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Abstract

The recruitment life stage, including germination and early seedling establishment, is the most vul-
nerable life stage of plants and has cascading effects on plant performance at later life stages. How-
ever, surprisingly little is known on the eco-evolutionary processes that determine the success of 
biological invasions at this life stage.

We performed germination experiments with and without simulated drought stress and moni-
tored early seedling growth in diploid and tetraploid Centaurea stoebe. While diploids are the major 
cytotype in the native European range, only tetraploids became invasive in North America. Thus, 
C. stoebe is an excellent model species to simultaneously study both, pre-adaptive differences in the 
native range (diploids vs. tetraploids) and post-introduction evolution in the non-native range (native 
tetraploids vs. non-native tetraploids). To account for broad spatial-environmental variation within 
cytotypes and ranges, we germinated 23,928 seeds from 208 widely distributed populations.
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Tetraploids germinated better than diploids. Within tetraploids, invasive populations outper-
formed native populations in germination. However, these differences were not evident under sim-
ulated drought stress. Seedlings of invasive tetraploids had a higher biomass and developed the first 
true leaf earlier than those from the native range, while the native cytotypes did not differ in these 
early seedling traits.

Our results suggest that a combination of pre-adaptation related to superior performance of poly-
ploids (greater and faster germination) and post-introduction evolution towards higher performance 
in the invasive range (greater and faster germination, greater and faster accumulation of seedling 
biomass) may have contributed to the invasion success of tetraploid C. stoebe in North America.

Key words: Biological invasions, Cox-regression, geo-cytotypes, germination, pre-adaptation, 
post-introduction evolution, seedling establishment traits, spotted knapweed

Introduction

Germination and early seedling establishment comprise the recruitment life stage, 
which is likely the most vulnerable life stage of plants (Donohue et al. 2010; James 
et al. 2011; Winkler et al. 2024). Moreover, performance in the recruitment life 
stage has cascading influence on fitness, survival and competitive ability at later 
life stages (Donohue et al. 2010; Gioria and Pyšek 2017; D’Aguillo and Donohue 
2023). Germination and early seedling establishment are particularly important 
for non-native plants because they are mostly introduced as seeds and their spread 
is often associated with effective dispersal and fast colonization of empty niches in 
ruderal habitats (Colautti et al. 2006; Pyšek and Richardson 2007; Theoharides 
and Dukes 2007). However, surprisingly little is known about the eco-evolutionary 
processes determining invasive success in the recruitment life stage (Jiménez-Alfaro 
et al. 2016; Saatkamp et al. 2019; Larson et al. 2020). In particular, we need more 
information on whether germination and early seedling traits exhibit 1) pre-adap-
tive differences between successful vs. non successful invaders (van Kleunen et 
al. 2010), and 2) differences between native vs. non-native populations due to 
post-introduction evolution (Parker et al. 2013).

With regard to pre-adaptation, polyploidy has been increasingly recognised as an 
advantage for invasion success because polyploid plants are more likely to become 
invasive than closely related diploids (Pandit et al. 2011; te Beest et al. 2012). Poly-
ploids have, on average, higher competitive ability and fecundity than diploids (re-
viewed in Rutland et al. 2021) and they are also assumed to exhibit greater coloni-
zation success in ruderal environments (van Drunen and Johnson 2022). However, 
it remains unclear whether polyploidy confers benefits during the recruitment life 
stage, and if so, whether this may contribute to explaining the apparent overrepre-
sentation of polyploids among invasive plants. The best models to test these rela-
tionships are polyploid complexes where the polyploid cytotype is more successful 
in the non-native range than its diploid relative (reviewed by te Beest et al. 2012).

Polyploids are also assumed to be better pre-adapted to stressful environments 
and show higher phenotypic variation than diploids (Chen 2007; Rice et al. 2019). 
More specifically, polyploids often exhibit faster germination under ambient con-
ditions. This is especially important during range expansions, because fast germi-
nation and seedling growth could be advantageous to promote spread in ruderal 
habitats (Harper et al. 1970). At the same time, polyploids may show a more 
conservative germination behaviour than diploids under unfavourable conditions 
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(e.g., delaying germination while drought). Such conservative germination be-
haviour should increase their overall niche tolerance compared to diploids (Leitch 
and Leitch 2008; Stevens et al. 2020; Rutland et al. 2021) and ultimately increase 
survival probabilities of the emerging seedling (Saatkamp et al. 2019; Larson et al. 
2020). However, studies on polyploid complexes in the context of biological inva-
sions have not yet made this comparison. Therefore, we need to understand how 
germination differs between native and non-native populations under optimal and 
suboptimal conditions. With respect to post-introduction evolution, polyploidy 
may also enhance the potential for rapid evolutionary response to changing en-
vironmental conditions (Nagy et al. 2018; van Drunen and Johnson 2022). This 
is important for non-native species as they often experience climatic niche shifts 
(e.g., Bates and Bertelsmeier 2021) and encounter novel biotic interaction partners 
(e.g., Shah et al. 2014; Sheng et al. 2022) in their non-native ranges. Such altered 
environmental conditions may cause rapid post-introduction evolution, e.g., to-
wards high-performance genotypes in the non-native ranges (Matesanz and Sultan 
2013; Villasor et al. 2024), but information is lacking on whether this is also the 
case in the recruitment life stage (Nagy et al. 2024).

Finally, it is important to consider that populations from native and non-native 
ranges can show a pronounced among-population variation within either range 
(Rosche et al. 2019; Lucas et al. 2024). This variation should be associated with 
the population histories of the study populations such as the habitat type of source 
populations (e.g., between ruderal vs. (semi-)natural habitats) or may differ along 
climatic gradients such as aridity regimes in the population history (Baskin and 
Baskin 1998; Donohue et al. 2010; Al-Gharaibeh et al. 2024; Nagy et al. 2024). 
For example, more pronounced fluctuations in water availability in ruderal than 
(semi-)natural habitats may select for fast germination and seedling growth with a 
high investment in root mass allocation to quickly occupy open germination nich-
es (Chapin et al. 1993; Larson et al. 2020). Nevertheless, most studies that inves-
tigated post-introduction evolutionary changes considered relatively few popula-
tions and underestimated variation within native and non-native ranges (reviewed 
by Lucas et al. 2024). Many studies have also examined different environmental 
gradients in native vs. non-native ranges, which may lead to false-positive differ-
ences between the ranges in the traits under investigation (reviewed by Colautti 
and Lau 2015). Similar to the study of post-introduction, assessing pre-adaptive 
differences between cytotypes requires a broad and representative sampling of pop-
ulations within each cytotype (Rosche et al. 2018).

An example of a polyploid plant invader that shows evidence for post-introduc-
tion evolution is Centaurea stoebe L. (spotted knapweed; Asteraceae), a polyploid 
complex consisting of a diploid and a tetraploid cytotype. Both cytotypes are na-
tive to Europe, whereas only tetraploids are invasive in North America (Mráz et 
al. 2011). This cytotype shift between the ranges results in three so-called geo-cy-
totypes (GCTs): native European diploids (EU2x), native European tetraploids 
(EU4x) and non-native North American tetraploids (NA4x). Thus, C. stoebe is 
a suitable model to simultaneously test both pre-adaptive differences within the 
native range (EU2x vs. EU4x) and post-introduction evolution in the non-na-
tive range (EU4x vs. NA4x). Previous research found similar germination rates 
between the cytotypes (Hahn et al. 2013), but greater seedling root growth rates 
in tetraploids than diploids (Collins et al. 2013). Although these two studies pro-
vided important insights into the recruitment ecology of this polyploid complex, 
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they did not involve broad spatial-environmental gradients along the distribution 
ranges of the three GCTs, nor did they identify drivers of among-population vari-
ation within each GCT. There is also no information on whether the germination 
behaviour of GCTs differs across treatments, and there are no data on potential 
post-introduction evolution in early seedling traits between NA4x vs. EU4x.

Here, we studied germination and early seedling traits in 208 Centaurea stoebe 
populations that occupy a wide environmental variation in local aridity regimes 
across the three GCTs. We also differentiated between populations from ruderal vs. 
(semi-)natural habitats. We performed germination experiments with and without 
simulated drought stress and monitored early seedling development. Our study 
was directed by the following hypotheses: EU4x shows a greater performance in 
recruitment traits than EU2x which would indicate pre-adaptive differences to 
successfully invade North America; 2) NA4x outperforms EU4x in recruitment 
traits which would suggest evidence of post-introduction evolution in the non-na-
tive range; and 3) differences in recruitment traits can be explained by the popula-
tion history (e.g., ruderal populations germinate faster than (semi-) naturals; mesic 
populations show higher germination than arid populations) which would identify 
drivers of among-population variation within the GCTs. By understanding these 
mechanisms, we expect to reveal factors that contribute to the successful invasion 
of tetraploid C. stoebe which could have broader implications for predicting future 
invasion dynamics. More generally, we anticipate to gain insights into the signifi-
cance of the recruitment life stage in the context of biological invasions and how 
polyploidy can confer benefits during this life stage.

Materials and methods

Study species

Taxonomically, Centaurea stoebe L. is divided into two subspecies: the diploid 
C. stoebe subsp. stoebe (2n=18; 2x) and the tetraploid C. stoebe subsp. micranthos 
(Gugler) Hayek (2n=36; 4x). Tetraploids originated from allopolyploidization be-
tween diploids and a yet unknown, closely related, second parental species (Mráz et 
al. 2012a). In their sympatric range, diploids represent the major cytotype and pre-
vail particularly in Central Europe, while tetraploids are more prevalent in South 
Eastern Europe (Broennimann et al. 2014; Rosche et al. 2016). The cytotypes have 
a similar morphology, but differ in their life cycle: diploids are short-lived and 
monocarpic, whereas tetraploids are perennial and polycarpic (Ochsmann 2000; 
Mráz et al. 2011). The increased longevity of tetraploids has been interpreted as 
an improved ability to colonize disturbed environments in comparison to diploids 
(Mráz et al. 2012b; Rosche et al. 2016, 2018). EU4x are thought to be pre-adapted 
to the drier summers in western North America than EU2x (Treier et al. 2009), 
because of characteristics like increased leaf dry matter content, reduced specific 
leaf area and faster root growth (Henery et al. 2010; Mráz et al. 2011; Collins et 
al. 2013). In contrast, other research found that drought tolerance in C. stoebe is 
more related to among-population variation within cytotypes than any general 
differences between the cytotypes (Collins et al. 2011; Mráz et al. 2014).

At the end of the 19th century, both cytotypes were likely introduced to North 
America, but only tetraploids established (Treier et al. 2009; Sun et al. 2016) and 
became a highly harmful invader causing immense ecological and economic damage 
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(Müller-Schärer 1991; van Driesche et al. 2002; Maron and Marler 2008). Their 
range expansion appeared to stimulate post-introduction evolutionary changes be-
tween EU4x and NA4x. Compared to EU4x, NA4x was shown to flower earlier 
(Hahn and Müller-Schärer 2013), have a more pronounced polycarpic life cycle 
(Henery et al. 2010), a higher competitive ability (Ridenour et al. 2008) and an in-
creased population growth rate (Hahn et al. 2012). The increased population growth 
rate was related to an increased seed production (Hahn et al. 2012) and a higher seed-
ling emergence (Hahn et al. 2013). In contrast to these findings supporting post-in-
troduction evolution, phenotypic plasticity was similar between EU4x and NA4x 
(Hahn et al. 2012), and also leaf traits related to drought tolerance did not differ 
between but rather within EU4x and NA4x (Henery et al. 2010; Mráz et al. 2014).

Sampling

We sampled seeds from 208 populations (83 EU2x, 96 EU4x and 29 NA4x, Fig. 1, 
Suppl. material 1: table S1), covering broad spatial-environmental gradients in the 
sympatric native ranges of both cytotypes and also from both the western and 
eastern invasion routes of NA4x (sensu Broennimann et al. 2014). We collected 

Figure 1. Overview of the sampled Centaurea stoebe populations across the three geo-cytotypes. The panels A, B show the geographical distri-
bution of the populations across the native, European and the non-native, North American ranges, respectively. Circles represent populations 
from (semi-)natural habitats, whereas squares represent populations from ruderal habitats. In panel C populations are plotted according to their 
mean annual temperature and precipitation on a Whittaker diagram showing the classification of the main terrestrial biomes. Panel D shows 
the comparison of climatic water deficit among the three geo-cytotypes. Geo-cytotypes: native diploids (EU2x) = blue, native tetraploids 
(EU4x) = purple and non-native tetraploids (NA4x) = red. Climatic water deficit data was downloaded from the TerraClimate database (Abatzo-
glou et al. 2018). Annual precipitation and annual mean temperature data were downloaded from the CliMond database (Kriticos et al. 2012).
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ripe capitula from < 20 individuals (seed families) distributed throughout every 
population with a minimum distance of 2 m between sampled individuals. To 
assess the cytotype of all populations, we pooled samples per population (one seed 
per seed family) and used flow cytometry following the same protocol as in Mráz 
et al. (2011). Seeds were stored at room temperature until the germination experi-
ment was initiated in each autumn in the respective year of each sampling. Suppl. 
material 1: table S1 provides details on the sampling year and the number of seed 
families sampled within each population.

For each population, we distinguished between ruderal and (semi-)natural habi-
tats following the methodology in Broennimann et al. (2014). Industrial and agri-
cultural habitats were considered ruderal, whereas populations from rock outcrops, 
natural and semi-natural grasslands, natural and diluvial sediments were considered 
(semi-)natural. We sampled 46 (semi-)natural and 37 ruderal EU2x populations, 
34 (semi-)natural and 62 ruderal EU4x populations and 11 (semi-)natural and 18 
ruderal NA4x populations (Suppl. material 1: table S1). Population size was assessed 
by estimating the number of flowering individuals. To determine the local aridity 
patterns of sampled populations, we obtained seasonal data (1958–2022) on the cli-
matic water deficit (CWD) from the TerraClimate dataset (Abatzoglou et al. 2018) 
at a spatial resolution of ca. 4 km2. The CWD is calculated as the difference between 
the actual and potential evapotranspiration. From the obtained seasonal data, we 
calculated the annual mean CWD of each sampled population (Nagy et al. 2024).

Germination trials

We used only undamaged, healthy-looking seeds (e.g., black/brown coloured and 
well rounded). For each seed-family, 20 seeds were weighed using a fine scale. Ten 
of these 20 seeds were placed on a filter paper moistened with tap water in a 10–cm 
Petri dish (no replication of seed families within each treatment). Seeds were ger-
minated in a growth chamber at 20:10 °C with a 12:12 h photoperiod; positions 
of Petri dishes were randomized daily. Germination was monitored daily over 14 
days. Prolonging this germination trial may have resulted in further germination. 
However, previous studies on C. stoebe showed that the vast majority of seeds ger-
minated by the end of this period (Hahn et al. 2013; Rosche et al. 2017). A seed 
was considered germinated once the radicle emerged and was removed from the 
Petri dish immediately after germination.

The remaining ten seeds per seed family were germinated under experimental 
drought. To simulate drought stress, we used D-Mannitol solution in place of 
water to moisten the filter paper and sealed Petri dishes with Parafilm®. Mannitol 
decreases osmotic pressure and therefore reduces the water availability, and is more 
stable than other osmotic agents such as polyethylene glycol (Thill et al. 1979). 
In order to identify a suitable drought treatment that would inhibit but not pre-
vent germination, we randomly selected 97 seed families evenly distributed among 
the GCTs and germinated them for 14 days in tap water and in three different 
D-Mannitol solutions of -0.25 MPa (0.1 mol/l), -0.5 MPa (0.2 mol/l) and -1 MPa 
(0.4 mol/l). This preliminary experiment revealed that there was a significant dif-
ference only between the water and the -1 MPa treatment (F = 27.09, p < 0.001; 
Suppl. material 1: fig. S1). Thus, we applied two treatments in which the Petri 
dishes were either filled with tap water (hereafter referred to as ‘mesic’) or with a 
D-Mannitol solution of -1 MPa (hereafter referred to as ‘dry’).
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Early seedling traits

To assess early seedling traits, we used the first seed per seed family that germinated 
from the mesic treatment. For each seed family, we transferred this seedling into 
a new Petri dish in the growth chamber (set up as described previously). At this 
point, we measured radicle length with ImageJ (Schneider et al. 2012). We then 
monitored the seedlings until the first sign of the first true leaf appeared. This 
developmental stage initiates the transition from auto- to heterotrophy (Harper 
1977). We recorded the number of days from germination until the day of first true 
leaf appearance (DTL). We measured the radicle length again for root elongation 
rate (RER = (length at day of germination - length at day of first true leaf ) / day of 
first true leaf ). We then harvested the seedling, dividing it into above- and below-
ground biomass, dried at 60 °C for 48 h, and then calculated the root:shoot ratio 
(RSR = belowground biomass / aboveground biomass) and the relative growth rate 
(RGR = (belowground biomass + aboveground biomass) / day of first true leaf ).

Statistical analysis

All statistical analyses were performed with R version 4.2.3 (R Core Team 2023). 
To assess germination probability through time, we used time-to-event analyses 
which are considered a powerful method for analysing germination data and meet 
more statistical assumptions than e.g., non-linear regression models (McNair et al. 
2012; Romano and Stevanato 2020; Onofri et al. 2022). The time-to-event anal-
yses based on mixed-effects Cox-regression models (Cox 1979), using the ‘coxme’ 
function of the R-package coxme ver. 2.2.18.1 (Therneau 2022a). These models 
apply Cox proportional hazards to identify significant predictors of the hazard 
ratio (HR). The HR indicates the probability to experience a germination event 
at every given point in time over the whole observation period compared to a 
reference group. Explanatory variables of our models were geo-cytotype (GCT) in 
interaction with habitat type and GCT in interaction with climatic water deficit 
(CWD). Our reference groups were: EU4x and (semi-)natural habitat type. We set 
population nested within year of germination trial as random effects. Furthermore, 
we included loge-transformed seed mass and loge-transformed population size as 
covariates to account for potential maternal and Allee effects, respectively. All 
numerical predictors were centred and scaled. We ran two separate mixed-effects 
models for both mesic and dry treatments. The statistical assumptions of the Cox 
proportional hazards models were checked based on Schoenfeld residuals and their 
graphical assessments (McNair et. al 2012). Moreover, we calculated the variance 
inflation factor to test for multicolinearity between our variables. We displayed the 
germination patterns using Kaplan-Meier curves (Kaplan and Meier 1992) with 
the ‘survfit’ function of the R-package survival ver. 3.5.3 (Therneau 2022b).

To identify significant predictors of germination success at the end of the 14-day pe-
riod (binomial, cumulative values over population means), we used generalized linear 
mixed-effects models. We used the same explanatory variables as for the mixed-effects 
Cox-regression models, setting population nested within year of germination trial as 
random effects. Again, we ran two separate models for both mesic and dry treatments.

For the early seedling traits and the seed mass, we used linear mixed-effects 
models analysing the following traits as response variables: loge-transformed RGR, 
loge-transformed RER, loge-transformed DTL, untransformed RSR and loge-trans-
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formed seed mass. Explanatory variables and random effects were identical to the 
generalized mixed-effect models on germination success. In all linear models, 
we assessed statistical significances of the predictors through stepwise backward 
model selection. The minimal adequate models were achieved using χ2-tests in the 
R-package lme4 ver. 1.1.32 (Bates et al. 2015).

Results

Seed mass

Seed mass differed among GCTs (χ2 = 7.4, p < 0.05). EU4x populations had higher 
seed mass than EU2x (p < 0.01, Suppl. material 1: table S2, fig. S2A) but there was 
no difference between NA4x and either native GCT (EU4x, EU2x). Moreover, seed 
mass was negatively correlated with CWD (p < 0.01, Suppl. material 1: fig. S2B).

Germination probability

We monitored germination probability – the chance of a germination event happen-
ing on successive days - across a total of 23,928 seeds (9,608 EU2x, 10,713 EU4x, 
3,607 NA4x) from 208 C. stoebe populations. In the mesic treatment, germination 
patterns differed among geo-cytotypes (GCTs: χ2 = 51.4, p < 0.001, Fig. 2) with NA4x 
having an 86% greater germination probability compared to EU4x (HR = 1.86, 
p < 0.001, Fig. 2, Suppl. material 1: table S3) and EU2x having a 21% lower germi-
nation probability compared to EU4x (HR = 0.79, p < 0.01). However, the difference 
between the native cytotypes only occurred with seeds from (semi-)natural habitats 
(p < 0.001) but not with those from ruderal habitats (p = 0.68). Habitat type as a 
main effect also significantly affected germination probability (χ2 = 33.8, p < 0.001): 
overall, seeds from ruderal habitats showed 45% higher germination probability than 
those from (semi-)natural habitats (HR = 1.45). Furthermore, the Cox-regression 
model revealed that increasing seed mass affected germination probability positively 
(HR = 1.26, χ2 = 49.5, p < 0.001) while increasing climatic water deficit (CWD) had 
a negative effect (HR = 0.85, χ2 = 8.7, p < 0.01) There was also an interaction between 
GCT and CWD (χ2 = 24.6, p < 0.001), indicating that the relationship between ger-
mination probability and CWD was most pronounced in EU2x.

In the dry treatment, the germination probability of all GCTs declined (Fig. 2) 
and there was no difference among GCTs anymore (χ2 = 3.4, p = 0.18). However, 
germination was again affected by habitat type (χ2 = 9.1, p < 0.01): seeds from 
ruderal habitats had a 44% increased germination probability compared to seeds 
from (semi-)natural habitats (HR = 1.44). Still, seed mass affected germination 
probability positively (χ2 = 36.9, p < 0.001) but to a higher extent than in the mesic 
treatment (HR = 1.64). In contrast to the mesic treatment, the germination prob-
ability was no longer related to CWD (χ2 = 0.1, p = 0.81). However, population 
size affected germination probability positively (HR = 1.19, χ2 = 6.8, p < 0.01).

Total germination

In the mesic treatment, total germination differed among GCTs (χ2 = 405.0, 
p < 0.001; Fig. 3, Suppl. material 1: table S4) with NA4x seeds showing higher 
total germination than EU4x, whereas EU2x had lower total germination than 
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EU4x. There was also a difference between habitat types (χ2 = 57.0, p < 0.001). 
Populations from ruderal habitats had higher total germination success than those 
from (semi-)natural habitats. Moreover, CWD was negatively correlated with total 
germination (χ2 = 308.2, p < 0.001) and there was a significant interaction between 
GCT and CWD (χ2 = 11.9, p < 0.01), with the effect of CWD on germination 
more pronounced for EU2x than for the other two GCTs. Seed mass (χ2 = 138.0, 
p < 0.001) had a positive effect on total germination while population size had no 
effect (χ2 = 0.53, p = 0.47).

In the dry treatment, total germination again differed among GCTs (χ2 = 20.8, 
p < 0.001), but in contrast to the mesic treatment, total germination was compa-
rable between EU4x and NA4x, whereas EU2x showed greater total germination 
than EU4x. Again, total germination differed between habitat types (χ2 = 33.8, 
p < 0.001) with populations from ruderal habitats showing greater germination 
success. Contrary to the mesic treatment, CWD was positively correlated with to-
tal germination (χ2 = 5.8, p < 0.05) and the effect of CWD differed among GCTs 
(χ2 = 29.9, p < 0.001), with a positive relationship evident only for NA4x. More-
over, seed mass (χ2 = 102.4, p < 0.001) and population size (χ2 = 9.9, p < 0.01) were 
positively correlated with total germination under dry conditions.

Figure 2. Kaplan-Meier curves of germination probability and their 95% confidence intervals for the three geo-cytotypes of Centaurea 
stoebe in (semi-)natural (left panels) and ruderal (right panels) habitats. Kaplan-Meier curves are presented for the mesic (upper panels) 
and the dry treatment (lower panels). Geo-cytotypes: native-range diploids (EU2x) = blue, native-range tetraploids (EU4x) = purple and 
non-native range tetraploids (NA4x) = red. The dotted lines represent the day at which 50% of the seeds that did germinate had germinated.
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Early seedling traits

There was no difference in any of the early seedling traits between EU2x and EU4x 
(Suppl. material 1: table S5). In contrast, NA4x developed their first true leaf earlier 
than both native GCTs (χ2 = 13.29, p < 0.01, Fig. 4A) and had a higher RGR (χ2 = 
13.89, p < 0.001, Fig. 4B). Early seedling traits did not differ between habitat types 
except for RSR. Ruderal populations had higher RSR than (semi-)natural ones, regard-
less of GCT, (χ2 = 4.79, p < 0.05, Suppl. material 1: fig. S4). Seed mass had a significant 
effect on some early seedling traits investigated (Suppl. material 1: table S5, fig. S4).

Figure 3. Relationship between climatic water deficit and total germination across 208 populations from the three geo-cytotypes of 
Centaurea stoebe in the mesic treatment (upper panel) and the dry treatment (lower panel). Geo-cytotypes: native diploids (EU2x) = blue, 
native tetraploids (EU4x) = purple and non-native tetraploids (NA4x) = red.
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Discussion

Pre-adaptive differences between EU4x and EU2x

Under mesic conditions, EU4x seeds showed a higher germination probability 
through time and a greater total germination than seeds of EU2x. These findings 
contrast with previous results from Hahn et al. (2013) who did not find such 
differences between the cytotypes. We studied more populations covering broad-
er environmental gradients than Hahn et al. (2013) and we used Cox-regression 
models instead of the linear models in Hahn et al. (2013). However, our results are 
consistent with other literature reporting that polyploidy can be associated with 
higher germination rates (e.g., Stevens et al. 2020; Selvi and Vivona 2021). This su-
perior germination performance of polyploids has been linked to higher seed mass 
(Bretagnolle et al. 1995; Stevens et al. 2020). We indeed found that EU4x had 
heavier seeds than EU2x, and there was a strong, positive correlation between ger-
mination probability and seed mass, independent of GCT. Given the strong effects 
of germination success on population growth in founder populations of C. stoebe 
(Hahn et al. 2012), the superior germination performance of EU4x may display an 
important pre-adaptive advantage to colonize novel ranges compared with EU2x.

Under simulated drought, the superior germination performance of tetraploids 
disappeared. Instead, EU2x showed greater total germination than EU4x under 
dry conditions. Polyploids often shift their germination behaviour under unfa-
vourable conditions (Hoya et al. 2007; Stevens et al. 2020; Rutland et al. 2021) 
and the seeds of tetraploid C. stoebe can remain viable in the seed bank for at least 
eight years (Davis et al. 1993). Delaying germination until better conditions may 
be thus a beneficial strategy for tetraploids colonizing non-native ranges with novel 
environmental conditions. Moreover, the positive effect of seed mass on germina-
tion probability almost tripled in the dry treatment, suggesting that seed size is 
more important under harsh conditions, which is consistent with evidence that 
heavier seeds cope better with environmental stress (Milberg and Lamont 1997; 
Paz and Martínez-Ramos 2003; Hallett et al. 2011; but see Yi et al. 2019).

Given the differences in germination probabilities and seed masses between 
the cytotypes, it is surprising that EU2x did not differ from EU4x in early seed-
ling traits. Larger seeds are expected to result in faster seedling growth, especial-
ly in root mass allocation and seedling size (Bretagnolle et al. 1995; Kidson and 
Westoby 2000; Hallett et al. 2011; but see Norden et al. 2009; Tumpa et al. 2021). 
A previous study found that EU4x seeds performed better in all seedling traits 
they studied (Collins et al. 2013). However, they used five populations per cyto-
type and terminated their experiment after 16 days rather than in response to the 
developmental stage of seedlings as we did. A recent review demonstrated that 
such methodological differences can substantially affect the results of seedling trait 
studies (Winkler et al. 2024).

Post-introduction evolution between EU4x and NA4x

NA4x showed greater germination than EU4x, which contrasts with Hahn et al. 
(2013) who did not find such differences. Again, the contrasting results may be 
explained by the different study designs and analyses. In the dry treatment, how-
ever, the superior germination of NA4x over EU4x disappeared. This is surprising 
given the niche shift towards a drier climate tetraploids experienced during their 
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range expansion in North America (Broennimann et al. 2007). However, it may be 
possible that the novel conditions in the non-native range were selected for more 
conservative germination behaviour under drought.

Regarding early seedling traits, we found seedlings of NA4x to develop their first 
true leaf faster than those of EU4x while also accumulating more overall biomass 
in this shorter time period. This faster development and seedling growth is not 
only important because it marks the transition from auto- to heterotrophy (Harper 
1977), but it may also increase seedling drought resistance (Larson et al. 2020) and 
might be advantageous regarding competitive interactions with resident species 
in the invaded range (Gioria et al. 2016). Indeed, NA4x seedlings were recently 
found to establish faster than resident species in the invaded plant communities in 
western USA (Slate et al. unpublished data). Considering the cascading effects of 
seedling performance on later life stages (Donohue et al. 2010; Gioria and Pyšek 
2017), the faster seedling growth may also partly explain the common observa-
tion of increased adult plant performance of NA4x compared to EU4x popula-
tions under diverse common garden conditions (e.g., Blumenthal and Hufbauer 
2007; Ridenour et al. 2008; He et al. 2010; Hahn and Müller-Schärer 2013). Such 
post-introduction evolution towards high performance genotypes in the non-na-
tive range is well-known for adult plant performance traits in numerous invaders 
(Parker et al. 2013) and could be a response to novel biotic and abiotic interactions 
in the non-native range (Bates and Bertelsmeier 2021; Sheng et al. 2022). Howev-
er, so far this phenomenon could not be shown for the recruitment life stage. More 
experiments are needed to understand the eco-evolutionary processes selecting at 
this early life stage and if so, how this may affect adult plant growth.

Among-population variation within the three geo-cytotypes

The negative correlation between the climatic water deficit and germination prob-
ability could be due to reduced energy content of the seeds from dry populations, 
where mother plants likely faced drought stress during seed production (Hampton 
et al. 2013; Heinicke et al. 2016). However, in the dry treatment, total germina-
tion was positively affected by increasing climatic water deficit. Local adaptation 
in populations from drier regions may increase likelihood of germination under 
dry conditions (Godfree et al. 2017; Veselá et al. 2021; Gya et al. 2023). Seedling 
performance traits were not affected by climatic water deficit, although seedlings 
sampled from dry environments are assumed to show a more conservative growth, 
e.g., investing more into root than shoot biomass allocation (Larson et al. 2020; 
Gya et al. 2023). Because we did not investigate seedling performance traits in 
the dry treatment, our results rather explore the population level variability across 
CWD while future research is needed to understand seedling growth under exper-
imental drought (Dhanda et al. 2004; Birkeli et al. 2023; Winkler et al. 2024).

The higher germination in ruderal than (semi-)natural habitats, indicates a selec-
tion toward genotypes that quickly occupy open niches in ruderal habitats whereas 
in (semi-)natural habitats there may be a selection for genotypes that show more 
conservative germination behaviour (Hufbauer et al. 2012). The higher root:shoot 
ratio in ruderal than (semi-)natural habitats may indicate adaptation to fluctuating 
water availability (Chapin et al. 1993). Ruderal habitats usually have less vegetation 
cover and tend to have greater evapotranspiration than (semi-)natural habitats (Bai 
et al. 2020). The significant differences we found in recruitment traits between hab-
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itat types correspond to pronounced differences between ruderal vs. (semi-)natural 
C. stoebe populations in their adult plant growth performance (Rosche et al. 2018).

Our results support current concepts emphasizing that populations within na-
tive and non-native ranges (Colautti and Lau 2015) and within cytotypes (Rosche 
et al. 2018) may vary strongly in their population history. Such among-population 
variation within GCTs may be particularly pronounced for recruitment traits that 
are under strong natural selection (Baskin and Baskin 1998; Donohue et al. 2010; 
Cochrane et al. 2015). This means that the choice of populations can affect the 
outcome of experiments, particularly if habitat types and local aridity regimes were 
not sampled to similar extents among GCTs (Rosche et al. 2018; 2019). Moreover, 
with a view to ecological restoration, we strongly recommend choosing seed sourc-
es that correspond to the target habitat type to avoid maladapted germination and 
seedling growth behavior (Larson et al. 2020).

Conclusions

Our study is the first in the recruitment life stage to show that a biological invasion 
can be associated with a combination of pre-adaptive differences between cyto-
types and post-introduction evolution of native and non-native populations. Be-
cause early seedling establishment is a crucial bottleneck in the life-cycle of plants 
and has cascading effects on all later individual performances, we call for further 
eco-evolutionary research at this life stage. Given that we recorded early seedling 
traits only under mesic conditions, we recommend that future research should 
investigate those traits also at suboptimal conditions. Furthermore, we emphasize 
that adaptive differentiation can be even more pronounced within than among 
GCTs. To avoid misleading conclusions from rather simplistic native vs. non-na-
tive or diploid vs. polyploid comparisons, future experimental studies should con-
sider that not only the habitat type but also environmental gradients should be 
sampled to a broad and comparable extent between ranges and cytotypes.
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