploids which have been unrecog-
nized because of their undistinctive morphology or because 
of their small range (Soltis et al., 2007; Barker et al., 2016; 
Spoelhof et  al., 2017). Since polyploidy is an ongoing pro-
cess, it is not surprising that many instances of speciation via 
allopolyploidy have occurred during the past 200 years. For 
example, some species have arisen from diploids progenitors 
(e.g. Tragopogon miscellus and T. dubius; Ownbey, 1950) or 
from crosses of diploid and tetraploid species (e.g. Mimulus 
peregrinus; Vallejo-Marın, 2012), Autotetraploid populations 
of Mimulus guttatus also have arisen within the past 200 years 
(Simón-Porcar et al., 2017).

In contrast to hybridization followed by a ploidal increase, 
there are rather few examples of homoploid hybrid speciation 
and fewer yet within the past few hundred years (Abbott et al., 
2013). However, the paucity may be due to our inability to rec-
ognize this process (Nieto-Feliner et  al., 2017). In theory, a 
novel hybrid lineage could be established within tens of gen-
erations (Buerkle et al., 2000). One well-documented example 
of homoploid speciation within the past 300  years involves 
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Senecio squalidus (Asteraceae) in the British Isles. This en-
tity stabilized following long-distance dispersal of seeds from 
a hybrid zone between S. aethnensis and S. chrysanthemifolius 
(James and Abbott, 2005). Many generations of hybridization 
and selection for a narrow range of derivatives segregating for 
parental genomic segments are required for hybrid speciation 
(Buerkle and Rieseberg, 2007). Stabilization of the homoploid 
hybrid derivatives Helianthus anomalus, H. deserticola and H. 
paradoxus may have taken hundreds of generations (Buerkle 
and Rieseberg, 2007).

There are also relatively few examples of speciation via the 
fixation of novel chromosome rearrangements. The fixation of 
chromosomal novelty involves stochastic processes, wherein 
the greater the bottleneck or the fewer the number of foun-
ders of new populations, the greater is the fixation probability 
(Lande, 1985; Rieseberg, 2001; Jackson et al., 2016). Fixation 
could occur within 100 generations or considerably less, if a 
population bottleneck was severe. Chromosomal inversions are 
widespread in Mimulus guttatus, and contribute to local adap-
tation (Lowry and Willis, 2010; Twyford and Friedman, 2015).

Speciation via lineage splitting is not included here, because 
the time required for the origin of post-zygotic isolating bar-
riers through the gradual accumulation of multiple genetic and/
or chromosomal differences almost invariably is very much 
greater than 500 years (Levin, 2012, 2013). The waiting time 
for post-pollination barriers typically is at least hundreds of 
thousands of years; it may be millions of years. Ecological dif-
ferences between lineages sufficient to warrant pre-zygotic iso-
lation are also likely to take very much longer than 500 years 
to accumulate, as was the case (for example) during the 
Pleistocene climatic oscillations (Avise et  al., 1998; Hewitt, 
2001; Carstens and Knowles, 2007).

Although speciation via lineage splitting is quite unlikely 
during the next 500 years, lineage divergence may still proceed 
within species (Antonovics et al., 1971; Macnair et al., 2000; 
Hendry et  al., 2007). For example, populations in some spe-
cies can rapidly evolve tolerance to disparate edaphic condi-
tions, especially when evolution is driven by major loci with 
large phenotypic effects (Macnair, 1983; Bratteler et al., 2006; 
Rajakaruna, 2018). Unco-ordinated plant and pollinator re-
sponses to climate change may yield divergence in floral at-
tributes, leading to the formation of pollination ecotypes (e.g. 
Armbruster, 1985; Robertson and Wyatt, 1990; Johnson, 1997, 
2010). The evolution of new adaptations is not equivalent to 
species formation, although it may be a step in that direction.

THE DYNAMICS OF RAPID SPECIATION

Autopolyploidy almost certainly will be prime mode of species 
formation during the next 500 years; and 2x to 4x the most fre-
quent transition. I do not suggest that neoautopolyploids will 
persist as long as neoallopolyploids, which have a number of 
advantages over the former, as noted below. Autopolyploids can 
arise from single parents throughout a species’ range via the 
formation of unreduced gametes or through crosses between di-
vergent conspecific autopolyploid lineages, thus bypassing the 
need for species contact and hybridization as required by allo-
polyploids. Unreduced gamete production would be increased 
by a variety of stressors including mineral and water limitation, 

temperature fluctuation, increased herbivory (Mason et  al., 
2011; Pécrix et al., 2011; Kreiner et al., 2017) and perhaps even 
hybridization. The higher the proportion of unreduced gametes 
produced within populations, the more often autopolyploids 
would be generated.

Autopolyploids may be better suited than their progenitors 
to changing environments (Levin, 2002; Parisod et al., 2010; 
Seagraves and Anneberg, 2016; Seagraves, 2017). Moreover, 
autopolyploids may have somewhat different ecological tol-
erances compared with their progenitors, which is reflected in 
differences in local or regional distributions (Ramsey, 2011; 
McIntyre, 2012; Laport and Ramsey, 2015; Visger et al., 2016; 
Gaynor et  al., 2018b). However, some diploid–polyploid 
pairs have similar attributes (Godsoe et  al., 2013; Glennon 
et al., 2014). A shift from diploid to tetraploid often is asso-
ciated with numerous trait changes that include increased cell 
size, flower size and seed size (Ramsey and Schemske, 2002; 
Husband et al., 2013), increased drought tolerance (Maherali 
et  al., 2009; del Pozo and Ramirez-Parra, 2015), increased 
salt tolerance, (Chao et al., 2013) delayed phenology (Levin, 
1983) and slower growth rate (Parisod et al., 2010). Some poly-
ploids derived from outcrossing progenitors may shift to partial 
self-fertility and apomixis (Alix et al., 2008; Husband et al., 
2008; Robertson et al., 2010; Karunarathne et al., 2018). Many 
polyploids also reproduce vegetatively (Herben et  al., 2017). 
Increased reproductive assurance and niche divergence allow 
autopolyploids to better persist in the presence of their pro-
genitors and other ecological associates (Parisod et al., 2010; 
Seagraves and Anneberg, 2016).

Allopolyploidy ostensibly will be the second most common 
mode of species formation in the next 500 years. The reduction 
or dissolution of ecological and geographical barriers between 
previously isolated congeneric species may allow hybridiza-
tion between numerous, previously isolated congeneric pairs 
(Mable, 2013; Chunco, 2014; Brennan et  al., 2015; Taylor 
et al., 2015). The greater the disruption of the environment, by 
humans or otherwise, the greater the potential for species con-
tact. A species may meet one congener in location X, another 
in location Y and another in location Z. The more congeneric 
species there are in a given area, the more different species 
combinations might hybridize. The greater the proximity of 
congeneric species, the greater the potential for interbreeding, 
because pollinators tend to move short distances between plants 
(Levin and Kerster, 1974).

Allopolyploids most probably would be generated fol-
lowing the formation of sterile diploid hybrids, which in turn 
produce unreduced gametes (Ramsey and Schemske, 1998). 
Allopolyploid species often are products of multiple inde-
pendent origins in time and space (Soltis and Soltis, 1999; D. E. 
Soltis et al., 2014; Vallejo-Marin et al., 2016). Accordingly, if 
populations of their progenitors varied geographically and tem-
porally, they may contain substantial genetic variation.

Although most changes in ploidal level involve the transition 
from diploids to tetraploids, higher level polyploids also may 
form from the production of unreduced gametes (Ramsey and 
Schemske, 1998). For example, hybridization between a tetra-
ploid species and a diploid can yield sterile triploid hybrids pro-
ducing triploid gametes, whose fusion yields fertile hexaploid 
offspring. Alternatively, hybridization between chromosomally 
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differentiated tetraploid species can produce sterile tetraploids, 
whose unreduced tetraploid gametes may fuse to produce fertile 
octaploid individuals. If there are more diploid species within a 
genus than those of higher ploidal levels, ploidal change most 
probably will be from diploid to tetraploid.

Allopolyploids may be more ecologically divergent from 
their progenitors than are autopolyploids, thus facilitating 
their establishment (Levin, 2002; Parisod et  al., 2010). 
Allopolyploids also may have broader ecological tolerances 
than diploid progenitors or autopolyploids (Glennon et  al., 
2014; P. S. Soltis et al., 2014; Soltis and Soltis, 2016; Visger 
et  al., 2016). Allopolyploid species often are more common 
and have broader ranges than their diploid antecedents (te Beest 
et al., 2012). Allopolyploids also are likely to be more invasive 
than are their diploid relatives; and they tend to prefer drier and 
more open habitats than the latter (Pandit et al., 2011; te Beest 
et al., 2012). Conversely, some allopolyploids are intermediate 
in niche attributes to those of their progenitors (Marchant et al., 
2016). The success of allopolyploids relative to their diploid 
progenitors and autopolyploids probably stems from their 
greater heterozygosity, more variable gene expression and 
greater plasticity (Paun et al., 2011; Hegarty et al., 2013; Doyle 
and Coate, 2019).

Whereas community disassembly provides opportun-
ities for contact between previously isolated congeneric spe-
cies, the frequency of homoploid hybrid speciation during the 
next 500 years is likely to be much lower than speciation via 
allopolyploidy. Species contact must be accompanied not only 
by hybridization but also by selection and stochastic processes 
that will stabilize recombined parts of their genomes, while 
erecting reproductive barriers between the new species and its 
progenitors (Buerkle and Rieseberg, 2007). Hybrids between 
diploid species may occupy more extreme edaphic niches than 
either parent (Abbott et al., 2010; Gramlich et al., 2016; Nieto 
Feliner et al., 2017).

Homoploid hybrid speciation differs from introgressive 
hybridization, which involves the selective incorporation of 
genetic material, usually from a closely related species. The 
enrichment of local gene pools may facilitate local adaptation 
or the colonization of novel habitats during periods of envir-
onmental change (Rieseberg et al., 2007; Abbott et al., 2013; 
Stelkens et al., 2014; Pfennig et al., 2016; Pierce et al., 2017). 
This process may also be accompanied by transgressive seg-
regation, which produces novel phenotypes which exceed the 
phenotypic range of parental lineages (Rieseberg et al., 2003; 
Stelkens et al., 2009). Introgressive hybridization is not accom-
panied by reproductive isolation; and it is not a mode of speci-
ation, although it certainly would promote divergence.

Speciation involving euploid chromosomal change in ar-
rangement or number is also facilitated by community disas-
sembly. The products of chromosomal change may emerge in 
marginal or contracting populations. Migration and founder 
episodes associated with community disassembly promote fix-
ation. The closer the relatedness of founders, the greater the 
chances of a chromosomal novelty being fixed (Hedrick and 
Levin, 1984). The character of chromosomal change in one area 
is unlikely to be duplicated elsewhere, so species with a pen-
chant for chromosomal rearrangement could generate a series 
of chromosomal novelties, each with a narrow geographical 
footprint. Inbreeding increases the incidence of chromosomal 
breakage in some species (Levin, 2002).

The fixation of novel chromosomal variants would be ac-
companied by a loss of genetic diversity, which would become 
more severe as the new entity spreads from one location to 
another (Excoffier et  al., 2009; Yannic et  al., 2014). Hybrids 
between the new entity and its progenitors will be sterile due 
to meiotic irregularities, as will hybrids between new species 
with different chromosome arrangements. Accordingly, these 
entities have no immediate source of genetic enrichment, and 
their adaptive potential is therefore minimal, at least in the short 
term. They are likely to be narrowly distributed, short-lived 
evolutionary entities.

The likelihood of an inversion or translocation being fixed 
in a population depends in part on how often a rearrangement 
occurs, and that usually is infrequent. A representative situation 
is that in Allium schoenoprasum, where of 23 of 1017 plants 
from 18 populations were heterozygous for translocations and 
12 were heterozygous for inversions (Stevens and Bougourd, 
1991). Fixation of novel rearrangements in this species is thus 
very unlikely. However, it is more likely, and indeed has oc-
curred, in Clarkia unguiculata, where 35 % of the plants from 
36 populations were translocation heterozygotes (Mooring, 
1958). Four novel rearrangements were present as homozy-
gotes in small populations near the ecological limit of the spe-
cies. The fixation of rare translocations has also occurred in 
marginal populations of Clarkia exilis (Vasek, 1960).

Chromosomal change is not restricted to diploid species. 
There are many instances of euploid change in chromosome 
number that follow ploidal increase. Descending dysploidy (de-
cline in the base number) is much more common than ascending 
dysploidy (Mandáková and Lysak, 2018). Translocations 
among non-homologous and homeologous chromosomes are 
frequent in polyploids, especially in younger species (Soltis 
et al., 2016; Mandáková and Lysak, 2018). For example, the 
tetraploid Tragopogon miscellus, which is only 40 generations 
old, displays extensive and repeated patterns of chromosomal 
variation including intergenomic translocations in all popula-
tions (Chester et al., 2012). Populations of the 80- to 90-year-
old neotetraploid, Tragopogon mirus also contain chromosomal 
rearrangements, but not to the extent present in T.  miscellus 
(Chester et  al., 2015). Eventually, chromosomally variable 
lineages become diploidized, and meiotic pairing is normal 
(Mavrodiev et al., 2015; Mandakova and Lysek, 2018).

In general, polyploids have greater chromosome instability 
than diploids; and polyploids can better tolerate chromosome 
rearrangements than diploids (De Storme and Mason, 2014). 
Accordingly, in the next 500 years, chromosomally divergent 
lineages are more likely to emerge, and to contribute more to 
the speciation process within polyploid species than within 
diploid species. However, many of these species are apt to be 
short lived, as they are products of genetic bottlenecks, and may 
lack the genetic variation to respond to environmental change 
(Levin, 2019).

CONCLUSIONS

I propose that auto- and alloploidal change will be the pri-
mary modes of speciation in the next 500 years. Neopolyploid 
lineages are predisposed to conditions in new or transitional 
habitats (te Beest et  al., 2012), where new contacts between 
previously isolated congeneric species may occur. Polyploid 
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species evolving in the next 500 years may themselves spawn 
additional higher level polyploids either through crosses with 
diploid species (e.g. Mimulus peregrinus, Vallejo-Marın, 
2012), or crosses between preexisting polyploids (e.g. Spartina 
anglica, Ainouche et  al., 2004). Ploidal change is unidirec-
tional. As a result, a genus will tend towards higher frequencies 
of polyploidy and higher ploidal levels as time passes (Meyers 
and Levin, 2006). Speciation involving lineage splitting via 
divergent evolution also will be less frequent than speciation 
via hybrid stabilization and chromosomal change because the 
former requires much more time.

Consider some possible consequences of polyploid persist-
ence and genesis advantages. The genera with a higher per-
centage of polyploid species may survive disproportionally; 
and the genera with a penchant for the production of unreduced 
gametes may increase disproportionally in species number. 
Polyploid genera also may disproportionally increase in spe-
cies numbers relative to diploids, because they have a greater 
penchant for chromosome rearrangement and aneuploidy than 
diploid genera. Since recent polyploids now account for about 
35% of flowering plant species (Wood et al., 2009), a persist-
ence and/or genesis advantage may mean that the percentage of 
polyploid species would substantially surpass 50% within the 
next few hundred years.

If tolerance to environmental change is independent of 
growth habit, the proportion of herbaceous species is likely 
to increase and that of woody species decline, because poly-
ploid species are more prevalent in herbs than in woody species 
(Stebbins, 1971). The mean increase in chromosome number 
diversity per lineage per million years due to polyploidy was 
0.05 in herbs compared to 0.01 in shrubs and 0.001 in trees 
(Levin and Wilson, 1976). Herbaceous species also have higher 
levels of aneuploidy than shrubs or trees (0.02 in herbs, 0.0005 
in shrubs, 0.0003 in trees), which is another reason why herb-
aceous species may increase in proportional representation over 
the next few hundred years.

Whereas some diploid species may not persist during the abi-
otic and biotic stresses associated with community disassembly, 
it is noteworthy that neopolyploids may themselves contribute 
to the demise of their progenitors. If a polyploid species was 
better suited to novel conditions than its co-occurring dip-
loid progenitor(s), the latter would be at a competitive disad-
vantage with regard to the polyploid. In the Brassicaceae and 
Rosaceae, polyploid species often are more distantly related to 
co-occurring diploids than diploids are to each other, possibly 
the result of polyploids outcompeting their progenitors (Gaynor 
et al., 2018a).
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