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Rapid adaptive evolution can increase the competitive ability of invasive
species in their non-native ranges. However, whether this increase is a general
response and what drives it remain uncertain because the evidence is largely
based on studies with limited sampling, inadequate consideration of popula-
tion co-ancestry, and oversimplified estimates of competitive ability. We
conduct a large-scale glasshouse experiment testing the effects of competition
and drought on 100 native and 165 non-native populations of Erigeron cana-
densis, all genotyped to account for co-ancestry. Plants from non-native
populations are significantly more competitive against other species than the
conspecifics from native populations under both mesic and dry conditions.
Genetic clustering indicates that the rapid evolution of competitive ability
occurs independently in two out of four clusters in the non-native range. This
advantage is present only during interspecific interactions and is absent during
intraspecific competition. Repeated evolution of increased competitive ability
suggests that adaptation following introduction can reshape species interac-
tions and promote invasion success, even under future drought conditions,
highlighting the importance of rapid evolution in determining the ecological

impacts of invasive plants.

A central phenomenon of plant invasions is that invaders can have
stronger competitive impacts in their non-native than in their native
ranges'™. This pattern is frequently attributed to rapid adaptive evo-
lution when facing novel biotic interactions in the introduced range*~,
which can result in increased size and competitive ability in non-native
populations relative to native ones®. Although, the specific mechan-
isms underlying such evolutionary changes can be diverse’™", empiri-
cal support for increased competitive ability comes from multiple
comparative common garden studies'". However, it remains unclear
how widespread these evolutionary shifts are, as many previous stu-
dies have relied on limited sampling across ranges and simplified
measurements of competitive ability.

Differences in competitive ability between ranges may result from
unbalanced sampling across varying environments, including the
comparison of non-native populations from highly competitive sites to
native populations from less competitive areas'*". Apparent differ-
ences between ranges may also originate from neutral, stochastic
migration rather than adaptive selection’. If, by chance, a highly

competitive genetic cluster is overrepresented in the non-native range,
common garden experiments may erroneously suggest rapid evolu-
tion. However, broad, comparable sampling within ranges and
accounting for population co-ancestry are rare in studies of rapid
evolution, and despite increasing evidence that they are crucial®’, we
are not aware of any such study on the rapid evolution of competitive
ability.

Competitive ability is not a single trait but a complex of traits that
depends on the environmental context. It is influenced by species
identity”®, indirect effects of surrounding competitors”*°, neighbour
density”*, and whether the competitor is a conspecific or a
heterospecific®. Yet studies measuring competition, especially in the
context of rapid evolution, have often relied on pairwise comparisons
with a single competitor species**. Moreover, competition is fre-
quently modified by abiotic conditions: it often intensifies under low
environmental stress and may weaken or even shift towards facilitation
under high stress*?¢, although the effects of resource limitation vary
among systems and may strengthen some components of competition
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while weakening others??*, This context dependency is particularly
relevant as altered precipitation regimes may reshape species inter-
actions and coexistence in plant communities*~°.

Additionally, it is important to consider that competition has two
major components: the response to competition (tolerance to neigh-
bours) and the effect of competition (suppression of neighbours).
Competition-driven selection for tolerance to neighbours is much
stronger than selection for the ability to suppress them, because
strong suppressors indirectly benefit other individuals in commu-
nities, thus creating potentially detrimental indirect feedbacks®*.
Assessing competitive ability can therefore benefit from multi-species
settings that incorporate both intra- and interspecific competition in
different abiotic contexts®*.

Here, we show that increased competitive ability is associated
with repeated evolutionary changes within the non-native range of a
global plant invader. We conducted a glasshouse experiment with 100
native and 165 non-native populations of Erigeron canadensis L.
(synonym: Conyza canadensis, Canadian horseweed, hereafter Fri-
geron), sampled across broad and comparable environmental gra-
dients in both ranges (Fig. 1). Erigeron is a suitable model for studying
phenotypic variation and its drivers due to its high adaptability to
diverse conditions, including wide aridity gradients***, To account for
population co-ancestry, we incorporated population genomic data
(ddRADseq). We quantified competitive ability under mesic and dry
conditions, examined variation between native and non-native ranges
and among genetic clusters, and compared responses under intra- and
interspecific competition.

Results And Discussion

Our study involved 5048 pots in the main experiment (3 competi-
tion x2 drought treatments; Fig. 1) and six ancillary experiments
(Supplementary Note 1). Aboveground vegetative biomass was mea-
sured after 12 weeks, corresponding to the main vegetative growth
phase of Erigeron***. Competition reduced Erigeron biomass by 63.4%
(X22=3068.6; P<0.001) and drought decreased biomass by 51.7%
(x2q)=1461.9; P<0.001; Supplementary Fig. 3a). Survival remained
high throughout the experiment (96.8% overall) and was not sig-
nificantly affected by competition, but declined by 3.2% under drought
(X3 = 6.69; P=0.009; Supplementary Fig. 3b).

Non-native populations showed increased competitive ability in
both dry and mesic conditions

Competitive ability was calculated following Hart et al.*®, integrating
competitive tolerance and intrinsic growth rate of the focal Erigeron,
with aboveground biomass used as a performance proxy. An ancillary
experiment showed a strong positive relationship between biomass at
harvest (between 0.3 and 3 g) and fecundity (between 100 and 500
capitula), indicating that higher competitive ability also reflects
increased reproductive output (Supplementary Fig. 4; Ancillary
Experiment 2 in Supplementary Note 1). Across both watering treat-
ments combined, Erigeron populations sourced from the non-native
range had 19.2% higher competitive ability than conspecifics from the
native range (X’q=13.89; P<0.001; Fig. 2). This effect size is con-
sistent with those reported in studies linking invasion to enhanced
competitive performance (reviewed by Callaway et al. ).

Multiple mechanisms may explain this pattern. One explanation is
the EICA hypothesis, which proposes that escape from specialist nat-
ural enemies may favour the reallocation of resources from defence to
growth and reproduction, thereby increasing competitive ability>*".
However, Abhilasha and Joshi*® reported that Erigeron plants from non-
native populations were larger without evidence for reduced herbivore
defences. Similarly, Sheng et al. * found no evidence of increased
susceptibility for belowground fungal pathogens. Both studies suggest
that processes other than EICA might contribute to the rapid evolution
of increased competitive ability. Alternatively, competitive advantages

may arise from increased investment in allelopathy by invasive
populations*°. There is evidence for allelopathic effects exerted by
Erigeron*, but it is unclear whether allelopathic effects differ between
native and non-native populations®. Other research suggests that
novel selection pressures from different abiotic conditions*** or
unique competitive or mutualistic interactions’ may lead to increased
competitive ability in non-native ranges. For example, Sheng et al*.
reported that non-native populations were associated with mycor-
rhizal fungal taxa that may be more beneficial, potentially enhancing
growth and competitive performance.

Across native and non-native populations combined, drought
reduced competitive ability by 12.9% compared with mesic conditions
(X2 =16.66; P<0.001; Fig. 2). This result aligns with the stress-
gradient hypothesis®®, which states that increasing environmental
stress can decrease competitive intensity or frequency*>*°. Drought
also reshapes competitive hierarchies through species-specific
responses to drought”’. These dynamics are particularly relevant dur-
ing invasions, when stressors may influence both competitive pro-
cesses and community assembly*®. However, the competitive abilities
of our populations under mesic and dry conditions were positively
correlated with one another (Supplementary Fig. 5), although this
relationship showed considerable variability among populations.
Importantly, there was no significant interaction between range (native
vs. non-native) and drought treatment (mesic vs. dry) (x?q) =2.69;
P=0.10). In other words, plants from the non-native range consistently
exhibited higher competitive ability than conspecifics from the native
range, regardless of drought stress. These results provide no evidence
for a trade-off between stress tolerance and competitive ability*.
Instead, our study suggests that directional selection in the non-native
range may favour genotypes with strong competitive ability indepen-
dently of traits related to stress tolerance, as also observed in other
invasive species such as Centaurea stoebe’. Because drought does not
appear to be a primary driver of the rapid evolution of competitive-
ness, our findings support the view that shifts in biotic interactions can
exert a stronger influence on natural selection than changes in abiotic
conditions™,

The role of population co-ancestry in variation in competitive
ability

To account for population co-ancestry, which is only occasionally
incorporated into eco-evolutionary studies, we used pedigree mixed-
effects models (PMMs™>). We constructed a co-ancestry matrix, based
on 4601 neutral SNPs from ddRADseq data and incorporated it as a
random effect in our PMMs. Including this matrix more than doubled
the variance explained by population, from 10.5% in regular mixed-
effects models (MMs) to 25.0% in PMMs (Fig. 3a), and reduced the
residual variance by 7.5%. The PMMs also had a lower AIC than the MMs
(495.4 vs. 508.6). The improved model fit in PMMs indicates that co-
ancestry captures additional biologically meaningful variation, con-
sistent with earlier work on phenotypic variation in Erigeron®. When
models were run separately for native and non-native populations, the
inclusion of the co-ancestry matrix increased the variance explained by
the population term more in the non-native (27.5%) than in the native
range (18.2%). This finding suggests that in non-native ranges, recent
founder effects and admixture can strongly affect population demo-
graphy, making co-ancestry a more powerful predictor of trait varia-
tion than in the native range, where historical population structure
dominates”.

To further disentangle the effects of selection from purely
demographic processes, we performed a Bayesian clustering analysis
based on the same SNP dataset and asked whether differences in
competitive ability aligned with ancestry-defined groups (Fig. 1 and
Supplementary Fig. 6 and 7). Genetic cluster affiliation had a significant
effect on competitive ability (x?)=18.05; P<0.001; Fig. 3b and Sup-
plementary Table 2), confirming that intraspecific variation in
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competitive ability can be strongly associated with the neutral genetic
relatedness of populations®™. Furthermore, increased competitive
ability in the non-native range was observed in two independent
genetic clusters: Cluster 1, where non-native populations from Medi-
terranean regions had 37.1% greater competitive ability than native
populations from western North America, and Cluster 2, where eastern
Asian populations had 34.2% greater competitive ability than eastern
North American populations (Fig. 3c). These patterns suggest that
increased competitive ability may evolve within genetic clusters rather

Intraspecific
competition

Alone

Interspecific
competition

Intraspecific
competition

than solely reflecting the overrepresentation of a single competitive
lineage™. This finding is also consistent with the view that evolutionary
changes associated with invasiveness can arise repeatedly in inde-
pendent genetic clusters”>®, Given the predominantly selfing mating
system of Erigeron and the largely non-overlapping geographic dis-
tributions of Clusters 1 and 2, extensive gene flow between these
clusters is unlikely, supporting their evolutionary independence.

In Cluster 3, we found no evidence of increased competitive
ability in non-native populations. These populations occur near
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Fig. 1| Conceptual overview of the sampling and experimental design to study
rapid evolution of competitive ability in Erigeron canadensis. Sampling design:
Geographical distribution of the sampled native (North America) and non-native
(Africa and Eurasia) populations and their genetic cluster affiliation. Genetic cluster
affiliation was determined using a Bayesian clustering analysis based on 4,601
neutral SNPs from ddRADseq data, which identified four optimal clusters (K =4)".
Each population was assigned to the cluster with the highest posterior probability.
Sampling covered broad and comparable environmental gradients between ran-
ges, described by climatic water deficit (a proxy for aridity) and field community
biomass (a proxy for local competition). Neither variable differed significantly
between ranges when analysed using two-sample ¢ tests (N = 285; climatic water
deficit: t = -0.42; P=0.676, and community biomass: t =1.25; P=0.108). Details of
the sampled populations are provided in Supplementary Data 1. Experimental
design: To quantify competitive ability under contrasting biotic and abiotic

conditions, we evaluated competition and drought effects in a glasshouse experi-
ment using a multi-species design. Erigeron individuals grew either alone, in
intraspecific competition, with four conspecifics from the same population, or in
interspecific competition, with four co-occurring species native to Eurasia and non-
native to North America (Plantago lanceolata, Bromus tectorum, Lactuca serriola,
and Trifolium repens). Drought was applied at two levels: pots under mesic condi-
tions received water to maintain field capacity (estimated via gravimetric loss),
while drought-treated pots received 25% of that volume. Drought significantly
affected soil moisture and Erigeron physiology (see Supplementary Fig. 1). We
estimated each population’s competitive ability by combining intrinsic growth rate
(from Ancillary Experiment 1 in Supplementary Note 1) and the competition coef-
ficients for inter- and intraspecific tolerance (see “Methods”). Similarly, we assessed
Erigeron’s inter- and intraspecific competitive suppression on its neighbours
(Supplementary Fig. 2). Source data are provided as a Source Data file.
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Fig. 2 | Competitive ability of Erigeron canadensis sourced from non-native
(red; n=165) and native ranges (blue; n =100) in mesic and dry treatments.
Competitive ability was calculated as the intrinsic growth rate divided by the
geometric mean of intraspecific and interspecific competitive tolerance. Across
both watering treatments, non-native populations showed significantly greater
competitive ability than native populations (x2a) =13.89, P < 0.001). Drought stress
reduced the competitive ability of Erigeron (x?qy =16.66; P < 0.001), but non-native
populations showed higher competitive ability than conspecifics from the native
range in both treatments. Models included climatic water deficit and field

community biomass as covariates and accounted for population co-ancestry using
a pedigree mixed-effects model (Supplementary Table 1). Lowercase letters indi-
cate Tukey-adjusted pairwise comparisons. Competitive ability was calculated from
population mean values separately for the mesic and dry treatments, with each
population constituting one independent biological replicate. Violin plots show the
smoothed data distribution. Boxplots show the median (centre line), interquartile
range (box), whiskers extending to the most extreme values within 1.5 x the
interquartile range, and outliers plotted individually. Source data are provided as a
Source Data file.

the northern edge of the species’ distribution, and adaptation to
harsher climatic conditions (e.g., shorter growing seasons) may
play a stronger role than competition in shaping their perfor-
mance. Cluster 4 showed comparatively low competitive ability
and occurred as a dominant genetic cluster only in the non-native
range; therefore, evolutionary changes within this cluster cannot
be directly assessed. Importantly, non-native populations
belonging to this less competitive cluster were included in the
overall comparison between native and non-native ranges (Fig. 2).
Nevertheless, non-native populations still exhibited significantly
greater competitive ability than native populations overall, mak-
ing the estimated range effect conservative. The distribution of
Cluster 4 may reflect the complex invasion history of Erigeron,
including multiple introductions with subsequent population
admixture and rapid post-introduction evolution®®°. Such
genetic divergence after introduction may have been facilitated
by its annual life cycle and the long invasion history, as Erigeron
has been established in Europe since the 17th century®'.

When comparing the clusters between the two watering condi-
tions, Cluster 1 showed significantly higher competitive ability under
mesic than dry conditions, whereas the other clusters exhibited similar
but non-significant trends (Supplementary Fig. 8). This pattern may
suggest that populations belonging to Cluster 1 increase competitive
performance primarily under favourable conditions rather than
maintaining consistently high competitiveness across environments®,

Interspecific rather than intraspecific interactions drive the
evolution of competitive suppression and tolerance

To identify the drivers of increased competitive ability, we tested how
the competitive tolerance and competitive suppression of Erigeron
differed between interspecific and intraspecific competition, and how
these differences interacted with range and drought treatment (for
model details, see Supplementary Table 3). Both traits were quantified
as competition coefficients: competitive tolerance describes the bio-
mass response of the focal Erigeron to competition from neighbouring
plants (see Fig. 1), whereas competitive suppression describes
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Fig. 3 | Effect of population co-ancestry on competitive ability in Erigeron
canadensis. Panels a-c present complementary analyses linking genetic structure
to variation in competitive ability. a Pie charts showing the proportion of variance
explained by different components of a linear mixed-effects model (MM) and its
corresponding pedigree mixed-effects model (PMM). The slices represent unex-
plained variance (residuals), variance explained by the random effects of popula-
tion and region, and the variance explained by all fixed effects combined (range,
drought treatment, climatic water deficit, and field community biomass; Supple-
mentary Table 1). Accounting for population co-ancestry in the PMM increased the
variance explained by the population random effect from 10.5% to 25.0%.

b Competitive ability differed significantly among the four genetic clusters (n = 265;
x23)=18.05; P<0.001). Additional analyses treating cluster assignment prob-
abilities as continuous variables produced similar patterns (Supplementary Fig. 9).
¢ Competitive ability differed significantly between native (blue) and non-native

(red) populations in Cluster 1 (black; n = 65; t = 4.122; P< 0.001) and Cluster 2 (dark
grey; n=45; t=4.778; P<0.001), but not in Cluster 3 (light grey; n=71; t=2.104;
P=0.334), as indicated by Tukey-adjusted pairwise comparisons. Cluster 4 (white;
n=84) occurred exclusively in the non-native range and was therefore not included
in range comparisons. The response of competitive ability to drought across the
four clusters is shown in Supplementary Fig. 8. Model estimates for the linear
mixed-effects models in panels (b and ¢) are presented in Supplementary Table 2. In
panels b and ¢, competitive ability was calculated from population mean values
separately for the mesic and dry treatments; each population constituted one
independent biological replicate. Violin plots show the smoothed data distribution.
Boxplots show the median (centre line), interquartile range (box), whiskers
extending to the most extreme values within 1.5 x the interquartile range, and
outliers plotted individually. Source data are provided as a Source Data file.

Erigeron’s effect on the biomass of the competitor community (see
Supplementary Fig. 2).

Overall, intraspecific competition reduced Erigeron biomass more
strongly than interspecific competition. At the same time, Erigeron
exerted weaker suppressive effects on conspecifics than on hetero-
specific competitors. This pattern is consistent with reviews showing
that intraspecific competition is typically stronger because of greater
niche overlap, whereas interspecific competition is often alleviated by
niche differentiation®>. The most notable pattern emerged when we
examined interactions with range. We found significant interactions
between range and competition type for both competitive tolerance
(X2 = 9.21; P=0.002; Fig. 4a) and suppression (x*1) =13.80; P< 0.001;
Fig. 4b). Under interspecific competition, non-native Erigeron popu-
lations showed 28.4% greater tolerance and 38.0% greater suppression
compared with native populations. In contrast, no such differences
were found between ranges under intraspecific competition. These
findings suggest that evolutionary shifts in competitive ability are
primarily shaped by interspecific rather than intraspecific interactions.

The similarity in intraspecific competition between native and non-
native ranges likely reflects comparable selection pressures, as Eri-
geron competes with conspecifics in both ranges. In contrast, inter-
specific competition likely involves markedly different species
compositions and interaction strengths in the two ranges, leading to
divergent selection pressures>®.

Species identity influences competitive outcomes®**, and we only
tested the effects of four different competitor species. However, our
multispecies design captured a broader range of interactions than
pairwise approaches and more closely reflects natural community
contexts®.  Still, glasshouse  conditions simplify  natural
environments®®, and future studies should test whether these patterns
persist in the field and how neighbour identity shapes competitive
mechanisms.

The parallel patterns in competitive tolerance and suppression
contrast with previous studies reporting divergent selective pressures
on these facets of competition?>*>*’, However, the increased compe-
titive suppression of non-native populations aligns with findings that

64,65
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Fig. 4 | Increased competitive ability of non-native Erigeron canadensis is
explained by interspecific rather than intraspecific competitive tolerance and
suppression. a Competitive tolerance of Erigeron under interspecific and intras-
pecific competition. A significant interaction between range and competition type
was detected (X%@ =921, P=0.002). Non-native populations (n =165) showed
significantly higher tolerance than native populations (n =100) under interspecific
competition, but no such difference was found for intraspecific competition.

b Competitive suppression of neighbouring plants by Erigeron under interspecific
and intraspecific competition. A significant interaction between range and com-
petition type was detected (X - 13.80, P< 0.001). Non-native populations
(n=165) exerted a significantly stronger competitive suppression on interspecific
communities than native populations (n =100), with no such difference for
intraspecific communities. In both panels, horizontal dotted lines at O indicate the
threshold between competition (y > 0) and facilitation (y < 0). Arrows visualise the
direction of change: an increase in competitive tolerance reflects a stronger effect
experienced by Erigeron (higher values = lower tolerance), whereas an increase in

competitive suppression reflects a greater effect on competitor communities
(higher values = higher suppression). The models for both panels also included the
interaction between the drought treatment and competition type and accounted
for population co-ancestry using a pedigree mixed-effects model (Supplementary
Table 3; Supplementary Fig. 10). Competitive tolerance and suppression were
positively correlated under both interspecific and intraspecific competition (Sup-
plementary Fig. 11), indicating that populations with high competitive tolerance
also tended to exhibit high competitive suppression. Lowercase letters indicate
Tukey-adjusted pairwise comparisons. In both panels, competitive tolerance and
suppression were calculated from population mean values separately for the mesic
and dry treatments; each population constituted one independent biological
replicate. Violin plots show the smoothed data distribution. Boxplots show the
median (centre line), interquartile range (box), whiskers extending to the most
extreme values within 1.5 x the interquartile range, and outliers plotted individually.
Source data are provided as a Source Data file.

invasive species often allocate more resources to traits that suppress
neighbours®**¢°, Such genotypes may also be highly tolerant when
traits like rapid growth or large size confer advantages in both sup-
pressing neighbours and withstanding competition. In fact, popula-
tions with the highest growth rates tended to be both the most tolerant

and the most effective competitors, likely because they dominated
their neighbours before those neighbours could suppress them’. The
absence of a trade-off between tolerance and suppression may there-
fore reflect evolution towards general-purpose or high-performance
genotypes’..
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Ecological and evolutionary implications

Our study suggests that rapid adaptive evolution contributes to
increased competitive ability in non-native ranges. A common limita-
tion of previous research has been the underestimation of within-
range variation and the omission of population co-ancestry®**, We
found that accounting for co-ancestry explained a substantial pro-
portion of variation in competitive ability, highlighting the value of
incorporating population co-ancestry into future studies of rapid
evolution in invasive species®. Genetic cluster analyses revealed that
the evolution of increased competitive ability has arisen multiple times
within the non-native range, supporting the view that this phenom-
enon may be widespread among invasive species’>”. Interspecific
rather than intraspecific interactions drive increased competitive
ability in non-native Erigeron, emphasising the essential role of altered
biotic interactions in promoting rapid evolution®*,

Increased competitive ability may have facilitated the expansion
of Erigeron across its large non-native range and may help explain why
invaders suppress native diversity much more in their non-native
ranges>*". Because we found no evidence for a trade-off between
competitive ability and drought tolerance, invasive populations may
maintain these competitive advantages under future drought
scenarios*’*”, Erigeron is known for its exceptional capacity for rapid
evolution®**’¢, but other invaders may also increase their invasiveness
over time, particularly where native communities lack co-evolutionary
history with the invader’. Because Erigeron is an annual species with a
short generation time, rapid evolutionary responses may be more
readily detectable than in longer-lived species®. Nevertheless, the
evolutionary mechanisms underlying adaptation are not unique to
annuals, and similar processes are expected to occur in perennial or
clonally reproducing invaders over longer timescales. Further studies
with multifactorial experimental designs are needed to clarify the role
of rapid evolution in shaping invasion dynamics and its impact on
global biodiversity®.

Methods

Study species

Erigeron canadensis is an annual herb belonging to the Asteraceae
family. The species is native to North and Central America but was
introduced to Europe in the 17th century, from where it rapidly
expanded across temperate Eurasia and became common in Central
Europe by the mid-18th century®.. Its spread is likely linked to multiple
unintentional introductions followed by rapid range expansion. Today,
Erigeron has a nearly global distribution, particularly throughout the
Northern Hemisphere, where it occurs across a wide range of envir-
onmental conditions. As a disturbance-adapted species, it often colo-
nises open, ruderal habitats”. However, in several parts of its
introduced range, it also colonises more competitive environments
and is considered invasive due to its rapid spread and impacts on
native plant communities”.

Erigeron exhibits several characteristics that make it suitable for
studying rapid evolution in invasive species®***. The annual life cycle
of Erigeron may facilitate rapid evolutionary responses’®. It was the first
eudicot weed reported to evolve glyphosate resistance’®, which has
occurred multiple times and independently in different locations’.
The species is predominantly self-pollinating, which is often thought to
reduce the effectiveness of selection, but selection can still be strong in
selfing species, especially for strongly selected alleles®**'. Selfing can
rapidly expose new mutations in homozygous form, allowing bene-
ficial recessive alleles to experience immediate and strong selection®.
Occasional outcrossing and repeated introductions may also help
maintain genetic variation in the invasive range, facilitating evolu-
tionary responses to novel environments®’. Moreover, rapid evolu-
tionary change is not necessarily dependent on outcrossing, as large
genomic effects may also arise from mechanisms such as transposable
element activity or structural variation®,

Plant material was collected from publicly accessible sites in
accordance with applicable local regulations. No collection permits
were required for the sites from which Erigeron was sampled. Seed
material was transferred following the applicable import require-
ments. At the time of import, no import permit was required for the
Erigeron seed material used in this study.

Sampled populations

We collected seeds from 108 native and 176 non-native Erigeron
populations from 21 distinct geographical regions. Our sampling cov-
ered most of the species’ distribution in the Northern Hemisphere
(Supplementary Data 1; Fig. 1) and spanned a broad, representative
gradient of the environment, by capturing 92% of the climatic niche in
the native and 86% in the non-native ranges (Supplementary Note 2).
During the glasshouse experiment, 19 populations were excluded due
to low germination or seedling survival (Supplementary Data 1), leav-
ing 265 populations for the statistical analyses.

From each population, we collected seeds from a single indivi-
dual. The individual was chosen to represent the population as well as
possible, excluding damaged, small, and poorly developed plants.
Sampling a single individual may underestimate within-population
genetic variation. However, previous studies have shown that Erigeron
exhibits relatively low genetic variation within populations®**,
Therefore, we prioritised sampling a larger number of populations
rather than increasing within-population replication, thereby max-
imising geographic coverage and our ability to detect large-scale
evolutionary differentiation across the species’ range.

To account for variation in the competitive regime across popu-
lations, we collected, dried, and measured community biomass
(including Erigeron) from five 0.25 m? plots following Sheng et al. *. To
estimate the local aridity regime experienced by Erigeron in the field,
we downloaded climatic water deficit data for each population from
the TerraClimate® dataset at a -~ 4 km spatial resolution using annual
mean values from 1958 to 2023. This measure captures the local aridity
conditions of the source populations by quantifying the unmet eva-
porative demand. In particular, it estimates the difference between
actual and potential evapotranspiration, so that the climatic water
deficit represents the missing water that would be required to max-
imise plant growth®.

Experimental design

Our glasshouse experiment had a full factorial design for the
drought x competition treatment combination (Fig. 1). The competi-
tion treatment included three setups: 1) pots with one Erigeron indi-
vidual without competitors, 2) pots with one focal Erigeron and four
competitor individuals, each from a different species (i.e., interspecific
competition), and 3) pots with one focal Erigeron and four competitor
Erigeron individuals from the same population (i.e., intraspecific
competition). The drought treatment included pots with mesic and dry
conditions (see below for details). In total, 3408 pots were installed
(284 populations x2 replicates per populationx2 drought treat-
ments x 3 competition treatment). In addition, we grew an extra 1640
pots to perform six ancillary experiments (see below for details).

Competitor selection

To avoid overestimating competitive effects in pairwise interactions?>,
our interspecific competition treatment followed a multispecies
approach. The four competitor species were selected based on three
criteria. First, candidate species were identified based on their frequent
co-occurrence with Erigeron in vegetation surveys conducted during
field sampling across both the native and non-native ranges. Second,
competitor species were chosen with contrasting biogeographic his-
tories relative to Erigeron. While Erigeron is native to North America and
introduced to Eurasia, the selected competitors are native to Eurasia and
introduced to North America. Thus, interactions between these species
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and Erigeron have occurred only since recent historical introductions
rather than through long-term co-evolution. Third, the selected com-
petitors represent different phylogenetic and functional groups to
reduce phylogeny-specific competition effects.

Based on these criteria, we identified eleven candidate species. To
ensure that the candidate species would compete with Erigeron during
early growth stages, we grew individual seedlings of all species. In the
first four weeks, most candidate species produced greater biomass
than Erigeron, confirming their ability to exert competitive pressure
during early development (Supplementary Fig. 12). We selected Lac-
tuca serriola, Plantago lanceolata, Trifolium repens, and Bromus tec-
torum based on germination rates and seedling survival. Seeds of all
competitor species were obtained from commercial seed suppliers
(Rieger-Hofmann; WeberSeeds).

Experimental set up

Our glasshouse experiments (main experiment and the six ancillary
experiments) were set up in spring 2021, in Butte, Montana, USA, using
1450 mL pots (11 x 11 x 12 cm). The soil consisted of compost, topsoil
(from aruderal site), and sand in a 1:1:1 ratio and was thoroughly mixed,
using a high-volume mixer. Because this mixture contained two-thirds
nutrient-rich soil components (compost and topsoil), plant growth was
not strongly limited by nutrient availability. The soil mixture was
purchased from Wagner Nursery (Butte, Montana, USA) and was not
sterilised in order to avoid structural changes to soil properties. No
additional fertiliser was applied during the experiment. The pots were
filled individually with 1025g (+ 10 g) of well-watered soil mixture.
Once the pots were filled with soil, 15 pots were placed in one plant
growing tray.

We used field-sampled seeds for our experiments. The environ-
ment experienced by maternal plants in the field can influence off-
spring performance because resources provided by the mother
contribute to seedling growth®. To reduce potentially confounding
effects of seed resources on competitive ability, we selected seedlings
of similar size from each population to be included in the experiment.

For the main experiment, the focal Erigeron individual was always
sown in the centre of the pot, while the competitors (both inter- and
intraspecific) were sown near the corners. Ten to twenty seeds per
species and position were sown in the alone, interspecific, and intras-
pecific combinations. After sowing, pots were randomised evenly in
the trays and in the glasshouse. No significant patterns in germination
among populations or treatments were observed. After successful
germination, individuals were thinned to have one Erigeron individual
in the alone pots, five Erigeron individuals in the intraspecific pots, and
one Erigeron plus one individual from each competitor species in the
interspecific pots. The position of individual pots within trays (every
Monday), the distribution of pots across trays (every Wednesday), and
the position of trays within the glasshouse (every Friday) were ran-
domised throughout the experiment. Pots were watered equally and
regularly with a sprayer until transition to either the mesic or dry
treatment after six weeks.

Glasshouse temperatures were maintained between 20-25°C
during the day and 10-15°C at night during the first month of the
experiment. Because the experiment started in mid-March when nat-
ural light availability and outside temperatures were still limited,
supplemental lighting (334umol m=2 s™1) was provided between
7:00-9:00 and 16:00-18:00 during this period. From mid-April
onward, plants were grown under ambient glasshouse temperature
and natural daylight conditions without additional lighting or tem-
perature control. From June to July, active ventilation was used to
increase air circulation through the glasshouse roof openings, thereby
preventing prolonged temperatures above 30 °C. Relative air humidity
in the glasshouse was not actively controlled.

At that time, we estimated the initial focal Erigeron biomass of
seedlings using a non-invasive, photography-based area estimation. To

calibrate this method, we grew an additional 100 plants in separate
pots and harvested them for biomass after six weeks (destructive
sampling) to generate regression coefficients (Ancillary Experiment 1
in Supplementary Note 1; Supplementary Fig. 13).

Drought treatment and data collection

At the start of the drought treatment, all pots from the mesic and
dry treatments were watered to field capacity. We measured 360
randomly chosen pots (60 populations from each of the six com-
petition/drought treatment combinations) to record pot weight
and soil moisture using a Theta Probe Type ML2x Soil Moisture
Device (Delta-T Devices, Cambridge, UK). The measurements
confirmed comparable starting conditions across competition and
drought treatments for soil moisture (mean = 36.44%; SD =2.69%;
first measurement point in Supplementary Fig. 1a) and pot weight
(mean = 1260.53 g; SD =26.28 g; first measurement point in Sup-
plementary Fig. 1b). The mean pot weight at field capacity was then
used as a reference during the experiment to apply a gravimetric
drought treatment, following the protocol of Nagy et al. **. In
particular, two days after initiating the drought treatment, 180
pots from the mesic treatment (60 from each of the three com-
petition treatments) were weighed to calculate their average water
loss (average weight at field capacity minus current average
weight). Fifteen times this amount of water in mL was applied to
each tray of the mesic treatment (corresponding to the 15 pots per
tray) using measuring cups. Trays from the dry treatment received
25% of this volume of water. This procedure was repeated on
Mondays, Wednesdays, and Fridays throughout the experiment by
determining the average water loss each day.

During the 12-week drought treatment (May-July), a total of 28.9 L
of water was applied to each mesic tray and 7.24 L to each dry tray. This
corresponds to a total precipitation of 159.5 mm and 39.9 mm for the
mesic and dry treatments, respectively. These values match the mean
precipitation regimes Erigeron experiences during May-July in the
following sampled populations: FRA-BAY, an oceanic Aquitanian
French population (160.12 mm), and TUN-BIR, an arid eastern-coastal
Tunisian population (37.13mm; values based on monthly data
obtained from TerraClimate®*).

The intensity of the drought treatment was monitored through-
out the experiment in Ancillary Experiment 3 (Supplementary Note 1),
using soil water content and pot weight measurements taken every
two weeks from 360 pots (the same as used for the initial measurement
described above). This setup allowed us to track drought stress over
time. In addition, stomatal conductance and 613C isotope ratios were
measured in 120 randomly selected individuals from the same ancillary
experiment to assess the physiological impact of the drought treat-
ment (Ancillary Experiment 3 in Supplementary Note 1; results are
shown in Supplementary Fig. 1).

Survival and harvest

The survival of the focal Erigeron individuals was recorded on Mon-
days, Wednesdays and Fridays throughout the experiment. All plants
were harvested 12 weeks after the drought treatment was initiated
(18 weeks after sowing). Aboveground biomass of the focal Erigeron
and competitor communities was collected and dried for three days at
60 °C to determine dry biomass. Biomass can be used to calculate
growth rate, but may not always represent a suitable predictor of
fecundity. However, many Erigeron individuals had not developed
their final number of capitula at the time of harvest. To test whether
our biomass estimates correlate with fecundity, we conducted an
ancillary experiment with 200 pots (Ancillary Experiment 2 in Sup-
plementary Note 1). We found a highly significant positive relationship
between biomass at the time of harvest and number of capitula at full
bloom (x*q)=59.613; P<0.001; R*=0.452; Supplementary Fig. 4),
supporting the use of biomass as a proxy for competitive ability and its
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relevance to the reproductive fitness of Erigeron across the different
competition treatments.

Quantifying competitive ability

To quantify the competitive ability of the investigated Erigeron popu-
lations under mesic and dry conditions, we calculated a competitive
ability index adapted from Hart et al.>:

A
a;a

i

Equation (1) quantifies competitive ability of Erigeron. A; repre-
sents the intrinsic growth rate in the absence of competitors. o refers
to the competitive tolerance where o;; and oy correspond to the per
capita effects of intraspecific and interspecific competition on Fri-
geron, respectively, based on the Beverton-Holt competition model®’.
The intrinsic growth rate was calculated as the log.-transformed dif-
ference between the focal Erigeron biomass at harvest and its esti-
mated initial biomass, i.e., the predicted seedling biomass before
initiating the drought treatment (see Ancillary Experiment 1 in Sup-
plementary Note 1; Supplementary Fig. 13). Competitive tolerances (a;
and ay) were calculated as the quotients of the difference between the
log.-transformed biomasses in the alone and competition treatments,
divided by the number of competitors. All indices were calculated
using population mean data and were calculated separately for the dry
and mesic treatments.

To quantify the competitive suppression exerted by Erigeron, we
estimated the extent to which a focal Erigeron individual suppressed
the growth of its surrounding inter- or intraspecific competitor com-
munities. To do so, we grew an additional 240 pots of competitor
communities growing alone. These extra pots included 120 pots with
the four interspecific competitors and 120 pots with four intraspecific
Erigeron competitors, both without the focal Erigeron in the centre.
This allowed us to calculate the quotient (&) between the loge-trans-
formed biomasses of the communities grown without versus with a
focal Erigeron individual (Ancillary Experiment 4 in Supplementary
Note 1, Supplementary Fig. 2).

Plant-plant interactions can be highly density-dependent®. As
such, simple comparisons of performance with and without com-
petitors, as we did, may not necessarily reflect the complexity of
species interactions, specifically if there are non-linear relationships
between competitor density and the effects of competition”. How-
ever, identifying density-dependent relationships requires a large
number of replications within populations (i.e., several levels of
density). Our main focus was to quantify the drivers of rapid evo-
lution in competitive ability across two drought treatments and
broad biogeographical scales, not to estimate precise values of
competitive ability of specific Erigeron populations. Our experi-
mental design therefore aimed to include the highest number of
populations by using simple comparisons rather than several repli-
cations within populations. To explore potential limitations of our
results related to density-dependent relationships, we conducted an
ancillary experiment with 540 pots from six populations facing 15
different density treatments (Ancillary Experiment 5 in Supplemen-
tary Note 1). For each population x treatment combination, indivi-
dual linear models were fitted, from which the model estimates
(intercept and slope of the biomass - density relationship) were used
to estimate A, oy, and oj. From these variables, we calculated
density-controlled competitive ability (Equation 1). We then fitted
linear models to test the relationship between the estimates of
competitive ability calculated in the density-dependent approach
and the simplified pairwise approach. There were significant corre-
lations between both experimental approaches for the overall
competitive ability (F10)=9.481; P=0.012; R>=0.438; Supplemen-
tary Fig. 14a), the interspecific competitive tolerance (F 10y =13.780;

P=0.017; R*=0.448; Supplementary Fig. 14b), and the intraspecific
competitive tolerance (F(,10)=9.048; P=0.031; R>=0.386; Supple-
mentary Fig. 14c). This means that the results estimated in the main
experiment (i.e., measured at only two densities: with and without
competition) provide comparable results as if measured through a
density gradient approach. In other words, the density of competi-
tors does not generally shift competitive outcomes, allowing the
usage of our simplified estimate to describe variation in competitive
ability across the Erigeron populations.

Most studies that test the competitive ability of a focal species
overlook the need to compare it with the competitive ability of the
chosen competitor species®. This omission can significantly affect the
interpretation of plant-plant interactions, as comparing species with
fundamentally different competitive abilities can lead to over-
estimation or underestimation of competitive dynamics®. To estimate
the competitive ability of the four competitor species, we conducted
an ancillary experiment with 240 additional pots (Ancillary Experiment
6 in Supplementary Note 1). There was no significant difference in
competitive ability among the four competitor species and Erigeron
(F(s,08)=0.718; P=0.582; Supplementary Fig. 15) or between drought
treatments (F(s0g)=0.081; P=0.777; Supplementary Fig. 15). These
results indicate that under our experimental conditions, the compe-
titive abilities of the competitor species did not differ substantially
from those of Erigeron.

Population co-ancestry of the sampled populations

Genomic analyses were conducted using the subset of individuals from
Lucas et al. 7 that were included in the present experiment. SNP gen-
eration, sequencing, variant calling, and filtering followed the methods
described in that study and are summarised in Supplementary Note 3.
Four healthy and vigorous leaves were sampled from one individual
per population (list of their identifiers can be found in Supplementary
Data 2) for DNA extraction, and SNP data were generated using double-
digest restriction site-associated DNA sequencing (ddRADseq). Paired-
end sequencing was performed on a NovaSeq 6000 (lllumina, San
Diego, USA) and identified single nucleotide polymorphisms (SNPs)
using dDocent, version 2.7.8%. Subsequent SNP filtering steps retained
a single SNP per contig, required a minor allele frequency of 0.05, and
retained only SNPs that could be regarded as neutral (Supplemen-
tary Note 3).

In total, 4601 biallelic and neutral SNPs were identified, which
were used to investigate co-ancestry among populations by creating
an identity by descent (IBD) matrix, using the gl.grm function from the
dartR package, version 2.9.7°°. This IBD matrix quantified the popula-
tions’ pairwise co-ancestries and was incorporated into our PMMs (see
below). In addition, the genetic structure of the populations was
assessed using a Bayesian clustering approach. Admixture coefficients
of the populations were estimated using the snmf function from the
LEA package, version 4.4°". Based on the elbow plot of the clustering
results, we found that the genetic structure of our populations was
best described by four clusters (K=4; Supplementary Fig. 6). Each
population was assigned to a distinct genetic cluster according to its
most dominant cluster membership (Supplementary Data 1; Supple-
mentary Fig. 7a).

In addition, genetic relationships among populations were
visualised using principal component analysis (PCA) (Supplementary
Fig. 7b). PCA was conducted using the glPca function from the ade-
genet package, version 2.1.11%°. To further examine genetic relation-
ships and potential network patterns among populations, we
constructed a neighbour-joining tree based on Nei’s genetic distances
(Supplementary Fig. 7c). Pairwise genetic distances were calculated
using the stamppNeisD function from the StAMPP package, version
1.6.3%, based on population-level allele frequencies. The neighbour-
joining tree was then created using the nj function from the ape
package, version 5.8-1%.
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Statistical analyses

General treatment validation. The effects of competition and
drought on focal Erigeron biomass, stomatal conductance, and §13C
isotope ratios were analysed using linear mixed-effects models. These
models tested the interaction between competition and drought
treatments, including population nested within region as a random
effect. Soil water content and pot weight, measured repeatedly over
time, were analysed using linear mixed-effects models with time,
drought treatment, and their interaction as fixed effects, and pot
identity included as a random effect to account for repeated mea-
surements, with Bonferroni correction applied.

To examine survival under different treatment combinations, we
performed mixed-effects Cox proportional hazards models, imple-
mented in the R package coxme, version 2.2-16”. The interactive
effects of competition and drought treatments were tested, including
population nested within region as a random effect. Assumptions of
proportional hazards were evaluated with Kaplan-Meier plots, and
multicollinearity was assessed using the variance inflation factor for
each model®.

Non-native Erigeron populations have evolved increased compe-
titive ability compared with native populations, but drought stress
may alter these differences between ranges. Our model tested how
competitive ability was affected by the interaction between range and
drought treatment. To account for drivers of among-population var-
iation within both ranges, we also included the additive effects of two
covariates: the loge-transformed climatic water deficit (a proxy for
local aridity conditions in the field) and the loge-transformed com-
munity field biomass (a proxy for the competitive regime in the field).
The population nested within the region was set as a random factor.
The full model structure is provided in Supplementary Table 1.

Competitive ability is influenced by population co-ancestry, with
genetically closely related populations expected to show similar
competitive responses. To account for co-ancestry in our above-
mentioned model, we used pedigree mixed-effects models (PMMs),
which weighted the random effect of population according to pairwise
co-ancestry, treating populations with higher co-ancestry as less
independent samples®~*. These PMMs were implemented using the R
package pedigreemm, version 0.3-3%, employing a modified version of
the pedigreemm function following Lachmuth et al.”>. To assess the
impact of co-ancestry on competitive ability, we compared the var-
iance explained by the random effect of population between PMMs
and the corresponding standard mixed-effects models (MMs). MMs
were performed using the Ime4 package, version 1.1-35.5%%, Any addi-
tional variance explained by the population effect in PMMs relative to
the respective MMs reflects the contribution of co-ancestry to varia-
tion in competitive ability”. In other words, such an increment
describes how much among-population variation in competitive abil-
ity is shaped by co-ancestry, for example through random dispersal
patterns or genetic drift'. To explore potential differences in the role
of co-ancestry between ranges, we repeated the same model sepa-
rately for native and non-native populations, excluding the fixed effect
of range.

We also examined whether competitive ability varied among
genetic clusters and how this variation is influenced by geographic
range (native vs. non-native). Our goal was to determine whether
enhanced competitive ability evolved across all clusters or only in
specific ones, and whether competition-related traits diverged dif-
ferently between native and non-native regions. Genetic clustering
was analysed as a factor, using the highest cluster affiliation of each
population. The model structure was similar to the previous model,
except that we included admixture clustering as an additional
explanatory variable (in two-way interaction with range and two-way
interaction with drought treatment) in MMs (Supplementary

Table 2). We used MM for this analysis because cluster identity
represents a discrete summary of genetic structure derived from the
same SNP data as the co-ancestry matrix; including both in the same
model would introduce collinearity and confound the interpretation
of their effects.

Evolutionary changes in competitive ability are stronger in inter-
specific interactions than in intraspecific interactions and may vary
between competitive suppression and tolerance. To determine
whether intra- or interspecific competition contributed most to the
observed patterns in competitive ability, we analysed the estimates of
competitive tolerance (aii and aij in Equation 1) and competitive
suppression of Erigeron (aii and «ij for the corresponding approach
estimating suppressive effects of the focal Erigeron; Ancillary Experi-
ment 4 in Supplementary Note 1) in two separate pedigree mixed-
effects models. The model structure was similar to that used for
competitive ability, except that the explanatory variables included the
two-way interactions of range with competition type and drought
treatment with competition type (Supplementary Table 3).

Model diagnostics. For all models, we applied stepwise backward
model selection based on x>tests to assess the significance of fixed
effects. Normality of residuals and variance homogeneity were eval-
uated by visually inspecting quantile-quantile plots and residual his-
tograms for models with transformed vs. untransformed variables.
Competitive ability was log.-transformed prior to the analyses. Cli-
matic water deficit and community field biomass were loge-trans-
formed and scaled prior to the analyses.

Spatial autocorrelation assessment. To assess the extent of spatial
autocorrelation in competitive ability, we applied Moran’s / correlo-
grams with the correlog-function of the R package ncf, version 1.3-2°°.
We ran 1000 permutations to estimate the significance of Moran’s / at
discrete distance classes. The uniformly distributed distance classes
were set at 100-km intervals. These assessments allow testing whether
setting population nested within region as a random effect appro-
priately accounts for spatial autocorrelation (see Nagy et al. ** for
details). The Moran’s / statistics indicated that, without nesting popu-
lation within region as a random effect, competitive ability showed
evidence of spatial autocorrelation. The estimated distance at which
objects were no more similar than expected by chance (i.e., x-inter-
cept) was 43.52 km. More specifically, we found that the first distance
intervals showed highly significant Moran’s / values, but this spatial
autocorrelation decreased strongly after a few intervals. In contrast,
when setting population nested within region as a random effect, the
model showed no spatial autocorrelation. We conclude that our
competitive ability data showed spatial autocorrelation due to regional
structuring and that setting population nested within region as a ran-
dom effect appropriately accounted for this pattern (see also Rosche
etal. »).

Ancillary experiments. Statistical analyses on the ancillary experi-
ments are explained in the respective Supplementary Notes.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The experimental data generated in this study are available in the
Figshare database at (https://doi.org/10.6084/m9.figshare.29881193).
The demultiplexed raw sequence data are available in the European
Nucleotide Archive (ENA) at EMBL-EBI under accession code
PRJEB91610 and sample accession numbers ERS25137122
-ERS25137519, ERS25137526-ERS25137761. The list of identifiers of the

Nature Communications | (2026)17:9930

10


https://doi.org/10.6084/m9.figshare.29881193
https://www.ebi.ac.uk/ena/browser/view/PRJEB91610
https://www.ebi.ac.uk/ena/browser/view/ERS25137122-ERS25137519
https://www.ebi.ac.uk/ena/browser/view/ERS25137526-ERS25137761
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-77819-z

individuals used in this experiment can be found in Supplementary
Data 2. Source data are provided with this paper.

Code availability
The R code is publicly available in the Figshare database at (https://doi.
org/10.6084/m9.figshare.29881193).
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