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ORIGINAL ARTICLE

Assessing the invasive potential of different source populations
of ragweed (Ambrosia artemisiifolia L.) through genomically
informed species distribution modelling
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Abstract

*School of Biological Sciences, Monash The genetic composition of founding populations is likely to play a key role in deter-

University, Clayton, Victoria, Australia mining invasion success. Individual genotypes may differ in habitat preference and
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environmental tolerance, so their ability to colonize novel environments can be highly
variable. Despite the importance of genetic variation on invasion success, its influ-
ence on the potential distribution of invaders is rarely investigated. Here, we integrate

population genomics and ecological niche models (ENMs) into a single framework to
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predict the distribution of globally invasive common ragweed (Ambrosia artemisiifo-
lia) in Australia. We identified three genetic clusters for ragweed and used these to
construct cluster-specific ENMs and characterize within-species niche differentiation.
The potential range of ragweed in Australia depended on the genetic composition and
continent of origin of the introduced population. Invaders originating from warmer,
wetter climates had a broader potential distribution than those from cooler, drier
ones. By quantifying this change, we identified source populations most likely to ex-
pand the ragweed distribution. As prevention remains the most effective method of
invasive species management, our work provides a valuable way of ranking the threat

posed by different populations to better inform management decisions.

KEYWORDS
biosecurity, ecological niche model, genomics, invasive species, weed

1 | INTRODUCTION

this small fraction can significantly threaten biodiversity, ecosystem
functioning, and human health (Gurevitch & Padilla, 2004; Kumar

Introductions of alien species show no signs of abating globally.
Introduction rates have continued to increase since the 19th cen-
tury, declining only briefly following World War Il (Bonnamour
et al,, 2021; Hulme, 2009; Seebens et al., 2017; van Kleunen
et al.,, 2015). Although the Tens Rule (Williamson & Fitter, 1996) sug-
gests only 0.1% of introductions produce invasive species capable

of spreading without human assistance (Richardson et al., 2000),

Rai & Singh, 2020; Oswalt & Marshall, 2008; Tobin, 2018).
Preventing introductions remains the most effective method of
invasive species management (Keller et al., 2008; Leung et al., 2002).
Prophylactic strategies include surveillance of invasive species, iden-
tifying potential introduction routes, and understanding the factors
shaping species' biogeography (Blossey, 1999; Hulme, 2009; Lecocq

et al.,, 2016). In the case of invasive plants, multiple environmental,
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biological and anthropogenic factors can influence their distribution.
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These include the existence of trade routes, the mating system of in-
vaders, escape from native pathogens and predatory pressure in the
introduced range, and their adaptive potential in novel environments
(Chapman et al., 2016; Flory & Clay, 2013; Grant & Kalisz, 2020;
Hulme, 2009; Peterson et al., 2008; Scalone et al., 2016; Sheth
et al., 2020).

Predicting the potential range of an invader is a risk assessment
strategy that allows managers to allocate resources according to the
susceptibility of different sites to invasion. However, the early stages
of invasion will see invaders colonizing only a fraction of all suitable
habitat. This biases the realized niche towards environments found
near the introduction zone. If this niche bias is confounded with hab-
itat preference, the species' potential distribution may be underesti-
mated (Vaclavik & Meentemeyer, 2012).

Overcoming this bias requires considering regions where spe-
cies distributions are in equilibrium with their environment, being
present in all suitable environments and absent from unsuitable
ones. Equilibrium is often assumed in the native range (Guisan &
Thuiller, 2005), but can also occur in older introduced ranges. In
these older introduced ranges, invasion may have been followed by
niche shifts that expand the species-wide realized niche (Atwater
et al.,, 2018; Broennimann et al., 2007).

Occurrence records from regions where species are at equi-
librium can be used to build ecological niche models (ENMs;
Peterson, 2006) that predict the potential distribution of invasive
species (Barbet-Massin et al., 2018; Briscoe Runquist et al., 2019;
Rasmussen et al., 2017; Sung et al., 2018). However, there is no
universal solution to the challenge of identifying regions at risk
of invasion. In fact, it would be misleading to suggest that the use
of global distribution data is inherently more informative - some
models calibrated on native-range occurrence data can have ques-
tionable transferability to the introduced ranges (Liu et al., 2020)
and information on intraspecific niche differentiation may be lost
if all records are considered simultaneously in a single model. The
latter is particularly important to consider because invasions often
begin with a few founding individuals. The genetic composition
of these founders can significantly impact invasion success by
either constraining species distributions (Blackburn et al., 2015;
Wellband et al., 2018; Zenni & Nufez, 2013) or facilitating adap-
tive evolution and range expansion (Chapman et al., 2017; Hallfors
et al, 2016; Moran & Alexander, 2014; Rodriguez-Rodriguez
et al., 2020).

Factoring the genetic make-up of founder individuals during
invasion parallels the importance of appropriate record selection
during ENM construction (Guillera-Arroita et al., 2015), as both in-
fluence the potential species distributions. An important question
to address is how to characterize intraspecific niche differentiation
when modelling species distribution. This can be accomplished by
the inclusion of genetic information into ENMs. The relationship be-
tween genetic and environmental variation is well-established, with
studies highlighting the effect of environmental selection on genetic
variation across various taxa (Bhattarai et al., 2017; Fournier-Level

et al., 2011). Patterns of genetic diversity, in turn, strongly influence
species distribution because genetic differences determine both
adaptive potential and environmental tolerance in the introduced
range (Willi et al., 2006). However, questions remain as to the effect
of different genetic make-ups on an invader's potential distribution.
How does varying source population affect the potential range of
a species? What role do different sources of genetic variation have
on the invasive potential of an existing population of invaders? The
former has been addressed in endemic but not in invasive species
(Hu et al., 2021; Razgour et al., 2019); the latter is usually done with
a focus on establishment success rather than potential distribution
(Ahlroth et al., 2003; Blackburn et al., 2015; Lockwood et al., 2009).

A key feature for investigating the role of genetic variation on
invasive species distributions is the occurrence of multiple invasion
events across distinct geographic areas. In this regard, common
ragweed (Ambrosia artemisiifolia) is a powerful model system. This
annual, strictly outcrossing plant has a well-characterized genome
(2n=36) of approximately 1.1 Gbp (Battlay et al., 2023). Ragweed is
native to North America but has become globally invasive, occurring
in parts of Asia, Africa, Australia, South America, and Europe (Essl
et al., 2015). Wherever present, ragweed pollen is a costly public
health hazard (Schaffner et al., 2020) while ragweed plants are some-
times agricultural weeds in soy and white bean cropping (Chikoye
et al., 1995; Coble et al., 1981). Its success can be attributed to the
seeds' ability to contaminate goods, co-opt human cargo as transport
vessels (Dahl et al., 1999; Laaidi et al., 2003; Lemke et al., 2021), and
rapidly colonize disturbed habitats (Gentili et al., 2017). In Australia
- our introduced range of interest - ragweed has been observed
since at least the 1930s (Bass et al., 2000) and is naturalized in
coastal Queensland and New South Wales (GBIF Secretariat, 2023).

Across its native North American and older invasive European
ranges, ragweed is assumed to be at equilibrium owing to its ubig-
uity. In contrast, Australian ragweed is restricted to the eastern
parts of the continent. Ragweed is absent from the more tropi-
cal northern Australia despite being naturalized in places like
Colombia and Hawaii (van Kleunen et al., 2015). Further south,
occurrences conspicuously stop along the Victoria - New South
Wales state border. This restricted distribution may be a result of
common ragweed co-occurring with the similar-looking Parthenium
hysterophorus (‘false ragweed’), a Weed of National Significance
(Atlas of Living Australia, 2023) that is carefully managed. The
management of ragweed in Australia contrasts with historical ex-
amples of ragweed expansion that was facilitated elsewhere by
the absence of biosecurity measures (Martin et al., 2014; Oswalt
& Marshall, 2008) and thus suggests weed management was suc-
cessful in limiting its distribution in Australia. Taken together, this
suggests the Australian ragweed population is not at equilibrium.
Thus, knowing its potential distribution will be a valuable and cost-
effective asset for ragweed management (Katz et al., 2014; Richter
et al,, 2013).

In this study, we use genomic variation to improve the predic-
tion of ragweed's potential distribution in Australia. Specifically, we
aimed to leverage genomic data obtained from a global sampling to
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determine the effect of varying genetic composition on ragweed
potential distribution. We focused on addressing three main aims.
Firstly, we tested if ragweed showed niche differentiation among
continents. If Australian ragweed presently occupies a narrower set
of environmental conditions than elsewhere, this would suggest the
species' potential distribution on the continent is broader than cur-
rently observed. Secondly, we investigated the relationship between
ragweed genomic variation and habitat preferences. Previous work
found local adaptation to be prevalent in ragweed, with a statistically
significant correlation between genetic and environmental variation
for putatively adaptive loci (Battlay et al., 2023; van Boheemen
et al., 2019; van Boheemen & Hodgins, 2020). However, whether
this relationship is seen across the whole genome and how this im-
pacts the species distribution remains unclear. Finally, we assessed
the effect of varying genetic composition of founders on distribu-
tion in the novel introduced range of Australia. The consequence of
different founder compositions on invasion success is rarely investi-
gated (Zenni & Nufiez, 2013), despite local adaptation suggesting ge-
netic composition will impact distribution. We compared scenarios
based on different invasion sources to determine its effect on the
potential distribution of ragweed and assess the relative threat of
range expansion in Australia posed by introduction of plant propa-
gules from different source ranges.

2 | MATERIALS AND METHODS
2.1 | Global occurrence records

Occurrence records for A.artemisiifolia were obtained from the
Global Biodiversity Information Facility (GBIF.org, 2023). Records
were filtered to retain only ‘observations’ or ‘human observations’
with coordinate uncertainty less than 50km and duplicates with
identical coordinates were removed. Records were then thinned
to one observation per 2.5'x2.5" cell (approximately 4.5x4.5km
at the equator) using the gridSample function in R\raster (Hijmans
etal., 2020), resulting in 27,472 records globally. Global records were
further distinguished into records from the native North American
(11,694 records), older introduced European (15,086 records) and
more recent introduced Australian (440 records) ranges.

2.2 | Genomic data

We used a combination of whole-genome sequencing (WGS) and
Genotyping-by-Sequencing (GBS) to obtain data for ragweed
genomic variation. WGS data was obtained for 311 individuals
sampled between 2007 and 2019 across ragweed's modern North
American and European range (Bieker et al., 2022) leading to the
genotyping of 8,023,263 Single Nucleotide Polymorphisms (SNPs)
across 30 scaffolds. GBS data was obtained for 860 A. artemisiifolia
plants sourced during the 2013-2014 growing season from North
America, Europe, and Australia (van Boheemen et al., 2019).

T [ £y

Sequencing reads obtained through WGS and GBS were aligned to
the A.artemisiifolia reference genome (Battlay et al., 2023) using bwa
mem (Li, 2013) and then ran through the PALEOMIX pipeline (Schubert
et al., 2014). PCR duplicates among the WGS sequencing reads were
identified using the bammarkduplicates function from the biobambam
package (Tischler & Leonard, 2014) and removed using picard (http://
broadinstitute.github.io/picard/). Single Nucleotide Polymorphisms
(SNPs) were called using HaplotypeCaller from the GATK4 package
(Poplin et al., 2018). The SNP data from the 311 individuals genotyped
through WGS was used as reference for the imputation of missing gen-
otypes in the GBS dataset using BEAGLE 5.2 (Browning et al., 2018).
Scaffolds without markers overlapping between the WGS and the
GBS set were excluded, retaining 5,396,964 imputed SNPs across 20
scaffolds. The imputed SNPs were filtered to only select those with
no missing calls and any SNPs with a minor allele frequency lower
than 0.05 removed. This resulted in a final dataset of 27,084 SNPs
genotyped across 860 individuals. All genotyped individuals occurred
within the reported distribution of ragweed in GBIF (Figure S1).

2.3 | Model design

ENMs that did not consider the genetic composition of founders
were designed in the R statistical software v3.6.3 by fitting maxi-
mum entropy models (MaxEnt; Phillips et al., 2006) as implemented
in the R/predicts package (Hijmans, 2023) using records from GBIF.
org. MaxEnt was chosen because of its consistent accuracy and
broad use (Table S1; Merow et al., 2013; Valavi et al., 2022), mak-
ing it the most straightforward framework for demonstrating the
value of incorporating genomic data into ENMs. We created sepa-
rate models for each of the three ranges (North America, Europe,
Australia) using bioclimatic variables sourced from WorldClim v2
(Fick & Hijmans, 2017) and land use/cover variables sourced from
the Harmonized World Soil Database (v1.2; Fischer et al., 2008) as
predictors (Table S2). Bioclimatic variables were chosen as they de-
scribe climatic conditions of sites, while land use/cover was included
because ragweed strongly prefers highly disturbed and open habi-
tats (Essl et al., 2015). The resolution of predictors was homogenized
by resampling land use/cover to a 2.5 x 2.5 resolution using the
resample() function from the R\raster package (Hijmans et al., 2020).

Model goodness-of-fit was assessed using AUC (area under the
Receiver-Operator curve), a threshold-independent metric com-
monly used to measure the performance of MaxEnt models (Merow
et al, 2013). MaxEnt includes a regularization step to prevent
model overfitting. We tested four levels of regularization (betam-
ultiplier={0.01,1,5,10}) and validated the use of 1 as regularization
multiplier based on AUC of models for Australia. For each model,
we created a 1’ buffer around occurrence records and sampled
10,000 randomly selected range-specific background points out-
side the buffer region to define the available niche. The breadth of
the realized niche was visualized using principal component analysis
(PCA). Predictions of potential distribution were created by project-
ing the fitted model to the entire continent of Australia.
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2.4 | Genetic clustering
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We incorporated genomic data into ENMs by assigning plants to
different genetic clusters according to ancestries estimated using
ADMIXTURE (v1.3.0; Alexander & Lange, 2011). The number of
ancestral populations was determined by running ADMIXTURE
on genomic data from native North American plants. We selected
L=3 ancestral populations based on both the minimization of the
5-fold cross-validation error and the rate of change in model like-
lihood (Table S3, Figure S2, Evanno et al., 2005). Ancestries were
then estimated for the European and Australian individuals using
ADMIXTURE's projection function. Finally, the inferred ancestries
were used to separate plants into k=3 clusters via k-means cluster-
ing. A low value for k ensured clusters were present across all ranges
to enable within-range estimation of niche overlap among clusters,
as higher values would cause certain range-cluster combinations to
be absent. Finally, we characterized the pattern of genetic differen-
tiation between clusters by estimating the fixation index Fg; using
vcftools 0.1.16 (Danecek et al., 2011).

2.5 | Assessing habitat preference for the
different clusters

Genetic and environmental variations are often correlated, such
that genetically distinct clusters occur in different environments.
However, this pattern may be disrupted when individuals are ran-
domly introduced to a new range. To determine whether environ-
mental niches are conserved between genetically similar individuals
found in different ranges or if the relationship between genetic and
environmental variation is disrupted following introduction events,
we estimated niche overlap between model projections using
Schoener's D. (Warren et al., 2008). For a pair of ENMs M, and M,,
Schoener's D (Schoener, 1968) is defined as:

1
D(Px,Py) =1~ 5 Z|PX,i - Py,

where P,, and P,,; are the scaled probability of presence M, and M,
respectively, estimated through MaxEnt over the i cells of the gridded
landscape. D is a scaled similarity index that ranges from O (no overlap
between models) to 1 (full overlap). We estimated D for each pairwise
range combination using the nicheOverlap() function of the R\dismo
package (Hijmans et al., 2021). D values are sensitive to the choice of
background points used to define the available environment (Merow
et al., 2013), such that values of D estimated between ranges have the
potential to reflect differences in habitat availability than habitat pref-
erence. To ensure D estimates are true measures of overlapping habi-
tat preference, we implemented the test of niche similarity described
in Warren et al. (2008). Given two ranges A and B, each with n,andng
observations, two ENMs can be created: M,, is fitted using the n, true

observations in range A, whereas M uses ng randomly selected

Brandom
points in range B. The two models are used to predict habitat suitabil-

ity in the range of interest (in this study, Australia) and their outputs

used to estimate D. This process is repeated for 100 random sets of

ng observations, then performed for the complementary combination

(MAmndom
served value of D was compared to this null distribution and consid-

and M) to produce a null distribution of D values. The ob-

ered significantly different than expected by chance if sitting in the
bottom 2.5%-ile or top 97.5%-ile of this null distribution. Significant re-
sults indicate the estimated niche overlap cannot be explained by dif-
ferences in habitat availability alone. We also performed a Mantel test
comparing the estimates of Schoener's D and F¢; values to determine
whether genetic similarity and niche overlap were correlated. Finally,
we characterized variation in habitat preference between clusters by
testing the difference in means for bioclimatic and land use/cover vari-
ables for the different range and genetic cluster combinations using

pairwise Welch's t-test.

2.6 | Quantifying the effect of introducing new
source of genetic variation

For each range-by-cluster combination (mean number of observa-
tions=95.56, range of observations=2-176; Table S4), we fitted
models using occurrence records specific to the combination and
used the corresponding range as the source of 10,000 random back-
ground points. The fitted models were then used to predict habitat
suitability in Australia. Predictions of habitat suitability were used to
identify the regions most susceptible to invasion and determine the
source populations of greatest concern. We quantified the impact of
introducing genetic variation from different regions into Australia by
measuring its effect on ragweed range size. This was accomplished
by quantifying the percentage of Australia predicted to be unsuit-
able by models fitted to Australian records that became suitable
following the introduction of novel genetic variation. We applied a
function that determines the number of converted cells for a given
threshold z within the [0:1] range and integrated the resulting curve
to derive the area. This method creates a threshold-independent
metric that avoids the challenges of selecting an appropriate thresh-
old (Guillera-Arroita et al., 2015). The estimated area is interpreted
as the average increase in number of suitable grid cells under the
model and was divided by the total number of grid cells in the land-
scape to obtain a percentage. We chose to quantify impact through
range expansion rather than absolute area because the colonization
of novel habitats is more concerning than the introduction of plants
to already established populations.

The projection of ENMs into a novel range will involve predicting
habitat suitability in novel conditions. In order to assess the extent
to which conditions in Australia fell outside the values observed in
the training data, an MOP analysis was conducted (mobility-oriented
parity; Owens et al., 2013). For either the group of bioclimatic pre-
dictors considered most important by MaxEnt or land use/cover
predictors (Table S2), we generated MOP maps using the R\mop
package (Cobos et al., 2023) by defining the reference layer as con-
ditions within a 1’ buffer around ragweed occurrences and the pro-
jection layer as the entirety of Australia. We retrieved ‘simple’ maps
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from the MOP projections to determine the number of predictors

with values that fell outside the range of conditions observed during

model fitting.
3 | RESULTS
3.1 | Performance of models blocked by range

The current distribution of ragweed in Australia was modelled ac-
curately (Figure 1) with consistently high AUC ranging from 0.866
for the model using European observations for training to 0.997
for models using Australian observations (Table S5). However, the
predicted distribution differed according to the set of observations
used during model training. The model trained on Australian records
predicted suitable habitat primarily matching the current distribu-
tion. In contrast, models using North American and European re-
cords predicted patchier and broader distributions, with additional
suitable habitat both northwards and southwards. Niche overlap
was accordingly greatest between the models created using North
American and European observations (D=0.759) and low for both
the North America-Australia and Europe-Australia comparison
(D=0.270 and D=0.243, respectively). Only the D estimate for
North America-Europe was significantly higher than expected, with
D estimates for both North America-Australia and Europe-Australia

falling within the null distribution (Figure S3). This suggests niche

T [ £y

conservation between North American and European populations
and supports our initial assumption that the Australian population is
not currently in equilibrium.

With respect to the first two principal components, Australian
ragweed occupied a much narrower bioclimatic niche than other
populations (Figure 2). Taking the area of the convex hulls as proxies
for niche breadth, the Australian niche is only 5.14% of the global
bioclimatic niche, a fraction of the North American (51.46% of global
niche) or European niche (44.21% of global niche).

Similar results were obtained when considering land use/cover
variables as predictors. As before and relative to the global realized
niche, ragweed in Australia had a narrower land use/cover niche
(64.97% of global niche) than in either Europe (91.47% of global
niche) or North America (94.68% of global niche). However, the
niche defined by land use/cover was more conserved across ranges
than the one defined by bioclimatic variables, with over 90% of the
global niche being occupied in Europe and North America.

3.2 | Genetic structure analysis

The genetic clusters were unevenly distributed across the three
ranges (Figure 3a). While all three clusters were common in
North America (107 individuals in CLUS1, 101 in CLUS2, 95 in
CLUS3) and Europe (176 individuals in CLUS1, 106 in CLUS2, 92
in CLUS3), only 2 out of 183 Australian individuals belonged to

Global

North America

FIGURE 1 Predicted distribution of
Ambrosia artemisiifolia in Australia based
on observations from the global, North
American, European, or Australian range.
For each range, a MaxEnt model was
created using 19 bioclimatic and 8 land
use/cover variables, 10,000 background
points, and presence records from GBIF.
For ease of visualization, the continuous
MaxEnt output was binarized using a
threshold value that maximizes both

the true positive and true negative rate.
The model using global records (All) also
includes observations from outside the
three ranges considered.

Europe

Australia
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Bioclim

Land use/cover

PC2 (29.17%)
PC2(24.69%)

North America
Europe
Australia

All

EOEDN

PC1 (64.88%)

PC1(52.80%)

FIGURE 2 Principal component analysis of 19 bioclimatic and 8 land use/cover variables explaining the distribution of ragweed. For
each range, a convex hull was created based on the environmental conditions at records obtained from GBIF as mapped along the first two
principal components (PC1 and PC2). The size of the convex hull was used as a proxy for the breadth of the realized niche. The ‘All’ range
includes all observations, including those from outside North America, Europe, and Australia. Circles indicate the niche centroid of each

range.
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CLUS1. Within each population, cluster representation was also
uneven: only 5 out of 84 populations contained individuals from
all 3 clusters (1 in North America, 3 in Europe, 1 in Australia).
Eleven populations only contained individuals from a single clus-
ter: five in North America (excluding one population represented
by a single individual) and six in Europe. These genetically homo-
geneous populations consisted of either CLUS1 or CLUS3 individ-
uals, but never CLUS2 (Figure 3b). Cluster centroids maintained
their relative positions in all three ranges, with CLUS2 always
located between CLUS1 and CLUSS. Accordingly, CLUS2 is the

FIGURE 3 (a) Occurrence records of
the different genetic clusters across the
three ranges of ragweed. Circles indicate
actual occurrences while diamonds
indicate the geographic centroid of each
cluster. Clustering was performed on
admixture proportions assuming three
ancestral populations. (b) Distribution
of cluster memberships within each
% population. Each bar represents a
population from the given range, with
colours indicating the proportion of
genotyped individuals belonging to one of
three genetic clusters.

Australia

o

Australia

most widely distributed and found in all populations that were
not monotypic.

In addition to its rarity in Australia, CLUS1 is also an out-
lier with regard to its realized niche. CLUS1 plants (mean an-
BIO1=9.404°C,
BIO12=847.600mm) were generally found in cooler, drier con-
ditions than CLUS2 (BIO1=12.111°C, BIO12=978.122mm) and
CLUS3 (BIO1=13.177°C, BIO12=1043.253mm; see Table Sé for
comparisons of all bioclimatic variables). CLUS1 plants also had
less overlap with CLUS2 (D=0.437) and CLUS3 (D=0.373) when

nual temperature annual precipitation
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compared to the overlap between CLUS2 and CLUS3 (D=0.841). Moreover, we found no statistically significant relationship be-
This general trend was conserved within each range (Figure S4) and tween Schoener's D and Fq; (Table S8) values overall (Mantel test,
also seen in F¢; estimates (Table 1), although whether CLUS1 was r=-0.0116, p-value=0.478).

more similar with CLUS2 or CLUS3 varied across ranges (Table S7).

TABLE 1 Fq; estimate for different clusters within each range. 3.3 | Distribution of cluster memberships within
Range CLUSL-CLUS?  CLUSI-CLUS3  CLUS2-CLUS3 p.opulatlo.n and. predlcteq ragweed distribution under
different invasion scenarios
Global 0.00378 0.00842 0.00165

N A TTE N G CLOLE OLBI0AK 2 Both genetic cluster identity and range of origin affected estimates
Europe 0.00261 0.00942 0.00233 of the potential distribution of ragweed in Australia (Figure 4). The
Australia 0.0145 0.0140 0.000252 largest range expansion was predicted for the introduction of CLUS3

1.0

CLUS1 CLUS2 0.8

CLUS3 o

North American introduction 0.4

0.2

0.0

Current Australian

FIGURE 4 Predicted distribution of Ambrosia artemisiifolia under different invasion scenarios involving the introduction of a single cluster
from different ranges to Australia. For each scenario, MaxEnt models were created using records of plants assigned to 1 of the 3 clusters as
determined through k-means clustering of ADMIXTURE proportions, 8 land use/cover data, and 19 bioclimatic variables. The three scenarios
correspond to the introduction of novel genotypes from North America, novel genotypes from Europe, or current genotypes from Australia
without additional genetic variation. The prediction for CLUS1 under the ‘Current Australian’ scenario was excluded due to containing only 2
observations.
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plants from Europe (0.278% increase in suitable habitat across the

Open Access

entire continent of Australia), representing a 53% increase relative
to the expansion predicted for CLUS2 plants from the same range
of origin (0.182% increase). In both instances, habitat suitability was
predicted to increase northwards and inland. In contrast, the intro-
duction of CLUS1 plants from North America led to a potential range
expansion further south (0.137% increase).

As for the actual model predictions, the extent of model extrap-
olation depended strongly on genetic cluster identity and range of
origin. Extrapolation also varied according to the group of predictors
being considered, with greater extrapolation for bioclimatic than
land use/cover variables (Figures S5 and Sé). Bioclimatic extrapo-
lation was most notable in northern Australia, a region predicted to
have high suitability by multiple ENMs but whose values fell outside
the observed range for most bioclimatic variables. This contrasted
the pattern of extrapolation for land use/cover, where extrapolation
was most prominent in central Australia, a region predicted to have
low suitability for ragweed.

4 | DISCUSSION

The genetic composition of source populations is likely to have a
profound effect on invasion success and subsequent range expan-
sion. Identifying the most threatening sources of invaders provides
valuable information for guiding management practices (Buckley &
Catford, 2016), as it allows strategies to be more specific and tar-
geted. For example, the Australian government implemented the
Northern Australia Quarantine Strategy (NAQS) to specifically mon-
itor and prevent the entry of pests and diseases through Australia's
northern coastline (Anderson et al., 2017). The principles underly-
ing NAQS can be applied to management of common ragweed, as
the species shows variable invasive potential due to differences in
habitat preference between genetically differentiated clusters. The
cluster that occurred in cooler, drier conditions (CLUS1) had a nar-
rower predicted distribution that those found in relatively warmer,
wetter locations (CLUS2 and CLUS3). This suggests the introduction
of appropriate genetic variation has the potential to greatly increase

invasive potential.

4.1 | Habitat preference is different across ranges

Species can exhibit significant lag times between introduction and
spread (Crooks, 2005). Owing to this lag, many invaders occupy
only a subset of their potential introduced range. This potential
range may also change following additional introductions due to
the supplemental introduction of genetic variation or the bypass-
ing of dispersal barriers. Understanding the gap between the po-
tential range of already-present individuals and those that may
be introduced in the future requires the selection of appropriate
records during model construction (Kramer-Schadt et al., 2013;
Proosdij et al., 2016).

We first investigated the effect of range of origin on predicted
distribution by creating ENMs using range-segregated records from
GBIF.org. These range-specific ENMs indicate realized niches are
differentiated between continents, but the pattern of differentia-
tion depended on the predictors being considered. The land use/
cover niche was highly conserved, suggesting it imposes a strong
constraint on ragweed distribution. This is consistent with common
ragweed's ruderal nature, which necessitates open or disturbed hab-
itats and means the species is often absent from later successions
(Gentili et al., 2017). In contrast, the bioclimatic niche was more
differentiated between ranges (Figure 2). We observed both niche
unfilling and niche expansion in Europe, with plants occurring in
climatic conditions not seen in North America. Australian ragweed
showed only niche unfilling: their realized niche was much narrower
and represented a subset of the European and North American
niches. This was expected - niche expansion in Europe compared to
North America was previously reported (Sun et al., 2017), while the
narrow niche in Australia is reflective of its restricted distribution.

Differences in realized niche size translated to variation in
predicted distribution but not model accuracy. Niche unfilling in
Australia resulted in high AUC for all ENMs projected to the region,
since no Australian ragweed samples were found in a region that was
novel with respect to either bioclimatic or land use/cover predictors.
Models varied in their predicted habitat suitability outside known
occurrence sites, but this does not affect AUC. Between-range
comparisons of D were only statistically significant when comparing
Europe and North America. For both the Europe-Australia and North
America-Australia comparisons, we could not distinguish true niche
overlap from differences in habitat availability between the ranges.
Although this does not necessarily indicate an absence of niche dif-
ferentiation (Warren et al., 2008), the fact that comparisons includ-
ing Australia were not significantly different suggests accounting for
geographic origin alone is insufficient for detecting niche differenti-

ation if one of the ranges considered is not at equilibrium.

4.2 | Patterns of genetic diversity in
Australian ragweed

Given the importance of environmental factors as a driver of adapta-
tion and genetic differentiation in plants (Anderson & Song, 2020;
Lee, 2002), we hypothesized that genetic variation would be cor-
related with habitat preference. This would, by extension, cause ge-
netic variation to underlie patterns of niche differentiation. Although
the actual relationship was not as simple as initially assumed, a clear
signal still recurred throughout our data set: CLUS2 and CLUS3 were
always the least differentiated and had the greatest niche overlap.
This pattern of niche overlap was maintained even in Australia,
where prior demographic analysis of genetic data supports a sin-
gle introduction of admixed European populations (van Boheemen
et al., 2017). Assuming this introduction event introduced plants
from all three clusters, we would have expected the CLUS3 individu-
als to remain rare in Australia, reflecting the fact that CLUS3 was
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always the rarest among European populations carrying individuals
from all three clusters (Figure 3). Furthermore, the unpredictability
of introduction events should have disrupted the relationship be-
tween cluster identity and habitat preference. None of our results
reflected these expectations: CLUS1 was rare in Australia instead of
CLUSS, and the pattern of niche overlap among clusters remained
consistent.

Although we cannot discard the possibility that CLUS1 individ-
uals were actually introduced to Australia at low frequencies and
were lost post-introduction due to genetic drift, another potential
explanation for these observations is the strong selection against
CLUS1 individuals due to initial maladaptation. CLUS1 plants prefer
cooler and drier climates than CLUS2 or CLUS3 plants and are less
suited to subtropical Queensland. At the same time, environmen-
tal selection pressures similar to those experienced in Europe and
North America may have recreated the relationship between genetic
and environmental variation established in the other two ranges.
Previous studies suggest increased genetic diversity can improve
invasion success by providing the standing variation for selection
to act upon (Crawford & Whitney, 2010; Hahn & Rieseberg, 2017,
Lavergne & Molofsky, 2007). Although our findings do not dispute
these results, it does suggest genetic variation that does not support
establishment or adaptation may be rapidly lost after introduction
(Jacquemyn et al., 2009). These results are consistent with findings
in European ragweed, where putatively adaptive loci show evidence

of rapid temporal changes (Battlay et al., 2023).

4.3 | The potential distribution of ragweed in
Australia and model caveats

The potential for ragweed range expansion varied according to both
the genetic variation being supplied and its range of origin. For exam-
ple, CLUS3 plants from Europe had a broader predicted distribution
in Australia than those coming from North America. The effect of
range of origin on predicted distribution is surprising, as we initially
hypothesized the niche to be conserved even across ranges due to
the overall rarity of niche shifts among invasive plants (Petitpierre
et al., 2012). However, these results may be explained by the correla-
tive nature of ecological niche models. Our reliance on occurrence
records meant our models could neither capture the fundamental
niche nor account for demographic history. The broad realized niche
of CLUSS individuals from Europe could be explained by multiple
introductions of ragweed from North America to various locations
across Europe (Afonin et al., 2018; Essl et al., 2015; van Boheemen
et al., 2017). This would have allowed European ragweed to bypass
dispersal barriers and access novel habitats. These novel habitats
lacked existing ragweed populations or specialist enemies (Lakeman-
Fraser & Ewers, 2013) that would have prevented incoming indi-
viduals from establishing. This contrasts with conditions in its native
North American range, where human-mediated dispersal would have
less impact because established ragweed populations would have
had their distribution shaped by natural dispersal already.

T [ £y

Another consequence of the reliance on occurrence records
is the need to extrapolate models to wholly novel conditions in
order to generate predictions. The issue of model extrapolation
is exacerbated because genomic clustering shrinks the number of
available observations (only a fraction of plant records were gen-
otyped) and the range of environments observed in each model
due to genotype-environment associations. This extensive extrap-
olation produces models that are less powerful individually due to
separating intraspecific niche differentiation into multiple separate
models. However, predictions into regions of high uncertainty can
be validated using occurrence records without genotype data and
considering the biology of the species investigated. For example, our
prediction of ragweed occurrence in northern Australia relied on ex-
tensive bioclimatic extrapolation but is ultimately reasonable given
the presence of ragweed at comparable and lower absolute latitudes

(e.g. in Florida, Hawaii, Mexico, and Colombia).

5 | CONCLUSIONS AND FUTURE
DIRECTIONS

Genetic variation present in founding populations is typically con-
sidered a posteriori, with genetic bottleneck seen as the initial con-
straint that was successfully overcome by invaders (Lee, 2002) and
the remaining genetic variation as the reservoir of adaptive potential
that enabled contemporary invasion and further range expansion
(Dlugosch & Parker, 2008). Here, we shift perspectives to highlight
the importance of considering genetic variation at the early stages of
invasion to assess spread risk. Using common ragweed in Australia
as a case study, we show how ragweed range expansion on the con-
tinent will be contingent on the introduction of specific genotypes
that could colonize novel habitats.

Perhaps unsurprisingly, we found the effect of genetic variation
itselfto be variable.In one case (CLUS1 in Australia), we even found ev-
idence suggesting maladapted genotypes can become rare. Although
these findings matched expectations from invasion theory, there are
few examples demonstrating the importance of specific genotypes
for invasion success. A recent study on another Australian invasive
species reported similar results to our work: Alves et al. (2022) found
the spread of rabbits in Australia to only occur following the impor-
tation and release of more invasive genotypes in 1859, despite the
presence of domestic rabbits on the continent since 1788. In another
example, the range of an invasive parasite was found to be shaped by
the genotype of its host (Mathieu-Bégné et al., 2021).

An ongoing challenge in invasion biology is to predict invasions
before they occur. Our study provides key developments on this
front: by incorporating genomic data into the established and com-
monly used ENM framework, we show how managers can identify
the most concerning sources of an invasive species. This information
will allow them to implement strategies like increasing the screening
of goods coming from specific regions (Buddenhagen et al., 2023) or
preventing imports from areas containing genetic variation of high

concern.
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