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Polyploidization (whole-genome duplication, WGD) is a widespread large-effect mac-
romutation with far-reaching genomic, phenotypic, and evolutionary consequences.
Yet, we do not know whether the consistent phenotypic changes that are associated
with polyploidization translate into predictable changes in ecological preferences.
Niche modeling studies in mixed-ploidy species provide an opportunity to com-
pare recently originated polyploids with their lower-ploidy ancestors. However, the
available isolated studies provide contrasting results and the diverse methodologies
used limit generalization. Based on 25,857 georeferenced ploidy-verified occurrence
data for 129 mixed-ploidy flowering plant species, we tested in a unified statistical
framework whether WGD is associated with consistent changes in climatic niche
and in past, current, and predicted future range size. We found that 74% of species
exhibited significant niche shifts associated with ploidy transition. However, there
was no consistent environmental parameter underlying ploidy differentiation across
species, nor was there consistent support for polyploid range or niche expansion in
a subset of 75 densely sampled species with sufficient data for modeling. Our results
demonstrate that polyploidization is an important factor affecting niche evolution of
a species, but the environmental parameters underlying the ploidy-related niche shifts
vary from species to species, demonstrating limited predictability of the outcomes of
WGD in ecological space.

polyploidy | environmental niche modelling | meta-analysis | niche evolution |
ecological differentiation

Polyploidy is an important and widespread macromutation, associated with evolutionary
novelty and success across Eukaryotes with broad consequences on biota from cellular to
ecosystem levels (1-3). The duplication of the whole genome (WGD) is thought to have
major effects on genome organization, gene expression, reproduction, and especially on
the physiology and development of both the cell and the whole organism. The presence
of such effects has been shown multiple times in studies where the genome size of model
organisms has been experimentally doubled, but has also been shown in natural polyploid
populations (4-6). One well-known example is the so-called “gigas” effect (7), where
polyploids generally have larger cell and organ sizes in comparison with their diploid
relatives. Even though the occurrence of the physiological and morphological effects of
polyploidy is well established (4-6, 8—10), it is yet unclear whether they lead to consistent
changes in ecological preferences following polyploidization.

The effects of ploidy on ecological niche and whether there are any general trends in
ploidy-induced ecological niche shifts has been a matter of a long-standing debate, going
back to the 1930s. This topic has particularly been elaborated in flowering plants, where
WGD is pervasive (3, 11) and where a considerable number of case studies showed specific
geographical patterns. These early studies led to the formulation of several hypotheses
regarding ploidy-related niche differences (12—20) but later reviews then failed to identify
any consistent patterns (21-25). Nevertheless, in both old and recent literature it is often
hypothesized that polyploids generally tolerate extreme climatic conditions such as colder
and drier habitats and higher altitudes (7, 13, 26-30). These hypotheses are based on
phenotypic shifts observed in both natural and experimentally induced polyploids. For
example, changes in vascular cellular hydraulic conductivity and stomatal size and density
may lead to changes in transpiration rate, water use efficiency, and photosynthetic activity,
altogether enhancing drought resistance (6, 31-36). In addition, a global tendency of
polyploids to occur at higher latitudes suggests enhanced cold tolerance (37-40), although
direct evidence and mechanistic links remain unclear (41). Experimental studies showed
that polyploids can be less (42, 43) or more (44, 45) cold tolerant, suggesting possible
species-specific effects of WGD on trait variation and evolution.
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Since polyploid individuals and populations can harbor
increased genetic variation (46, 47), polyploids are expected to
have broader ecological niches and larger geographical ranges than
their diploid relatives, but also to be better buffered against eco-
logical fluctuations and associated range changes, such as the qua-
ternary environmental oscillations and future climate change (3,
16, 48-50). A recent analysis that mapped phylogenetically deter-
mined ploidy using distribution data of plant species discovered
a global tendency of polyploid species to occupy higher latitudes
(39). However, Rice et al. (39) included not only the products of
WGD alone (autopolyploids) but also polyploid hybrids (allopo-
lyploids), and the study assumed that species only consist of a
single ploidy level, ignoring more fine-grained variation in ploidy
within currently recognized taxonomic species. This leaves open
the question whether the observed distribution patterns reflect
WGD per se, hybridization, and/or interspecific differences in
life-history traits and regional habitat preferences.

The ecological effects of polyploidization can best be studied
in species comprising multiple ploidy levels as their relatively
recent divergence minimizes possible confounding effects of the
accumulation of differences unrelated to differences in ploidy (24).
Niche divergence can then be tested and quantified by direct com-
parison of autopolyploids with their diploid (or lower polyploid)
conspecific lineages using modern niche modeling techniques.
Indeed, some single-species studies have confirmed the link
between polyploidy and drier (51-54), colder (55-58) and higher
elevation environments (41). However, other cases showed little
or no niche differentiation (59-64) and some even demonstrated
opposite trends, such as diploids in higher elevations (51, 54, 65)
or in drier habitats (66, 67). The one available comparative study
of niche differentiation over mixed-ploidy systems found only
limited evidence for niche shifts across the 20 investigated plant
species (68), yet the underlying environmental parameters as well
as the effect on range dynamics, i.e., changes in range size over
time, remain unknown. In summary, despite rapid accumulation
of ploidy distribution data, especially in the last decade, niche
evolution investigations are typically isolated case studies with
inconsistent results, that obscure our inference of general trends
in polyploid niche evolution, temporal dynamics, and underlying
environmental drivers.

Here, we apply a pairwise approach where we directly compare
an autopolyploid lineage (result of intraspecific WGD) with a
close diploid/lower polyploid relative in order to directly account
for species-specific effects. For this, we assembled a database of
ploidy-verified occurrence data for 129 mixed-ploidy species (or
sister species groups, altogether called “species” hereafter for
simplicity), and investigated the environmental factors under-
lying their ploidy differentiation. For a subset of 75 species with
enough occurrence data, we performed niche and distribution
modeling to identify the primary determinants of the niches of
the different ploidy levels, and to infer range shifts in association
with past and predicted futures climates. This approach focuses
on recent instances of WGD, i.e., lineages that are in a phase
when niche differentiation and/or expansion may be crucial for
successful establishment of the novel polyploid entity. Finally,
by focusing exclusively on autopolyploids, we avoid possible
confounding effects of hybridization that would be present in
the case of polyploid hybrids (allopolyploids).

We address the following questions: 1) How frequent is niche
differentiation in mixed-ploidy species? 2) Is there consistency in
the direction of the niche shifts following ploidy increase?
Specifically, do polyploids typically shift or expand to colder con-
ditions, more xeric conditions, or higher elevations? 3) Do poly-
ploids exhibit broader niches and/or larger distribution ranges
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than their diploid relatives? 4) Are the ranges of polyploids, when
responding to past or future climate change, more dynamic than
those of diploids? For niche differentiation and range expansion,
we also test whether the observed patterns depend on species’ traits
such as reproduction mode (asexuality) or life history.

Results

Frequent Niche Differentiation between Ploidy Levels. We
retrieved ploidy occurrence data for 129 species or monophyletic
species groups (“full dataset” hereafter, Fig. 14), representing 30
angiosperm families (Datasets S1 and S2). A subset of 75 species
had enough occurrence point data for in-depth quantification
of niche differentiation and species distribution modeling, SDM
(“core dataset”). Out of these, about two-thirds (86 from the
full dataset; 46 from the core) concerned species with diploid-
tetraploid comparisons, the remaining cases were diploid-other
polyploid (15; p. 11) or lower-higher polyploid comparisons (28;
p. 18).

Significant differentiation in multivariate climatic niche of
ploidy levels (Fig. 1B) was found for 74% of the species in the full
dataset (96 out of 129), when tested using direct ordination. For
this, a redundancy analysis (RDA) was done on the matrix of
climatic variables extracted for all sampling location per species,
tested by permutation of the ploidy levels across sampling loca-
tions. Niche quantification in Ecospat—which is more robust
than the RDA but could not be applied to all species—showed
significant multivariate climatic niche differences among ploidy
levels for 63% of the species in the core dataset (47 out of 75).
Similarly, more than half of the core species exhibited significant
ploidy-related niche differentiation (Fig. 1B) along the two major
a priori hypothesized environmental parameters: mean annual
temperature (BIO1) and annual precipitation (BIO12). However,
the magnitude of the differentiation varied strongly across species
from the core dataset, ranging from almost completely overlapping
to completely nonoverlapping ploidy niches as quantified by
1-Schoener’s D (54% on average; Fig. 1C). Prediction of the cur-
rent range sizes, separately for each ploidy level, using SDM
revealed significantly nonoverlapping ranges in 45 (60%) of the
core species (Fig. 1B). This variation in niche and range differen-
tiation was neither explained by the degree of taxonomic separa-
tion between the ploidy levels, taken as a rough proxy of
between-ploidy divergence, nor by the species’ ability to reproduce
vegetatively (Table 1). The effect of asexual dispersal was margin-
ally significant with asexually propagating species showing on
average lower niche differentiation between their ploidy levels.

Lack of Consistency in Environmental Determinants of Niche
Differentiation. Following up on the frequent ploidy-related niche
differentiation, we investigated whether there are any common
environmental parameters associated with an increase in ploidy,
specifically the association of ploidy with temperature, precipitation,
and elevation. Leveraging the full dataset of 129 species, we found
no consistent trend underlying ploidy differentiation for any of
the three environmental gradients hypothesized (temperature,
precipitation, or elevation, Fig. 2B and SI Appendix, Fig. S1; see
also Fig. 24 for an example of contrasting patterns in temperature
preferences for two selected species, and ST Appendix, Fig. S2 for a
comparison among genera with multiple species included). There
was also no consistent trend in ploidy-related differentiation in
multivariate niche as defined by a set of seven climatic variables
(PCA, Fig. 2C). The same lack of pattern was found for a subset
of 90 species for which diploid-autotetraploid comparisons were
possible (i.e., removing other cases of ploidy transitions; ST Appendix,
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Fig. 1. Frequent niche differentiation between ploidy levels across species. (A) Distribution of the 25,857 sampled locations of the 129 mixed-ploidy species
analyzed (full dataset). (B) Significance of niche differentiation and range separation tested by 1,000 permutations of locations among ploidy levels within each
species at alpha = 0.05 (both shades of each color) and FDR = 0.05 (Benjamini-Hochberg correction, dark shades) summarized over the full dataset of 129 species
and for modeling methods in the core dataset of 75 sufficiently densely sampled species. (C) Distribution of the magnitude of niche differentiation (expressed as
1- Schoener’s D) for overall climatic niche, annual mean temperature, and annual precipitation) and range separation (inferred by SDM) of ploidy levels across
the 75 core species. Overall = niche differentiation quantified by Schoener’s D calculated from seven uncorrelated climatic variables; Temperature = based on
Mean annual temperature (BIO1); Precipitation = based on Annual precipitation (BIO12); Range = differentiation in range predicted by SDM.

Figs. S3A4 and S4A), for a subset of 77 species sampled in Europe
(i.e., reflecting continental, not global, environmental gradients;
SI Appendix, Figs. S3B and S4B), for a subset of 38 species with
approximately range-wide sampling (S7 Appendix, Figs. S3D and
$4D), and when analyzing monocot and eudicot species separately
(SI Appendix, Figs. S3 E and F and S4 E and F). Consistent
differences among ploidy levels were only found for elevation: in a
subset of the 47 species with significant niche differentiation in the
Ecospat analysis (S/ Appendix, Fig. S3C), the effect of elevation was
significant (P = 0.007, 10,000 permutations). This difference was,
however, in the opposite direction than expected, as polyploids were
found significantly more often in lower elevations than their lower-
ploidy counterparts. Finally, there were no niche determinants, as
inferred from SDMs, that were consistently important for one of
the ploidies across the core 75 species for which the distribution
modeling was done (Fig. 2D).

PNAS 2025 Vol. 122 No.24 2424785122

We further tested whether the increase in ploidy is associated
with niche expansion, by comparing niche breadth—as estimated
using Ecospat—between ploidy levels. We found large variation in
the extent to which polyploidy caused a change in niche breadth
across the 75 species from the core dataset. This large variation spans
from species where the two ploidy levels had nearly identically broad
niches, up to cases of remarkable niche expansion in one ploidy and
unfilling in the other (Fig. 34). However, we did not find an overall
trend for polyploid niche expansion across species, measured neither
in terms of multivariate niche breadth (classified across the first two
PCA axes in Ecospat) nor in terms of range size, as inferred from
SDM (Fig. 3B). Lack of consistent patterns in polyploid niche/range
expansion was also found among diploid-tetraploid species only,
among European species, in a subset of species exhibiting significant
niche differentiation, in a subset of species with range-wide sam-
pling, and for monocots and eudicots analyzed separately
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Table 1. Results of linear mixed-effect models testing the effect of species traits on niche differentiation and range

size change

Parameter Response variable Predictor df chisq P
Niche differentiation” Schoener’s D Taxonomic separation of ploidy levels 1 0.012 0.91
Niche differentiation” Schoener’s D Clonal persistence 1 0.428 0.51
Niche differentiation” Schoener’s D Asexual propagule formation 1 3.650 0.056"
Range size change” Range expansion Taxonomic separation of ploidy levels 1 0.423 0.51
Range size change* Range expansion Clonal persistence 1 1.384 0.24
Range size change” Range expansion Asexual propagule formation 1 4.944 0.026'

4 of 10

“Plant family was used as a random factor in all models to account for species relatedness.

"Marginally smaller niche differentiation between ploidy levels but larger range expansion of higher ploidy was found in asexual species as compared to sexual ones (S/ Appendix, Fig. S6).

(81 Appendix, Fig. S5). The variation in the extent of the range size
difference was explained neither by the level of divergence between
ploidy levels (approximated by their taxonomic distinctness) nor
by ability of vegetative clonal propagation (Table 1). The effect of
asexual spread was significant with asexually propagating species
showing on average larger ranges for the polyploids than for the
lower ploidies (Table 1 and S/ Appendix, Fig. S6).

Finally, we also did not find consistent trends between ploidy
levels in temporal range dynamics predicted using SDMs.
Specifically, there was no consistent trend in ploidy-driven range
changes when comparing the current range with reconstructed
range during the LGM, nor with the predicted range under the
moderate SSP2-4.5 scenario of future climate (Fig. 3C; see

SI Appendix, Fig. S7 for subsetted datasets).

Discussion

Here, we provide a broad analysis of niche evolution following
increase in ploidy level in a unified framework across 129 mixed-
ploidy plant species. We found niche differences and divergent
geographic ranges of ploidy levels (Fig. 1) in two-thirds of species,
in which ploidy accounted for 54% of variation in niche on average.
Possibly, this number still represents an underestimate of the extent
of niche divergence, as not all included studies have high enough
sample sizes to give sufficient statistical power and several of the
studies focused specifically on sampling areas where both ploidy
levels overlap, not the entire species range. Furthermore, we only
assessed the climatic niche, as the imprecision in the coordinates
did not allow us to include edaphic and microenvironmental factors
and there is no straightforward way to assess the difference in biotic
niche among ploidy levels. In spite of these limitations, our results
are in line with theory predicting a prime role of niche differentia-
tion in polyploid speciation (69, 70) and also empirical results in
allopolyploids (71). The importance of ecological niche differenti-
ation is supported by species coexistence theory (72, 73), which
suggests that coexistence of closely related lineages, such as recent
polyploids and their lower-ploidy progenitors, is possible when they
have different resource needs or utilization strategies. In a broad
ecological context, the pervasive presence of ploidy-associated niche
differentiation also highlights the importance of taking the (often
cryptic) ploidy variation into account in investigations of species
niches and ranges. Though the great majority of plant species have
never been analyzed for ploidy variation, such intraspecific poly-
ploidy is likely a frequent phenomenon, estimated to be present in
about 16% of angiosperm plant species (11). Given this frequency,
the results of our study highlight that ploidy variation should be
considered one of the prime drivers of plant niche evolution.

In stark contrast to its overall frequency stands the lack of a
consistent trend in environmental parameters underlying niche
differentiation. Our results do not support an association of

https://doi.org/10.1073/pnas.2424785122

polyploids with higher elevations, drier or colder habitats. In
fact, the only significant trend—in a subset of species showing
significant niche differentiation—was a preference of polyploid
populations for lower elevations, which is in the opposite direc-
tion than it has traditionally been assumed (54, but see e.g. 65).
This lack of a consistent trend means that we can dismiss any
previous speculations on polyploids having a preference for
extreme habitats, such as colder, drier, or higher altitudes (7, 13,
26-30). Our results match those of earlier reviews—dating back
as far as 1939—that also did not find any consistent pattern
(21-25). However, whereas these reviews were mostly based on
visual comparisons of patterns from a handful of species, we
validated their conclusions with modern statistical niche mod-
eling techniques on a worldwide dataset comprising more than
100 species.

Though we cannot conclusively separate the immediate versus
the evolutionary consequences of WGD, the lack of a consistent
trend challenges the idea of a predictable niche shift as an imme-
diate result of the increased cellular and organ sizes that follow
WGD. However, our results may still be explained by such imme-
diate effects if these are context-specific, so when the manifestation
of the WGD-altered traits are different in different environments.
For example, increased organ size might help in highly competitive
habitats but may be too costly in resource-limited environments
(74). In contrast, we would posit that evolutionary effects are more
likely to explain the lack of a consistent trend. Compensatory
evolution for WGD-altered traits is frequent in naturally estab-
lished polyploids (4, 8), and the outcome of this process may also
vary from species to species. Additionally, stochasticity during the
early stages of polyploidization might also affect the evolution of
traits and the ranges of the establishing polyploids, similarly as in
diverging diploid species (75). For example, theory suggests that
newly formed polyploid lineages can survive the competition with
their diploid progenitors only when they have a different niche
(69, 70). Selection for niche displacement may thus prefer species
where interploidy niche differentiation emerged, yet stochastically
in whatever direction. In sum, the observed lack of consistent
determinants of niche differences suggests that different immediate
effects or evolutionary mechanisms underlie the idiosyncratic
niche evolution following genome doubling.

The lack of consistent patterns in niche differentiation in
autopolyploid systems also challenges the role of WGD per se in
creating global distribution patterns of polyploidy. Instead, the
observed patterns for increased polyploid frequency in higher lat-
itudes (39) may reflect the effects of hybridization or later evolu-
tion of polyploid lineages. Our analysis did not include
allopolyploid species, but allopolyploids are frequent in, e.g., the
Arctic flora (37). Alternatively, the global patterns in polyploid
distribution may be the result of evolutionary processes that have
taken place in aging polyploids, such as subfunctionalization or
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Fig. 2. Inconsistent role of environmental variables in niche differentiation between ploidy levels across species. (A) Example of niche quantification results
(done in Ecospat) for two species with contrasting preferences for annual mean temperature. For the Alnus glutinosa species group, tetraploids (orange) have a
preference for higher temperatures than diploids (blue), whereas for the Empetrum nigrum species group, tetraploids prefer colder temperatures. The purple
area indicates the niche overlap between the two ploidy levels, and the gray line the temperature distribution across the whole study area. (B) Nonsignificant
difference in mean annual temperature (P = 0.41), annual precipitation (P = 0.70), and elevation (P = 0.082) between the two ploidy levels within each of the
129 species, tested by 10,000 permutations. Values below zero indicate a preference of higher ploidies for lower temperature, precipitation, and elevation. (C)
Principal component analysis (PCA) based on mean values of seven climatic parameters inferred for each ploidy level from the full set of the 129 species. The
direction of each arrow corresponds with the increase in ploidy within a species; a consistent trend would be indicated by the arrows pointing in the same
direction (inconsistency revealed by PERMANOVA, P = 0.83, 10,000 permutations, R? = 0.001 6). The inset shows the loadings of the seven used environmental
variables to the first two principal components. (D) Variable importance of niche determinants of lower and higher ploidy of each of the 75 species of the core
dataset as inferred by SDM. This parameter indicates which climatic parameters are most constraining for the predicted range of each ploidy level within a
species; the direction of each arrow corresponds with the increase in ploidy. The inset shows the loadings of the variable importance of the seven environmental
parameters, to the first two principal components. Inconsistent trend in the niche determinant variation between ploidies was revealed by PERMANOVA (P =
0.59, 10,000 permutations, R = 0.005).
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biased fractionation during initial phases of rediploidization
(76, 77).

Surprisingly, we also did not find any consistent support for the
hypothesis that polyploidization is associated with niche or range
expansion, as we found that polyploids do not have consistently
larger range sizes or broader niches than their lower-ploidy conspe-
cifics. Autopolyploids are expected to have a broader genetic niche

PNAS 2025 Vol. 122 No.24 2424785122

as they harbor increased genotypic variation (50, 78, 79). Similarly,
they are expected to be better colonizers of empty habitats because
anew population that is founded from a given number of polyploid
seeds will have a higher genetic diversity than a population founded
from the same number of diploid seeds. This higher genetic diversity
may provide short-term adaptive potential, may lessen the effects
of inbreeding depression upon self-pollination, or may buffer the
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Fig. 3. Inconsistent trends in niche expansion and range size dynamics between ploidy levels across species. (A) Summary of the quantification of niche expansion
of higher ploidy (red bars) and niche unfilling of lower ploidy (cream bars) in each of the 75 core dataset species. Species names and the two dominant ploidy
levels compared are given below each bar. (B) Distribution of niche breadth and range size difference between ploidy levels summarized across the 75 species.
Niche breadth along the first two principal component axes of the multivariate climatic space was reconstructed in Ecospat, relative range sizes were inferred
from SDM. There is no consistent trend for niche or range expansion in polyploids. (C) Inconsistent effect of ploidy level shift on range sizes of ploidy levels of
each species inferred by SDM of the core dataset of 75 species. Left: Reconstructed past range changes between last glacial maximum (LGM) and present (effect
of ploidy level, P=0.481, 10,000 permutations). Right: Projected range changes from the present to the future (SSP2-4.5) climate (effect of ploidy level, P = 0.585,
10,000 permutations). Increase in the ratio value is expected if polyploids are better postglacial colonizers (Left) and/or more resilient to future climates (Right).

The thick lines represent the average change in the ratio over all species.

bottlenecks associated with range expansions (50, 80). Our findings
are in line with previous meta-analyses of diploid-polyploid conge-
ners (81, 82). The lack of support for a larger niche or range size of
polyploids can also not be explained by incomplete range sampling
for some of the included species, as the analysis of a subset of the
species with approximately range-wide sampling also did not show
any clear patterns (S Appendix, Fig. S5D).

Interestingly, polyploid range expansion was on average higher
in species where polyploidization was associated with a transition
to asexual spread (by apomictic seeds or vegetative bulbils). This is
in line with the pattern of “geographical parthenogenesis” that was
first observed almost a century ago (83). However, since many sex-
ual-asexual complexes are also polyploid complexes, it has always
been difficult to determine whether any differences in range size
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between sexuals and asexuals were due to asexuality per se, or due
to polyploidy (84). Since we did find an effect of polyploidy on
range size for species with asexual spread, but not in general, we can
conclude that geographical parthenogenesis is indeed a direct effect
of asexuality itself and not of polyploidy, in line with recent findings
in the homoploid Rubus system (85). One possible mechanism
could be that asexual spread allows quicker colonization as newly
available sites can be colonized by a single propagule [Baker’s
law (86)].

For a better understanding of the ecological effects of WGD,
further integration of genetic and ecological investigations in
mixed-ploidy systems is needed (25). Most of the knowledge we
have on the physiological and genomic effects of WGD (6) comes
from experimentally induced polyploidy in Arabidopsis thaliana
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and several crop species. While this is insightful, A. thaliana does
not encompass naturally established polyploids and most of the
polyploid crops are allopolyploids, are highly selfing, and/or lack
wild polyploid relatives that allow studying natural niches and
ranges. Future research should therefore combine such experi-
ments with field studies in natural mixed-ploidy species. In addi-
tion, the combination of ecological and genomic analyses may be
useful for unraveling the genomic architecture underlying any
ecological differentiation among ploidy levels and characterizing
genetic substructure that may play a crucial role in niche differ-
entiation (87, 88). Finally, genetic data are essential for estimating
the degree of genetic divergence among ploidy levels and thus
polyploid’s age. Though we did not find any statistical effect of
the degree of divergence between the ploidy levels on the level of
niche differentiation, our estimates of divergence were very crude.
Coordinated phenotypic, ecological, and genetic investigations of
the same naturally mixed-ploidy species are therefore essential for
elucidating the role of post-WGD evolution in ploidy differenti-
ation (89).

Conclusions

We observed a high frequency of niche differentiation between
ploidy levels that is well in line with the generally expected key
role of niche shifts in polyploid speciation. More generally, it also
illustrates the importance of taking ploidy level into account in
ecological studies explaining forces underlying niche evolution
within a species. However, in our analysis of 129 polyploid com-
plexes, we did not find any consistent effect on the ecological niche
of the ploidy levels. The observed lack of any general trends implies
that in each species different parameters underlie the ecological
differentiation between ploidy levels. So it is likely that following
a polyploidization event, competition among ploidy levels will
result in the evolution of niche divergence. However, the direction
of this divergence then depends on the event-specific context such
as the location, environment, and timing of the polyploid orig-
in(s). This illustrates the need for future research to focus on the
underlying forces driving this separation within each polyploid
complex by integrating ecological, genetic, and experimental data.
In sum, our study demonstrates the idiosyncratic nature of poly-
ploid establishment and adaptation, that well aligns with the
notion of the occasional successful polyploids as “particularly
hopeful monsters.”

Materials and Methods

Data Acquisition. We created a multispecies database of location data of individ-
uals or populations with known ploidy level, assessed by either flow cytometry or
chromosome counting (see Dataset S1 for the full database). Location data were
obtained by searching the literature using specific keywords in Google Scholar
(e.g., "cytogeography"), by following leads from cited references, or by specifically
looking for studies on species for which we knew they had ploidy variation. In
addition, we asked colleagues working on polyploidy for sharing data from pub-
lished studies, and included data from existing polyploidy databases for Germany
[https://chromosomes.senckenberg.de, (90)] and the Balkans (https://webapp.
uibk.ac.at/botany/balkbiodiv/). In total, we assembled data from 212 unique
sources, among which 209 were peer-reviewed publications (Dataset S2). We
focused on angiosperm plant species with at least two dominant ploidy levels
present, i.e., avoiding species with only occasional occurrences of rare cytotypes
[such as interploidy hybrids, products of unreduced gametes merging, etc. (24,
91)].To mitigate possible confounding effects of species hybridization, we focused
exclusively on systems involving autopolyploids, i.e., cases where there were
molecular, morphological, and/or phylogenetic (no alternative relative) data
supporting origin of the polyploid from a single lower-ploidy lineage within the
species or monophyletic species group (see Dataset S3 for details on the data
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used for this inference). As species definition is challenging and still provisional in
many autopolyploid complexes (89), we refer to each studied mixed-ploidy taxon
as a species for simplicity, regardless if the individual cytotypes are recognized
as separate taxonomic species.

When geographical coordinates were given fora location, these were included
in our database; when no coordinates were given but only a description of the
locality or a map, the latitude and longitude were obtained by georeferencing
the description using Google Earth or Geonames.org. Altogether, 77.5% of the
species encompassed one or more mixed-ploidy populations (average frequency
11.4%); coordinates from such populations were used for all present ploidy levels.
The data were recorded as presence-only, so we only recorded whether a certain
ploidy level was found ata given location, and did not record the frequency when
multiple samples were taken; this was done as the niche modeling techniques
only work with presence data and not with relative abundance. Note that for the
majority of species, only a part of their full range was sampled, and for only 38
species, the sampling was approximately range wide (Dataset S3). For species
with more than two dominant ploidy levels, we focused on two most frequent
ploidy levels (i.e., those for which the most data points were available after spatial
thinning) to keep the pairwise comparative design across all species. For species
that are invasive in part of their current distribution, we only included locations
from their native range and not from the invasive range.

The full dataset contained 25,857 observation points for 129 species; from this
full dataset, we created a subset of 75 species for which enough data were avail-
able for performing niche modeling. For this, species were only included when
there were at least two ploidy levels for each of which 20 locations were available,
after spatial thinning for geographically too close locations. For the analyses below,
we refer to these two datasets as "full” (129 species) and “core” (75 species).

Climatic Niche Analyses. Three main approaches, all performed in R, were used
to address our hypotheses concerning the ecological niche differentiation, niche
breadth, and range dynamics of the ploidy levels:

Direct extraction of climatic variable values for the locations for all 129 species
in the full dataset.

Analysis of niche overlap, expansion and unfilling between the two dominant
ploidy levels using Ecospat (92), for the 75 species of the core dataset.

SDM, separately for each ploidy level, using MaxEnt (93) based on present
climatic data, and extrapolating to the past climate (LGM) and future climate
(SSP2-4.5), for the 75 species of the core dataset.

For use in these analyses, seven bioclimatic variables were selected from
the WorldClim database (v 1.4 at 2.5 arc min resolution (94): Annual Mean
Temperature (BIO1), Mean Diumal Range (BI02), Isothermality (BIO3),
Temperature Seasonality (BIO4), Mean Temperature of the Wettest Quarter
(BIO8), Annual Precipitation (BIO12), and Precipitation Seasonality (BIO15).
These variables were selected from among the 19 WorldClim variables because
they exhibited low correlation (|r] < 0.7) in the full dataset. In addition, Annual
Mean Temperature, Annual Precipitation, and Elevation were further analyzed
separately to test specific hypotheses of polyploids growing in more extreme
environments (colder, drier climates, and higher elevations). Elevation was only
used in univariate analyses and not in multivariate analyses as the WorldClim
data use elevation for spatial interpolation, and therefore, the climate data are
not statistically independent of elevation.

For many species, a clear aggregation of sampling points was visible, with
some areas more densely sampled than others. Such spatial overrepresentation
may lead to biases in the niche modeling analyses as the more densely sampled
areas will be seen as areas with higher suitability. To correct for this, we used a
spatial thinning approach where the data were subsampled to include only a sin-
gle sampling point per grid cell, for a grid with a resolution that was determined
on a species-specific basis. This was done per species as the degree and spatial
scale of the aggregation of sampling efforts differed between species, and there
was nota single resolution that resolved spatial overrepresentation in all species,
without too much data loss. For the spatial thinning, we used values of 1,5, 15,
30, 60, or 150 arc s. Spatial thinning was performed separately for each ploidy
level, but at the same spatial resolution for all ploidy levels within a species.

Direct Variable Extraction. Climatic data were extracted forall locations in the
full dataset of 129 species, after spatial thinning. For each species, the mean value
of each variable was then calculated for the two dominant ploidy levels. We then
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tested for consistency in preference for temperature, precipitation, and elevation
between ploidy levels by calculating the difference in the mean values of these
variables between the higher and lower ploidy level. Significance testing was
done using Monte Carlo permutations, where the mean values were permuted
among ploidy levels within species (10,000 permutations). To visualize any overall
patterns, a Principal Components Analysis was performed on the seven selected
bioclimatic variables, again using the mean values for the two dominant ploidy
levels per species. Significance of the consistency in the difference between the
higherand lower ploidy level was tested using a PERMANOVA with the adonis2()
function from the vegan R-package (95).

Niche Overlap, Expansion, and Unfilling. For each of the 75 species in the core
dataset, we applied the approach of Broennimann et al. (96), as implemented
in the R-package Ecospat (92) to test several aspects of the niche evolution of
polyploids. In this approach, the climatic values at the sampling locations are
placed along an axis, distributed over a number of bins, and then smoothed
using a kernel density function. The approach can be performed over multiple
variables-where a principal components analysis is applied and the smoothing
takes place over the first two PCA axes-but can also be performed along a single
environmental axis. For each species, we applied this method to the two dominant
ploidy levels and then calculated the degree of niche overlap using Schoener’s
D-statistic; we used the multivariate approach using the seven selected climatic
variables, to test for overall niche divergence, and the univariate approach sepa-
rately for temperature and precipitation, to test the specific hypotheses that poly-
ploids have a preference for warmer and more xeric environments. Significance
of Schoener's D was calculated per species using the permutation approach of
Meirmans (84), where locations were permuted among ploidy levels, except for
the locations of mixed ploidy populations, which were left unpermuted. This way
1,000 random permutations were performed, with spatial thinning being done
separately for each permutation.

Besides calculating niche overlap, we also assessed other aspects of niche
dynamics: niche expansion and niche unfilling. Here, "niche expansion” is the
part of the niche of the higher ploidy level that is not occupied by the lower
ploidy level; “unfilling" refers to the part of the niche of the lower ploidy level
thatis not occupied by the higher ploidy level. This allowed us to test whether an
increase in ploidy level generally coincides with an expansion of the climatic niche
compared to the lower ploidy level, or alternatively to an unfilling of the niche.
Using Ecospat, we calculated the niche expansion, stability, and unfilling statistics,
comparing the two dominant ploidy levels for all 75 species of the core dataset,
based on the multivariate climatic dataset. We calculated the niche breadth for
each ploidy level as the variance of the smoothed kernel density function along
the two first PCAaxes. This allowed an additional way to test whether higher ploidy
levels had a broader ecological niche than lower ploidy levels.

sbM. To test for differences in range overlap, range dynamics (range expansion
and retraction over time), and niche determinants among ploidy levels, SDM were
created separately for the two dominant ploidy levels for each of the 75 species
of the core dataset. SDMs were created using MaxEnt (93), as implemented in
the R-package sdm (97). SDMs were trained on the seven bioclimatic variables
and the spatially thinned location data for the ploidy level. For this, the location
data were randomly separated into a training dataset comprising 70% of the
locations and a testing dataset comprising the remaining 30%. Fit of the model
was assessed using the AUC (area under the curve) statistic calculated using the
testing data. The modeling step was repeated 10 times, each replicate having
independently performed spatial thinning and independently drawn training
and testing subsets.

Ensemble prediction across the ten replicate runs of the model was used to
create predicted distribution maps for each ploidy level of each species. Three
predictions were made using climatic datasets from different time points, all
associated with WorldClim 1.4: 1) present-day; 2) LGM; about 22,000 y ago,
modeled using the MIROC-ESM; 3) and future; predictions for 2070 following
the optimistic SSP2-4.5 (RCP45) scenario for climate change, modeled using
the MIROC-ESM. The resulting habitat suitability maps were transformed into
presence/absence distribution map based on a threshold value obtained via the
Max SSS threshold selection method (98). For each species, the present-day range
sizes for each of the two dominant ploidy levels were then calculated, as well as
the range overlap, and range nonoverlap. Furthermore, for each time period,
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the range sizes for the two dominant ploidy levels were compared by taking the
log of the ratio of the range size of the higher and that of the lower ploidy level.

As an indication of which of the climatic variables are the most important
determinants of the climatic niche, we used the "Variable Importance” values
returned by MaxEnt. When ploidy levels differ in their variable importance
values, their distributions are shaped by different variables. For example, one
ploidy level may be indifferent to temperature, but very sensitive to seasonality,
whereas for the other ploidy level, this may be exactly the opposite. This concept
of niche determinants is different from-and thus complementary to-the concept
of niche differentiation. Variable importance values were compared between the
ploidy levels within a species using the G-statistic approach from Meirmans (84).
Furthermore, the variable importance values for all dominant ploidy levels in
all 75 species were visualized in a PCA, and the significance of the difference
between the higher and lower ploidy level across all species was tested using a
PERMANOVA with 10,000 permutations.

For each species, the significance of the present-day range nonoverlap (sig-
nificantly different ranges for the two ploidy levels) was calculated using a sim-
ilar permutation scheme as above (84), by permuting locations among ploidy
levels, except for mixed-ploidy populations. For each of the 1,000 permutated
datasets, a new SDM was made, each with ten replicates with independent spa-
tial thinning and independent training and testing subsets. Overall, more than
150,000 SDMs were created across the different ploidy levels for the 75 species
of the core dataset.

Analysis of Species Traits. We classified each species based on three cate-
gorizations: clonal persistence, asexual dispersal, and divergence (Dataset S3).
Clonal persistence describes whether a species is capable of vegetative clonal
reproduction, enhancing its local persistence and perhaps also establishment.
Species were scored eitheras 0 or 1 for clonal persistence, defined based on the
CLOPLA database (79). Asexual dispersal describes whether the species is capable
of asexual reproduction mediated by specialized propagules allowing for efficient
clonal dispersal (bulbils or apomictic seeds). Also here, species were scored either
as 0 or 1.Additional categorizations based on life-history were considered but not
included due to a lack of variation among the species in the database (e.g., 96%
of the species were perennial and only 4% were annuals). Divergence roughly
describes the degree of evolutionary separation between ploidy levels, based on
the most-used taxonomic treatment of the mixed-ploidy species (or species com-
plexes). Divergence was classified as 0 (low), when there is no different taxonomic
treatment of ploidy levels (and thus no morphological differentiation and thus
a likely recent origin); a divergence of 1 (intermediate) was scored when ploidy
levels are recognized as subspecies (intraspecific differentiation); a divergence
of 2 (high) was scored when the differentiation in ploidy levels corresponds with
species difference (in case of species complexes). We note this approach is coarse
and susceptible to subjective bias as it is dependent on expert knowledge of
different taxonomic specialists, and their adherence to-and interpretation of-the
biological species concept. Polyploidization leads to reproductive isolation, but
ploidy levels are not necessarily regarded as separate species by taxonomists,
possibly due to a lack of morphological divergence (24). Despite the resulting
limitations of our classification of divergence, there was no alternative due to a
lack of genetic data for the vast majority of the species, reflecting the general gap
between genetic and ecological studies in polyploid research (78).

To test whether the species traits affect niche differentiation (Schoener's D) and
range expansion (log-transformed absolute difference between present range
sizes inferred by SDM), we used linear mixed effect models taking into account
relatedness between species. Specifically, we compared a null model including
the random effect of plant family as a predictor with models including one of
the three categorizations: i) divergence, ii) clonal persistence, and iii) asexual
dispersal in addition.

Data, Materials, and Software Availability. All Study dataareincluded inthe
article and/or supporting information.
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