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Summary

� Numerous plant species are expanding their native ranges due to anthropogenic environ-

mental change. Because cytotypes of polyploid complexes often show similar morphologies,

there may be unnoticed range expansions (i.e. cryptic invasions) of one cytotype into regions

where only the other cytotype is native.
� We critically revised herbarium specimens of diploid and tetraploid Centaurea stoebe, col-

lected across Europe between 1790 and 2023. Based on their distribution in natural and relict

habitats and phylogeographic data, we estimated the native ranges of both cytotypes.
� Diploids are native across their entire European range, whereas tetraploids are native only

to South-Eastern Europe and have recently expanded their range toward Central Europe. The

proportion of tetraploids has exponentially increased over time in their expanded but not in

their native range. This cryptic invasion predominantly occurred in ruderal habitats and

enlarged the climatic niche of tetraploids toward a more oceanic climate.
� We conclude that spatio-temporally explicit assessments of range shifts, habitat preferences

and niche evolution can improve our understanding of cryptic invasions. We also emphasize

the value of herbarium specimens for accurate estimation of species´ native ranges, with fun-

damental implications for the design of research studies and the assessment of biodiversity

trends.

Introduction

Many invasive plants do not only spread in terms of ‘classical’,
transcontinental invasions but may simultaneously expand
their native range within continents (van Kleunen et al., 2015;
Essl et al., 2019; Lustenhouwer et al., 2024). In Europe, for
example, the number of naturalized, non-native plants with
intracontinental origin exceeds those with transcontinental ori-
gin (Zhang et al., 2023). However, our understanding of such
gradual range expansions is limited because the precise borders
of the ‘true’ native ranges of species are usually unknown or

speculative (Lustenhouwer & Parker, 2022; Zhang et al.,
2023). This lack of information may be particularly common
in polyploid complexes as closely related diploid and polyploid
cytotypes often show similar morphologies. Consequently,
range expansions of a cytotype can go unnoticed in areas where
the other cytotype is already present (R€uegg et al., 2017;
Mezhzherin et al., 2022; K�ur et al., 2023). These expansions
can be regarded as ‘cryptic invasions’ (sensu Novak, 2011), a
phenomenon believed to be much more widespread and ecolo-
gically significant than currently recognized (Bickford
et al., 2007; Morais & Reichard, 2018).
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There are several examples among polyploid complexes where
the polyploid cytotype is a more successful invader than its diploid
counterpart (reviewed by te Beest et al., 2012). Moreover, poly-
ploids are presumed to be more successful in ruderal habitats than
diploids (van Drunen & Johnson, 2022). These patterns indicate
that polyploids, relative to diploids, might benefit from the steadily
increasing anthropogenic activity under global change (Sessa, 2019;
van de Peer et al., 2021). Analyzing shifts in cytotype frequencies
within sympatric ranges of polyploid complexes, such as in the case
of cryptic invasions, may provide evidence of the superior coloniza-
tion abilities of polyploids. However, there is no empirical quantifi-
cation of a cryptic invasion by a polyploid plant expanding into the
range of its diploid relative.

Herbarium collections provide invaluable resources for track-
ing such spatio-temporal dynamics of species occurrences (Delisle
et al., 2003; Lang et al., 2019; Rosche et al., 2022). Furthermore,
herbarium labels often contain information in which habitat type
the specimen was collected. This is important because during
range expansions, species are much more likely to be found in
ruderal rather than in natural habitats (Theoharides &
Dukes, 2007; Dainese et al., 2017; Essl et al., 2019). Thus, study-
ing spatio-temporal shifts in the proportion of polyploid vs
diploid cytotypes, while differentiating between ruderal and nat-
ural habitats, may help uncover cryptic invasions in polyploid
complexes.

Further applications of herbarium records in invasion research
include reconstructing temporal peaks of range expansions
(Delisle et al., 2003) and assessing how climatic niche breadths
change across space and time (Broennimann et al., 2014). Given
that anthropogenic factors can have a comparable or even stron-
ger effect than macroclimate on species distributions (McKeon
et al., 2023), our understanding of the key determinants of range
expansions may be improved by integrating spatio-temporally
explicit data on human activities and climate (Skokanov�a
et al., 2023). The emerging spatio-temporally explicit databases
on human settlements (Schiavina et al., 2023) and transport sys-
tems (Garcia-L�opez et al., 2022) offer hitherto unexplored tools
to disentangle the relative roles of climate, space, dispersal corri-
dors and urbanization in range expansions. Regarding polyploid
vs diploid distribution patterns, such integrative approaches
could significantly contribute to understanding the circumstances
under which cytotype shifts have occurred in the past and may
continue doing so in the future.

Here we study the cryptic invasion of tetraploid Centaurea
stoebe L. (spotted knapweed; Asteraceae). Diploids of this species
are suggested to be native to large parts of Europe, including
Central Europe (Ochsmann, 2000). As native, we define regions
where taxa have naturally occurred before the strong anthropo-
genic activities of the last centuries have shifted the distribution
of many species (Essl et al., 2019). By contrast, tetraploids are
supposed to be only native to South-Eastern Europe from where
they might have recently expanded their range toward Central
Europe (Ochsmann, 2000; Mr�az et al., 2012a; Rosche
et al., 2016). Tetraploid C. stoebe is among the most successful
plant invaders of North America, whereas diploids have never
been recorded outside their native range (Mr�az et al., 2011). This

distribution pattern has made C. stoebe a prominent model to
study the benefits of polyploidy in invasion success (te Beest
et al., 2012). However, while the North American invasion his-
tory of tetraploid C. stoebe is well-documented (Broennimann
et al., 2014), the cryptic invasion across Central Europe has
remained speculative. The need to address this knowledge gap
became evident when we reviewed 52 recent papers that used
‘native’ tetraploid populations from Europe to compare them
with non-native tetraploid populations from North America
(Supporting Information Table S1). Intriguingly, all the reviewed
studies involved Central European tetraploid populations (which
might be not native) and treated them as native in their compari-
sons. This underscores the necessity of accurately delineating
native and expanded ranges for eco-evolutionary studies.

To unravel the cryptic invasion of tetraploid C. stoebe, we ana-
lyzed spatio-temporally explicit occurrence data, including habi-
tat type information, from herbarium specimens and
cytogeographic data (i.e. chromosome counts or flow cytometry
analyses). We addressed the following principal objectives:
(1) Fostering our understanding of how to distinguish between
native and expanded species ranges: We examined the geographi-
cal ranges of diploid and tetraploid C. stoebe and employed a con-
ceptual framework predominantly focusing on the distribution in
natural and relict habitats to delineate the native and expanded
ranges of both cytotypes. As a proof of concept, we investigated
how the proportion of tetraploids, relative to diploids, has chan-
ged over time in the native and expanded ranges. More specifi-
cally, we asked whether these temporal dynamics have been
similarly or differently pronounced in ruderal and natural habi-
tats in either range.
(2) Facilitating our understanding of the characteristics and
determinants of the cryptic invasion of tetraploids: We investi-
gated how the geographical range size and the climatic niche
breadth of tetraploids evolved over time in ruderal and natural
habitats of their expanded range. Finally, we examined the rela-
tive importance of climatic conditions vs anthropogenic factors,
such as dispersal corridors and urbanization, in both the initial
spread and the current occurrence of tetraploids.

Materials and Methods

Total dataset

We critically revised 13 078 Centaurea stoebe L. herbarium speci-
mens from 167 herbaria (Table S2; Fig. S1). For cytotype deter-
mination, we applied the discrimination key from Mr�az
et al. (2011), which primarily relies on distinguishing the cyto-
types based on the combination of the following traits: shape and
size of the capitula, shape and size of the involucral bracts
and their color and the presence/absence of accessory rosettes
(Notes S1). This step was crucial because diploid and tetraploid
plants are morphologically similar, and the taxonomic acceptance
of the two cytotypes is relatively recent (Mr�az et al., 2011). Con-
sequently, only 9.6% of the specimens were originally deter-
mined to the cytotype level on their specimen labels and even
from those specimens, 18.2% were found to be misidentified.
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We applied two molecular approaches to validate our cytotype
determination: (1) We morphologically determined the
cytotype of 463 individuals grown in a common garden at the
University of Fribourg and subsequently verified our determina-
tion using flow cytometry (morphological determination accu-
racy: 98.3%). (2) We genotyped the ITS1 locus of 178
herbarium specimens after morphological determination of their
cytotypes (morphological determination accuracy: 97.8%). We
choose this subsample (3.5% of the total number of specimens)
to represent comparable distributional ranges and collection dates
across both cytotypes, including specimens from both the native
and expanded ranges of tetraploid C. stoebe. Genotyping of the
ITS1 locus unambiguously identifies the cytotype, as all tetra-
ploid samples exhibit a unique ribotype B, which has never been
found in diploid samples (Mr�az et al., 2012a). Overall, our com-
plementary validation approaches demonstrated that the
morphology-based determination was very reliable and consistent
across the investigated spatial and temporal ranges of our herbar-
ium collections. Details on the validation of our morphological
cytotype determination are provided in the Notes S1.

From the 13 078 specimens, we removed duplicates (i.e. speci-
mens collected simultaneously at the same site: 41.6%) and
specimens that did not belong to the C. stoebe complex (1.5%).
We additionally excluded specimens where determining the cyto-
type was not possible (10.7%) or information on locality or col-
lection date was missing or unreadable (6.8%). We then added
668 cytogeographic records, including 562 published records
from 38 publications (Table S3) and 106 new records
(Table S4). The new records were collected for the present study
and analyzed using flow cytometry following the protocol in
Mr�az et al. (2011). After the data cleaning and adding steps (see
Fig. S2 for a flowchart), our total dataset included 5803 occur-
rences. This total dataset was used to explore the entire Eurasian
range of the C. stoebe complex and to estimate which part of the
ranges are native for both cytotypes.

Estimation of the native and expanded ranges of
tetraploids

To delineate the native and expanded ranges of tetraploids, we
developed a conceptual framework combining three approaches
commonly employed to unveil native range expansions and cryp-
tic invasions (Morais & Reichard, 2018; Lustenhouwer & Par-
ker, 2022): (1) revision of occurrence data, (2) phylogeographic
analyses, that is analyses on contemporary spatial patterns of
molecular variation, and (3) review of floristic publications.
Among these three approaches, our delineation primarily, but
not exclusively, relied on the revision of occurrence data. Below
we present a brief overview of the methods. Further details on
our estimation are provided in the Notes S2.

First, we defined habitat types in which tetraploids may have
existed in the recent past (Essl et al., 2019), that is where tetra-
ploids could have naturally occurred before anthropogenic activ-
ities completely transformed the European landscape. For the
light-demanding C. stoebe, this includes zonal steppes,
canopy-open forests on steep slopes or sandy sediments, and

extrazonal, treeless habitats. The latter were hereafter referred to
as ‘relict habitats’ and included rock outcrops and naturally tree-
less habitats at high altitudes. These relict habitats were particu-
larly interesting to us because C. stoebe is a predominantly
barochorous species, which limits its uphill dispersal (Mr�az
et al., 2012b). Given this limited uphill dispersal, the coloniza-
tion of relict sites should require the presence of nearby source
populations over an extended period. After defining the historical
habitat requirements, we employed our total dataset to identify
geographic patterns in the habitat-specific distribution of tetra-
ploids. We considered those geographic regions as native range
where tetraploids regularly occur at natural or relict habitats
(regardless of whether they also occur in anthropogenic sites
within the same region). By contrast, regions were considered as
a part of the expanded range where tetraploids did not occur in
natural or relict habitats. We did this habitat-focused assessment
independently of collection time. To ensure that the absence of
tetraploid records at relict sites was not a signature of insufficient
sampling activity in distinct regions, we took into account
whether diploids occurred in relict habitats there. Accounting for
the occurrence of a reference taxon is a recommended strategy for
addressing spatial sampling bias in herbarium studies (Lang
et al., 2019). Diploids are a suitable reference because they show
large-scale presence in relict habitats across their entire sympatric
European range (see Notes S2) and they share comparable ecolo-
gical niches with tetraploids (Mr�az et al., 2011; Rosche
et al., 2018). In regions that were close to the estimated border
but were not well represented by neither diploid nor tetraploid
herbarium specimens, we conducted extensive field surveys com-
bined with flow cytometric analyses (Tables S3, S4) to aid
decision-making in these critical regions.

Second, we investigated spatial patterns of molecular variation,
using data from five published and three unpublished phylogeo-
graphic datasets (Notes S2). Analyzing spatial patterns of con-
temporary genetic diversity is a well-established method for
identifying signatures of recent or historic cryptic invasions
(reviewed by Morais & Reichard, 2018). The geographical distri-
bution of genetic diversity within tetraploids, especially with a
view on rare alleles, indicates that Central Europe has been colo-
nized rather recently. The distribution of closely related taxa that
share ribotypes with allotetraploid C. stoebe suggest the Balkans
and adjacent regions of Romania and southern Ukraine to be the
evolutionary cradle of tetraploid C. stoebe. In particular, the sec-
ond parental species likely existed near the Black Sea before going
extinct. Overall, the phylogeographic patterns supported the
range delineation estimated from occurrence data. In addition,
the phylogeographic data facilitated our assessments in regions
where tetraploids are native but currently have sparse distribu-
tions (e.g. Ukrainian steppes, which have undergone extensive
conversion to agricultural land).

Thirdly, we conducted an extensive literature survey of floristic
publications. We found 27 local reports suggesting that specific
tetraploid C. stoebe populations are not native to their respective
location. For all 27 reports, our assessment confirmed their sug-
gestions showing that our assessments were largely congruent
with expert knowledge of local botanists (Notes S2).
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Finally, we applied the same three approaches and criteria to
assess the native range of diploids. In contrast to our findings for
tetraploids, we found no credible evidence of a recent range
expansion for diploids (for details, see paragraph 3.12 within the
Notes S2).

We used ArcGIS 9.2 (ESRI, Redlands, CA, USA) to delineate
the estimated boundary of the native range of tetraploids along
the geographical barriers that we identified as separating the
native and expanded ranges, such as rivers and mountains.
Occurrence data within this boundary were classified as native,
whereas those lying outside were designated as being part of the
expanded range. For occurrences within a 50-km buffer around
the boundary (arbitrarily chosen threshold), we carried out indi-
vidual verifications to confirm their range affiliation. These
individual verifications were conducted to avoid incorrect assign-
ments potentially arising from imprecise border delineation or
inaccuracies in georeferencing.

Focal dataset and study range

Our assessment identified two regions where tetraploids occur
beyond their native range: (1) northwest of the native range
encompassing Central, Western and Northern Europe and (2)
east of the native range, specifically south and east of the Don
River. For all analyses described below, we used our ‘focal data-
set’ focusing on our ‘study range’, that is the native range and the
expansion toward Central, Western and Northern Europe
(Fig. S2). Records east of the native range were not included
because the estimated delineation of the native range may be less
precise in European Russia due to lower sampling efforts. We
had 4417 records from Central, Western and Northern Europe
but only 330 from the expanded range in European Russia
despite both ranges having similar sizes. The lower sampling den-
sity in European Russia can be attributed to the relatively sparse
distribution of herbaria (Fig. S1).

Ruderal vs natural habitat type assignment

Habitat information was extracted from the labels of herbarium
specimens or field notes from cytogeographic collections. With
the available information, we classified the habitat types accord-
ing to the European classification system of habitats (EUNIS).
For 28.8% of our records, we could not retrieve sufficient habitat
information for classification. Following the approach outlined
in Broennimann et al. (2014), habitat types classified as diluvial
sediments (EUNIS category C), natural and seminatural grass-
lands (E), and natural rock outcrops (H) were classified as ‘nat-
ural’ habitats. By contrast, agricultural habitats (I) and transport
networks, extractive sites, urban and industrial habitats (J) were
classified as ‘ruderal’ habitats.

Data analyses

To predict the probability that a C. stoebe population within a
given spatial, temporal and environmental context is tetraploid,
we fitted generalized additive logistic models (GAMs) using the

package MGCV 1.8-41 (Wood, 2011) in R 4.3.3 (R Core
Team, 2024). We modeled the spatio-temporal dynamics using
individual, binomial occurrence data (tetraploid = ‘1’ vs
diploid = ‘0’), that is predicting the proportion of tetraploid
relative to all C. stoebe records. This binomial response accommo-
dates the inherent inconsistencies of herbarium collection efforts
across space and time (Lang et al., 2019). Specifically,
spatio-temporal dynamics in species occurrences should not be
predicted by the absolute numbers of specimens collected but
rather in relation to a reference species, and this is particularly
important in research on range expansions (Delisle et al., 2003).
Diploid C. stoebe is a suitable reference taxon because diploids
show an even distribution across the study range over the last two
centuries (see Notes S2). At the same time, using diploids as a
reference directly addresses the conundrum that polyploid plants
become more frequent than diploids in some, but not all, envir-
onmental contexts in the Anthropocene (te Beest et al., 2012; van
Drunen & Johnson, 2022).

We first predicted the proportion of tetraploids as a function of
time in the native vs expanded ranges using a logistic thin plate
spline-based smoother function on the predictors ‘year by range’ +
‘range’. Given that range expansions primarily occur in ruderal
habitats (Theoharides & Dukes, 2007), we then compared the tem-
poral patterns in the proportion of tetraploids between ruderal and
natural habitats, which we did separately for the native and
expanded ranges. These two GAMs thus included the predictors
‘year by habitat type’ + ‘habitat type’. To account for spatial auto-
correlation, all GAMs included a spline-on-the-sphere smoothing
term based on latitude and longitude (see Table S5 for full model
structures). Concurvity among year, latitude and longitude was
always below 0.15 indicating very low multicollinearity (Wood
et al., 2016). To identify significant predictors, model performances
were compared based on the Akaike information criterion (AIC),
using DAIC ≤�2 as a threshold for significance.

We then assessed the cumulative number of records over time,
constructing so-called invasion curves (Delisle et al., 2003) of
colonized 10 km 9 10 km pixels. To estimate realized climatic
niches of both cytotypes, we performed a PCA on the 19 stan-
dard Bioclim variables from CHELSA 2.1 (Karger et al., 2017).
The first axis of this PCA was negatively correlated with several
precipitation variables, thus representing a gradient from high to
low precipitation (Fig. S3). The second axis correlated positively
with several temperature variables and negatively with seasonality
in temperature, thus representing a temperature gradient from
continental toward warmer climate. To estimate climatic niche
similarity between diploids and tetraploids across the study range,
we calculated dynamic range boxes, which quantify size and over-
lap of n-dimensional hyper volumes (Junker et al., 2016; Kuppler
et al., 2017). We used the principal components of the 19 Bio-
clim variables to calculate the niche breadths of both cytotypes.
Box sizes were calculated as mean side lengths of the PC-axes over
201 quantiles. We similarly compared the overlap between the
climatic niches of tetraploids in their native and expanded ranges
(Lucas et al., 2024).

The site scores of the PCA were used to perform niche-over-
time plots according to Broennimann et al. (2014). To ensure
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conservative niche limits, we removed occurrence data out of the
10 and 90 percentiles. These outliers may reflect artifacts from
the modeled climatic data or sites with unsuitable macroclimate
that are significantly influenced by favorable microclimatic condi-
tions (Broennimann et al., 2014).

To spatially reconstruct the initial spread routes of the cryptic
invasion of tetraploids, we predicted the most parsimonious dis-
persal routes using a minimum cost arborescence algorithm
(Hordijk & Broennimann, 2012). To study relationships
between the dispersal routes and climatic dissimilarity, we plotted
the dispersal routes on a map showing the niche dissimilarity
between the native and the expanded range of tetraploids. The
spatial dissimilarity patterns were quantified by a multivariate
environmental similarity surface (MESS) analysis, using the
R-package DISMO 1.3-14 (Hijmans et al., 2023). The native cli-
matic niche of tetraploids was estimated from climatic data of all
grid cells occupied by tetraploids in their native range. We then
compared the dissimilarity of this native niche with each grid cell
in their expanded range (Broennimann et al., 2014).

To evaluate the determinants of the initial spread of tetra-
ploids, we first estimated the residence time of tetraploids in each
pixel of the expanded range (i.e. years elapsed since the first
record in distinct 10 km 9 10 km pixels). This residence time
was used as a response variable in a boosted regression tree (BRT)
to estimate the relative importance of several predictors for how
early or how late distinct pixels got colonized. BRTs are fre-
quently used to identify predictors of species distribution (Elith
et al., 2008). They are particularly suitable to analyze large data-
sets with numerous different predictor variables and are relatively
insensitive to collinearity and missing values in the predictor vari-
ables (Sporbert et al., 2022; Rauschkolb et al., 2024). We fitted
our BRT using the R-package dismo, assuming a Gaussian error
distribution, a bag fraction of training data of 0.5, a tree com-
plexity of 1, a learning rate of 0.01, and a tolerance of 0.01. We
then assessed the significance of predictor variables using model
simplification based on model-internal cross-validations. Our
predictor variables included four types of data: (1) spatial data:
latitude, longitude and the spatial distance to the native range,
(2) climatic data: a precipitation gradient (loadings of the first
PCA axis), a temperature gradient (loadings of the second PCA
axis) and the climatic distance to the native range (niche dissimi-
larity from the MESS analysis), (3) dispersal corridor data and
(4) urbanization data. The latter two data categories encompassed
spatio-temporally explicit data, extracted from 10 km 9 10 km
pixels. We used data from 1990 as it was the earliest year with
high-quality data available from all sources. Moreover, by 1990,
c. half of the pixels had been colonized. The dispersal corridor
data included the density of railways (loge-transformed) and
roads (loge-transformed), and a connectivity index (loge-
transformed). Railway and road density data (km lengths within
the 10 km 9 10 km pixels) were extracted from the dataset in
Garcia-L�opez et al. (2022). The connectivity index was calculated
as the reciprocal of the estimated travel time to the nearest city
with at least 50 000 inhabitants from the Agglomeration Index
database (Uchida & Nelson, 2009). The urbanization data
included human population density (loge-transformed) and

proportion data of urban vs rural landscape (logit-transformed),
both downloaded from the Global Human Settlement Layer
(Schiavina et al., 2023), and the percentage of landscape covered
by impervious structures (loge-transformed) from the annual
maps of global artificial impervious area (Gong et al., 2020).

To evaluate the current spread of tetraploids, we first plotted
the proportion of tetraploids in the expanded range over time
since 1945, that is the onset of the Anthropocene era (Zalasiewicz
et al., 2015). This plot suggested that the current spread occurs
since 1989 (Fig. S4). To analyze the determinants of this current
spread, we performed a second BRT, using binomial occurrence
data (i.e. diploid vs tetraploid) from 1989 to 2023 as a response
variable. This BRT was fitted to the same predictor variables and
using the same settings as the previous BRT, except that we
assumed a Bernoulli error distribution. Moreover, for the
spatio-temporally explicit predictors related to urbanization and
dispersal corridors, we retrieved data from the distinct collection
year or used interpolated data for years where no data was avail-
able.

Results

Tetraploids underwent a cryptic invasion into the range of
diploids

Our focal dataset included 5465 occurrence data of diploid and
tetraploid C. stoebe recorded across our European study range
between 1790 and 2023 (Fig. 1). This represents the most
exhaustive spatio-temporal dataset on a polyploid complex to
date with an exceptional coverage of the sympatric ranges of both
cytotypes. Diploids represent the majority cytotype in our focal
dataset (3950 diploid and 1533 tetraploid records), however, not
taking into account when the specimens were collected. Diploids
are native throughout the entire study range.

Tetraploids are not native to large parts of the study
range. The native range of tetraploids encompasses mountainous
regions in the Balkan countries and Romania. In addition, it
includes natural steppes, including forest steppes, stretching from
Romania to Western Russia, where the eastern border is deli-
neated by the Don River (see light orange-colored area in Fig. 1).
Tetraploids expanded their range toward Central, Western and
Northern Europe. This cryptic invasion resulted in a wide over-
lap in the distributions of both cytotypes.

Temporal patterns in the proportion of tetraploids support
a distinction between native and expanded ranges

The temporal patterns of the proportion of tetraploids, relative to
all C. stoebe records, differed significantly between the native and
expanded ranges (DAIC = �61, Fig. 2a; Table S5). In the native
range, the proportion of tetraploids did not change significantly
over time (v2 = 2.4, P = 0.124) but stayed at c. 50%. By con-
trast, in the expanded range, the proportion of tetraploids
increased significantly over time (v2 = 206.5, P < 0.001), rising
from 0% of tetraploids in the 1850s to > 50% of tetraploids pre-
sently. The contrasting dynamics in both ranges strongly support
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our distinction between the native and expanded ranges of tetra-
ploids. The cryptic invasion of tetraploids was characterized by
three main periods: an initial, modest increase in the proportion

of tetraploids from the 1850s to the 1920s, followed by stagna-
tion until the 1950s when a second, exponential increase started,
persisting until the present (Fig. 2a). The latter spread coincides

Fig. 1 Geographic distribution of diploid and
tetraploid Centaurea stoebe across the European
study range (n = 5491). In tetraploids, we
differentiate between occurrences in the native
(orange dots) and expanded ranges (red dots). In
diploids, the entire study range is considered to
be part of their native range (blue dots).
Occurrences are plotted chronologically with
newer occurrences overlapping older ones. The
light orange-colored area indicates the estimated
native range of tetraploids. Note that beyond the
here presented study range, diploids exhibit a
substantially larger range than tetraploids. The
complete distribution of both cytotypes across
Eurasia is available in Supporting Information
Fig. S5. Cartograms illustrating the occurrence
data per country are available in Fig. S6.

(a)

(b)

Fig. 2 Predicted proportion of tetraploid relative
to all Centaurea stoebe records as a function of
time, range, and habitat type. (a) The proportion
of tetraploids in the native (orange) and
expanded (red) ranges of tetraploids over time,
irrespective of habitat type (n = 5491). (b) The
proportion of tetraploids in their expanded range
over time, differentiated between ruderal (gray)
and natural (light green) habitats (n = 3340).
Model predictions are depicted using generalized
additive logistic models, with solid and dashed
lines denoting significant and nonsignificant
relationships, respectively. The shaded bands
show confidence intervals (1r uncertainty). Thin
gray lines indicate a proportion of tetraploids of
50%. Temporal patterns of the proportion of
tetraploids in ruderal and natural habitats of the
native range of tetraploids are presented in the
Supporting Information Fig. S7. Geographical
distributions of both cytotypes with respect to
habitat types are presented in the Fig. S8.
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with the onset of the Anthropocene, which is an expected tem-
poral pattern for range-expanding plants (Essl et al., 2019).

With respect to the habitat types, we found no differences in
the native range between the temporal patterns of the proportion
of tetraploids (DAIC = +5.7, Table S5): The proportion of tetra-
ploids did not change significantly over time in both ruderal
(v2 = 1.8, P = 0.176) and natural habitats (v2 = 4.4,
P = 0.257), but stayed at c. 50% in both habitat types (Fig. S7).
In the expanded range, however, the temporal dynamics differed
significantly between the habitat types (DAIC = �6.3,
Table S5): In natural habitats, the proportion of tetraploids
increased only slightly, even though significantly (v2 = 18.9,
P < 0.001), rising from 5% in the 1850s to c. 10% presently. In
ruderal habitats, the proportion of tetraploids increased much
stronger over time (v2 = 109.3, P < 0.001), rising from 0% in
the 1850s to over 75% currently (Fig. 2b). This result shows that
the cryptic invasion of tetraploids was primarily due to colonizing
ruderal habitats, again representing a typical pattern of recent
range expansions (Dainese et al., 2017).

Tetraploids more than doubled their range size

Explorative timeline maps spanning 50-yr intervals showed that
there has been no apparent spatial expansion of diploids over
time (Fig. S9). By contrast, tetraploids were initially limited to
their native range and enlarged this range in the course of their
cryptic invasion toward Central Europe. The invasion curves
showed that this cryptic invasion more than doubled the range
size of tetraploids compared to their native range (+137%) and
that tetraploids were much more widespread in ruderal than in
natural habitats of their expanded range (+193%, Fig. 3a). We
similarly recorded these habitat-specific invasion curves for tetra-
ploids in their native range, and also for diploids in the expanded
range of tetraploids. These two scenarios illustrate range size pat-
terns across the habitat types in native ranges and were diametri-
cally opposed to the cryptic invasion of tetraploids (Fig. S10):
Diploids were, within the expanded range of tetraploids, less fre-
quent in ruderal than in natural habitats (�45%). Similarly, tet-
raploids were in their native range less frequent in ruderal than in

Fig. 3 Temporal dynamics of range size and
niche breadth of tetraploid Centaurea stoebe

across its expanded range, with a distinction
between ruderal (gray) and natural (light green)
habitats (n = 744). The habitat-specific data are
visualized as overlapping (dark green), not
stacked, areas. (a) Range size dynamics are
estimated as a cumulative number of occupied
10 km 9 10 km pixels over time (counting first
records in distinct pixels). (b) and (c) show the
temporal dynamics of the realized niches along a
precipitation gradient (the first axis of the PCA,
Supporting Information Fig. S3) and along a
temperature gradient (second PCA axis),
respectively. Lines represent niche limits, with
solid and dotted lines indicating significant and
nonsignificant differences between populations
from ruderal and natural habitats. Reference
rectangles on the right side of the plots indicate
the range size (a) and niche limits (b, c) of
tetraploids in their native range (distinguished
between ruderal and natural habitats and their
overlap).
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natural habitats (�69%). These comparisons indicate that the
habitat-specific patterns in range size development of tetraploids
in their expanded range (Fig. 3a) are indicative of a recent coloni-
zation rather than merely reflecting habitat availability in Central
Europe (see comparison with diploids) or solely reflecting an
effect of the ecological niche of tetraploids (see comparison with
native tetraploids).

Tetraploids increased their climatic niche in ruderal habitats

The dynamic range box approach showed that the realized cli-
matic niches were overall comparable between diploids and tetra-
ploids as only 14.3% of their niche spaces did not overlap.
However, within tetraploids, the cryptic invasion was associated
with a niche shift (62.7% niche nonoverlap). The climate PCA
showed that this niche shift went from a continental climate in
the native range toward a more oceanic climate in the expanded
range (Fig. S3).

The niche-over-time plots suggested that the temporal patterns
of the niche shift did not mirror the patterns of range size expan-
sion. The climatic niche of tetraploids in their expanded range

was largely filled by 1900, when < 5% of the range size was occu-
pied (Fig. 3). However, the niche space was much faster occupied
in ruderal than in natural habitats. Presently, ruderal populations
still show a substantially broader niche than natural popula-
tions (+53%), especially toward wetter climates (+125%). Simi-
larly as we did for the range size dynamics, we explored whether
these habitat-specific niche dynamics were unique to the cryptic
invasion of tetraploids by comparing them with the niche
dynamics of diploids in the same range and the niche dynamics
of tetraploids in their native range. In both native range scenarios,
there was no credible evidence for niche differences between the
two habitat types (Fig. S11).

The initial spread of tetraploids was mainly determined by
the spatial distance from their native range

The minimum cost arborescence algorithm predicted many sepa-
rate dispersal routes (Fig. 4). The oldest routes went through wes-
tern Romania (1859), Hungary (1863), Slovakia (1874) and
Germany (1876). A MESS analysis revealed no discernible rela-
tionship between the predicted spread routes and climatic

Fig. 4 Predicted dispersal routes of the initial
spread of tetraploid Centaurea stoebe across its
expanded range. Dispersal routes were predicted
using a minimum cost arborescence algorithm
(n = 951). Arrows represent these routes with
line thicknesses corresponding to their bootstrap
support (see legend). The inset map in the upper
left corner provides context for the section of the
map within Europe. The homogenously light
orange-colored area represents the estimated
native range of tetraploids. In the expanded
ranges, climatic dissimilarity between the native
and expanded ranges was assessed using a
multivariate environmental similarity surface
(MESS) analysis. Yellow indicates areas with
climatic conditions similar to the native niche
(positive MESS-values), while the beige-blue
gradient illustrates the degree of dissimilarity with
the climate of the native range (negative MESS-
values, see legend). Mapped years denote when
tetraploids were first reported in distinct regions:
1859: Periam, Romania; 1863: Budapest,
Hungary; 1874: Dev�ınsk�a Nov�a Ves, Slovakia;
1876: Munich, Germany; 1882: Louvain,
Belgium; 1908:�Ahus, Sweden and Salvan,
Switzerland; 1915: Ozerna, Ukraine; 1925:
�Repi�st�e, Czech Republic; 1937: Paris, France;
1944: Tampere, Finland; 1981: Norderhov,
Norway; 1982: Lucca, Italy; 1999: Aberford,
United Kingdom.
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dissimilarity. For example, many of the climatically suitable
regions are still not colonized by tetraploids (e.g. yellow-beige
land north of the native range in Fig. 4).

The BRT analysis showed that spatial data explained more var-
iation in the initial spread of tetraploids than data related to cli-
mate, urbanization or dispersal corridors (Fig. 5a). More
specifically, the best predictors of the initial spread were the dis-
tance to the native range and latitude, both being negatively cor-
related with the residence time (Fig. S12). In other words, the
further localities were away from the native range, the later they
had been colonized by tetraploids.

The current occurrence of tetraploids is mainly associated
with urbanization and road-assisted dispersal

When plotting the spread of tetraploids in the Anthropocene, we
found that the proportion of tetraploids increased in the late
1950s, but this increase flattened in the late 1970s (Fig. S4).
Since 1989, coinciding with the fall of the iron curtain, and thus
increased trade and travel between the native and expanded
ranges (Kupkov�a et al., 2013), there was another, exponential
increase of the proportion of tetraploids, persisting until the pre-
sent. We, therefore, designated the period since 1989 as repre-
senting the time frame of the current spread of tetraploids in
their expanded range.

The second BRT analysis revealed that this current spread was
more associated with data related to urbanization than with spa-
tial data, dispersal corridor data or climatic data (Fig. 5b). More
specifically, the most important predictors of the current occur-
rence of tetraploids were the cover of impervious structures and
the road density, both being positively correlated with the pro-
portion of tetraploids (Fig. S13). This finding aligns with a
detailed analysis on different subtypes of ruderal habitats showing
that roadsides are currently the most frequently occupied habitat
type of tetraploids in their expanded range. In particular, the pro-
portion of roadsides increased from 10% in the 1870s to c. 35%
at present (Fig. S14). Our field surveys further support these find-
ings, as we recorded 39.3% of the tetraploid populations in the
expanded ranges along roadsides (Table S3). Some of these road-
side populations appeared to naturalize into adjacent natural and
seminatural plant communities (see Figs S15–S17 for field
impressions).

Discussion

Our conceptual framework, considering habitat requirements,
phylogeographic data and expert floristic knowledge, represents a
unique attempt to delineate the native range of a
range-expanding species. The robustness of our estimation was
reinforced by compelling results on the range- and habitat-

(a)

(b)

Fig. 5 Predictors of the spread of tetraploid
Centaurea stoebe across its expanded range,
assessed with boosted regression trees. (a)
Predictors of the initial spread (n = 388, cross-
validation correlation (cv) = 0.49). As a proxy of
the initial spread, we used the residence time of
tetraploids in their expanded range, that is the
time since each of 10 km 9 10 km pixels had
been colonized by tetraploids. (b) Predictors of
the current occurrence (n = 605, cv = 0.59). As a
proxy of the current occurrence, we used the
predicted proportion of tetraploid relative to all
C. stoebe records between 1989 and 2023.
Predictors of the two spatio-temporarily explicit
response variables included three variables
related to each of four categories: space (dark
green), climate (black), dispersal corridors (olive),
and urbanization (orange). The pie charts provide
an overview of the cumulative contributions of
variables categorized by data type. Bar plots
show the relative importance of each variable,
with upper and lower arrows indicating positive
and negative relationships, respectively (‘ns’
denotes no significant effect). For significant
predictors, plots of their linear relationships with
the residence time or with the proportion of
tetraploids can be found in the Supporting
Information Figs S13 and S14, respectively.
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specific dynamics in the proportion of tetraploids, showing that
tetraploid C. stoebe is only native to South-Eastern Europe and
has recently expanded its range toward Central Europe. Similar
range expansions have been proposed for various plant species,
possibly influenced by both climate change and pronounced
human activities in Central Europe (Dainese et al., 2017; Zhang
et al., 2023). However, the lack of quantitative assessments on
spatio-temporal range dynamics of these species hampers our
ability to identify the overarching drivers behind their ongoing
expansions (Essl et al., 2019). Further research in other species is
needed to improve our understanding on native range expansions
in the Anthropocene.

Importantly, our assessment contrasts with 52 studies that trea-
ted tetraploid C. stoebe populations from the estimated expanded
range as native. A careful revision of the spatio-temporal range
dynamics – as we did here – would have been beneficial before con-
ducting the samplings of these studies. We consequently encourage
researchers to meticulously evaluate the native range of their model
species, especially when studying its evolutionary ecology (Lusten-
houwer & Parker, 2022). This task may be particularly challenging
yet indispensable when dealing with cryptic species, such as cyto-
types that show similar morphologies (�Singliarov�a et al., 2011;
Nagy et al., 2018; Mezhzherin et al., 2022). In our study, > 90%
of the specimen labels did not differentiate between diploids or tet-
raploids. Instead, the specimens were stored under various names
and frequently misidentified. Unfortunately, most available infor-
mation on taxa distribution across space and time remains unre-
vised, representing a pressing problem of biodiversity science
(Maldonado et al., 2015). We thus stress that both accurate taxon-
omy and solid knowledge on the native ranges of species are essen-
tial for understanding invasion dynamics (Py�sek et al., 2013;
Skokanov�a et al., 2023) and contemporary biodiversity trends
(Hochkirch et al., 2021; Lehnert et al., 2023).

The cryptic invasion of tetraploids across Central Europe cor-
responds to the invasion of North America, where exclusively tet-
raploids were able to establish (Mr�az et al., 2011). Our research
thus supports the observation that polyploids often show greater
invasion success than closely related diploids (te Beest
et al., 2012; Pandit et al., 2014). More specifically, our results
suggest that tetraploids possess superior colonization abilities over
diploids in ruderal habitats, a characteristic that may be particu-
larly prevalent in allopolyploid species like tetraploid C. stoebe
(Prentis et al., 2008; te Beest et al., 2012). These superior coloni-
zation abilities may relate to the increased longevity of tetra-
ploids, enhancing their tolerance to environmental and
demographic stochasticity in ruderal habitats (Mr�az et al., 2011,
2012b). Moreover, the polycarpic tetraploids show higher
re-sprouting success after severe disturbance (Rosche
et al., 2018), greater germination success (Ko�zi�c et al., 2024) and
greater life-span seed production than the monocarpic diploids
(Hahn et al., 2012). In addition, the genome duplication has
been shown to augment adaptive capabilities (Rosche
et al., 2016) and diminish founder effects (Rosche et al., 2016,
2017) in tetraploid compared to diploid C. stoebe.

The cryptic invasion of tetraploids involved a niche expansion
toward a more oceanic climate. Notably, tetraploids also

experienced a niche shift during their North American invasion,
but in the opposite direction, toward a more continental climate
(Broennimann et al., 2014). These intercontinental differences
could be mediated by different biotic interactions (Sheng
et al., 2022; Villasor et al., 2024) or the climate conditions pre-
vailing on each continent (Atwater et al., 2018; Lee et al., 2022).
The dynamics of the niche expansion in Europe differed strongly
between habitat types. The climatic niche was rapidly occupied
in ruderal but not in natural habitats, representing a potentially
common, yet understudied, phenomenon in plant invasions
(Gonz�alez-Moreno et al., 2015). In the most oceanic regions,
natural sites remained uncolonized, probably because they are less
suitable for C. stoebe (wet conditions with strong interspecific
competition) than ruderal sites that could mimic the conditions
in the native range (dry with weak interspecific competition).

While the initial spread of tetraploids was determined by the
distance to their native range, their current occurrence was predo-
minantly associated with the impervious cover of the landscape
and the road density. This result reiterates the crucial role of colo-
nization abilities in ruderal habitats as a primary mechanism for
the current success of tetraploid C. stoebe (Rosche et al., 2016,
2018) and emphasizes the importance of roads as dispersal corri-
dors facilitating range expansions (Follak et al., 2018). More gen-
erally, our results add to the growing body of research suggesting
that polyploidy confers benefits in coping with stressors linked to
urbanization (van Drunen & Johnson, 2022; Turcotte
et al., 2024). Climatic characteristics did not play a major role in
either the initial spread or the current occurrence of tetraploids.
This finding is consistent with current research concepts empha-
sizing the growing importance of anthropogenic factors relative
to macroclimate as drivers of species distributions (McKeon
et al., 2023).

In conclusion, we have presented what we believe to be the first
robust empirical evidence of a cryptic invasion by a polyploid
plant expanding into the range of its diploid relative. Given the
increasing accessibility of herbarium collections online
(Davis, 2023), we hope to motivate more scientists to critically
evaluate the native ranges of their study species. Such endeavors
may improve the assessment of biodiversity trends and the design
of research studies. Our study also sheds light on the superior
colonization ability of tetraploids as a key driver of their cryptic
invasion, particularly along roadsides and in habitats with
high-impervious cover. The capacity to occupy such ruderal habi-
tats is crucial in contemporary landscapes because humans are
continually increasing loss and fragmentation of natural habitats
while increasing the prevalence and connectivity of ruderal habi-
tats (Otto, 2018). More studies on polyploid complexes are war-
ranted to test generality and limitations of our results and to
explore the broader implications of our findings for global pat-
terns in the distribution of diploid vs polyploid plants (Rice
et al., 2019; van Drunen & Johnson, 2022).

Future studies on tetraploid C. stoebe could investigate the ecolo-
gical significance of the proposed native and expanded ranges in
Europe. For example, research may test whether the recent range
expansion of tetraploids has been accompanied by divergent selec-
tion regimes leading to rapid phenotypic changes between native
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and expanded populations (Lustenhouwer et al., 2024; Nagy
et al., 2024). It would be also interesting to investigate how our
proposed range differentiation might influence findings from pre-
vious studies, such as the climatic niche shift between the ‘native’
Eurasian and invasive North American ranges.
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