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Abstract

Polyploid speciation entails substantial and rapid postzygotic reproductive isolation of nascent
species that are initially sympatric with one or both parents. Despite strong postzygotic isolation,
ecological niche differentiation has long been thought to be important for polyploid success.
Using biogeographic data from across vascular plants, we tested whether the climatic niches of
polyploid species are more differentiated than their diploid relatives and if the climatic niches of
polyploid species differentiated faster than those of related diploids. We found that polyploids are
often more climatically differentiated from their diploid parents than the diploids are from each
other. Consistent with this pattern, we estimated that polyploid species generally have higher rates
of multivariate niche differentiation than their diploid relatives. In contrast to recent analyses, our
results confirm that ecological niche differentiation is an important component of polyploid speci-
ation and that niche differentiation is often significantly faster in polyploids.
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INTRODUCTION

Among vascular plants, polyploidy or whole genome duplica-
tion (WGD) is associated with an estimated 15–30% of speci-
ation events (Wood et al. 2009). These WGD events are also
common throughout the evolutionary history of vascular
plants (Landis et al. 2018), such as the ancestry of seed plants
(Jiao et al. 2011; Li et al. 2015), angiosperms (Amborella
Genome Project 2013), core eudicots (Tuskan et al. 2006; Jail-
lon et al. 2007; Jiao et al. 2012; Vekemans et al. 2012), as well
as taxonomically rich clades like the Asteraceae (Barker et al.
2008; Huang et al. 2016; Barker et al. 2016a; Badouin et al.
2017) and Poaceae (Paterson et al. 2004; Paterson et al. 2009;
Estep et al. 2014; McKain et al. 2016). However, most nascent
polyploid lineages have lower estimated net diversification
rates than their diploid relatives (Mayrose et al. 2011). This
may be due to the multiple ecological and evolutionary obsta-
cles that newly formed polyploid species face such as small
population sizes and competition with their diploid relatives
(Otto & Whitton 2000; Comai 2005; Arrigo & Barker 2012;
Barker et al. 2016b).
Competition significantly influences the ecological niches of

species (Connell 1961; MacArthur 1972), and the niches of
closely related species tend to be more similar to each other
than to those of more distantly related ones (Harvey &
Pagel 1991; Wiens 2004; Pyron et al. 2015). Considering the
abrupt origins of polyploid species, interspecific competition
likely plays an important role in whether polyploid species
establish and persist. This is because newly formed polyploid
species are initially imbued with substantial postzygotic

isolation from their progenitors, while also sympatric and
competing with either one or both parental species (Ramsey
& Schemske 1998, 2002). Mathematical models indicate that
polyploid establishment is promoted by high selfing rates,
high rates of polyploid formation, local propagule dispersal
and ecological niche differentiation (Levin 1975; Fowler &
Levin 1984; Felber 1991; Rodriguez 1996; Husband 2000;
Baack 2005; Rausch & Morgan 2005; Fowler & Levin 2016).
The importance of ecological niche differentiation is also
supported by species coexistence theory (Tilman 1982, 1985;
Chesson 2000, 2004) which suggests that coexistence of
related species, such as polyploid and progenitor species, is
possible if they have different resource needs or utilisation
strategies.
Some polyploid species are long known to have different

geographical distributions, novel ecological niches and wider
niche breadths than their progenitors (Hagerup 1932; Tis-
chler 1937; Wulff 1937; Love & Love 1943; Clausen et al.
1945; Stebbins 1950; Stebbins 1971; Levin 1975). However,
previous analyses have found mixed support for the impor-
tance of ecological niche differentiation to polyploid estab-
lishment (Stebbins 1971; Felber-Girard et al. 1996; Petit &
Thompson 1999; Martin & Husband 2009; Glennon et al.
2014; Marchant et al. 2016). This is surprising given that
polyploids may adapt faster than diploids (Orr & Otto
1994; Otto & Whitton 2000; Otto 2007; Selmecki et al.
2015).
To better understand the role of ecological niche differentia-

tion during polyploid speciation, we evaluated the rates of cli-
matic niche differentiation of polyploids and their diploid
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relatives. We explored two aspects of climatic niche differenti-
ation in polyploid species. First, we analysed the amount of
climatic niche overlap between allopolyploid species and their
diploid progenitors in 25 genera of plants. We then examined
whether polyploid species, in which we did not know whether
they were allo- or autopolyploid, evolved multivariate climatic
niche traits (mean and breadth) at faster rates than their
diploid relatives in 33 genera of plants. We hypothesised that
if climatic niche differentiation is not important for polyploid
establishment, then the rates of climatic niche differentiation
of polyploid species would not be significantly different than
those of diploid species. Conversely, if climatic niche differen-
tiation is important for polyploid establishment, we expected
polyploid species to have faster rates of climatic niche differ-
entiation than related diploids. Our results provide insight
into the importance of ecological divergence for polyploid spe-
cies establishment, and highlight the role of ecological diver-
gence in speciation processes generally.

MATERIALS AND METHODS

Climatic niche overlap between allopolyploid species and their

diploid progenitors

Data on allopolyploids and their known diploid parents were
collected from the literature. We used the Taxonomic Name
Resolution Service v4.0 (Boyle et al. 2013) to verify taxonomy
and filter non-valid species. This filtering left 52 trios com-
prised of two diploid parents and an allopolyploid, which
included 131 unique taxa from 16 families and 25 genera. In
this dataset, 18 diploid species were parents of at least two or
more allopolyploid species.
For each species we downloaded all available georeferenced

locations from the union of the Global Biodiversity Informa-
tion Facility (GBIF.org 2016), the Consortium of California
Herbaria 2016, and SEINet Portal Network 2016. Georefer-
enced data were cleaned by removing duplicate records using
the R dismo package duplicated function, and any record in
which latitude or longitude was not precise to two decimal
points was excluded. Occurrences were then manually exam-
ined for erroneous records. Refinements were based on litera-
ture data in cases of unclear species ranges.
We used Ecospat to quantify the multivariate climatic niche

overlap among the taxa of a trio (Broennimann et al. 2012).
We chose to employ Ecospat for two key reasons. First, it
applies a kernel density function to occurrence points to miti-
gate potential biases in geographic representation related to
sampling effort. Second, it reduces the dimensionality of cli-
mate data into two dimensional space, and projects this onto
a gridded landscape for direct calculation of niche metrics.
Background areas which represent the potential geographic
distribution of a taxon were defined by adding one decimal
degree to a taxon’s maximum and minimum known geo-
graphic coordinates (Barve et al. 2011). All 19 current biocli-
matic variables 1960–1990 (Hijmans et al. 2005) at 2.5 min
resolution were used to estimate Schoener’s D as implemented
by Ecospat (Schoener 1968; Warren et al. 2008). In this imple-
mentation, Schoener’s D represents an unbiased measure of
the occurrence density of two species ranging from no overlap

(D = 0) to complete overlap (D = 1). Schoener’s D was calcu-
lated for the species in each trio (allopolyploid + parent 1;
allopolyploid + parent 2; parent 1 + parent 2) with 100 pixel
resolution for the grid of environmental space.
After pairwise calculations of Schoener’s D for each trio,

trios were grouped into three classes of climatic niche overlap,
defined by the amount of climatic niche overlap of an
allopolyploid species with its parents relative to the amount of
climatic niche overlap shared between parents. These include
‘P DD’ where the allopolyploid species has less overlap with
both parents than parents to parents; ‘PD D’ where the
allopolyploid species has less overlap with one parent than
parents to parents; and ‘DPD’ where the allopolyploid species
has more overlap with both parents than parents to parents
(Figure 1). A two-tailed binomial exact test was used to assess
if the observed distribution of these relationships was different
than our null expectation of equal frequencies (p = 0.333).

Rates of climatic niche differentiation in polyploid and diploid

species

We developed a database of vascular plant polyploid and
diploid species including their chromosome numbers in which
the state of allo- or autopolyploid was not completely known
for all members of a genus (Barker et al. 2016c). We filtered
the database for genera with > 20 taxa with known chromo-
some counts. This filtering left a total of 33 genera from 20
families comprising 1706 taxa of which 537 were listed as
polyploid species. Members of eight of the allopolyploid trios
from the section above were also represented in this dataset.
For each taxon, all georeferenced locations were down-

loaded from GBIF. Data were then cleaned by removing
duplicate records, imprecise records < 2 decimal points, and
erroneous misspecification of decimal degree format. Six cur-
rent bioclimatic variables 1960–1990 (Hijmans et al. 2005)
important to defining a species climatic niche (BIO1 Annual
Mean Temperature, BIO5 Max Temperature of Warmest
Month, BIO6 Min Temperature of Coldest Month, BIO12
Annual Precipitation, BIO16 Precipitation of Wettest Quarter,
BIO17 Precipitation of Driest Quarter) at 30 arcsecond resolu-
tion were extracted for each locality using the R package
‘dismo’ (Hijmans et al. 2016). These bioclimatic variables were
chosen because they highlight climatic averages as well as
extremes important to defining a species climatic niche (Kozak
& Wiens 2006).
Using these six bioclimatic variables, we constructed four

multivariate niche traits for each species of a genus; ‘PC1
and PC2 Niche Mean’ and ‘PC1 and PC2 Niche Breadth’.
The PC1 and PC2 Niche Mean was constructed in several
steps. First, by constructing a matrix of the arithmetic mean
of each bioclimatic variable for each species. In this matrix,
each column represents a bioclim variable, each row repre-
sents a species, and each cell represents the mean of a spe-
cies for that bioclim variable across its geographic range.
Second, we standardised each column by dividing the stan-
dard deviation of each genus bioclim value by each species
value. This was done for all six bioclim variables so that
variables with larger possible ranges did not bias the ordina-
tion. Third, all six bioclim columns for each species of the
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matrix were analysed with a principal component analysis
(PCA) using the R ‘prcomp’ function (see Table S1 and S2).
From this PCA we extracted the principal component scores
for each species on axes one (PC1) and two (PC2) to repre-
sent our multivariate Niche Mean PC1–PC2. We also used
the R ‘FactoMineR’ package to examine the average contri-
bution of each bioclimatic variable to each of the four mul-
tivariate climatic niche traits. Niche breadth was calculated

in the same manner with another matrix, and instead of cal-
culating arithmetic mean we calculated the variance a species
experiences across its range for a given bioclimatic variable.
We used these four multivariate climatic niche traits (PC1–
PC2 Niche Mean; PC1–PC2 Niche Breadth) for each species
of a given genus to explore whether polyploids had similar,
slower, or faster rates of climatic niche differentiation than
diploids of the same genus.

Figure 1 Climatic niche overlap in allopolyploid species and their diploid progenitors. Examples of three classes of climatic niche overlap, defined by the

amount of climatic niche overlap an allopolyploid species shares with its parents relative to that found between parents. Climatic niche overlap diagrams

produced by R ecospat (Broennimann et al. 2012). The grey shading represents the density of occurrences of each species. The solid and dashed contour

lines show 100 and 50% of the available (background) environmental space. Parental diploid species are represented on the left and right, and

allopolyploid species are represented in the middle. Representative examples include: Example 1 (‘P DD’) the allopolyploid species has less overlap with

both parents than parents to parents; Example 2 (‘PD D’) the allopolyploid species has more overlap with both parents than parents to parents; Example 3

(‘DPD’) the allopolyploid species has more overlap with both parents than parents to parents.
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In order to infer the rate of change of our multivariate
niche traits throughout the evolutionary history of a given
genus we built a phylogeny. First, we collected either a plastid
or nuclear molecular marker for all species of a genus with
sequence data on GenBank (Table S3). We then used
BLASTN to identify an outgroup species for each genus with
the highest sequence similarity to members of the genus.
Then, genus level phylogenies were inferred with MrBayes
v3.1.2 (Huelsenbeck & Ronquist 2001; Ronquist & Huelsen-
beck 2003). We accounted for topological uncertainty by sam-
pling 50 trees from the posterior distribution of the MrBayes
output (Table S4). Branch lengths were rescaled to have the
same distance from tip to root in each of the 50 trees with the
‘chronos’ function in the R ape package (Paradis et al. 2004)
under a correlated clock model and a smoothing parameter
(k) = 1.
We then inferred ploidal changes in the evolutionary history

of the species in a genus using chromEvol v1 (Mayrose et al.
2010), which provides likelihood estimates of different chro-
mosomal changes at each node in a phylogeny. For our chro-
mEvol analyses, we used the highest posterior probability tree
for each genus as our species tree, and all available chromo-
some counts from the literature (Table S2). The maximum
likelihood estimates of ploidal changes occuring at each node
were examined and used to identify species and clades that
shared a WGD event. In this framework, any species that had
one or more WGDs in its history was classified as a poly-
ploid. We did not identify polyploid species as auto- or
allopolyploids. After pruning the outgroup and species that
did not have a chromosome count (Table S2), we mapped
ploidal changes on each of the 50 trees using SIMMAP in R
(Revell 2012).
With our four multivariate climatic niche traits (PC1–2

Niche Mean and PC1–2 Niche Breadth), and 50 trees with
mapped character states (diploid vs. polyploid), we performed
our rate analyses using OUwie (Beaulieu et al. 2012) for each
genus. For each of the four multivariate climatic niche traits
(PC1–PC2 Niche Mean; PC1–PC2 Niche Breadth), we tested
whether polyploid and diploid species had the same (BM1) or
different rate (BMS) of multivariate climatic niche differentia-
tion. In the OUwie framework this corresponds to the same
brownian motion rate parameter (r2 polyploids = r2 diploids)
inferred for the two states, or a different brownian motion
rate parameter inferred for the two states (r2 polyploids, r2

diploids). We selected the best fitting model using two
approaches: (1) a likelihood ratio test (LRT) with an alpha of
0.05 and (2) the corrected Akaike Information Criterion
(AICc) where the more sophisticated model (BMS) was pre-
ferred when DAICc> 4.
When the two rate model was better supported (BMS), we

divided the inferred rate parameter for polyploid species (r2

polyploids) by the inferred rate parameter for diploids (r2

diploids). In instances when the BM1 model was preferred,
polyploid and diploid species had the same inferred rate
parameter (r2 polyploids = r2 diploids) and we set the
rate = 1. These rate calculations were summarised for each
multivariate niche trait (PC1, PC2) by calculating the geomet-
ric mean of all 50 rate tests and binning each into three
classes: higher (r2 polyploids> r2 diploids), lower (r2

polyploids < r2 diploids), or no difference (r2 polyploids = r2

diploids) in rate of niche differentiation between polyploids
and diploids. We used a two-tailed binomial exact test
(P < 0.05) to assess whether the number of genera observed
having a higher, lower, or no difference in the rate of niche
differentiation between polyploid and diploid species was sig-
nificantly different from chance.
To assess the power of our analyses, we compared the

observed frequencies of each rate class per genus to the distri-
butions of rate classes found in a permutation test. Permuta-
tion tests were conducted for each genus and each
multivariate niche trait by randomly assigning the status
diploid/polyploid to each taxon, weighted by the number of
taxa that were polyploid in that genus, and performing the
OUwie model test 100 times per tree for a total of 5000 per-
mutations per trait per genus. Model selection was performed
as above with selection by a LRT and AICc. Each rate test
was binned into a rate class where polyploids had higher,
lower, or no difference in the rate of climatic niche differentia-
tion compared to diploids. These frequencies were used to cal-
culate expected frequencies. A chi-square test (P < 0.05,
d.f. = 2) was performed on whether the observed values of the
number of trees per genus in each rate class deviated from the
expected number in each of the three rate classes.

RESULTS

Climatic niche overlap between allopolyploid species and their

diploid progenitors

Our analyses supported the prediction that most polyploid
species had different climatic niches than their diploid progen-
itors. Of the 52 comparisons involving one allopolyploid spe-
cies and its two diploid progenitors, 28 (54%) had a ‘P DD’,
10 (19%) had a ‘PD D’ pattern, but only 14 (27%) had a
‘DPD’ pattern. Assuming an equal probability of each of
these three patterns, we found a statistically significant excess
of ‘P DD’ (P < 0.01) relative to the other two patterns (see
Table S5 for all comparisons).

Rates of multivariate climatic niche differentiation in polyploid and

diploid species

Across all genera, PC1 and PC2 on average cumulatively
explained 54.1 and 84.8% of the variation in the data for
Niche Mean. Similarly, PC1 and PC2 on average cumulatively
explained 55.9 and 82.6% of the variation in the data for
niche breadth across all genera (see Table S1; S2). On average
Mean Annual Temperature (BIO1) and Annual Precipitation
(BIO12) contributed the most to PC1 and PC2 for both Niche
Mean and Breadth (Table 1).
Polyploid species had stronger multivariate climatic niche

differentiation relative to congeneric diploids than that
expected by chance (P < 0.01). Polyploid species consistently
had significantly higher rates under different model selection
approaches (AICc and LRT), and across all four multivariate
climatic niche traits of Niche Mean (PC1–2) and Niche
Breadth (PC1–2). In general, the AICc and LRT found quali-
tatively similar results (Fig. 2), but quantitative estimates of
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rates of niche differentiation (Table S6) and maxima as well
as minima differed (Table 2).
The following brief descriptions of genus variability in mul-

tivariate niche differentiation consider results from the more
conservative AICc models. Within a genus, similar trends
were found for multivariate Niche Mean (PC1–2) and Breadth
(PC1–2) with few exceptions. These include genera where
there was no inferred difference between polyploid and diploid

species on one PC axis but a difference was found on the
other PC axis. Except for the genera Orobanche (Oroban-
chaceae), Plantago (Plantaginaceae) and Silene (Caryophyl-
laceae), that had either lower or no difference in inferred rates
for polyploid species across all niche traits, all other genera
had at least one multivariate niche trait with a greater inferred
rate of niche differentiation in polyploid species.
We used a permutation test to assess if the correlated trends

in the rates of multivariate niche differentiation could have
been inferred by chance. Most genera had zero or one multi-
variate niche trait with a distribution that was indistinguish-
able from our observed frequencies (Table S7). However, the
genera Draba (Brassicaceae), Ranunculus (Ranunculaceae) and
Veronica (Plantaginaceae) – which had high proportions of
polyploid species – also had the only instances where two or
more niche traits were inferred to have a pattern similar to
chance.

DISCUSSION

Polyploid speciation is one of the most common forms of
sympatric speciation in plants. These species begin with

Table 1 Bioclimatic variable importance. The average contribution (%) of

each bioclimatic variable calculated across all genera to each multivariate

niche trait (full results in S2). The rows ‘SUM Niche Mean’ and ‘SUM

Niche Breadth’ correspond to the sums of each bioclimatic variable

(PC1 + PC2)

BIO1 BIO5 BIO6 BIO12 BIO16 BIO17

PC1 Niche mean 19.99 16.66 12.82 19.2 14.18 17.14

PC2 Niche mean 17.3 16.17 14.12 18.29 19.25 14.86

SUM Niche mean 37.29 32.83 26.94 37.49 33.43 32

PC1 Niche breadth 20.95 18.84 13.82 17.45 13.91 15.02

PC2 Niche breadth 18.1 17.28 16.34 19.4 13.11 15.77

SUM Niche breadth 39.05 36.12 30.16 36.85 27.02 30.79
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substantial post-zygotic reproductive isolation, but there has
been mixed support for the importance of ecological differen-
tiation during polyploid speciation (Felber-Girard et al. 1996;
Petit & Thompson 1999; Martin & Husband 2009; Glennon
et al. 2014; Marchant et al. 2016). We found that the ecologi-
cal niches of polyploid species often differentiated faster than
their diploid relatives across vascular plants. This was the case
in both assessments of ecological niche divergence – compar-
isons of niche overlap with diploid relatives and phylogenetic
estimates of the rates of multivariate niche differentiation. We
found a majority of 52 allopolyploid species to have less cli-
matic niche overlap with their parents than the parents had
with each other. Consistent with this observation, we also
found that a majority of polyploid species from 33 genera had
significantly faster rates of multivariate Niche Mean and
Niche Breadth differentiation compared to their diploid rela-
tives. Thus, our analysis indicates ecological differentiation is
a common and likely important component of polyploid spe-
ciation.
Our finding that polyploid species have different climatic

niches, and a faster rate in which they assemble these niches
than their diploid relatives is consistent with theoretical expec-
tations. A significant ecological obstacle to polyploid estab-
lishment is minority cytotype disadvantage (Levin 1975).
Nascent polyploid species are initially present at low numbers
in populations of their diploid progenitors and must overcome
frequency dependent gametic competition with their parents.
Although regional coexistence may be possible without niche
differentiation through stochastic processes and local dispersal
(Baack 2005), simulations consistently find that polyploid
establishment is promoted by ecological niche differentiation
(Levin 1975; Fowler & Levin 1984; Felber 1991; Rodriguez
1996; Husband 2000; Rausch & Morgan 2005; Fowler &
Levin 2016). Analyses of paleopolyploidy also indicate that
polyploid species survived mass extinction events better than
their diploid relatives (Vanneste et al. 2014; Lohaus & Van de
Peer 2016). The relatively fast rates of ecological differentia-
tion we observed may explain this phylogenetic pattern. Our
results confirm that ecological divergence from progenitor spe-
cies is a common and likely critical step in polyploid specia-
tion. Polyploid species may also be differentiated from their

progenitors in other dimensions, such as phenology or polli-
nators. Our current estimates should be considered a lower
bound on the degree of ecological differentiation of polyploid
and diploid species. Future work that leverages the growing
body of trait data (Maitner et al. 2017) could extend our anal-
yses of climatic niches to better capture the ecological diver-
gence of polyploids.
The divergence in climatic niches we observed in polyploid

species may stem from the immediate phenotypic effects of
WGD. Recently formed polyploid species manifest allometric
phenotypic changes from an increase in nuclear DNA content
due to positive relationships with cell size and volume (Speck-
man et al. 1965; Bennett 1972; Cavalier-Smith 1978; Melargno
et al. 1993; Beaulieu et al. 2008; Chao et al. 2013). These
effects on the phenotype are numerous, at times idiosyncratic,
but important to how nascent polyploids interact with the abi-
otic and biotic environment. For example, Chao et al. (2013)
found that the increase in cell size that accompanied WGD
caused increased potassium uptake and salinity tolerance. This
type of abrupt, genotype independent change of ecological
niche may explain some of the divergence in ecological niche
observed in our analyses. Other physiological differences asso-
ciated with WGD include changes in propagule volume (Bar-
rington et al. 1986), size and density of stomata (Sax & Sax
1937; Maherali et al. 2009), resistance to drought and cold
(Levin 1983), and secondary metabolites and phenology
(Levin 1983; Segraves & Anneberg 2016). The many cases
examined in our analyses provide a starting point for explor-
ing the contribution of these potential avenues for WGD –
independent of genotype – to alter plant physiology and eco-
logical niche.
Polyploid species may also diverge in their climatic niches

faster than their diploid relatives because of differences in
genetic variation and selection associated with ploidal level
increase. Evolutionary genetic theory predicts that polyploid
species may adapt faster than diploid species depending upon
how beneficial mutant alleles are masked (Orr & Otto 1994;
Otto & Whitton 2000; Otto 2007). Recent experiments sup-
port these predictions in yeast (Selmecki et al. 2015). The
capacity for a greater response to selection may stem from
increased genetic diversity from WGD paralogs, although the

Table 2 Summary of multivariate niche mean and breadth analyses

Multivariate climatic niche

trait

Higher rate in

polyploids

No rate

difference

Lower rate in

polyploids

Maximum relative

rate

Minimum relative

rate

AICc

PC1 Mean 23** 3 7 9.44 (Muhlenbergia) 0.15 (Eragrostis)

PC2 Mean 19** 9 5 18.21 (Aconitum) 0.68 (Cuphea)

PC1 Breadth 22** 3 8 21.66 (Muhlenbergia) 0.033 (Centaurea)

PC2 Breadth 20** 5 8 36.59 (Asplenium) 0.24 (Centaurea)

LRT

PC1 Mean 23** 2 8 9.76 (Muhlenbergia) 0.071 (Eragrostis)

PC2 Mean 19** 7 7 18.75 (Aconitum) 0.68 (Cuphea)

PC1 Breadth 21** 3 9 21.66 (Muhlenbergia) 0.0082 (Centaurea)

PC2 Breadth 20** 3 10 36.59 (Asplenium) 0.074 (Anemone)

The number of genera in each of the three rate classes: a higher rate inferred for polyploids than diploids, no rate difference, and a lower inferred rate for

polyploids than diploids of the same genus. Maximum and minimum relative rate estimates (r2 polyploids/ r2 diploids) are displayed and the correspond-

ing genus. Results are presented for both the Akaike Information Criterion (AICc) and likelihood ratio test (LRT) model selection criteria. The level of sig-

nificance displayed (P < 0.01)** is based on a two-tailed binomial exact test assuming an equal probability of each rate scenario (P = 0.333).
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proximate mechanisms are diverse. Immediately following
WGD an increase in alleles may mask deleterious mutations
and increase the probability of acquiring new beneficial muta-
tions (Otto 2007). Paralogs can also diverge in function
through sub– or neofunctionalisation (Force et al. 1999;
Lynch & Force 2000), which may lead to the evolution of
novel adaptive traits (Levin 1983; Flagel & Wendel 2009;
Edger et al. 2015). In addition, the increased genetic variation
of polyploid species may come from rapid and diverse struc-
tural genomic changes (Song et al. 1995; Chester et al. 2012)
and the multiple origins of such populations (Ownbey 1950;
Werth et al. 1985; Brochmann et al. 1992; Soltis & Soltis
1999; Doyle et al. 2003). Recent analyses of how polyploids
respond to abiotic stress (Bardil et al. 2011; Akama et al.
2014; Paape et al. 2016; Takahagi et al. 2018) suggest this
variation is important for polyploid establishment and that it
may play a role in the climatic niche differences we observed.
Previous analyses of niche differentiation in polyploid spe-

cies found less consistent patterns (Felber-Girard et al. 1996;
Petit & Thompson 1999; Martin & Husband 2009; Glennon
et al. 2014; Marchant et al. 2016). Our observation of on
average faster rates of climatic niche differentiation in poly-
ploid species relative to diploids may be because of three main
factors. First, we did not restrict our dataset of diploid and
polyploid species to either a single clade or a single regional
or continental area. This allowed us to expand our sample size
to the largest dataset to date of polyploid and related diploid
species. Second, our analyses took into account phylogeny
and sequence divergence in relation to the change in climatic
niche. Although previous analyses have investigated smaller
datasets of auto- or allopolyploid species and their diploid
progenitors (Glennon et al. 2014; Marchant et al. 2016; Visger
et al. 2016), none examined a genus with the phylogeny taken
into account. Finally, our dataset may be biased towards
allopolyploids. Our first analysis focussed solely on these taxa.
Auto- and allopolyploids are present, on average, in nearly
equal proportions in nature (Barker et al. 2016c). However,
autopolyploids are much less likely to be named than
allopolyploids and probably under-represented in our analy-
ses. Given that this bias is inherent in the taxonomy of poly-
ploid species, most analyses of polyploid biogeography are
likely impacted by it.
The hybrid origins of allopolyploid species may provide a

significant source of increased genetic diversity compared to
autopolyploid species. Hybridisation can increase the amount
of additive genetic variance which can be adaptive depending
upon the environmental context (Anderson 1949; Stebbins
1959; Lewontin & Birch 1966; Stebbins 1985; Seehausen 2012;
Bailey et al. 2013; Eroukhmanoff et al. 2013; Grant & Grant
2016). This genetic variance can also lead to a range of differ-
ent phenotypes including intermediate, mosaic or transgressive
phenotypes (Rieseberg et al. 1999; Dittrich-Reed & Fitz-
patrick 2013). Allopolyploid species inherit these novel evolu-
tionary combinations, which may allow them to explore
divergent ecological niches from their diploid progenitors.
Indeed, recent evidence from natural populations of the Alys-
sum montanum species complex (Brassicaceae) highlights the
importance of hybridisation in the evolution of climatic
niches. Allopolyploid cytotypes of A. montanum have more

divergent and higher rates of climatic niche differentiation
than their related autopolyploid cytotypes and diploid progen-
itors (Arrigo et al. 2016). Whether such biology is the norm
for polyploid species remains to be tested, but our results indi-
cate that it could be common across vascular plants.
A majority but not all allopolyploid species were faster in

their rate of climatic niche differentiation relative to their
diploid progenitors or congeners. Such exceptions may be due
to methodological limitations or a true lack of climatic niche
differentiation of these allopolyploid species. In the analyses
of climatic niche overlap, we included all nineteen bioclimatic
variables at 2.5 min resolution which corresponds to roughly
21.62 km2 at the equator or 12.58 km2 at 40° latitude.
Although this resolution increases with increasing latitude it
may be too coarse to capture fine scale climatic niche differ-
ences (Baack & Stanton 2005; Glennon et al. 2014; Kirch-
heimer et al. 2016). Additionally, the abiotic conditions of
climate comprise a subset of the many axes that may be
important in defining a taxon’s realised niche, and one set of
abiotic axes that we did not consider are those related to
edaphic conditions. Differences in edaphic tolerances have
been shown to strongly differentiate closely related plant taxa
(van der Niet & Johnson 2009; Anacker & Strauss 2014; Shi-
muzu-Inatsugi et al. 2017), but will not leave a signature of
climatic niche divergence because they will appear to have the
same climatic niche. This is especially true of edaphic ende-
mics when the progenitor(s) are geographically more wide-
spread, such as the composite Layia discoidea (Gottlieb et al.
1985; Gottlieb 2004; Baldwin 2005), or populations on mine
tailings as in the grass Anthoxanthum odoratum (Antonovics
et al. 1971, 2006). Differences in edaphic tolerances may
explain some of the cases in our analysis where similar cli-
matic niches were observed between allopolyploid species and
their diploid progenitors.
We also found that polyploid species consistently differenti-

ate niche breadths at faster rates than their diploid congeners,
but we did not explicitly examine whether polyploid species
had broader or narrower niche breadths. Understanding the
role of niche breadth on nascent polyploid establishment is
ripe for future study because niche breadth has a strong rela-
tionship to both speciation and extinction processes and ulti-
mately diversification (Janzen 1967). Depending on the
conceptual framework, both broad and narrow niche breadths
may promote diversification (Sexton et al. 2017). Broad niche
breadths may promote diversification because generalists are
more likely to have larger ranges (Slayter et al. 2013) and thus
lower extinction rates due to a possible ‘dead-end’ effect of
specialisation (Schluter 2000). However, species with narrow
niche breadths have been found to have faster rates of niche
evolution (Huey & Kingsolver 1993; Whitlock 1996; Fisher-
Reid et al. 2012) as well as higher diversification rates (Hardy
& Otto 2014; Rolland & Salamin 2016; Qiao et al. 2016).
Future analyses that link changes in niche breadth to the
genetic variation of polyploid species may contribute to our
understanding of the macroevolutionary patterns of polyploid
diversification.
Future analyses should also investigate when the changes, if

any, in the ecological tolerances of polyploid species occur.
Our analysis was not developed to understand when these
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changes occurred, such as immediately upon polyploid forma-
tion or later on in their evolutionary trajectory, but rather to
investigate a general pattern across vascular plants. We
demonstrated that polyploid species more often than expected
by chance have more rapid rates of climatic niche differentia-
tion than their diploid relatives.
A central question of speciation research is how intrinsic

postzygotic reproductive isolation arises within populations of
reproductively compatible individuals. Many models of speci-
ation, such as the classic Bateson-Dobzhansky-Muller model
(Bateson 1909; Dobzhansky 1934; Muller 1939), solve this
problem by proposing that postzygotic reproductive isolation
evolves after geographic or ecological isolation. Although spe-
ciation with gene flow is possible (Barluenga et al. 2006; Nie-
miller et al. 2008; Nosil et al. 2009; Yeaman & Otto 2011;
Yeaman & Whitlock 2011; Feder et al. 2012; Nosil & Feder
2012; Martin et al. 2013; Wolf & Ellegren 2016; Samuk et al.
2017), most models require some degree of physical separation
for intrinsic postzygotic isolation to arise (Coyne & Orr 2004;
Gavrilets 2004). In contrast, polyploid species begin with sub-
stantial postzygotic isolation from their progenitors while also
sympatric with one or both parental species (Ramsey &
Schemske 1998, 2002). By inverting the usual order of events
during speciation, polyploid species provide a unique test of
the importance of ecological differentiation to speciation in
general. Our result that the climatic niches of polyploid spe-
cies often differentiated faster than their diploid relatives
across vascular plants highlights the importance of ecological
differentiation for polyploid species.

ACKNOWLEDGEMENTS

We thank Z. Li, S.A. Jorgensen, X. Qi of the Barker Lab,
and M.J. Sanderson, R. Ferrier, M. Worobey, R.H. Robi-
chaux for comments on earlier drafts. Hosting infrastructure
and services provided by the Biotechnology Computing Facil-
ity (BCF) at the University of Arizona. This research was sup-
ported by NSF-IOS-1339156 and NSF-EF-1550838.

AUTHORSHIP

AB and MSB conceived of project. AB and NA generated the
dataset. AB and HM performed analyses. AB and MSB co-
wrote the manuscript.

DATA AVAILABILITY STATEMENT

All necessary R scripts, data, and files supporting the results
are available from the Figshare Repository: https://doi.org/10.
6084/m9.figshare.9862781.

REFERENCES

Akama, S., Shimizu-Inatsugi, R., Shimizu, K.K. & Sese, J. (2014).

Genome-wide quantification of homeolog expression ratio revealed

nonstochastic gene regulation in synthetic allopolyploid Arabidopsis.

Nucleic Acids Res., 42, e46.

Amborella Genome Project (2013). The Amborella genome and the

evolution of flowering plants. Science, 342, 1241089.

Anacker, B.L. & Strauss, S.Y. (2014). The geography and ecology of

plant speciation: range overlap and niche divergence in sister species. P.

Roy. Soc. B., 281, 20132980.

Anderson, E. (1949). Introgressive Hybridization. John Wiley & Sons,

New York, NY.

Antonovics, J. (2006). Evolution in closely adjacent plant populations X:

long-term persistence of pre-reproductive isolation at a mine boundary.

Heredity, 97, 33–37.
Antonovics, J., Bradshaw, A.D. & Turner, R.G. (1971). Heavy metal

tolerance in plants. Adv. Ecol. Res., 7, 1–85.
Arrigo, N. & Barker, M.S. (2012). Rarely successful polyploids and their

legacy in plant genomes. Curr. Opin. Plant Biol., 15, 140–146.
Arrigo, N., de La Harpe, M., Litsios, G., Zozomova-Lihova, J., Spaniel,

S., Marhold, K., et al. (2016). Is hybridization driving the evolution of

climatic niche in Alyssum montanum. Am. J. Bot., 103, 1348–1357.
Baack, E.H. (2005). To succeed globally, disperse locally: effects of local

pollen and seed dispersal on tetraploid establishment. Heredity, 94,

538–546.
Baack, E.H. & Stanton, M.L. (2005). Ecological factors influencing

tetraploid speciation in snow buttercups (Ranunculus adoneus): niche

differentiation and tetraploid establishment. Evolution, 59, 1936–1944.
Badouin, H., Gouzy, J., Grassa, C.J., Murat, F., Staton, S.E., Cottret, L.,

et al. (2017). The sunflower genome provides insights into oil

metabolism, flowering and Asterid evolution. Nature, 546, 148–152.
Bailey, R.I., Eroukhmanoff, F. & Saetre, G.P. (2013). Hybridization and

genome evolution II: mechanisms of species divergence and their effects

on evolution in hybrids. Curr. Zool., 59, 675–685.
Baldwin, B.G. (2005). Origin of the serpentine-endemic herb Layia

discoidea from the widespread L. glandulosa (Compositae). Evolution,

59, 2473–2479.
Bardil, A., de Almeida, J.D., Combes, M.C., Lashermes, P. & Bertrand,

B. (2011). Genomic expression dominance in the natural allopolyploid

Coffea arabica is massively affected by growth temperature. New

Phytol., 192, 760–774.
Barker, M.S., Kane, N.C., Matvienko, M., Kozik, A., Michelmore, R.W.,

Knapp, S.J., et al. (2008). Multiple paleopolyploidizations during the

evolution of the Compositae reveal parallel patterns of duplicate gene

retention after millions of years. Mol. Biol. Evol., 25, 2445–2455.
Barker, M.S., Li, Z., Kidder, T.I., Reardon, C.R., Lai, Z., Oliveira, L.,

et al. (2016a). Most Compositae (Asteraceae) are descendants of a

paleohexaploid and all share a paleotetraploid ancestor with the

Calyceraceae. Amer. J. Bot., 103, 1203–1211.
Barker, M.S., Husband, B.C. & Pires, J.C. (2016b). Spreading Winge and

flying high: the evolutionary importance of polyploidy after a century

of study. Amer. J. Bot., 103, 1139–1145.
Barker, M.S., Arrigo, N., Baniaga, A.E., Li, Z. & Levin, D.A. (2016c).

On the relative abundance of autopolyploids and allopolyploids. New

Phytol., 210, 391–398.
Barluenga, M., Stolting, K.N., Salzburger, W., Muschick, M. & Meyer,

A. (2006). Sympatric speciation in Nicaraguan crater lake cichlid fish.

Nature, 439, 719–723.
Barrington, D.S., Paris, C.A. & Ranker, T.A. (1986). Systematic

inferences from spore and stomate size in the ferns. Am. Fern J., 76,

149–159.
Barve, N., Barve, V., Jimenez-Valverde, A., Lira-Noriega, A., Maher,

S.P., Peterson, A.T., et al. (2011). The crucial role of the accessible area

in ecological niche modeling and species distribution modeling. Ecol.

Model., 222, 1810–1819.
Bateson, W. (1909). Heredity and variation in modern lights. In Darwin

and Modern Science (ed Seward, A.C.). Cambridge University Press,

Cambridge, pp. 85–101.
Beaulieu, J.M., Leitch, I.J., Patel, S., Pendharkar, A. & Knight, C.A.

(2008). Genome size is a strong predictor of cell size and stomatal

density in angiosperms. New Phytol., 179, 975–986.
Beaulieu, J.M., Jhwueng, D.C., Boettiger, C. & O’Meara, B.C. (2012).

Modeling stabilizing selection: expanding the Ornstein-Uhlenbeck

model of adaptive evolution. Evolution, 66, 2369–2383.

© 2019 John Wiley & Sons Ltd/CNRS

Letter Climatic niche evolution of polyploid plants 75

https://doi.org/10.6084/m9.figshare.9862781
https://doi.org/10.6084/m9.figshare.9862781


Bennett, M.D. (1972). Nuclear DNA content and minimum generation

time in herbaceous plants. P. Roy. Soc. B., 181, 109–135.
Boyle, B., Hopkins, N., Lu, Z., Garay, J.A.R., Mozzherin, D., Rees, T.,

et al. (2013). The taxonomic name resolution service: an online tool for

automated standardization of plant names. BMC Bioinformatics, 14, 16.

Brochmann, C., Soltis, P.S. & Soltis, D.E. (1992). Recurrent formation

and polyphyly of nordic polyploids in Draba (Brassicaceae). Am. J.

Bot., 70, 673–688.
Broennimann, O., Fitzpatrick, M.C., Pearman, P.B., Petitpierre, B.,

Pellissier, L., Yoccoz, N.G., et al. (2012). Measuring ecological niche

overlap from occurrence and spatial environmental data. Global Ecol.

Biogeogr., 21, 481–497.
Cavalier-Smith, T. (1978). Nuclear volume control by nucleoskeletal

DNA, selection for cell volume and cell growth rate, and the solution

of the DNA C-value paradox. J. Cell Sci., 34, 247–278.
Chao, D.Y., Dilkes, B., Luo, H., Douglas, A., Yakubova, E., Lahner, B.,

et al. (2013). Polyploids exhibit higher potassium uptake and salinity

tolerance in Arabidopsis. Science, 341, 658–659.
Chesson, P. (2000). Mechanisms of maintenance of species diversity.

Annu. Rev. Ecol. Syst., 31, 343–366.
Chesson, P., Gebauer, R.L., Schwinning, S., Huntly, N., Wiegand, K.,

Ernest, M.S., et al. (2004). Resource pulses, species interactions, and

diversity maintenance in arid and semi-arid environments. Oecologia,

141, 236–253.
Chester, M., Gallagher, J.P., Symonds, V.V., da Silva, A.V.C., Mavrodiev,

E.V., Leitch, A.R., et al. (2012). Extensive chromosomal variation in a

recently formed natural allopolyploid species, Tragopogon miscellus

(Asteraceae). Proc. Natl Acad. Sci., 109, 1176–1181.
Clausen, J., Keck, D.D. & Hiesey, W.M. (1945). Experimental studies on

the nature of species. II. Plant evolution through amphiploidy and

autopolyploidy, with examples from the Madiinae. Carnegie I., Wash,

564, 1–174.
Comai, L. (2005). The advantages and disadvantages of being polyploid.

Nat. Rev. Genet., 11, 836–846.
Connell, J.H. (1961). The influence of interspecific competition and other

factors on the distribution of the barnacle Chthamalus stellatus.

Ecology, 42, 710–723.
Consortium of California Herbaria (2016). Available at: ucjeps.berkele

y.edu/consortium/. Last accessed 05 May 2016.

Coyne, J.A. & Orr, H.A. (2004). Speciation. Sinauer Associates,

Sunderland.

Dittrich-Reed, D.R. & Fitzpatrick, B.M. (2013). Transgressive hybrids as

hopeful monsters. Evol. Biol., 40, 310–315.
Dobzhansky, T. (1934). Studies on hybrid sterility. I. Spermatogenesis in

pure and hybrid Drosophila pseudoobscura. Z. Zellforch. Microsk.

Anat., 21, 169–221.
Doyle, J.J., Doyle, J.L., Rauscher, J.T. & Brown, H.D. (2003). Diploid

and polyploid reticulate evolution throughout the history of the

perennial soybeans (Glycine subgenus Glycine). New Phytol., 161, 121–
132.

Edger, P.P., Heidel-Fischer, H.M., Bekaert, M., Rota, J., Glockner, G.,

Platts, A.E., et al. (2015). The butterfly plant arms-race escalated by

gene and genome duplications. Proc. Natl Acad. Sci., 112, 8362–8366.
Eroukhmanoff, F., Hermansen, J.S., Bailey, R.I., Saether, S.A. & Saetre,

G.P. (2013). Local adaptation within a hybrid species. Heredity, 111,

286–292.
Estep, M.C., McKain, M.R., Diaz, D.V., Zhong, J.S., Hodge, J.G.,

Hodkinson, T.R., et al. (2014). Allopolyploidy, diversification, and the

Miocene grassland expansion. Proc. Natl Acad. Sci., 111, 15149–15154.
Feder, J.L., Egan, S.P. & Nosil, P. (2012). The genomics of speciation-

with-gene-flow. Trends Genet., 28, 342–350.
Felber, F. (1991). Establishment of a tetraploid cytotype in a diploid

population: effect of relative fitness of the cytotypes. J. Evolutionary

Biol., 4, 195–207.
Felber-Girard, M., Felber, F. & Buttler, A. (1996). Habitat differentiation

in a narrow hybrid zone between diploid and tetraploid Anthoxanthum

alpinum. New Phytol., 133, 531–540.

Fisher-Reid, M.C., Kozak, K.H. & Wiens, J.J. (2012). How is the rate of

climatic-niche evolution related to climatic-niche breadth? Evolution, 66,

3836–3851.
Flagel, L.E. & Wendel, J.F. (2009). Gene duplication and evolutionary

novelty in plants. New Phytol., 183, 557–564.
Force, A., Lynch, M., Pickett, F.B., Amores, A., Yan, Y.L. &

Postlethwait, J. (1999). Preservation of duplicate genes by

complementary, degenerative mutations. Genetics, 151, 1531–1545.
Fowler, N.L. & Levin, D.A. (1984). Ecological constraints on the

establishment of a novel polyploid in competition with its diploid

progenitor. Am. Nat., 124, 703–711.
Fowler, N.L. & Levin, D.A. (2016). Critical factors in the establishment

of allopolyploids. Am. J. Bot., 103, 1236–1251.
Gavrilets, S. (2004). Fitness Landscapes and the Origin of Species.

Princeton University Press, Princeton.

GBIF.org. (2016). GBIF Home Page. Available at: https://www.gbif.org/.

Last accessed 05 May 2016.

Glennon, K.L., Ritchie, M.E. & Segraves, K.A. (2014). Evidence for

shared broad-scale climatic niches of diploid and polyploid plants.

Ecol. Lett., 17, 574–582.
Gottlieb, L.D. (2004). Rethinking classic examples of recent speciation in

plants. New Phytol., 161, 71–82.
Gottlieb, L.D., Warwick, S.I. & Ford, V.S. (1985). Morphological and

electrophoretic divergence between Layia discoidea and L. glandulosa.

Syst. Bot., 10, 484–495.
Grant, P.R. & Grant, B.R. (2016). Introgressive hybridization and

natural selection in Darwin’s finches. Biol. J. Linn. Soc., 117, 812–
822.

Hagerup, O. (1932). Uber polyploidie in beziehung zu klima, okologie

und phylogenie. Hereditas, 16, 19–40.
Hardy, N.B. & Otto, S.P. (2014). Specialization and generalization in the

diversification of phytophagous insects: tests of the musical chairs and

oscillation hypotheses. P. Roy. Soc. B., 281, 20132960.

Harvey, P.H. & Pagel, M.D. (1991). The Comparative Method in

Evolutionary Biology. Oxford University Press, New York, NY.

Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G. & Jarvis, A.

(2005). Very high resolution interpolated climate surfaces for global

land areas. Int. J. Climatol., 25, 1965–1978.
Hijmans, R.J., Phillips, S., Leathwick, J. & Elith, J. (2016). dismo: species

distribution modeling. R package version 1.1-4. Available at: https://

CRAN.R-project.org/package=dismo.

Huang, C.H., Zhang, C., Liu, M., Hu, Y., Gao, T., Qi, J., et al. (2016).

Multiple polyploidization events across Asteraceae with two nested

events in the early history revealed by nuclear phylogenomics. Mol.

Biol. Evol., 33, 2820–2835.
Huelsenbeck, J.P. & Ronquist, F. (2001). MRBAYES: Bayesian inference

of phylogenetic trees. Bioinformatics, 17, 754–755.
Huey, R.B. & Kingsolver, J.G. (1993). Evolution of resistance to high

temperature in ectotherms. Am. Nat., 142, S21–S46.
Husband, B.C. (2000). Constraints on polyploid evolution: a test of the

minority cytotype exclusion principle. P. Roy. Soc. Lond. B. Bio., 267,

1–7.
Jaillon, O., Aury, J.M., Noel, B., Policriti, A., Clepet, C., Casagrande, A.,

et al. (2007). The grapevine genome sequence suggests ancestral

hexaploidization in major angiosperm phyla. Nature, 449, 463–467.
Janzen, D. (1967). Why mountain passes are higher in the tropics. Am.

Nat., 101, 233–249.
Jiao, Y., Wickett, N.J., Ayyampalayam, S., Chanderbali, A.S., Landherr,

L., Ralph, P.E., et al. (2011). Ancestral polyploidy in seed plants and

angiosperms. Nature, 473, 97–100.
Jiao, Y., Leebens-Mack, J., Ayyampalayam, S., Bowers, J.E., McKain,

M.R., McNeal, J., et al. (2012). A genome triplication associated with

early diversification of the core eudicots. Genome Biol., 13, R3.

Kirchheimer, B., Schinkel, C.C.F., Dellinger, A.S., Klatt, S., Moser, D.,

Winkler, M., et al. (2016). A matter of scale: apparent niche

differentiation of diploid and tetraploid plants may depend on extent

and grain of analysis. J. Biogeogr., 43, 716–726.

© 2019 John Wiley & Sons Ltd/CNRS

76 A. E. Baniaga et al. Letter

http://ucjeps.berkeley.edu/consortium/
http://ucjeps.berkeley.edu/consortium/
https://www.gbif.org/
https://CRAN.R-project.org/package=dismo
https://CRAN.R-project.org/package=dismo


Kozak, K.H. & Wiens, J.J. (2006). Does niche conservatism promote

speciation? A case study in North American salamanders. Evolution, 60,

2604–2621.
Landis, J.B., Soltis, D.E., Li, Z., Marx, H.E., Barker, M.S., Tank, D.C.

& et al (2018). Impact of whole-genome duplication events on

diversification rates in angiosperms. Am. J. Bot., 105, 348–363.
Levin, D.A. (1975). Minority cytotype exclusion in local plant

populations. Taxon, 24, 35–43.
Levin, D.A. (1983). Polyploidy and novelty in flowering plants. Am. Nat.,

122, 1–25.
Lewontin, R.C. & Birch, L.C. (1966). Hybridization as a source of

variation for adaptation to new environments. Evolution, 20, 315–336.
Li, Z., Baniaga, A.E., Sessa, E.B., Scascitelli, M., Graham, S.W.,

Rieseberg, L.H., et al. (2015). Early genome duplications in conifers

and other seed plants. Science Advances, 1, e1501084.

Lohaus, R. & Van de Peer, Y. (2016). Of dups and dinos: evolution at

the K/Pg boundary. Curr. Opin. Plant Biol., 30, 62–69.
Love, A. & Love, D. (1943). The significance of difference in distribution

of diploids and polyploids. Hereditas, 29, 145–163.
Lynch, M. & Force, A. (2000). The probability of duplicate gene

preservation by subfunctionalization. Genetics, 154, 459–473.
MacArthur, R.H. (1972). Geographical Ecology. Harper & Row, New

York, NY.

Maherali, H., Walden, A.E. & Husband, B.C. (2009). Genome

duplication and the evolution of physiological responses to water stress.

New Phytol., 184, 721–731.
Maitner, B.S., Boyle, B., Casler, N., Condit, R., Donoghue, J., Duran,

S.M., et al. (2017). The BIEN R package: a tool to access the Botanical

Information and Ecology Network (BIEN) database. Methods Ecol.

Evol., 9, 373–379.
Marchant, B.D., Soltis, D.E. & Soltis, P.S. (2016). Patterns of abiotic

niche shifts in allopolyploids relative to their progenitors. New Phytol.,

212, 708–718.
Martin, S.L. & Husband, B.C. (2009). Influence of phylogeny and ploidy on

species ranges of North American angiosperms. J. Ecol., 97, 913–922.
Martin, S.H., Dasmahapatra, K.K., Nadeau, N.J., Salazar, C., Walters,

J.R., Simpson, F., et al. (2013). Genome-wide evidence for speciation

with gene flow in Heliconius butterflies. Genome Res., 23, 1817–1828.
Mayrose, I., Barker, M.S. & Otto, S.P. (2010). Probabilistic models of

chromosome number evolution and the inference of polyploidy. Syst.

Biol., 59, 132–144.
Mayrose, I., Zhan, S.H., Rothfels, C.J., Magnuson-Ford, K., Barker,

M.S., Rieseberg, L.H., et al. (2011). Recently-formed polyploid plants

diversify at lower rates. Science, 3333, 1257.

McKain, M.R., Tang, H., McNeal, J.R., Ayyampalayam, S., Davis, J.I.,

dePamphilis, C.W., et al. (2016). A phylogenomic assessment of ancient

polyploidy and genome evolution across the Poales. Genome Biol. Evol.,

8, 1150–1164.
Melargno, J.E., Mehrotra, B. & Coleman, A.W. (1993). Relationship

between endopolyploidy and cell size in epidermal tissue of Arabidopsis.

Plant Cell, 5, 1661–1668.
Muller, H.J. (1939). Reversibility in evolution considered from the

standpoint of genetics. Biol. Rev., 14, 261–280.
Niemiller, M.L., Fitzpatrick, B.M. & Miller, B.T. (2008). Recent

divergence with gene flow in Tennessee cave salamanders

(Plethodontidae: Gyrinophilus) inferred from gene genealogies. Mol.

Ecol., 17, 2258–2275.
van der Niet, T. & Johnson, S.D. (2009). Patterns of plant speciation in

the Cape floristic region. Mol. Phylogenet. Evol., 51, 85–93.
Nosil, P. & Feder, J.L. (2012). Genomic divergence during speciation:

causes and consequences. Philos. T. R. Soc. B., 367, 332–342.
Nosil, P., Funk, D.J. & Ortiz-Barrientos, D. (2009). Divergent selection

and heterogeneous genomic divergence. Mol. Ecol., 18, 375–402.
Orr, H.A. & Otto, S.P. (1994). Does diploidy increase the rate of

adaptation? Genetics, 136, 1475–1480.
Otto, S.P. (2007). The evolutionary consequences of polyploidy. Cell, 131,

452–462.

Otto, S.P. & Whitton, J. (2000). Polyploid incidence and evolution. Annu.

Rev. Genet., 34, 401–437.
Ownbey, M. (1950). Natural hybridization and amphiploidy in the genus

Tragopogon. Am. J. Bot., 37, 487–499.
Paape, T., Hatakeyama, M., Shimizu-Inatsugi, R., Cereghetti, T., Onda,

Y., Kenta, T., et al. (2016). Conserved but attenuated parental gene

expression in allopolyploids: constitutive zinc hyperaccumulation in the

allotetraploid Arabidopsis kamchatica. Mol. Biol. Evol., 33, 2781–2800.
Paradis, E., Claude, J. & Strimmer, K. (2004). APE: analyses of

phylogenetics and evolution in R language. Bioinformatics, 20, 289–290.
Paterson, A.H., Bowers, J.E. & Chapman, B.A. (2004). Ancient

polyploidization predating divergence of the cereals, and its

consequences for comparative genomics. Proc. Natl Acad. Sci., 101,

9903–9908.
Paterson, A.H., Bowers, J.E., Bruggmann, R., Dubchak, I., Grimwood,

J., Gundlach, H., et al. (2009). The Sorghum bicolor genome and the

diversification of grasses. Nature, 457, 551–556.
Petit, C. & Thompson, J.D. (1999). Variation in phenotypic response to

light availability between diploid and tetraploid populations of the

perennial grass Arrhenatherum elatius from open and woodland sites. J.

Ecol., 85, 657–667.
Pyron, A.R., Costa, G.C., Patten, M.A. & Burbrink, F.T. (2015).

Phylogenetic niche conservatism and the evolutionary basis of

ecological speciation. Biol. Rev., 90, 1248–1262.
Qiao, H., Saupe, E.E., Soberon, J., Peterson, A.T. & Myers, C.E. (2016).

Impacts of niche breadth and dispersal ability on macroevolutionary

patterns. Am. Nat., 188, 149–162.
Ramsey, J. & Schemske, D.W. (1998). Pathways, mechanisms, and rates

of polyploid formation in flowering plants. Annu. Rev. Ecol. Syst., 29,

467–501.
Ramsey, J. & Schemske, D.W. (2002). Neopolyploidy in flowering plants.

Annu. Rev. Ecol. Syst., 33, 589–639.
Rausch, J.H. & Morgan, M.T. (2005). The effect of self-fertilization,

inbreeding depression, and population size on autopolyploid

establishment. Evolution, 59, 1867–1875.
Revell, L.J. (2012). phytools: An R package for phylogenetic comparative

biology (and other things). Methods Ecol. Evol., 3, 217–223.
Rieseberg, L.H., Archer, M.A. & Wayne, R.K. (1999). Transgressive

segregation, adaptation and speciation. Heredity, 83, 363–372.
Rodriguez, D.H. (1996). A model for the establishment of polyploidy in

plants. Am. Nat., 147, 33–46.
Rolland, J. & Salamin, N. (2016). Niche width impacts vertebrate

diversification. Global Ecol. Biogeogr., 25, 1252–1263.
Ronquist, F. & Huelsenbeck, J.P. (2003). MrBayes 3: Bayesian phylogenetic

inference under mixed models. Bioinformatics, 19, 1572–1574.
Samuk, K., Owens, G.L., Delmore, K.E., Miller, S.E., Rennison, D.J. &

Schluter, D. (2017). Gene flow and selection interact to promote

adaptive divergence in regions of low recombination. Mol. Ecol., 26,

4378–4390.
Sax, K. & Sax, H.J. (1937). Stomata size and distribution in diploid and

polyploid plants. J. Arnold Arboretum, 18, 164–172.
Schluter, D. (2000). The Ecology of Adaptive Radiation. Oxford University

Press, Oxford.

Schoener, T.W. (1968). The Anolis lizards of Bimini: resource partitioning

in a complex fauna. Ecology, 49, 704–726.
Seehausen, O. (2012). Conditions when hybridization might predispose

populations for adaptive radiations. J. Evol. Biol., 26, 279–281.
Segraves, K.A. & Anneberg, T.J. (2016). Species interactions and plant

polyploidy. Am. J. Bot., 103, 1326–1335.
SEINet Portal Network. (2016). Available at: http://:

swbiodiversity.org/seinet/index.php. Accessed 2016.

Selmecki, A.M., Maruvka, Y.E., Richmond, P.A., Guillet, M., Shoresh,

N., Sorenson, A.L., et al. (2015). Polyploidy can drive rapid adaptation

in yeast. Nature, 519, 349–352.
Sexton, J.P., Montiel, J., Shay, J.E., Stephens, M.R. & Slatyer, R.A.

(2017). Evolution of ecological niche breadth. Ann. Rev. Ecol. Evol. S.,

48, 183–206.

© 2019 John Wiley & Sons Ltd/CNRS

Letter Climatic niche evolution of polyploid plants 77



Shimuzu-Inatsugi, R., Terada, A., Hirose, K., Kudoh, H., Sese, J. &

Shimizu, K.K. (2017). Plant adaptive radiation mediated by polyploid

plasticity in transcriptomes. Mol. Ecol., 26, 193–207.
Slatyer, R.A., Hirst, M. & Sexton, J.P. (2013). Niche breadth predicts

geographical range size: a general ecological pattern. Ecol. Lett., 16,

1104–1114.
Soltis, D.E. & Soltis, P.S. (1999). Polyploidy: recurrent formation and

genome evolution. Trends Ecol. Evol., 14, 348–352.
Song, K., Lu, P., Tang, K. & Osborn, T.C. (1995). Rapid genome change

in synthetic polyploids of Brassica and its implications for polyploid

evolution. Proc. Natl Acad. Sci., 92, 7719–7723.
Speckman, G.J., Post, J. & Dijkstra, H. (1965). Length of stomata as an

indicator for polyploidy in rye-grasses. Euphytica, 14, 225–228.
Stebbins, G.L. (1950). Variation and Evolution in Plants. Columbia

University Press, New York, NY.

Stebbins, G.L. (1959). The role of hybridization in evolution. P. Am.

Philos. Soc., 103, 231–251.
Stebbins, G.L. (1971). Chromosomal Evolution in Higher Plants. Edward

Arnold, London.

Stebbins, G.L. (1985). Polyploidy, hybridization, and the invasion of new

habitats. Ann. Mo. Bot. Gard., 72, 824–832.
Takahagi, K., Inoue, K., Shimizu, M., Uehara-Yamaguchi, Y., Onda, Y.

& Mochida, K. (2018). Homeolog-specific activation of genes for heat

acclimation in the allopolyploid grass Brachypodium hybridum.

GigaScience, 7, 1–13.
Tilman, D. (1982). Resource Competition and Community Structure.

Monogr. Pop. Biol. 17. Princeton University Press, Princeton.

Tilman, D. (1985). The resource-ratio hypothesis of plant succession. Am.

Nat., 125, 827–852.
Tischler, T. (1937). Die halligenflora der nordsee im lichte cytologischer

forschung. Cytologia, 8, 162–170.
Tuskan, G.A., Difazio, S., Jansson, S., Bohlmann, J., Grigoriev, I.,

Hellsten, U., et al. (2006). The genome of black cottonwood, Populus

trichocarpa (Torr. & Gray). Science, 313, 1596–1604.
Vanneste, K., Baele, G., Maere, S. & Van de Peer, Y. (2014). Analysis of

41 plant genomes supports a wave of successful duplications in

association with Cretaceous-Paleogene boundary. Genome Res., 24,

1334–1347.
Vekemans, D., Proost, S., Vanneste, K., Coenen, H., Viaene, T., Ruelens,

P., et al. (2012). Gamma paleohexaploidy in the stem lineage of core

eudicots: significance for MADS-box gene and species diversification.

Mol. Biol. Evol., 29, 3793–3806.
Visger, C.J., Germain-Aubrey, C.C., Patel, M., Sessa, E.B., Soltis, P.S. &

Soltis, D.E. (2016). Niche divergence between diploid and

autotetraploid Tolmiea. Am. J. Bot., 103, 1396–1406.
Warren, D.L., Glor, R.E. & Turelli, M. (2008). Environmental niche

equivalency versus conservatism: quantitative approaches to niche

evolution. Evolution, 62, 2868–2883.
Werth, C.R., Guttman, S.I. & Eshbaugh, W.H. (1985). Recurring origins

of allopolyploid species in Asplenium. Science, 228, 731–733.
Whitlock, M.C. (1996). The red queen beats the jack-of-all-trades: the

limitations on the evolution of phenotypic plasticity and niche breadth.

Am. Nat., 148, S65–S77.
Wiens, J. (2004). Speciation and ecology revisited: phylogenetic niche

conservatism and the origin of species. Evolution, 58, 193–197.
Wolf, J.B.W. & Ellegren, H. (2016). Making sense of genomic islands of

differentiation in light of speciation. Nat. Rev. Genet., 18, 87–100.
Wood, T.E., Takebayashi, N., Barker, M.S., Mayrose, I., Greenspoon,

P.B. & Rieseberg, L.H. (2009). The frequency of polyploid speciation in

vascular plants. Proc. Natl Acad. Sci., 106, 13875–13879.
Wulff, H.D. (1937). Karyologische untersuchungen an der

halophytenflora Schleswig-Holsteins. Jahrb. Wiss. Bot., 84, 812–840.
Yeaman, S. & Otto, S.P. (2011). Establishment and maintenance of

adaptive genetic divergence under migration, selection, and drift.

Evolution, 65, 2123–2129.
Yeaman, S. & Whitlock, M.C. (2011). The genetic architecture of

adaptation under migration-selection balance. Evolution, 65, 1897–1911.

SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

Editor, Regan Early
Manuscript received 23 April 2019
First decision made 1 June 2019
Second decision made 29 August 2019
Manuscript accepted 16 September 2019

© 2019 John Wiley & Sons Ltd/CNRS

78 A. E. Baniaga et al. Letter


