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ABSTRACT

Invasive plant species present a growing ecological and economic challenge, and often adapt rapidly to their novel environ-
ments through complex demographic and evolutionary processes. Invasion genomics offers powerful tools to disentangle
these processes, but most studies rely on geographically narrow sampling across native and non-native ranges. Erigeron
canadensis is a cosmopolitan weed native to North America that has successfully invaded diverse climates worldwide. We
used double-digest restriction site-associated DNA sequencing (ddRADseq) to investigate the genetic diversity and structure
of 280 E. canadensis populations across the Northern Hemisphere. We found that native and non-native populations main-
tained comparable genetic diversity. Population structure analyses revealed four genetic clusters that were mainly differenti-
ated along latitudinal and aridity gradients. However, one cluster was strongly overrepresented in the non-native compared
to the native range. In the native range, genetic differentiation was shaped by spatial and environmental gradients, while in
non-native regions human-mediated dispersal and repeated introductions disrupted environmentally driven genetic struc-
ture. Migration network analyses revealed limited intercontinental connectivity and a possible role of long-distance dis-
persal in within-range expansions. Genomic offset analyses showed that genotype-environment mismatches in non-native
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populations associated with reduced growth and reproduction. Together, our results indicate that the invasion dynamics

of E. canadensis were driven by multiple introductions, population admixture, and lineage sorting, while some genotypes

contributed disproportionately to the spread of this invader. The presence of apparent maladaptation suggests that even long-

established invaders may still be evolving in response to their novel environment, raising concerns about potential future

expansions.

1 | Introduction

Invasive plants, including many globally widespread weeds,
are typically strong colonizers and capable of rapid evolu-
tionary adaptation to novel environments (Turner et al. 2014;
Clements and Jones 2021). The adaptability of an introduced
species depends on the genetic variation present in the native
source populations from which the invasive propagules origi-
nate (Encinas-Viso et al. 2022). The use of genome-wide mark-
ers provides valuable insights into the evolutionary history
and genomic diversity of both native and invasive populations,
thereby advancing our understanding of the spatial and environ-
mental determinants of population genetic structure in invad-
ers (McGaughran et al. 2024). Such information helps explain
how selection and gene flow interact to shape invasion dynamics
(Neve et al. 2009), offering important implications for manage-
ment strategies (Montgomery et al. 2024; Ahmed et al. 2025).
Applications include identifying source populations for targeted
control (Muirhead et al. 2008), monitoring the spread of herbi-
cide resistance alleles (Kalsing et al. 2024), and prioritizing re-
gions for biosecurity interventions based on genetic connectivity
(McGaughran et al. 2024). Despite progress in sequencing ref-
erence genomes, however, comprehensive population genomic
data remain scarce for most invasive plant species (Matheson and
McGaughran 2022). Moreover, many population genetic studies
rely on few markers or geographically restricted sampling, which
limits our ability to infer large-scale genomic patterns or their
environmental correlates (Lucas et al. 2024).

A critical first step in mitigating the impact of invasive species is to
reconstruct their invasion history to understand how non-native
populations evolve genotypes that facilitate invasive success (Le
Roux 2021; Hess et al. 2022). Reconstructing invasion history
involves identifying the native source regions of non-native gene
pools and assessing shifts in their genetic structure due to founder
effects (Prentis et al. 2008; Estoup and Guillemaud 2010; Jiang
et al. 2023). Beyond initial introductions, this also requires track-
ing spatial expansion routes and investigating potential genetic ad-
aptations to novel environments (Novak and Mack 2001; Sherpa
and Després 2021). Such analyses are crucial because changes in
genetic composition are fundamentally shaped by demographic
processes such as expansion, contraction, and migration, which
together determine how populations respond to environmental
gradients over time (Bellard et al. 2018).

Founder effects are common in plant invasions, which can reduce
effective population sizes and therewith limit the potential of in-
vaders to spread, especially during their initial colonization (Bock
et al. 2016; Rosche et al. 2017; Hernandez-Espinosa et al. 2022).
Some non-native species can overcome these limitations through
reproductive assurance by self-fertilization (selfing), allowing them
to establish and spread successfully even in isolated conditions

(Dlugosch and Parker 2008; Allendorf et al. 2012; Voss et al. 2012).
High levels of selfing promote homozygosity, which may facilitate
the purging of potentially harmful deleterious mutations over time
(Barrett et al. 2008). As such, self-compatibility can play a cru-
cial role in the ability of invasive plants to rapidly establish and
reproduce in new environments (Traveset and Richardson 2006;
Petanidou et al. 2012; Uesugi et al. 2020). Moreover, occasional
outcrossing among self-compatible populations can introduce
new genetic combinations, which can increase fitness due to hy-
brid vigour, promoting the spread of admixed genotypes (Cropano
et al. 2021). This dynamic interplay between self-compatibility and
occasional genetic mixing may enable invasive plants to main-
tain sufficient genetic diversity to thrive and adapt in diverse and
changing environments (PySek et al. 2023). However, it remains
unclear whether multiple introductions and population admix-
ture combined with subsequent local adaptation are common in
highly selfing weeds that have spread globally (Facon et al. 2008;
van Boheemen et al. 2017).

In addition to intrinsic plant traits such as their reproductive
system, the genomic composition of established invasive pop-
ulations is affected by extrinsic factors (Schierenbeck 2017;
Camus et al. 2024; Hodgins et al. 2025). For example, geog-
raphy and climate influence the genetic structure by impos-
ing selective pressures across native and non-native ranges
(Colautti and Lau 2016; Chen et al. 2023). Genetic differen-
tiation from native gene pools, particularly when driven by
deterministic and rapid adaptation, can significantly contrib-
ute to the success of invasive species (Colautti and Lau 2016;
Marchini et al. 2019; Stankowski et al. 2019). In selfing spe-
cies, alleles that are beneficial under novel conditions may
become rapidly fixed in non-native gene pools, as selfing min-
imizes the dilution of advantageous mutations that might oth-
erwise occur through outcrossing (Rosche et al. 2019). Also,
many highly selfing weeds possess small, gene-dense genomes
(Wright et al. 2008), increasing the frequency of coding re-
gions across their genomes. These streamlined genomes may
facilitate rapid evolutionary responses because a higher pro-
portion of coding regions increases the chance that mutations
affect functional loci (Peng et al. 2014). However, the overall
frequency of mutations also depends on mutation rate, popu-
lation size, and generation time (Wang and Obbard 2023).

Colonization and subsequent adaptation under variable en-
vironmental conditions largely depends on how well intro-
duced propagules fit into their new environment (Colautti and
Lau 2016). Genomic approaches can help identify loci under
selection, track the spread of adaptive alleles, and predict fu-
ture invasions (Martin et al. 2019; Leon et al. 2021). Moreover,
linking the genome structure to individual performance is
particularly relevant for developing weed management strat-
egies in the face of global change (MacLaren et al. 2020). In
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this context, genomic offset (i.e., the genetic distance between
predicted and observed genotypes; Gain et al. 2023) provides
a framework to identify genotype-environment mismatches
under shifting climates (Chen et al. 2022; Gain et al. 2023;
Rellstab and Keller 2025), which can help prioritize manage-
ment actions in populations at risk of maladaptation (Lind and
Lotterhos 2025). However, this approach can be also applied
for comparing genotype-environment (mis)matches across
native and non-native ranges (Camus et al. 2024; Gamba
et al. 2025). Such assessments may detect potential local
(mal)adaptation and therewith help anticipate potential fu-
ture spread of certain invasive genotypes (Camus et al. 2024).
Efforts to evaluate these processes are often constrained by
limited geographic sampling, which makes it difficult to de-
termine whether non-native populations are genetically suited
to the environments they colonize (Muirhead et al. 2008;
Hamilton et al. 2016; Gamba et al. 2025).

Here we study the population genomics of the widespread in-
vasive plant Erigeron canadensis L. (Canadian horseweed). E.
canadensis (syn. Conyza canadensis (L.) Cronquist) is an an-
nual herb with a high selfing rate (96%) and prolific seed output
(Bhowmik and Bekech 1993), which suppresses many crop spe-
cies in the Northern Hemisphere (Weaver 2001). Previous stud-
ies have shown that aridity strongly influences the phenotype
and ecological interactions of E. canadensis (Sheng et al. 2022;
Nagy et al. 2024), suggesting it may also shape patterns of ge-
netic differentiation. Despite the agronomical and ecological
importance of this weed, prior population genetic assessments
relied on few microsatellite markers and a limited number of
populations, underestimating variation within and between
its native and non-native ranges (Okada et al. 2013; Rosche
et al. 2019; Bhattacharya et al. 2022). This limitation restricts
our ability to identify native source regions and key drivers of
gene flow (Lucas et al. 2024).

To address these limitations, we sampled and genotyped 280
widely distributed populations across the Northern Hemisphere.
We assessed the genomic structure and gene flow patterns
among these populations to study how the interplay between
environmental gradients and non-adaptive demographic pro-
cesses has shaped the genetic structure of E. canadensis across
its native and non-native ranges. Our study was directed by the
following research questions: (i) what are the dominant patterns
of population structure, and how do they differ between native
and non-native ranges? (ii) How have migration and human-
mediated dispersal shaped gene flow and population connectiv-
ity across the ranges of E. canadensis? (iii) Which environmental
variables drive genetic differentiation, and can these be used to
predict adaptation in non-native populations? By addressing
these questions, we aim to shed light on the evolutionary and
ecological mechanisms that have facilitated the global invasion
success of E. canadensis.

2 | Materials and Methods
2.1 | Study Species

The cosmopolitan Asteraceae E. canadensis is native to North
America, and has become a notorious and wide-ranging

invader across the Northern Hemisphere (Shah et al. 2014). The
first record in the non-native range was in 1646 in Germany
(Kowarik 2023). Erigeron canadensis exhibits several weedy
traits, including a high selfing rate (Davis et al. 2010), abundant
seed production (Weaver 2001), rapid growth (Yan et al. 2020),
and the ability to thrive in disturbed environments (Prieur-
Richard et al. 2000). These weedy traits make E. canadensis a
successful invader, an economically significant agricultural
weed, and, as such, an important model species for weed science
in general (Laforest et al. 2020). It is also recognized as the first
eudicot to develop resistance to glyphosate (VanGessel 2001).
The diploid genome is small (426 Mbp/1C), yet comprises a com-
paratively large number of genes (>45,000; Laforest et al. 2020).
E. canadensis represents an exceptional model for studying
how selfing, demographic processes, and environmental filter-
ing interact to shape genome-wide variation during biological
invasions.

2.2 | Plant Material and DNA Extraction

Erigeron canadensis seeds were sampled within the iCONNECT
network (Lucas et al. 2024), a large collaborative and interdis-
ciplinary research network investigating mechanisms driving
rapid evolution in this cosmopolitan weed through coordinated
field sampling and common garden experiments across native
and non-native ranges. For this study, we sampled 103 native
and 177 non-native populations, widely distributed across the
Northern Hemisphere (Figure S1, Table S1). We assigned the
280 populations into 19 regions (8 native and 11 non-native; see
Table S1), considering geographic proximity and natural barri-
ers. To be included in our sampling, populations had to have at
least 10 E. canadensis individuals and cover at least a 10-m tran-
sect. While population sizes varied, we restricted our sampling
to a maximum distance of 30m to have comparable sampling
conditions. We recorded field plant performance according to
Sheng et al. (2022). We randomly selected five E. canadensis
plants per population (>2m apart). To estimate individual plant
performance, we harvested the aboveground biomass of the five
E. canadensis plants and counted the number of flower heads
(capitula). To quantify habitat productivity, we collected the
aboveground biomass in five plots of a 0.5Xx0.5-m area where
the upper right corner of the quadrate was placed next to (but ex-
cluding) each of the five focal plants. All aboveground biomass
was dried at 65°C for 3days and weighed.

Given the global scope of this study, within-population
sampling was necessarily limited (three individuals per
population), which may reduce resolution for fine-scale
population-level processes such as rare alleles or fine-scale
local genetic structure. However, this design is appropriate
for detecting broad geographic and regional patterns of pop-
ulation structure and gene flow (Dlugosch and Parker 2008).
The seeds from these three randomly distributed individuals
were collected, and one offspring per mother plant was grown
in a greenhouse at Montana Technological University (USA)
for genetic analyses. Fresh leaves were collected from one
offspring per mother plant, dried in a freeze dryer, and con-
served in silica gel until DNA extraction. Genomic DNA was
extracted from the dry macerated leaves using the peqGOLD
Plant DNA Mini Kit (Avantor). DNA was quantified using a
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Qubit 2.0 fluorometer (Thermo Fisher Scientific), and DNA
concentration was increased by evaporation if necessary to
meet sequencing platform requirements.

2.3 | Genomic Data

We used a modified version of the ddRADseq protocol of
Peterson et al. (2012) to construct reduced-representation li-
braries of genomic DNA for the genotyping of single nucleotide
polymorphisms (SNPs) as described in Durka et al. (2025). In
short, approximately 200ng of DNA from each sample was di-
gested with EcoRI-HF and Mspl using Cutsmart buffer (NEB).
Custom-barcoded adapters were then ligated to restriction
fragments. Groups of 96 samples, each with a unique barcode,
were pooled, purified with the Promega-Wizard Gel and PCR
Clean-up Kit, and size-selected using the BluePippin (Sage
Science) electrophoresis platform to select target fragments of
350 to 450bp in length. Unique external indices were added to
each pool through PCR amplification. The PCR products were
purified with the Promega Clean-up kit and AMPure XP beads.
Fragment sizes were verified on an Agilent 2100 Bioanalyzer.
Libraries were then pooled in equimolar quantities and se-
quenced using the Illumina NovaSeq 6000 Sequencing System
with 10% PhiX.

2.4 | SNP Genotyping

Demultiplexing of the raw reads was performed using pro-
cess_radtags from the Stacks pipeline (Catchen et al. 2013).
Further read processing (quality filtering, de novo assembly,
construction of reference sequence, read mapping and SNP
calling) was performed using dDocent (version 2.7.8; Puritz
et al. 2014). The parameter configuration used default values
(Table S2), except for Clustering_Similarity%, which was in-
creased to 0.9 (Figure S2). Subsequently, we filtered loci and
individuals following O'Leary et al. (2018). First, we used
vcfallelicprimitives from the library vcflib (version 1.0.0;
Garrison et al. 2021) and vcftools (version 0.1.16) to remove
indels. We then applied population-level filters, keeping only
biallelic SNPs with a minimum allele count (mac) of 3 and
maximum missingness across individuals (max_missing) of
50%. Individual-level genotype filters included minimum gen-
otype read depth (minDP) of 3 and minimum mean sequence
quality (minQ) of 30. To exclude paralogous SNPs, we filtered
putatively fixed heterozygous SNPs, by calculating the p-value
for heterozygosity excess with vcftools and filtering SNPs with
P-HET_EXCESS < 1le-15. We skipped individuals with >75%
missing values (imiss). Subsequently, using vcffilter from vc-
flib, we filtered SNPs according to allele balance (AB >0.2
and AB <0.8 | AB <0.01 | AB >0.99), strandedness (SAF/
SAR>100 and SRF/SRR>100 | SAR/SAF>100 and SRR/
SRF>100), mapping quality ratio of the two alleles (MQM/
MQMR >0.9 and MQM/MQMR < 1.05), and properly pairing
alleles (PAIRED > 0.05 and PAIREDR > 0.05 and PAIREDR/
PAIRED <1.75 and PAIREDR/PAIRED >0.25 | PAIRED
<0.05 and PAIREDR <0.05). We then filtered SNPs to max-
imum missingness of 34% (max_missing 0.66), the mini-
mum minor allele frequency (maf) of 0.05, minimum mean
read depth (min-meanDP) of 10, and a maximum mean depth

(max-meanDP) of 1000. Thus, from a total of 801,773 SNPs in
41,149 loci, 11,501 SNPs in 5080 loci were obtained of which
we retained only one single SNP per locus. The genotypic
data were analysed using the R-package dartR (version 2.9.7;
Gruber et al. 2018). Initially, the VCF file was converted into a
genlight object, suitable for subsequent analyses.

2.5 | Spatial Genetic Structure and Diversity

To investigate whether the transcontinental colonization has
influenced genetic diversity of E. canadensis, we estimated
genetic diversity per population and the average per region
as expected and observed heterozygosity (H, and H,) and
allelic richness (A) using the R-packages adegenet (version
2.1.10; Jombart 2008), hierfstat (version 0.5-11; Goudet and
Jombart 2015), and poppr (version 2.9.6; Kamvar et al. 2014).
Similarly, the inbreeding coefficient (Fy; Wright 1965) was
estimated for each region. We then tested whether these es-
timates differed between native and invaded regions, using
independent ¢-tests.

To examine how genetic diversity is partitioned across different
spatial scales and whether population structure differs between
native and non-native populations, we performed analyses of
molecular variance (AMOVA) using poppr. We used range (na-
tive vs. non-native), region, and population as hierarchical levels
and quantified percentage variance and Phi statistics, analogous
to F-statistics, at each hierarchical level.

For further investigations of the population genetic structure,
we performed cluster analyses using ADMIXTURE (version
1.3.0; Alexander et al. 2009), testing K values ranging from 2 to
50. Cross-validation (CV) errors were obtained to determine the
most likely K value. Pie charts of mean ancestry coefficients per
population (i.e., each unique sampling locality) were then plot-
ted on a distribution map.

We used conStruct (version 1.0.4; Bradburd et al. 2018) to
compare the population structure between the spatially naive
approach of ADMIXTURE to a spatially aware approach that in-
corporates isolation by distance. Based on individual genotypes,
we constructed a population level dataset of allele frequencies.
Missing values were imputed by mean values of the next higher
spatial level of region, range and total. We ran conStruct with
spatial and nonspatial models with numbers of groups between
K=1and K=7. We ran a cross-validation to assess predictive ac-
curacy with eight independent runs with a 1000 iteration chain
length.

To explore the role of geographic and environmental fac-
tors in shaping genetic differentiation, we investigated iso-
lation by distance (IBD) and isolation by environment (IBE)
through partial Mantel tests, examining the relationships be-
tween genetic distance (calculated as pairwise Fg./[1—Fgl,
using the R package StAMPP [version 1.6.3; Pembleton
et al. 2013]), spatial distance (log,-transformed), and climatic
distance (Euclidean distance of PC1 [temperature seasonal-
ity] scores of 19 BioClim variables; see below). This analysis
was conducted to determine whether genetic differentiation
is primarily driven by geographic distance (neutral processes)
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or environmental differences (adaptive processes), using
permutation-based correlation tests in the R package vegan
(version 2.6-4; Oksanen et al. 2022).

Climatic conditions were obtained from WorldClim 2.1 (Fick
and Hijmans 2017) at a 30-arc sec resolution (~0.86 km? per grid
cell at the equator), using the raster R-package (version 3.6-30;
Hijmans et al. 2015). We extracted the 19 standard bioclimatic
variables (BIO1-BIO19; Table S3), which describe temperature,
precipitation, and seasonality patterns, and applied a principal
component analysis (PCA) to reduce collinearity and summarize
broad-scale environmental gradients. The first principal com-
ponent (PC1; 36% of variance) primarily captured temperature
seasonality and continentality, showing positive correlations
with temperature seasonality (BIO4) and annual temperature
range (BIO7), and negative correlations with mean tempera-
ture of the coldest quarter (BIO11) and minimum temperature
of the coldest month (BIO6). The second principal component
(PC2;25% of variance) captured moisture- and warm-season cli-
matic variation, including several precipitation-related variables
(Figure S9). We retained PC1 for downstream analyses because
it represented the dominant, spatially structured macroclimatic
gradient across the Northern Hemisphere and minimized multi-
collinearity among predictors, while precipitation-driven water
limitation was explicitly captured using climatic water defi-
cit (CWD).

To identify patterns of differentiation between native and non-
native populations and to infer potential colonization path-
ways, a Neighbour-Joining (NJ) tree was constructed based on
a Jukes-Cantor distance matrix. The resulting tree was then
optimized using a maximum likelihood approach under the
General Time Reversible model, implemented in the R-package
phangorn (version 2.11.1; Schliep 2011). The final tree was visu-
alized in a circular layout using the R-package ggtree (version
3.6.2; Yu et al. 2017).

To investigate phylogenetic relationships among individuals,
Nei's genetic distances were calculated using the StAMPP
package. The resulting distance matrix was exported in Nexus
format and analysed in SplitsTree4 (version 6.4.12; Huson and
Bryant 2006) to construct a Neighbour-Net network (Bryant
and Moulton 2004). The network output was visualized using
the R-packages phangorn and ape (version 5.6-2; Paradis
et al. 2004).

2.6 | Recent Gene Flow and Historical
Demography

To investigate recent migration and genetic connectivity in
E. canadensis across its global range, we analysed migration
networks among regions using the divMigrate function in the
R-package diveRsity (version 1.9.90; Keenan et al. 2013). This
approach estimates relative migration rates from allele fre-
quency differentiation, with values scaled as N, (effective num-
ber of migrants per generation) to represent the effective number
of migrants per generation inferred from genetic data. Higher
N, -values indicate substantial gene flow and genetic homog-
enization among populations, whereas lower values suggest

restricted gene flow and stronger differentiation. To visualize
these patterns, we filtered the migration matrix for N, > 0.5 and
mapped directional migration among regions. This threshold
highlights stronger gene flow and is consistent with previous ap-
plications of the method, typically representing recent migration
(Sundgqvist et al. 2016).

Spatial genetic structure in E. canadensis was character-
ized using FEEMS (Fast Estimation of Effective Migration
Surfaces; version 1.0.5; Marcus et al. 2021). Genotypes were
imported from PLINK files, with missing values mean-
imputed and loci scaled prior to analysis. A discrete global
grid spanning the sampling extent was generated using the
dggridR package (v3.1.1; Barnes and Sahr 2017). The spatial
graph was constructed by linking sample locations to grid
nodes within an outer boundary polygon defining the mod-
elled geographic extent.

2.7 | Genotype-Environment Associations

To predict environmental and human factors associated
with genetic differentiation, we performed a distance-based
Redundancy Analysis ({(bRDA) using the capscale function
in the R-package vegan. We used the Bray-Curtis dissimilar-
ity of allele frequencies as the response matrix and environ-
mental predictors as constraints Candidate environmental
variables were identified a priori based on previous studies
demonstrating their biological and ecological relevance for
E. canadensis. Collinearity among candidate predictors was
assessed using pairwise Pearson correlations, and only vari-
ables with relatively low correlations (r < 0.7) were retained. A
single dbRDA model including the retained predictors was fit-
ted; no forward or stepwise selection procedure was applied.
Finally, the chosen predictors included the first principal com-
ponent (PC1[temperature seasonality]) of the PCA on climatic
conditions obtained from WorldClim (see above) to account
for broad macroclimatic gradients. Latitude was also included
given its direct influence on annual sunlight duration pat-
terns, which can influence species distribution, genetic dif-
ferentiation and phenotypic variation (i.e., latitudinal clines).
Because previous studies have shown that aridity strongly
influences the phenotypic expression and ecological interac-
tions of E. canadensis (Sheng et al. 2022; Nagy et al. 2024),
we further incorporated the climate water deficit (CWD).
This estimate describes the amount of water that is missing
in a system for unrestricted transpiration and is calculated as
the difference between potential evapotranspiration and the
actual evapotranspiration (Nagy et al. 2024). CWD data for
each population were obtained using the TerraClimate dataset
(Abatzoglou et al. 2018) at a spatial resolution of 1/24° (~4km).
Because anthropogenic activity can be a main determinant of
spatio-temporal invasion routes and the local abundance of in-
vaders (Rosche et al. 2025), human footprint values were also
included in our dbRDA. These values were obtained for each
population from the Human Footprint raster dataset (Venter
et al. 2018) at a 1-km? resolution. The footprint values quantify
human impacts based on nine anthropogenic stressors, such
as urbanization and deforestation, on a scale from 0 (minimal
impact) to 50 (maximal impact).
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The dbRDA was obtained as most parsimonious model based on
forward selection which is a common approach to identify deter-
minants of genetic structure (e.g., Rosche et al. 2018). More spe-
cifically, we used the ordistep function of the R package vegan
which builds on a permutation approach that successively adds
predictors to a model if they significantly improve the model fit
(p<005; see Borcard et al. 2011).

2.8 | Genotype-Environment Mismatches in
Non-Native Populations

The dbRDA approach was further applied to assess whether
non-native populations experience genotype—environment
mismatches relative to their native counterparts, comparable
to genomic offset statistics (Lachmuth et al. 2023). To this end,
we first performed a dbRDA on native populations, using their
genotypic data as response variables and the previously selected
abiotic factors as predictors. The fitted dbRDA model was then
used to predict genotypic values for non-native populations.
Euclidean distances between the predicted and the observed
genotypic values in the non-native range were subsequently
calculated. These distances represent the degree of genotype-
environment mismatch, or maladaptation, in non-native pop-
ulations, under the assumption that native populations exhibit
stronger adaptation to their local environments due to their
longer evolutionary history (Gamba et al. 2025). To evaluate
whether the observed mismatch deviated from expectations
under random environmental associations, we conducted a per-
mutation test with 1000 iterations.

To understand if these genomic offset values have biological
relevance, it is important to test whether they correspond
with field performance (Lotterhos 2024; Camus et al. 2024).
To address this, we ran linear mixed-effects models using the
log,-transformed biomass and the log,-transformed number
of capitula of the five individuals per population as response
variables. As explanatory variables, we used the genotype-
environment mismatch (genomic offset) of the non-native
populations. To control for variation in the general habi-
tat productivity across populations, we also included log,-
transformed community biomass as a covariate. Population
nested within region were included as random factors in the
models.

3 | Results
3.1 | Spatial Genetic Structure and Diversity

The final data set comprised 640 E. canadensis individuals from
280 populations and 19 regions. We called a total of 5080 SNPs
with 10% missing data. E. canadensis showed low population-
level diversity and high individual inbreeding (Table 1).
Observed heterozygosity (H,) ranged from 0.05 to 0.10 for native
regions, and from 0.05 to 0.09 for non-native regions. Similarly,
expected heterozygosity (H,) was consistently low, with values
between 0.12 and 0.16 for the native regions, and from 0.10 to
0.15 across non-native regions. The inbreeding coefficient (Fs)
was relatively high across all regions, ranging from 0.44 to 0.50,
suggesting a degree of inbreeding. The allelic richness (4 ,) had

values between 1.05 and 1.10. Notably, there were no significant
differences (based on t-tests) between native and non-native
populations in any of these population genetic metrics, suggest-
ing that E. canadensis maintained a similar genetic diversity and
breeding system in both its native and non-native ranges.

The overall AMOVA analysis showed that 8.2% of genomic
variation was explained by differences between native and non-
native ranges, whereas 44% occurred among populations within
ranges (Table S4a). This indicated only moderate differentiation
between ranges but very strong differentiation among popula-
tions. Considering the 19 defined regions, 21.9% of the variation
was explained by differences among regions, while about half
(51.6%) still occurred among populations (Table S4c). When
native and non-native ranges were analysed separately, 47.3%
and 48.9% of the variation, respectively, occurred among popu-
lations, pointing to similar population structure in both ranges
(Table S4b).

For the population structure analysis in ADMIXTURE, the
cross-validation error approach suggested K=4 as the optimal
number of clusters (Figure S3). However, the plot did not exhibit
a clear elbow, which suggested a more gradual improvement in
model fit with increasing K rather than a strong, singular op-
timal value. As K increased, more genetic clusters emerged,
mostly geographically structured, revealing finer population
differentiation (Figure S4). Note that K=4 as the optimal num-
ber of clusters was also supported by the phylogenetic analysis
presented below.

The spatial distribution of the four genetic clusters exhibited dis-
tinct patterns within and between the ranges. In the native range
(Figure 1A), the yellow cluster was more prevalent in the south-
ern and eastern parts, while the blue cluster was more common
in northern and central populations. The green cluster appeared
in substantial proportions in the western Mediterranean part
of the native range. In the non-native range (Figure 1B), this
green cluster occurred in the eastern Mediterranean and Near
East. The blue cluster was distributed in the northern non-native
range and extended into Middle and Central Asia, whereas the
yellow cluster was dominant in the southern part of Eastern
Asia. Across both ranges, the distributions of these three clusters
largely corresponded to geographic regions characterized by dis-
tinct environments: the green cluster was predominantly found
in areas with dry climates, the blue cluster was most common
at higher latitudes, and the yellow cluster occurred primarily in
oceanic regions. However, the orange cluster showed a differ-
entiated distribution across ranges. It was largely absent from
the native range, but in the non-native range, the orange cluster
was dominant at intermediate latitudes from Western Europe
to Western Asia. Moreover, the presence of multiple admixture
components across populations suggested a complex evolution-
ary history and gene flow dynamics within and across native
and non-native ranges.

The Neighbour-Net network (Figure 1C) revealed no clear ge-
netic differentiation between native and non-native populations.
It showed four clusters of populations that largely correspond
to the four admixture clusters. The green cluster was the most
distinct, positioned farthest from the others in the network. In
contrast, the yellow, blue, and orange clusters were more closely
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TABLE 1 | Characterization of genetic variability of Erigeron canadensis for regions within ranges (mean over populations +SD). Region codes
are shown in parentheses as consecutive numbers following the region names.

Range Regions N H, Fig Ap
Native South-Western North America (1) 34 0.09+0.07 0.15+0.10 0.45+0.04 1.09+0.07
Pacific Coast (2) 19 0.06£0.04 0.12+0.06 0.46+0.03 1.06+0.04
Intermountain US (3) 31 0.08 £0.07 0.15+0.10 0.44+0.05 1.08+0.07
Central US (4) 50 0.10£0.08 0.16£0.11 0.44+0.06 1.10+0.08
North US Prairies (5) 14 0.09£0.09 0.15£0.11 0.44£0.06 1.09£0.09
Great Lakes (6) 30 0.08 £0.07 0.14+0.10 0.45+0.05 1.08+0.07
South-Eastern US (7) 22 0.07£0.05 0.12+0.07 0.46+0.03 1.07£0.05
East Coast (8) 36 0.07£0.06 0.12+0.08 0.46£0.04 1.07£0.06
Non-native Western Mediterranean (9) 42 0.07£0.06 0.13+0.09 0.46+0.03 1.07+0.06
Western Europe (10) 11 0.08 £0.05 0.12+0.08 0.45+0.03 1.08+0.05
Central Europe (11) 63 0.06£0.04 0.12+0.06 0.46£0.02 1.06 £0.04
Baltic Europe (12) 39 0.05£0.02 0.10£0.03 0.50+0.04 1.06£0.02
Eastern Mediterranean (13) 43 0.07+0.06 0.12+0.09 0.46+0.04 1.07£0.06
Armenia-Iran (14) 13 0.09+0.06 0.15£0.09 0.44+£0.04 1.09+0.06
Middle Asia (15) 39 0.08 £0.07 0.13+0.10 0.45+0.05 1.08+0.07
Eastern Europe (16) 53 0.08 £0.07 0.15+0.10 0.45+0.05 1.08+0.07
Siberia (17) 17 0.08£0.08 0.14+0.10 0.45+0.06 1.08 £0.08
Far East Asia (18) 55 0.06+0.04 0.12£0.06 0.46£0.02 1.06 £0.04
China (19) 29 0.05+0.02 0.10+0.03 0.47+0.01 1.05+0.02
t-statistic, p t=0.87,p=0.39 ¢=0.62,p=0.53 t=1.17,p=0.25 ¢t=0.98,p=0.33

Abbreviations: A, allelic richness; Fg, inbreeding coefficient; H,, expected heterozygosity; H , observed heterozygosity; N, number of individuals per population; SD,

standard deviation.

related. Additionally, several intermediate populations occupied
positions between clusters and often exhibited mixed admixture
proportions, suggesting gene flow or admixture among them.
This pattern did not support a simple divergence scenario in
which non-native populations evolved directly from a specific
native origin. Instead, it pointed to a more complex, reticulate
evolutionary history in the native range followed by multiple in-
troduction events and genetic mixing. Notably, the orange clus-
ter, which was mostly found in non-native populations, formed
a distinct branch, highlighting a unique genetic component.
Consistent with these findings, the circular NJ tree (Figure S7)
also showed no distinct split between native and non-native pop-
ulations but a separated branch of non-native populations that
belonged to the orange cluster.

Partial Mantel tests showed that when controlling for climatic
distance, genetic distance was correlated with geographic dis-
tance in both ranges (native: r=0.091, p=0.035; non-native:
r=0.287, p=0.001, Figure 2), indicating isolation by distance
(IBD). We also checked for potential non-linearity of these re-
lationships. Across the full spatial range, genetic distance
increased monotonically with geographic distance, with no ev-
idence for non-linearity or distance thresholds (Figure S8). In
contrast, when controlling for geographic distance, genetic dis-
tance was significantly correlated with climatic distance in the

native range (r=0.147, p=0.001), but not in the non-native range
(r=0.014, p=0.355). No consistent relationship between genetic
and climatic distance was evident in the non-native range at ei-
ther short or long geographic distances (Figure S8).

The spatially-aware population structure analysis using con-
Struct corroborated the strong signal of isolation by distance
in our data. Cross-validation showed that spatial models con-
sistently outperformed nonspatial models across all K values
(Figure S5), confirming that IBD is a strong driver of genetic
differentiation. However, spatial conStruct models assume ap-
proximately continuous gene flow, which is biologically unreal-
istic for our global dataset that includes major oceanic barriers
separating native and non-native ranges. Thus, global conStruct
models are not appropriate in this case. The nonspatial K=4
model closely matched our ADMIXTURE results (Figure S6),
providing independent support for four discrete genetic clusters
despite higher overall admixture levels.

3.2 | Recent Gene Flow and Historical
Demography

The relative migration network (Figure 3, Table S5) illustrated
recent migration intensities and directions across the Northern
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FIGURE1 | Geographicdistribution of Erigeron canadensis of (A) native and (B) non-native populations with admixture proportions of K=4. Each

pie chart represents the proportion of four colour-coded genetic clusters. Individual ancestry coefficients are shown in Figure S4. (C) Neighbour-Net

network of E. canadensis based on Nei's distances. Tips represent the individuals, with edge lengths indicating genetic distances. Inner dot colours

show range affiliation (native in blue and non-native in red), and outer ring pie charts depict admixture proportions.

Hemisphere. In North America, migration intensity was pre-
dominantly low, with no clear medium-high intracontinental
gene flow, indicating reduced connectivity within the native
range. Intercontinental migration was more prevalent, how-
ever, with signals of high migration between native regions in
Central (4) and Eastern US (7) and non-native regions in Europe
(16) to Siberia (17), possibly facilitated by human transport, pre-
vailing westerlies, or the polar stream. Within Europe, medium-
intensity migration was observed between the Baltics (12) and
Eastern Europe (16), and from the Western (9) to the Eastern
Mediterranean (13), reflecting a lack of major dispersal barriers
and geographic proximity. A strong signal of recent migration
was indicated from Central Europe (11) to Central US (4) likely
reflecting that the orange cluster is present in low frequency in
the native range and expanded only after transport to Europe,
which is thus interpreted as the source region. The strongest

migration signal was detected in the non-native range between
Armenia-Iran (14) and Far East Asia (18) to Eastern Europe (16).
Within Asia, medium levels of migration were detectable from
China (19) to Middle Asia (15). Taken together, a complex mix-
ture of natural and potentially human-mediated dispersal was
evident.

To further visualize spatial patterns in gene flow across the
global range of E. canadensis, we applied FEEMS to estimate
effective migration surfaces (Figure 4). The FEEMS analysis
revealed pronounced spatial variation in effective migration
rates, with regions of elevated connectivity interspersed with
areas of reduced migration. In particular, extensive zones of low
effective migration were observed between Europe and Africa,
within parts of North America and across central Asia, indicat-
ing regions of migration resistance, whereas higher effective
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FIGURE 2 | Isolation by distance and isolation-by-environment correlating genetic distance (Fg,/[1 - Fg;|) with geographic and environmental

distance for native (A) and non-native (B) ranges. The upper panels show the relationship between geographic distance (km, log-scaled) and genetic

distance, with the colour gradient representing climatic distance. The lower panels depict the relationship between climatic distance and genetic

distance, with the colour gradient representing the geographic distance (km, log-scaled). The black lines in each plot represent the fitted regression

lines. Scale dependence of the linear relationships of isolation by distance and isolation-by-environment are explored the Supporting Information

(Figure S8).

migration characterized several regions in Europe and western
Eurasia. These spatial patterns are consistent with isolation by
distance processes and complement the directional estimates
obtained with divMigrate by providing a continuous, landscape-
level representation of gene flow and migration barriers across
both native and non-native ranges.

3.3 | Genotype-Environment Associations

The dbRDA indicated that latitude, climatic water deficit, and
the first and second principal components of the bioclimatic
variables (PC1 and PC2 Bioclim) were the main environmental
gradients associated with genetic structure in E. canadensis. In
contrast, human footprint exhibited a relatively short vector and
a weaker association with genetic structure, suggesting negligi-
ble influence on genomic differentiation at the spatial scale as-
sessed. The first two constrained axes explained 55.3% (CAP1)
and 32.5% (CAP2) of the fitted genetic variation, corresponding
to 12.5% and 7.3% of the total genetic variation, respectively
(Figure 5).

When the distribution of Admixture clusters is overlaid onto the
dbRDA plot, it provided additional information on how genetic
clusters are distributed along these environmental gradients.
Specifically, populations belonging to the blue cluster were found
at high latitudes (see Table S6 for population-level site scores and
environmental values). The orange cluster appeared to occupy a
narrow environmental space and was positioned toward positive
values of PC1_BioClim, reflecting association with seasonal cli-
mate. However, the vectors for latitude and PC1 Bioclim showed
similar orientations, reflecting strong latitudinal gradients in
temperature-related climatic variables. Populations belonging to

the green genetic cluster were positioned in the direction of in-
creasing climatic water deficit, suggesting selection in more arid
environments. The yellow cluster was positioned at higher CAP2
values and showed a stronger association with PC2 Bioclim.

3.4 | Genome-Environment Mismatches in
Non-Native Populations

The genomic offset analysis indicated potential genetic mis-
matches to local environmental conditions in certain non-
native regions (Table S7). The highest offset values were found
in Western, Baltic, and Central Europe. In Middle Asia and
Armenia-Iran, moderate genetic offset values were observed,
indicating some degree of pre-adaptation. China, in contrast,
showed relatively low offset values. To provide context for the
magnitude of genomic offset values observed in the non-native
range, we also summarized genomic offset values for native pop-
ulations using the same framework, allowing direct comparison
across native and non-native regions (Tables S7 and S8).

Populations with higher offset values consistently showed re-
duced growth and reproductive output in the field. Specifically,
aboveground biomass declined with increasing genomic offset
2=5.29, p=0.021), corresponding to a 13.42% decrease in
biomass per unit increase in genomic offset (95% CI: 2.11%-
23.43%; Figure 6A; Table S9). Likewise, the number of capitula
decreased with increasing genomic offset (y?=5.84, p=0.016),
corresponding to a 13.78% decrease per unit increase in genomic
offset (95% CI: 2.76%-23.54%; Figures 6B and S11; Table S9).
Together, these results indicate that higher genomic offset val-
ues are associated with reduced field performance and are con-
sistent with maladaptation to local environmental conditions.
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FIGURE3 | Relative migration network map showing migration intensities across native and non-native regions (1 to 19, see Table 1) with N, (ef-
fective number of migrants per generation) > 0.5. Circles correspond to the centroid of each region. Arrow colours indicate migration strength, with

dark purple representing high intensity and green representing intermediate intensity.

FIGURE4 | Spatial patterns of effective migration in Erigeron canadensis inferred using FEEMS (Fast Estimation of Effective Migration Surfaces).
Colours indicate relative effective migration rates across the modelled geographic extent (blue =higher migration; orange =reduced migration/in-

creased drift). Grey circles denote sampled populations, with circle size proportional to sample size. The spatial graph was constructed within an out-

er boundary polygon defining the sampled geographic extent; areas outside this extent were not included in model fitting. Apparent discontinuities

(e.g., across the Pacific) reflect the chosen projection and graph boundary rather than inferred biological barriers.

4 | Discussion
4.1 | Spatial Genetic Structure and Diversity

We found similar levels of genetic diversity and inbreeding
across the native and non-native ranges, challenging expecta-
tions that founder effects and limited dispersal reduce variation
after introduction (Dlugosch and Parker 2008). However, our
results supported previous work showing no significant differ-
ences in microsatellite diversity between native and non-native
E. canadensis populations (Rosche et al. 2019; Bhattacharya
et al. 2022), which is consistent with the species’ predominantly
selfing breeding system. High selfing rates suggest a reproductive

strategy that supports population survival and reproduction even
in small or isolated populations (Pannell 2015), while founder
effects do not necessarily increase inbreeding rates because
genomes are already largely homozygous (Voss et al. 2012;
Rosche et al. 2019). Species with high propagule pressure, like
E. canadensis, have colonization advantages by producing large
numbers of wind-dispersed seeds that promoted rapid range ex-
pansion (Shields et al. 2006; Wilson et al. 2009; Liu et al. 2018).
Such pressure also increased the likelihood of pre-adapted gen-
otypes establishing, and multiple introductions of independent
lineages may also have led to repeated admixture events, despite
generally low outcrossing frequencies (Bossdorf et al. 2005; Li
et al. 2019; Greve and Pertierra 2022).
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non-native populations are depicted in separate plots. Pie charts represent admixture proportions of the populations.
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FIGURE 6 | Relationship between field performance and genomic offset in non-native Erigeron canadensis for (A) aboveground biomass (log-

scaled) and (B) number of capitula (log-scaled) of the E. canadensis individuals in the field. Details of the linear mixed-effects models and the map of

genomic offset can be found in the Supporting Information (Figure S11, Table S9).

Our admixture analysis indeed showed that most genetic clus-
ters occurred in both native and non-native ranges, supporting
multiple introductions and enhancing establishment through
admixture and increased variation (Bhattacharya et al. 2022;
van Boheemen and Hodgins 2020). The four genetic clusters
identified in our analyses contrast with Rosche et al. (2019) who
identified two climate-associated clusters in this species. Using
genome-wide SNP data across more populations, we detected
finer-scale substructures across the Northern Hemisphere. The
distribution of three of these clusters likely reflect historical dif-
ferentiation, shaped by both isolation by distance and isolation-
by-environment, within the native range and subsequent
establishment in environmentally similar regions of the non-
native range (Smith et al. 2020; Hernandez-Espinosa et al. 2022;

Kreiner et al. 2022). The orange cluster was almost absent in
the native range but widespread in Eurasia. The most parsi-
monious explanation is that it represents the introduction of a
pre-existing, low-frequency lineage from North America (e.g.,
from prairies and/or the East Coast where non-admixed orange
individuals occur), followed by demographic expansion and di-
versification in Europe. Given the long establishment history of
E. canadensis in Europe (>400years; Kowarik 2023), stochastic
introduction processes combined with subsequent expansion
could plausibly generate this pattern.

An alternative, less parsimonious scenario is that the orange
cluster arose after introduction (e.g., via divergence from other
introduced lineages) and subsequently contributed to gene
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flow back into North America. Signals of asymmetric gene
flow detected in our analyses are compatible with this possi-
bility, although such patterns could also reflect recent, human-
mediated transport rather than historical invasion dynamics.
Distinguishing between these scenarios would require time-
explicit genomic data (e.g., herbarium material) and/or higher-
resolution genomic analyses to estimate divergence times and
the directionality of gene flow.

The observed population structure reflected both geographic
and ecological factors, with differently pronounced relative ef-
fects of these drivers across native and non-native populations.
Both ranges showed isolation by distance; yet the relationship
was more strongly pronounced in non-native populations, likely
due to recent introductions followed by step-wise range expan-
sion (Shirk et al. 2014; Smith et al. 2020; Hernandez-Espinosa
et al. 2022). In the native range, climate also contributed to
differentiation, highlighting the combined influence of demo-
graphic history and environmental heterogeneity (Bhattacharya
et al. 2022). In contrast, the absence of isolation-by-environment
in the non-native range may reflect the disruptive effects of
human-mediated long-distance dispersal. Although the human
footprint did not strongly predict genetic differentiation in the
dbRDA analysis, anthropogenic transport of propagules can
facilitate gene flow across environmental gradients, thereby
homogenizing genetic variation and eroding climate-genetic as-
sociations without directly structuring genomic variation itself.

4.2 | Recent Gene Flow and Historical
Demography

Although E. canadensis is globally distributed, our analyses
detected only moderate levels of intercontinental migration be-
tween North America and Eurasia, likely due to the strong ge-
netic drift within both ranges. Still, Eastern Europe, the Western
Mediterranean, Middle Asia, and China appeared as major hubs
of gene flow, likely driven by intensive agriculture and high
anthropogenic pressure in these regions (Smith et al. 2020).
Frequent trading and travel may have established efficient dis-
persal routes that promoted long-distance propagule movement
(Hulme 2009; Wilson et al. 2009; Einfeldt et al. 2020).

The spatial patterns revealed by FEEMS analyses support a
model of invasion driven by heterogeneous gene flow rather
than uniform connectivity across the global range (Marcus
et al. 2021; Smith et al. 2024). Areas of reduced effective mi-
gration likely correspond to regions where founder effects and
genetic drift have been particularly strong, whereas zones of
higher connectivity are broadly consistent with regions iden-
tified as major hubs of gene flow in our divMigrate analyses.
This spatial heterogeneity is consistent with a predominantly
selfing species in which local demographic processes dominate
within regions, while human-mediated dispersal facilitates con-
nectivity across larger spatial scales (Rosche et al. 2017; Smith
et al. 2020; Hudson et al. 2022).

From these hubs, rapid expansion across Eurasia was likely fa-
cilitated by small wind-dispersed seeds, a short life cycle, prolific
seed production, and ecological adaptability (Weaver 2001; Bajwa
et al. 2016). These traits, along with its success in anthropogenic

habitats such as agricultural fields, roadsides, and urban areas
(Clements 2018; Clements and Jones 2021), facilitated its estab-
lishment and further proliferation across large parts of Eurasia.
Historical intercontinental spread, predating the recent migra-
tion signals detected by our SNP analyses, may have involved
rare long-distance dispersal events (Smith et al. 2020), poten-
tially mediated by wind currents (Benvenuti 2007), bird move-
ment (Martin-Vélez et al. 2021), or historical human-mediated
introductions through colonial trade routes (Kowarik 2023).
Together, our findings highlight the challenges of reconstruct-
ing invasion histories in selfing species with strong dispersal
capacity, where repeated introductions and stochastic processes
obscure phylogenetic signals. This complexity is consistent with
recent reviews emphasizing how multiple introductions and
ongoing gene flow hinder the resolution of invasion pathways
(Hudson et al. 2022). Spatio-temporal explicit analyses using
herbarium specimens may provide more nuanced information
on the invasion history in this species (Rosche et al. 2025).

4.3 | Genotype-Environment Associations
and Potential Mismatches in Some Non-Native
Populations

Despite range expansion, non-native populations retained a
genetic composition similar to native ones across several biocli-
matic regions, suggesting that pre-existing variation supported
establishment in novel environments. For example, in both
ranges, the RDA showed that the green cluster was associated
with climatic water deficit, while the blue cluster was widespread
at higher latitudes. Despite this general genomic-environmental
match across both ranges, the genomic offset analysis indicated
potential environmental mismatches in some regions of the
non-native range. Although high genomic offset values have
often been linked to extinction risk in rare native species (e.g.,
Fitzpatrick et al. 2021), this logic does not necessarily apply to
invasives (Camus et al. 2024; Chen et al. 2024). We found a nega-
tive association between offset and field performance, and thus,
offset values appeared to reflect ecological constraints on plant
performance, consistent with maladaptation. Similar results
were reported in the invasive cheatgrass (Bromus tectorum L.),
where populations with higher offsets occurred in areas of lower
abundance (Gamba et al. 2025).

Note that the persistence of populations exhibiting high ge-
nomic offset alongside moderate field performance suggests that
E. canadensis may partially buffer maladaptation through mi-
crohabitat selection or phenotypic plasticity (Nicotra et al. 2010;
Moran and Alexander 2014). As a ruderal species (Grime 2006),
it frequently colonizes disturbed and resource-rich patches that
may locally mitigate climatic mismatch at finer spatial scales.
However, our results indicate that such local-scale buffering
does not eliminate fitness costs associated with broader geno-
type—environment mismatch (Lotterhos 2024). Instead, our
findings reinforce the biological relevance of genomic offset es-
timates (Gain et al. 2023; Lind and Lotterhos 2025) and specif-
ically support the use of genomic offset as a proxy for adaptive
mismatch in non-native species. As such, high offset values in
some regions suggested that the species had not reached equilib-
rium with local environmental conditions. In terms of invasive-
ness, our findings raise concern that E. canadensis could exert
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stronger impacts on native vegetation in the future. This inter-
pretation is supported by Nagy et al. (2024), who showed that E.
canadensis is not yet fully adapted in its non-native range but
already attains high abundance. Thus, even long-established
populations may still be evolving in response to abiotic condi-
tions, potentially explaining pronounced lag times in biological
invasions (Durand et al. 2024).

5 | Conclusions

Together, our findings highlight the interplay between demo-
graphic history and environmental variation in shaping the
genomic structure of E. canadensis. Comparable levels of ge-
netic diversity across ranges likely reflect the species’ selfing
reproductive system rather than post-introduction retention,
while admixture among native lineages indicates that multiple
introductions contributed to the non-native gene pool. A single
lineage was particularly dominant outside the native range, sug-
gesting that it largely drove the species’ expansion in Europe.
Environmental variables, especially climatic water deficit and
latitude, further structured genetic variation, and human ac-
tivities may have facilitated ongoing evolutionary change by
promoting long-distance dispersal and admixture across envi-
ronments. By integrating population genomics with field perfor-
mance, we show that maladapted populations still exist in the
non-native range and that continued adaptation could facilitate
further spread. Overall, this work advances our understanding
of the mechanisms underlying plant invasions and underscores
the joint roles of demographic and environmental drivers in pre-
dicting range expansion. Future research integrating reciprocal
transplant experiments and functional genomics may help clar-
ify the processes driving adaptation and dispersal in invasive E.
canadensis populations.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Table S1: Information on Erigeron
canadensis populations used in the analyses, including their range,
country of origin, region, and geographical coordinates (longitude and
latitude). Table S2: Parameters used during the dDocent SNP genotyp-
ing process for assembly, mapping, and SNP calling as given in the con-
figuration file. Table S3: Bioclimatic variables from the WorldClim
database used in environmental analyses. Temperature variables
(BIO1-BIO11) represent thermal conditions and seasonality patterns,
while precipitation variables (BIO12-BIO19) capture moisture avail-
ability and temporal distribution. These 19 variables were used to char-
acterize environmental conditions across the native and non-native
ranges of Erigeron canadensis. Table S4a: Hierarchical analyses of mo-
lecular variance of Erigeron canadensis populations. Table S4b:
Analyses of molecular variance of native and non-native Erigeron
canadensis populations. Table S4c: Hierarchical analyses of molecular
variance of Erigeron canadensis regions. Table S5: Medium to high rel-
ative migration rates (values >0.5) among Erigeron canadensis popula-
tions, estimated using divMigrate. Each entry represents a directional
gene flow estimate between a source region and an immigrant region.
Values correspond to relative migration rates from 0 to 1, with higher
values indicating stronger directional gene flow. Table S6: Population-
level site scores from the distance-based redundancy analysis (CAP1
and CAP2) together with associated environmental variables. Values
represent means across individuals per population and include latitude,
climatic water deficit (CWD), human footprint (HF), and the first two
principal components of bioclimatic variation (PC1_Bioclim, PC2_
Bioclim). This table facilitates interpretation of cluster-environment
relationships shown in Figure 5. Table S7: Mean genotype-environ-
ment mismatch (genomic offset) values for Erigeron canadensis popula-
tions grouped by geographic region non-native ranges. Values represent
means across populations within each region. Higher genomic offset
values indicate greater genotype-environment mismatch. To provide
context for the magnitude of genomic offset values observed in the non-
native range, we also summarized genomic offset values for native pop-
ulations using the same framework, allowing direct comparison across
native and non-native regions (Table S8). Table S8: Mean genotype—-en-
vironment mismatch (genomic offset) values for Erigeron canadensis
populations grouped by geographic region across native. Values repre-
sent means across populations within each region. Higher genomic off-
set values indicate greater genotype-environment mismatch. Table S9:
Summary of linear mixed-effects models testing the effect of genomic
offset on field performance in Erigeron canadensis. Two models were
fitted with log-transformed aboveground biomass and number of capit-
ula as response variables. Mean genomic offset and community produc-
tivity were included as fixed effects, and region and population (nested
within region) were included as random effects. For each model, the
chi-squared statistic (x2, Type II test) and corresponding p-value for ge-
nomic offset are reported. Figure S1: Distribution of the 280 popula-
tions of Erigeron canadensis used in the work, (A) classified by range
and (B) by region. Figure S2: Parameter optimization in dDocent using
the script ReferenceOpt.sh (https://github.com/jpuritz/dDocent/raw/
master/scripts/ReferenceOpt.sh). The plot shows the number of contigs
obtained for different values of Clustering_Similarity% (0.80-0.98) and
different values for k1 and k2. K1 is the minimum within individual
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coverage level to include a read for assembly and k2 is the minimum
number of individuals a read must be present in to include for assembly.
Each line represents a unique k1 k2 pair. At clustering similarity per-
centage (%)=0.9 the slope of the curve is suddenly increasing, indicat-
ing optimal performance at this similarity level. Figure S3: Fifty-fold
cross-validation plot of the ADMIXTURE analysis of 640 samples of
Erigeron canadensis for K-values from 2 to 50. The x-axis represents the
number of clusters (K) in the model, and the y-axis represents the cross-
validation score. The curve does not show the typical elbow with in-
creasing scores at high values of K, indicating subtle population
structures emerging at high levels of K. Figure S4: Bar plots depicting
the ancestry coefficients of the ADMIXTURE analysis for K=2to K=9
for all the Erigeron canadensis samples of different regions. Each verti-
cal bar represents an individual sample. The height of the bar is propor-
tional to the percentage of estimated ancestry assigned to each E.
canadensis individual. The different colours correspond to the genetic
clusters. Figure S5: Cross-validation of the conStruct models showing
predictive accuracy (£95% CI) of the spatial and nonspatial analyses for
K =1-7 for the global range. Figure S6: Population-level ancestry pro-
portions inferred using conStruct models. (A) Non-spatial conStruct
models and (B) spatial conStruct models are shown for K=2, 3, and 4
(rows). Pie charts represent admixture proportions at each population
location. The optimal spatial model (K =3, blue frame) and the optimal
non-spatial model (K=4, green frame) are highlighted. The non-spatial
K =4 model closely matches the ADMIXTURE results presented in the
main text. Figure S7: Circular Neighbour-Joining (NJ) tree of Erigeron
canadensis populations showing genetic relationships between native
(blue) and non-native (red) populations. The tree reveals clear genetic
differentiation, with native populations exhibiting extensive branching
and region-specific clustering, reflecting long-term evolutionary history
and natural gene flow. In contrast, non-native populations form tighter
clusters with shorter branch lengths, suggesting multiple independent
introduction events and restricted post-introduction gene flow. For ex-
ample, similarities between non-native Mediterranean and certain na-
tive populations suggest potential source regions within North America.
Figure S8: Scale dependence of isolation-by-distance and isolation-by-
environment in native and non-native populations of Erigeron canaden-
sis. (A) Genetic distance (FST/[1—FST]) as a function of geographic
distance (km, log-scaled) for native (left) and non-native (right) popula-
tions, with points coloured by climatic distance (see legend). Solid lines
indicate LOESS smoothers (+95% confidence intervals) and dashed
lines indicate linear fits. (B) Genetic distance as a function of climatic
distance, with points coloured by geographic distance (km, log-scaled;
see legend). Solid lines indicate LOESS smoothers (+95% confidence in-
tervals) and dashed lines indicate linear fits. (C) Mean genetic distance
(£SE) across geographic distance bins for native (left) and non-native
(right) populations. (D) Mean genetic distance (£SE) across climatic dis-
tance bins for native (left) and non-native (right) populations. Together,
these analyses show a monotonic increase in genetic differentiation
with geographic distance and no evidence for scale-dependent isolation-
by-environment in the non-native range. Figure S9: Principal compo-
nent analysis (PCA) of 19 WorldClim bioclimatic variables (BIO1-BIO19;
see Table S3), retrieved from WorldClim 2.1 (Fick and Hijmans 2017) at
a 30-arc-second resolution (~0.86km?2 per grid cell at the equator), used
to characterize macroclimatic conditions across the native and non-
native ranges of Erigeron canadensis. The plot illustrates correlations
among bioclimatic variables based on their loadings on the first two
principal components. Arrows indicate the strength and direction of
correlations. The first axis (PC1; 36.1% of variance) primarily reflects
temperature seasonality and continentality, showing positive loadings
for temperature seasonality (BIO4) and annual temperature range
(BIO7) and negative loadings for minimum temperature of the coldest
month (BIO6) and mean temperature of the coldest quarter (BIO11).
The second axis (PC2; 25.2% of variance) is associated with moisture-
and warm-season climate variation, including precipitation of the
warmest quarter (BIO18), precipitation of the driest quarter (BIO14),
and mean temperature of the warmest quarter (BIO17). Figure S10:
Maps showing population-level mean values of the first (PC1; panel A)
and second (PC2; panel B) principal components derived from a PCA of
the 19 WorldClim bioclimatic variables (Figure S9). Points represent

sampling populations with colours indicating PC scores. PC1 primarily
reflects large-scale gradients in temperature seasonality and continen-
tality, whereas PC2 captures variation associated with moisture and
warm-season climatic conditions. Figure S11: Geographic distribution
of genomic offset in non-native Erigeron canadensis populations. Darker
points indicate higher offset values, suggesting greater genetic mis-
match and potential maladaptation in certain regions. Surrounding his-
tograms depict the null distributions of mean genomic offset for each
region (based on 1000 permutations), with vertical red lines represent-
ing the observed regional means. Regions where the red line lies beyond
the null distribution indicate cases where observed values exceed null
expectations, suggesting potential signals of local adaptation or
maladaptation.
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