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Abstract 

Local adaptation is a common feature of many species, yet its genetic and molecular basis is 
still poorly understood. Research on the genetic basis of adaptation increasingly focuses on the 
speed and repeatability of genomic and phenotypic adaptation and the effect of genomic 
architecture on evolutionary response. Unravelling such processes could provide insight into 
the predictability of adaptive shifts, key in the face of on-going environmental change. In this 
thesis, I aim to shed light on the genetic basis of local adaptation and investigate the speed and 
the direction of adaptive responses to environmental heterogeneity. To achieve this, I use 
samples of the invasive weed Ambrosia artemisiifolia (common ragweed) across its widespread 
native North American and the non-native European and Australian ranges and combine 
phenotypic, genomic and environmental data. I explore neutral variation in molecular markers 
at a global scale, conduct phenotype-environment, genotype-environment and genotype-
phenotype associations to examine signatures of natural selection experienced during multiple 
range expansions. My results provide strong evidence for rapid local adaptation on a phenotypic 
and genomic level, where repeated patterns of adaptation evolved in <100 generations. Even 
though genetic variation and patterns of linkage disequilibrium were distinctly affected by 
alternative demographic histories, adaptive divergence was seemingly undeterred during range 
expansion. This research sheds light on processes determining the evolvability of populations 
and the predictability of adaptive shifts, as well as the underlying genomic basis of local 
adaptation. My thesis provides insight into the evolutionary processes that occur during the 
rapid spread of invasive species and the adaptive potential of species more generally. 
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Chapter 1 – General introduction 

Local adaptation, the genetically based fitness advantage of home relative to foreign 
populations, occurs through spatial heterogeneity in selection pressures and is found in many 
species (Hereford, 2009). The growing interest in revealing the genetic and molecular basis of 
local adaptation arises as insights can be used to predict species ability to adapt to a changing 
climate, human induced disturbances, invasive spread and aid conservation efforts (Kinnison 
& Hairston, 2007; Hoffmann & Sgrò, 2011; Fauvergue et al., 2012; Chown et al., 2014; 
Harrisson et al., 2014; Hoffmann et al., 2017; Lässig et al., 2017). Although many studies have 
provided important insight into the genetic basis of local adaptation (e.g. Turner et al., 2008; 
Fournier-Level et al., 2011; Turchin et al., 2012; Andrew et al., 2013; Colautti & Barrett, 2013; 
Savolainen et al., 2013; Hämälä & Savolainen, 2018), much remains to be resolved, including 
the speed at which adaptation occurs (Hoffmann & Sgrò, 2011; Bay et al., 2017), the genomic 
and phenotypic repeatability of adaptation (Elmer & Meyer, 2011; Losos, 2011; Conte et al., 
2012; Lenormand et al., 2016; Bailey et al., 2017) and the genomic architecture that underpins 
adaptive shifts (e.g. the number, association and distribution of loci responding to selection and 
their effect size; Kawecki & Ebert, 2004; Hansen, 2006; Stapley et al., 2010; Savolainen et al., 
2013; Connallon & Hall, 2018). 
 
Contemporary adaptation 

Local adaptation may evolve rapidly due to recent exposure to novel ecological factors, 
mediated through introductions to new environments, anthropogenic disturbance and climate 
change (Reznick & Ghalambor, 2001). Rapid local adaptation, when it occurs, is expected in 
response to strong selective pressures (Hoffmann & Sgrò, 2011), with a species’ evolvability 
depending on factors including gene flow, effective population size and the amount of additive 
genetic variation for traits under selection (Barrett & Hoekstra, 2011; Bay et al., 2017; 
Hoffmann et al., 2017). Adaptation can arise through selection on new mutations or selection 
on standing genetic variation, both resulting in different evolutionary dynamics and distinct 
genetic signatures (Barrett & Schluter, 2008; Prentis et al., 2008; Pritchard et al., 2010). 
Standing genetic variation is predicted to contribute more to rapid adaptation than new 
mutations due to the immediate availability and higher fixation probability of beneficial alleles 
(Barrett & Schluter, 2008; Prentis et al., 2008; Rockman, 2012; Lee & Coop, 2017; MacPherson 
& Nuismer, 2017). Indeed, empirical studies are beginning to reveal the importance of standing 
variation in rapid adaptive change (e.g. Burke et al., 2010; Jones et al., 2012; Marques et al., 
2018). Despite these advances however, the genetic basis of adaptation to rapid environmental 
change is still poorly understood. Such knowledge can provide insight into the evolutionary 
potential of species to respond to on-going environmental change, as well as the genetic factors 
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that may contribute to and constrain rapid evolutionary response (Reusch & Wood, 2007; Jump 

et al., 2009; Hoffmann & Sgrò, 2011).  
 

Repeatable adaption 

The reemergence of comparable phenotypic patterns across a species’ range suggests that 
evolution is not solely governed by stochastic processes (Wood et al., 2005; Arendt & Reznick, 
2008; Elmer & Meyer, 2011; Lee et al., 2014) and is therefore considered proof of adaptation 
(Seehausen et al., 2014). Parallel phenotypes can evolve through changes in the same genes or 
genetic variants (Conte et al., 2012; Martin & Orgogozo, 2013), or through alternative genetic 
changes leading to similar phenotypes (Elmer & Meyer, 2011; Smith & Rausher, 2011; Losos, 
2011). Similar genetic and phenotypic adaptation to comparable selective pressures suggests 
that the response to selection may be biased or constrained (Weinreich et al., 2006; Gompel & 
Prud'homme, 2009; Chevin et al., 2010b; Losos, 2011; Connallon & Hall, 2018), for instance 
through the initial frequency of selected alleles or the underlying genetic architecture. However, 
the extent of genomic repeatability of adaptive shifts and constraints on evolvability are still 
major questions in evolutionary biology  (Elmer & Meyer, 2011; Losos, 2011; Conte et al., 
2012; Lenormand et al., 2016; Bailey et al., 2017; Connallon & Hall, 2018).  Studying the 
genomic basis of repeated phenotypic adaptation could give insight in the predictability of 
evolution (Stern & Orgogozo, 2008; Stern & Orgogozo, 2009; Lässig et al., 2017), which will 
be essential in managing responses to climate change, extinctions or rapid invasive spread. 
 
Genomic architecture 

The physical organization of, and interaction between, genes in the genome, often referred to 
as genomic architecture, can have profound consequences for adaptation and speciation 
(Hansen, 2006; Slatkin, 2008; Nosil & Feder, 2012; Yeaman, 2013; Flaxman et al., 2014; Ortiz-
Barrientos et al., 2016). Local adaptation often occurs via allele frequency changes of polygenic 
loci that underlie quantitative traits (Pritchard & Di Rienzo, 2010; Pritchard et al., 2010). 
Theory predicts that adaptive changes will depend on the number of loci underlying a functional 
trait and their mutational effect size, such that few loci with large fitness effects should 
contribute more to local adaptation than many small effect loci, given intermediate levels of 
gene flow (Orr, 1998; Yeaman & Whitlock, 2011). Moreover, loci with large phenotypic effect are 
likely to respond first to selective changes (MacPherson & Nuismer, 2017) and are thus 
predicted to contribute more to repeatable patterns of adaptation (Lässig et al., 2017; Yeaman 

et al., 2018). Genetic interactions and reduced recombination among adaptive loci may also 
enhance evolvability under migration-selection balance (Maynard Smith, 1977; Pylkov et al., 
1998; Lenormand & Otto, 2000; Yeaman & Whitlock, 2011). Such associations elevate 
repeatable genomic patterns, especially when the genomic context is shared due to gene flow 
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or in recently diverged lineages (Renaut et al., 2014; Holliday et al., 2016; Storz, 2016; Lässig 

et al., 2017). On the other hand, a locus underlying a trait strongly favoured by selection could 
also drag neutral or detrimental loci through such associations (Hartfield & Otto, 2011) and 
may have negative pleiotropic effects on other traits (Otto, 2012). Yet, empirical studies 
examining the number and effect size of loci underlying functional traits and the contribution 
or constraints of genomic associations (e.g. linkage and epistasis) on evolvability largely remain 
untested (Hoban et al., 2016; Ahrens et al., 2018).  

 
Introduced species as a tool to study adaptation  
Introduced species provide an exceptional system to study rapid and repeated local adaptation 
(Bock et al., 2015; Hodgins et al., 2018). Although plasticity and ecological tolerance could 
contribute to the success of invasive species (e.g. Geng et al., 2007; Zhang et al., 2010), their 
global spread is often associated with rapid evolutionary events (Huey et al., 2000; Lee, 2002; 
Maron et al., 2004; Lachmuth et al., 2011; Lawson Handley et al., 2011; Colautti & Barrett, 
2013; Chown et al., 2014; Turner et al., 2014; Bock et al., 2015; Colautti & Lau, 2015; Oduor 
et al., 2016; Szűcs et al., 2017). Invasive species frequently re-establish along similar 
environmental gradients found in their native ranges, or flourish in new environments (Sax & 
Brown, 2000; Allendorf & Lundquist, 2003; Atwater et al., 2018). Consequently, biological 
invasions provide an opportunity to study contemporary repeated and divergent adaptive 
processes, and thus have the potential to provide insight into the processes underpinning rapid 
and repeatable adaptation.  

Several distinct demographic events characterize the invasion processes and could 
affect the evolutionary potential of introduced species (Lee, 2002; Facon et al., 2006; Prentis 

et al., 2008; Rius & Darling, 2014; Estoup et al., 2016). Within small founding populations, 
genetic drift can reduce genetic variation (Wright, 1931; Dlugosch & Parker, 2008a). 
Depending on the size of the bottleneck and subsequent gene flow, genetic load can increase or 
decrease (Frankham, 1995; Glémin, 2003; Facon et al., 2011; Blackburn et al., 2015; Marchini 
et al., 2016; Wang et al., 2017). Moreover, bottlenecks could lead to the conversion of non-
additive to additive genetic variance (Neiman & Linksvayer, 2006). Through a comparable 
mechanism, gene surfing, the frequency increase of genetic variants at the expansion wave front 
due to strong genetic drift  (Klopfstein et al., 2006; Excoffier & Ray, 2008; Excoffier et al., 
2009a) can lead to the accumulation of deleterious mutations (Peischl et al., 2013; Peischl et 

al., 2015), and this effect is especially strong if mutations are recessive (Peischl & Excoffier, 
2015). Additionally, admixture of distinct genotypes is considered beneficial for the adaptive 
potential of introduced populations, through increased genetic variation (Anderson & Stebbins, 
1954), the creation of novel or transgressive phenotypes (Stebbins, 1969; Rieseberg et al., 1999) 
and heterosis, stimulating growth and vigour, and potentially ‘catapulting’ populations past the 



 15 

lag phase of colonisation (Facon et al., 2005; Drake, 2006; Keller et al., 2014; Wagner et al., 
2017). 

These demographic processes can affect the genomic architecture underlying adaptive 
traits, with important consequences for the adaptive potential of invasive species. Admixture 
and drift are predicted to affect variances and covariances among loci throughout the genome 
(Lande, 1980; Keller & Taylor, 2010), which could interfere with the adaptive response if the 
associated alleles have opposing selection coefficients or opposing effects (Fisher, 1930; 
Muller, 1964; Hill & Robertson, 1968; Felsenstein, 1974; McVean & Charlesworth, 2000; 
Slatkin, 2008). Moreover, rapid invasive changes are predicted to be led by large effect loci 
(Dlugosch et al., 2015a). Dissection of the various evolutionary processes and their interplay is 
required to shed light on rapid invasive spread (Keller et al., 2009; Bonhomme et al., 2010; 
Lachmuth et al., 2011; Agrawal et al., 2015; Cristescu, 2015; Dlugosch et al., 2015a) and 
species’ adaptive potential overall.  

 
Study species 

Ambrosia artemisiifolia L. (Asteraceae) is a wind pollinated, outcrossing hermaphrodite that 
has aggressively spread from its native North America that has invaded every continent except 
Antarctica (Laaidi et al., 2003; Oswalt & Marshall, 2008; Smith et al., 2013). This self-
incompatible annual weed (Brandes & Nitzsche, 2006) is commonly found in disturbed habitats 
(Bassett & Crompton, 1975; Lommen et al., 2017) and can produce large quantities of seed that 
can stay dormant for many years (Bassett & Crompton, 1975). This species is an agricultural 
pest and has significant effects on crop productivity. Competition experiments in corn and 
soybean have showed yield losses reaching 70% (Weaver, 2001; Brandes & Nitzsche, 2006). 
In addition, its wind-spread pollen is a leading cause of hay fever worldwide (Laaidi et al., 
2003) and costs millions of dollars each year in medical treatment (Taramarcaz et al., 2005). 
Rising CO2 levels and ongoing climate change are predicted to stimulate A. artemisiifolia 
growth and pollen production (Chapman et al., 2014), increasing the impact on public health 
(Emberlin, 1994; Ziska & Caulfield, 2000). These detrimental factors provide considerable 
incentive to understand the mechanisms impacting the invasive spread of this species. 

Within the native North American range, a shift in the population genetic structure using 
historic and contemporary samples was attributed to human-mediated admixture of western and 
eastern native genotypes (Martin et al., 2014). Pre-adaptation of genotypes associated with 
anthropogenic-disturbed environments (Hufbauer et al., 2012) is suggested to have facilitated 
its global introduction and spread elsewhere. The first records documenting the European A. 

artemisiifolia invasion are in central France around 1850 (Chauvel et al., 2006). These initial 
founders likely originated from contamination of imported seeds from North America. Later 
major introductions have been tied to imports during the two World Wars (Chauvel et al., 
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2006). The multiple introductions from distinct native sources to both east and west Europe 
resulted in levels of genetic variation equivalent to those found in the native range (Genton et 

al., 2005a; Chun et al., 2010; Gladieux et al., 2010; Gaudeul et al., 2011; van Boheemen et al., 2017b). 
In Australia, A. artemisiifolia was first observed at the beginning of 1900 century and has 
become increasingly abundant in southeastern Queensland and New South Wales since around 
1950 (Palmer & McFadyen, 2012). A previous A. artemisiifolia study testing the genetic 
structure of global introductions revealed the two sampled Australian populations were strongly 
differentiated from the rest of the populations around the world. However, the introduction 
pathway into this range remains unclear. 

Latitudinal clines in phenology have been observed within the native North American 
range and the introduced ranges of Europe (Chun et al., 2011; Leiblein-Wild & Tackenberg, 
2014) and China (Li et al., 2014), with earlier reproduction and greater relative investment in 
reproductive biomass in high-latitudinal compared to low-latitudinal populations (Chun et al., 
2011; Hodgins & Rieseberg, 2011; Li et al., 2014). Comparison of multiple introduced ranges, 
together with an extensive genomic analysis will provide insight into the repeatability of 
ecological functional trait evolution. 
 
General approach 

In this thesis, I aim to provide insight into the following major evolutionary questions: 
i) what is the speed of adaptation? (Hoffmann & Sgrò, 2011; Bay et al., 2017); ii) to what extent 
is genomic and phenotypic adaptation repeatable? (Elmer & Meyer, 2011; Losos, 2011; Conte 

et al., 2012; Lenormand et al., 2016; Bailey et al., 2017)  and iii) how does the genomic 
architecture affect evolvability? (Kawecki & Ebert, 2004; Hansen, 2006; Stapley et al., 2010; 
Savolainen et al., 2013; Connallon & Hall, 2018). To achieve this, I link several lines of 
evidence for local adaptation, combining phenotypic, genomic and environmental data, to 
examine signatures of natural selection and identify evolutionary processes (Sork et al., 2013; 
Rellstab et al., 2015; Hoban et al., 2016; Ahrens et al., 2018). As such, I explore neutral 
variation at a global scale (Chapter 2), conduct phenotype-environment correlations (Chapter 3 
& 5), and perform genotype-environment and genotype-phenotype associations (Chapter 4). 
This research is supported by global sampling of the invasive weed Ambrosia artemisiifolia 
(common ragweed) across its widespread native North American and the non-native European 
and Australian ranges. Invasive weeds are a powerful study system, as these species are 
experimentally easy to grow in glasshouses, allowing for convenient studies on associations 
between genomics, phenotypes and (experimental) environmental conditions. By examining 
the adaptive and neutral genomic diversity in native and introduced populations of an invasive 
species, I will gain novel insights into the genomic mechanisms associated with adaptation to 
new environments. Moreover, identification of the role that genomic changes play in the rapid 
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spread of invasive species will improve our understanding of invasive species and could aid in 
our capacity to predict and manage future invasion scenarios (Prentis et al., 2008; Estoup & 
Guillemaud, 2010; Bock et al., 2015; Cristescu, 2015; Dlugosch et al., 2015a).  
 
Chapter outline 

Results of this project will be presented in the following chapters: 
 
Chapter 1 – General introduction 

Current chapter, outline the general topics discussed in this thesis, mark knowledge gaps and 
overall aim of the Doctorate. 
 
Chapter 2 – Multiple introductions, admixture and bridgehead invasion characterize the 

introduction history of Ambrosia artemisiifolia in Europe and Australia. 

We explore the demographic history of A. artemisiifolia as this has potential consequences for 
it’s adaptive potential and invasion success. Invasive populations have established through 
multiple introductions from the native range into Europe and subsequent bridgehead invasion 
into Australia. We propose several evolutionary mechanisms that could promote or impede 
local adaptation as a result of such admixture or bridgehead introductions. 
 

Chapter 3 – Rapid and repeated local adaptation to climate in an invasive plant 

Biological invasions provide opportunities to examine adaptation along similar climatic 
gradients over contemporary timescales. To gain insight into the speed and repeatability of 
adaptation, we explore multiple geographical clines in quantitative traits of A. artemisiifolia, 
whilst benchmarking against neutral patterns using SNP data. We identify repeated adaptive 
trait differentiation along latitudinal clines within the native and introduced ranges. These 
results suggest local adaptation of A. artemisiifolia occurs in a repeatable manner within short 
evolutionary time-scales (50-150 years). These patterns evolved despite the distinct 
introduction history of Europe (multiple introductions from North America) compared to 
Australia (single bottlenecked introduction from Europe) suggesting that genetic bottlenecks 
did not constrain this species' capacity to adapt to climate variation.  
 

Chapter 4 – Rapid and repeated local genomic adaptation in an invasive plant 

Recent range expansions along similar climatic gradients across multiple geographic ranges 
provide opportunities to assess the rate and repeatability of adaptation. Evidence of parallel 
geographic clines in quantitative traits has frequently been identified (e.g. Ch2), but few studies 
have explored if this repeatability extends to the genomic level. Our analysis of 83,559 SNPs 
in 852 Ambrosia artemisiifolia individuals identified substantial repeatability among three 
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ranges at putative selected loci (ranging from 25-41%). These data provide evidence of 
substantial constraints and/or biases that limit the diversity of genetic forms contributing to 
rapid and repeated bouts of adaptation. 
 
Chapter 5 – Repeated tests of enemy escape following multiple introductions along latitudinal 

clines 

Escape from specialist herbivores has been invoked by multiple hypotheses related to trait 
evolution and invasion success, including the Evolution of Increased Competitive Ability and 
the Shift Defence Hypothesis. We tested for genetic differentiation in herbivore-defence related 
traits in Ambrosia artemisiifolia to explore the potential impact of escape from specialist 
herbivores on adaptive trait divergence. Defence related traits show divergence in Europe and 
Australia from the native trait values. These patterns are not explained by divergence at neutral 
markers suggesting that adaptive divergence of traits has occurred. Although specialist 
herbivores are largely absent in Europe and Australia, escape from specialist herbivores is likely 
not responsible for the shifts as defence related traits as well as traits related to performance are 
diverging in opposing directions in each introduced range. 
 
Chapter 6 – General conclusion and discussion 

Summary of chapter findings, synergy of the concepts and future directions. 
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Abstract 

Admixture between differentiated populations is considered to be a powerful mechanism 
stimulating the invasive success of some introduced species. It is generally facilitated through 
multiple introductions; however, the importance of admixture prior to introduction has rarely 
been considered. We assess the likelihood that the invasive Ambrosia artemisiifolia populations 
of Europe and Australia developed through multiple introductions or were sourced from a 
historical admixture zone within native North America. To do this, we combine large genomic 
and sampling datasets analysed with approximate Bayesian computation and Random Forest 
scenario evaluation to compare single and multiple invasion scenarios with pre- and post-
introduction admixture simultaneously. We show the historical admixture zone within native 
North America originated before global invasion of this weed, and could act as a potential 
source of introduced populations. We provide evidence supporting the hypothesis that the 
invasive populations established through multiple introductions from the native range into 
Europe and subsequent bridgehead invasion into Australia. We discuss the evolutionary 
mechanisms that could promote invasiveness and evolutionary potential of alien species from 
bridgehead invasions and admixed source populations. 
 

Introduction 

Globalisation has been accompanied by worldwide flourishing of alien species. Non-natives 
can have disruptive and disastrous ecological consequences by out-competing their indigenous 
counterparts and affecting invaded ecosystems. During an invasion process, several 
demographic events can lead to changes in genetic variation, and thereby influence the 
evolutionary potential and invasiveness of alien species (Lee, 2002; Facon et al., 2006; Prentis 

et al., 2008; Rius & Darling, 2014; Estoup et al., 2016). Within small founding populations and 
on the invasion front, genetic drift can lead to reduced genetic diversity, potentially impacting 
additive genetic variation (Wright, 1931; Dlugosch & Parker, 2008a; Excoffier & Ray, 2008; 
Peischl et al., 2013; Bock et al., 2015). Such bottlenecks can also result in increased genetic 
load due to the reduced efficacy of selection (Frankham, 1995; Blackburn et al., 2015). An 
apparent contradiction between the expected negative effects of introduction on genetic 
variation and fitness, and the invasion success of some species, has been termed the ‘genetic 
paradox of invasion’ (Frankham, 1995; Allendorf & Lundquist, 2003, for review see Estoup et 

al. (2016)). 
One potential resolution to the genetic paradox of invasion for some invaders may be 

admixture: the mixing of genotypes from differentiated genetic backgrounds (Roman & 
Darling, 2007; Dlugosch & Parker, 2008a; Prentis et al., 2008; Rius & Darling, 2014). Such 
admixture can arise within the native range prior to colonization (Keller et al., 2014; Martin et 

al., 2014), or as a more frequently described consequence of multiple introductions (Dlugosch 
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& Parker, 2008a; Uller & Leimu, 2011). Admixed genotypes in an introduced range could 
subsequently act as bridgehead—a successful invasion acting as a source for further 
introductions (Lombaert et al., 2011). Depending on the influx of genetic material, beneficial 
outcomes of intra-specific hybridization include higher genetic variance within populations, 
heterosis, as well as novel and/or transgressive phenotypes (Verhoeven et al., 2011; Rius & 
Darling, 2014; Bock et al., 2015). Disentangling the demographic history of an invader and 
identifying the putative source populations provides valuable information about the amount and 
type of genetic variation present in the introductions, which can have significant consequences 
on the success of invasion (Dlugosch & Parker, 2008a; Dlugosch et al., 2015a; Estoup et al., 
2016). Knowledge of these processes are key for studies concerned with understanding how 
and if alien populations have adapted since their introduction and the role of pre-adaptation to 
invasion success (Facon et al., 2006; Rius & Darling, 2014; Barrett, 2015; Estoup et al., 2016). 
The potential role of admixture to invasion success, be it via admixture in the native range, 
through multiple introductions, or through bridgehead introductions, illustrates the importance 
of unravelling introduction history. Understanding introduction history requires broad sampling 
of the native range (Bossdorf et al., 2005; Dlugosch & Parker, 2008a; Cristescu, 2015) along 
with a comparison with the introduced areas (Dlugosch & Parker, 2008a). However, sampling 
limitations have often hampered reconstructions of evolutionary changes that accompany 
invasion (Lombaert et al., 2011; Cristescu, 2015).  

The invasive annual weed Ambrosia artemisiifolia L. (common ragweed, Asteraceae) 
is native to North America and introduced to Europe, South America, Australia and Asia where 
it is considered as an agricultural pest (Oswalt & Marshall, 2008). In Europe, the first known 
introduction of A. artemisiifolia was in France around 1850 and most likely originated from 
contamination of imported seeds from North America. Later major introductions have been tied 
to imports during the two World Wars (Chauvel et al., 2006). Given the early expansion of this 
weed in Europe, introduced European populations could have acted as a bridgehead for 
subsequent introductions elsewhere. This pathway has however not been tested within this 
species. In Australia, A. artemisiifolia was first observed at the beginning of the 20th century, 
and has become increasingly abundant in southeastern Queensland and New South Wales since 
around 1950 (Palmer & McFadyen, 2012). The population structure of this weed within the 
introduced European range has previously been described and accredited to multiple 
introductions from various source populations originating from North America (Genton et al., 
2005a; Chun et al., 2010; Gaudeul et al., 2011). Recently, Martin et al. (2014) suggested that 
these signatures could be due to pre- rather than post-introduction admixture. These authors 
observed a shift in genetic structure in a population genetic analysis of historic and 
contemporary samples of this species from across the native North American range. This pre-
introduction shift in the native range was attributed to human-mediated admixture of western 
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and eastern native genotypes (Martin et al., 2014). As admixture in the native range seems to 
have been associated with land use change and human mediated dispersal (Martin et al., 2014), 
this raises the possibility that pre-adaptation to anthropogenic-disturbed environments 
(Hufbauer et al., 2012) in North America facilitated its introduction and spread elsewhere.  
 In this study, we aimed to assess the contribution of historical admixture, multiple 
introductions and bridgehead invasion to the successful introductions of A. artemisiifolia into 
Europe and Australia. We reconstructed the introduction history of A. artemisiifolia within 
Europe and Australia using approximate Bayesian computation (ABC) based on Random 
Forest (RF) algorithms, using 1022 SNP loci identified in 466 samples collected at 85 locations 
from across the entire native range of North America, and much of the European and Australian 
introduced ranges. ABC-RF analyses are superior to other approaches because they have the 
capacity to differentiate among competing complex introduction scenarios (Pudlo et al., 2016; 
Fraimout et al., 2017) while using the increased resolution of genomic datasets (e.g. 
Momigliano et al. (2017). This approach might be particularly informative in cases like 
ragweed where traditional approaches with few markers may be unable to identify source 
populations especially given complex introduction histories and weak population structure in 
the native range. We complemented this analysis with an assessment of genetic population 
structure (1022 SNPs) and diversity (10,100 SNPs) within the native and introduced ranges. 
We provide evidence that the invasive European population likely established through multiple 
introductions from two major genetic clusters that we identified, while Australian populations 
appear to have been sourced from a subsequent bridgehead invasion from the European 
introduction. 
 

Materials and methods 

Study species 

Ambrosia artemisiifolia is a monoecious annual commonly found in disturbed habitats (Oswalt 
& Marshall, 2008). A full-grown A. artemisiifolia plant can produce large quantities of seed 
that can stay dormant for many years (Bassett & Crompton, 1975). This species is an 
agricultural pest and has significant effects on crop productivity with competition experiments 
showing yield losses in corn and soybean reaching 70% (Weaver, 2001; Brandes & Nitzsche, 
2006). Its wind-spread pollen is a leading cause of hay fever worldwide (Laaidi et al., 2003). 
Rising CO2 levels and ongoing climate change are predicted to stimulate A. artemisiifolia 
growth and pollen production, increasing the impact on public health (Emberlin, 1994; Ziska 
& Caulfield, 2000).  

 
DNA extraction and sequence filtering 
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We collected leaf samples between 2008 and 2014 from three continents: the native range of 
North America (230 individuals, 42 sampling locations) and introduced ranges of Europe (195 
individuals, 36 sampling locations) and Australia (41 individuals, 7 sampling locations) (Fig. 
1, Table S1, supporting information). At each sampling locations, we randomly selected up to 
7 plants growing at least 1 m apart to reduce the chance of the plants being close relatives due 
to local pollen and seed dispersal. For each plant, we placed two green leaves into paper 
envelopes, which were then stored at room temperature in a sealed plastic bag containing silica 
gel. We extracted genomic DNA (gDNA) from 20-30 mg dried leaf tissue for 374 samples 
using the NucleoSpin Plant II kit (Macherey-Nagel, Düren, Germany) and an additional 92 
samples using the DNAeasy Plant Mini Kit (Qiagen, Valencia, CA, USA). We assessed DNA 
quantity (>8.5 ng/μl) using a QuBit broad-sensitivity DNA quantification system (Invitrogen, 
Carlsbad, CA, USA). 

 
Genotype-by-sequencing and SNP calling 

We performed genotype-by-sequencing library construction with single restriction enzyme Pst-

1 using an amended version of the Elshire et al., 2011 protocol (see Appendix S1, supporting 
information). We explored quality statistics of the raw reads using FastQC 
(http://hannonlab.cshl.edu/fastx_toolkit). We de-multiplexed reads using STACKS 
process_radtags (Catchen et al., 2011). After removing adapter sequences, we trimmed reads 
using Sickle (Joshi & Fass, 2011) with a Q-score of ≥20 and read length of ≥50 base pair. We 
filtered reads with FASTQ quality filter (http://hannonlab.cshl.edu/fastx_toolkit), allowing for 
Q-score of 20 or higher for ≥90% of the reads. We aligned filtered reads to a draft reference 
genome using the Burrows-Wheeler Aligner (Li & Durbin, 2009). The unpublished draft 
genome was derived from a single diploid individual from the northwest part of the native range 
(location A19, see supplementary materials for the location information). This same population 
was included in our current study. The species is diploid, with a gametic chromosome number 
of 18 (http://www.tropicos.org/Project/IPCN) and a genome size of ~1,135 Mbp (Kubešová et 

al., 2010). Multiple whole genome shotgun libraries were sequenced at 110X coverage using 
100 bp paired end reads and two Dovetail Chicago libraries were sequenced (14.5X coverage) 
to create the draft genome assembly used in this study (Putnam et al., 2016). All sequencing 
was conducted on the Illumina HiSeq2000. The genome was assembled using Meraculous 
(Chapman et al., 2011) and HiRise for scaffolding 
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Figure 1. Pie charts of STRUCTURE assignment for K=2 (Figure 5) for Ambrosia artemisiifolia sampling locations in North America (a) Europe (b) and Australia (c) with invasion routes 

as inferred from ABC-RF. Assignment to genetic units for ABC-RF is shown in (a). Pie sizes are proportional to number of samples per sampling location. Geographic distances are not to 

scale. 
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(Putnam et al., 2016). The scaffold N50 is 522 Kb in 807 scaffolds, while the N90 is 88 Kb in 

3,190 scaffolds. The total scaffold number is 16,702, with a total length of 1,420 Mbp, and with 

called bases over 893 Mbp (37% Ns). Local realignment around indels was implemented with 

Picard (http://picard.sourceforge.net) and GATK (McKenna et al., 2010). We called variants 

with GATK UnifiedGenotyper at the quality threshold of a Q-score ≥50 and used GATK hard 

filtering of variants; a minimum quality by depth of 2, a maximum Fisher-Strand bias of 60.0, 

minimum mapping quality rank sum test of -12.5, minimum root mean square mapping quality 

of 40.0, and a minimum read position rank sum test of -8.0. We subsequently filtered variant 

calls using VCFtools (Danecek et al., 2011) and custom scripts on a genotype and variant 

quality of ≥20, depth of 5-240 and a minor allele frequency of 0.05. Finally, we removed 50 

loci displaying heterozygosity frequencies of >0.7 to remove potential paralogues. This latter 

filtering step is lenient in regard to heterozygosity frequency expectations under Hardy-

Weinberg equilibrium (with a maximum heterozygous genotype frequency of 0.5 for biallelic 

loci), and had no considerable effect on FIS values (results not shown). We identified a total of 

10,100 polymorphic SNPs with a call rate of 50% or more. We then selected a total of 1022 

unlinked biallelic SNPs by shuffling the full SNP table and randomly drawing from each contig 

as STRUCTURE requires the use of unlinked loci for clustering (Pritchard et al., 2000). To 

streamline between interdependent methods, we used this unlinked SNP set to select and subset 

genetic units (STRUCTURE, PCA, pairwise FST analyses) and to reconstruct invasion history 

using ABC. 

 
Genetic clustering  
We inferred population genetic structure with STRUCTURE v2.3.4, a Bayesian clustering 

method that allocates individuals into clusters on the basis of their genotypes (Pritchard et al., 
2000). We ran STRUCTURE on 1022 unlinked SNPs of 466 individuals from 85 sampling 

locations. Additionally, we ran analysis on subsets of the data to explore sub-clustering within 

each continent. We performed the analysis using the admixture model, correlated allele 

frequencies, no location prior, an uniform alpha individually defined for each population 

(Wang, 2017) for the number of clusters (K) ranging from 1 to 10, with 20 independent runs 

per K. Each run comprised of a burn-in of 200,000 followed by 1,000,000 iterations. 

StructureHarvester v0.6.94 (Earl & vonHoldt, 2011) was used to format the STRUCTURE 

output. We used log probability and delta K statistic to determine the uppermost clustering level 

(Evanno et al., 2005). Nevertheless, we present STRUCTURE results for K from 2 to 8 in order 

to evaluate differentiation at higher levels of K in the supplementary materials. We processed 

the 20 runs using the Greedy algorithm in CLUMPP v1.1.2 (Jakobsson & Rosenberg, 2007) 

testing 1000 random input order repeats per K. We found no evidence for multimodality for the 

most likely K (2) in the global dataset as tested using CLUMPAK (Kopelman et al., 2015). 
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Finally, we visualized data with DISTRUCT v1.1 (Rosenberg, 2003). To further explore 

relationships between native and introduced sampling locations, we summarized genetic 

differentiation using a principle component analysis (PCA) within the adegenet package 

(Jombart, 2008). We applied this method on population means for the complete dataset to 

examine genetic variation both within and between continents. Missing values were substituted 

with mean allele frequencies for the PCA (Jombart, 2008). 

 

ABC and population pooling 
We applied approximate Bayesian computation (ABC) (Beaumont et al., 2002) using DIYABC 

v2.1.0 (Cornuet et al., 2008; Cornuet et al., 2014) to simulate provenance from non-admixed 

versus admixed source populations, as well as post-introduction admixture during multiple 

introductions for both the introduced ranges of Europe and Australia and bridgehead 

introduction from Europe into Australia. Briefly, within ABC posterior probabilities of 

different invasion scenarios are obtained by comparing the observed dataset to a large number 

of simulated datasets defined under invasion models given a set of demographic and historical 

parameters (Cornuet et al., 2008). This approach has been shown to be successful in inferring 

demographic history in systems that have undergone multiple introductions, bottlenecks and/or 

admixtures (Estoup & Guillemaud, 2010).  

The number of scenarios to be compared within the ABC framework increases 

drastically with the number of potential source and target population units included in the 

analysis (Estoup & Guillemaud, 2010; Lombaert et al., 2014). To reduce the complexity of the 

invasion scenarios, we pooled sampling locations into units showing genetic similarity. For the 

native range, we defined genetic clusters based on global STRUCTURE assignment scores at 

K=2, the uppermost clustering level (see Results). As the central area in the native range 

constituted of admixed populations according to global STRUCTURE results (see Results), we 

were interested in the possibility that this admixed native source had contributed to the 

introductions. Consequently, we defined three prior genetic units in the native range:  southeast 

(SE), northwest (NW) and admixed (i.e. pre-introduction admixture, AD). Genetic units SE and 

NW consisted of sampling locations with average proportion of membership to the first 

STRUCTURE cluster (Q) below 0.15 and above 0.85 respectively, and the admixed unit 

consisted of sampling locations with 0.15<Q<0.85 (averaged over all individuals within a 

sampling location).  

 

Genetic diversity within native and introduced ranges 
All analyses were conducted in R v3.2.3 (R Core Team, 2017) unless stated otherwise. We 

calculated genetic diversity indices (allelic richness (AR), gene diversity (HS), observed 

heterozygosity (HO) and inbreeding coefficients (FIS)) for each sampling location using the 
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hierfstat package (Goudet, 2005). We calculated means and confidence intervals for these 

indices over all 10,100 loci, excluding loci with <4 individuals and excluding sampling 

locations with >90% missing values over all loci (9 loci excluded). We summarized AR, HS and 

HO by averaging across populations within each geographic range (i.e. North America, Europe 

and Australia) and within the genetic units defined for ABC analyses. We tested for differences 

among the geographic ranges in allelic richness and FIS using means for each sampling location 

by implementing the Kruskal-Wallis test and post-hoc Nemenyi test for pairwise multiple 

comparisons (PMCMR package, Pohlert, 2014).  

	

Genetic differentiation	
To identify population genetic differentiation, we estimated Weir & Cockerham’s pairwise FST 

between sampling locations and between genetic units defined for ABC over the 1022 unlinked 

SNP dataset using the diveRsity package (Keenan et al., 2013). To test for genetic dependence 

(relatedness) of sampling locations caused by isolation by distance (IBD) within each 

geographic range and clusters defined for ABC analysis including all sampling locations. We 

tested associations between FST/(1-FST) and log-transformed geographic distances within 

sampling locations using a Mantel test with 1000 replicates using the ecodist package (Goslee 

& Urban, 2007). We assumed the native admixed genetic unit did not falsely result from IBD 

in the native range, as IBD was not significant within the native range as a whole (Results, 

Table 1) or within the NW and SE cluster. According to the global STRUCTURE results, we 

pooled European and Australian samples to a single genetic unit within each range (see 

Results). Pooling diverged sampling locations as a single unit can alter conclusions drawn from 

ABC (Lombaert et al., 2014) and introduce the Wahlund effect. Accordingly, we evaluated 

robustness of the scenario choices by building reduced datasets that excluded divergent 

sampling locations (see Appendix S2 & Table S2, supporting information). 

 

ABC simulations with RF evaluation 
We selected among simulated introduction scenarios using ABC-RF (Pudlo et al., 2016), which 

is a novel approach based on random forest machine learning algorithms. This tool has been 

shown to outperform existing ABC model selection techniques in precision, computation time 

and robustness (Marin et al., 2016; Pudlo et al., 2016). A large set of summary statistics can be 

used, as RF is robust against common issues encountered in other methods related to the ‘curse 

of dimensionality’ (Pudlo et al., 2016), such as collinearity (Estoup & Guillemaud, 2010; Blum 
et al., 2013) and ‘noise’ in the data (Marin et al., 2014; Marin et al., 2016). Finally, RF can 

provide more accurate results using only a low number of simulated datasets per scenario (103-

104, Marin et al., 2016; Pudlo et al., 2016; Fraimout et al., 2017) compared to traditional model 

evaluation approaches (105-106, Bertorelle et al., 2010). This last advantage become evident in 
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the current study, as CPU time required for the large dataset (1022 SNPs and 466 individuals, 

simulating 104 datasets per scenario) amounted to 420 hours for the main datasets only. 

Together with replicate simulations required for reduced datasets, such analyses would not be 

feasible using traditional methods (Pudlo et al., 2016; Fraimout et al., 2017; Momigliano et al., 
2017).  

 

 
Figure 2. Graphical illustration of Ambrosia artemisiifolia introduction scenarios from divergent native North 

American genetic units (SE, NW and AD) during initial (rows) and secondary (columns) introduction, tested using 

ABC-RF for Europe and Australia introduced ranges (IN) independently (Table 3). Thin lines indicate bottlenecks 

of duration dbi with effective population sizes of Nbi. For parameters descriptions and priors see Table S3, 

supporting information. Time is not to scale.   

 

Reconstruction of demographic histories 
To reconstruct the introduction history of A. artemisiifolia from its native North American 

range into either Europe or Australia, we considered introduction scenarios for each range 

separately with initial, possibly bottlenecked, introductions from the SE, NE or AD genetic 

units. In the face of repeated introductions, as is prevalent in A. artemisiifolia (Chauvel et al., 
2006), we improved the first three single introduction scenarios from different native units by 

including a secondary introduction from native sources with a second possible bottleneck, 

leading to a total of 12 scenarios (Fig. 2). As Australian introduction is more recent than 

European introduction, we included a scenario stipulating a bridgehead invasion (Lombaert et 
al., 2010)—a successful invasion (here Europe) acting as a source for further introductions 

(here Australia)(Fig. 3). To reduce the number of scenarios to be compared, we added a 

bridgehead invasion to the most likely European introduction scenarios according to ABC-RF 
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and tested this against the most likely Australian introduction scenario from the native range 

(see Results). 

Figure 3. Graphical illustration of introduction scenarios of A. artemisiifolia to Australia from the native American 

admixed zone (AD) and a bridgehead introduction from Europe are based on the European and Australian 

introduction scenario receiving most votes (Table 3). Non-bridgehead parameters are as in Figure 2.  

 

We set uniform priors on all model parameters (Table S3, supporting information) with 

the exception of timing of admixture in the native range. As native admixture increased rapidly 

in more recent years following deforestation and intensification of agriculture (Martin et al., 
2014; Martin et al., 2016), prior sampling followed a log-uniform distribution to favour lower 

values. We specified prior lower bounds for ancestral divergence and upper bounds for the 

admixture in the native range based on pollen records, which are consistent with southeast and 

northwest native genetic units prior to 500 years before present (Williams et al., 2004). We set 

parameter prior upper bounds for the timing of the initial introduction several years before the 

first known occurrence of A. artemisiifolia within the introduced ranges (Europe: 180 years 

before present (ybp); Australia: 120 ybp), with a lower bound set before the onset of known 

major secondary introductions (Europe & Australia: 100 ybp)(Chauvel et al., 2006; Palmer & 

McFadyen, 2012). We set the upper prior bound of secondary introductions equal to that of the 

initial introduction—180 and 120 ybp for Europe and Australia respectively—with the 

condition that initial introduction always occurred prior to secondary introduction. This prior 

would allow a secondary introduction to practically coincide with or be temporally separated 

from the primary introduction. For Europe, we set the lower prior bound of subsequent 

introduction events to the end of the last major introduction during the Second World War (60 

ybp, Chauvel et al., 2006). For Australia, this prior was set to the last described population 

increase and spread (50 ybp, Palmer & McFadyen, 2012). Bottleneck priors were set so as to 

simulate no bottleneck (0 years) to a severe bottleneck (Europe: 0-60 years; Australia: 0-50 

years). These priors are bound by the last known population increase as described above. We 

adjusted lower and upper limits of all other priors by evaluating posterior distributions of 

preliminary simulated datasets, setting the prior distribution as wide as possible but within 

biological reason (Bertorelle et al., 2010). We assumed no migration between any of the genetic 
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units. We conducted analyses on the 1022 unlinked SNP dataset, specifying a MAF criterion 

of 0.05 for all simulations. We included all possible summary statistics (Table S4, supporting 

information) provided by DIYABC and ran 10,000 simulations for each scenario.  

We evaluated model fit and posterior distributions of ABC simulations using the 

Random Forest (RF) approach implemented in the abcrf package v1.3 in R (Marin et al., 2016; 

Pudlo et al., 2016). For each ABC analysis, we grew a classification forest of 1,000 trees based 

on all simulated datasets. The abcrf package estimates a prior error (measure of classification 

of votes to the wrong scenario) for each analysis using the out-of-bag-errors (Appendix S2, 

supporting information). Then, the scenario with the highest classification vote is selected as 

the most likely scenario for which a posterior probability is calculated. To evaluate the global 

performance of our ABC scenario choice, we performed posterior model checking in DIYABC 

(Appendix S2, supporting information). Finally, we inferred posterior distribution values of 

parameters of the selected scenario under a regression by Random Forest methodology (Marin 

et al., 2016), with a classification forest of 1,000 trees (see Appendix S2 for additional ABC-

RF description and evaluation). 

 

Results 
Genetic diversity within sampling locations 
We found homozygous excess in a large number of geographic sampling locations within the 

native and two introduced ranges of A. artemisiifolia (Fig. 4, Table S1, Fig. S1, supporting 

information). Within the native range, homozygous excess was higher in northwestern 

sampling locations compared to southeastern locations (Latitude Spearman’s rho=0.693, 

p<0.001; Longitude Spearman’s rho=0.509, p=0.001). Sampling location allelic richness was 

significantly reduced in the introduced Australian range compared to the native range (Kruskal-

Wallis χ2=8.998, df=2, p=0.011), but no significant difference was present between the 

European range and the native range (p=0.275), or both introduced ranges (p=0.124, Fig. 4).  
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Figure 4. Inbreeding coefficients (FIS, red) and allelic richness (AR, blue) for 85 Ambrosia artemisiifolia sampling 

locations at the native North American and introduced European and Australian ranges. No significant differences 

between ranges were identified in FIS. For AR, letters depict significant differences between ranges (α=0.05). 

 

Population structuring and differentiation 
We found low genetic structure within the native and two introduced ranges of A. artemisiifolia, 

with a uppermost clustering level at K=2 in STRUCTURE (Fig. 5, Fig. S2, supporting 

information) according to the ΔK method (Evanno et al., 2005). This analysis clearly identifies 

a southeastern and northwestern genetic unit in the native range, with most individuals within 

these units having assignment of Q>0.85 to their respective cluster. We refer to these genetic 

units as the southeastern and northwestern genetic units throughout. Individuals from 11 

sampling locations geographically located between these two main genetic units showed mixed 

assignment to either cluster (0.151<Q<0.858). We refer to this unit as the admixed genetic unit 

(Fig. 1). Some sampling locations (7/36) within the introduced range of Europe showed 

intermediate cluster assignments, whereas all introduced Australian sampling locations showed 

assignment similar to southeastern native sampling locations. This assignment of Australian 

sampling locations and southeastern North American sampling locations to the same cluster 

was evident to some extent at higher K values (Fig. S2, supporting information). The PCA 

results reflected the patterns identified in STRUCTURE in that Europe showed most overlap 

with the admixed and southeast units, whereas Australia showed more extreme differentiation 

from the native range but some overlap with the southeast unit (Fig. S3, supporting 

information). 
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32   
Figure 5. STRUCTURE output for K of 2, 3 and 6 for 20 replicate runs each on 1022 randomly selected unlinked SNPs within 466 Ambrosia artemisiifolia samples summarized with 

CLUMPP and visualized with Distruct. For full overview of STRUCTURE runs see Figure S2, supporting information. 

 

Table 1. Population diversity statistics for Ambrosia artemisiifolia within native, introduced European and Australian ranges and genetic units defined for ABC analyses based on full datasets, 

averaged over sampling locations (± 95% confidence). Abbreviations represent: allelic richness (AR); gene diversity (HS); observed heterozygosity (HO, bold values are significantly (α=0.05) 

different from HS); and inbreeding coefficient (FIS, bold values indicate significant (α=0.05) departure from zero).  

  Summary statistics FST IBD 

Range AR HS HO Mean r p 

Native, full 1.256 (0.007) 0.262 (0.002) 0.213 (0.004) 0.052 0.017 0.770 

Native, NE  1.243 (0.006) 0.252 (0.003) 0.176 (0.002) 0.032 0.137 0.253 

Native, AD  1.270 (0.018) 0.273 (0.009) 0.243 (0.015) 0.033 0.253 0.028 

Native, SE  1.264 (0.009) 0.267 (0.001) 0.243 (0.002) 0.066 0.012 0.929 

Introduced, Europe 1.247 (0.006) 0.254 (0.002) 0.199 (0.002) 0.059 0.023 0.683 

Introduced, Australia 1.230 (0.014) 0.235 (0.002) 0.196 (0.002) 0.116 0.072 0.838 
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To reveal subpopulation structure within each range, we conducted the structure 
analysis separately for North America, Europe and Australia (Fig. S2, supporting information). 
For North America the uppermost clustering level was two, although we found higher clustering 
emerging in the European subset at K=4 and K=6 (represented by peaks in ΔK), which could 
be ascribed to a few distinct sampling locations in Romania, Italy, the Netherlands and 
Germany. A peak in ΔK appeared in the Australian subset at K=7.   

We found low genetic differentiation within the native and two introduced ranges (Table 
1, Table S5). Genetic differentiation was highest in the introduced Australian range 
(FST=0.116), which was also reflected by a wide spread of Australian individuals in the PCA 
(Fig. S3, supporting information), and a high number of pairwise FST>0.1 within this range 
(Table S5, supporting information). We found no evidence of IBD within the native range 
(r=0.017, p=0.770) as a whole, although IBD was present within the admixed genetic unit 

(r=0.253, p=0.028). This would be expected if the amount of admixture between the clusters 
was a function of geographic distance to the SE or NW cluster. No such pattern was apparent 
within the introduced ranges (Europe: r=0.023, p=0.683; Australia: r=0.072, p=0.838) or within 
the main native genetic units (northwestern: r=0.137, p=0.253; southeastern: r=0.012, p=0.929; 
Table 1). Differentiation between North American genetic units was low for all pairwise 
comparisons (FST=0.013–0.034)(Table 2). Europe was not highly differentiated from the native 
units (FST=0.004–0.021), though Australia showed higher differentiation from the native units 
(FST=0.028–0.052)(Table 2). 

 
Table 2. Pairwise FST for genetic units defined for ABC analyses based on full datasets.  

 Native, northwest Native, admixed Native, southeast Introduced, Europe 
Introduced, 

Australia 

Native, NE   0.016 0.034 0.021 0.052 

Native, AD  0.016  0.013 0.004 0.038 

Native, SE  0.034 0.013  0.012 0.028 

Introduced, Europe 0.021 0.004 0.012  0.034 

Introduced, Australia 0.052 0.038 0.028 0.034  

 

Invasion history of Ambrosia artemisiifolia using ABC-RF 

The European invasion was characterised by multiple introductions (concurrent or temporally 
separated) from the southeast and northwest native North American range as revealed by ABC-
RF model selection. The invasion scenario receiving most votes (23.4%) described an initial 
introduction sourced from the NW and a secondary introduction from the SE genetic units 
(posterior probability P=0.501, Table 3). Overall, European invasion scenarios including an 
introduction of the native admixed source (6/12 scenarios) received 19.9% (Table 3) of the 
votes opposed to 80.1% (Table S6, supporting information) of the votes received by scenarios 
not including an admixed source, suggesting pre-introduction admixture did not play a large 
role in shaping the European invasion. The admixed region of the native range contributed to a 
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large extent to the Australian populations, where the single-introduction scenario received the 
most ABC-RF votes (44.2%, P=0.599, Table 3). With the addition of a bridgehead into 
Australia however, the bridgehead introduction was found to be most likely (92.6% of votes, 
P=0.998, Table 3). This scenario including a bridgehead introduction summarises the ‘best’ 
introduction scenarios from preceding analyses, and was used for posterior parameter 
inferences. ABC-RF inferences were robust to data subsetting (Table S6, supporting 
information).  
 
Table 3. Summarized results of ABC-RF model selection for introduction scenarios of Ambrosia artemisiifolia 
from divergent native sources of North America (northwest NW, admixed AD and southeast SE) during single or 
multiple introductions into Europe (a) and Australia (b) (Fig. 2) and single introduction from native AD and 
bridgehead Europe (EU) into Australia (Fig. 3). Scenarios in c are based on the European and Australian 
introduction scenario receiving most votes (a&b). Analyses consisted of a number of competing scenarios, 
summarized with all summary statistics available in DIYABC, for which a prior error rate was computed. The best 
scenario was selected based on a number of random forest (RF) votes, where the RF posterior probability gives 
the degree of confidence in this selected scenario.  

Analysis 
Number of 

scenarios 

Number of 

summary 

statistics 

Best scenario 

Number of 

RF votes 

(/1000) 

Prior 

error 

RF posterior 

probability 

a) European 
introduction from NW, 
AD and/or SE 

12 112 
Multiple introductions 

from SE & NW 
234 44.01% 0.501 

b) Australian 
introduction from NW, 
AD and/or SE 

12 112 
Single introduction from 

AD 
442 47.30% 0.599 

c) Australia single 
introduction from AD 
or EU 

2 220 
Single introduction from 

EU 
926 0.10% 0.998 

 
Most posterior parameter estimates for the scenario receiving most votes were quite 

wide and close to the set prior boundaries (Table S7, supplementary information)—a common 
finding in ABC (Csilléry et al., 2010). Nevertheless, some important inferences could be made 
from a select few posterior parameter distributions. Firstly, the formation of the native 
admixture zone was predicted to be around 218 years ago (median, Table S7, supplementary 
information), well before the first reported introduction of Ambrosia artemisiifolia into Europe, 
suggesting this zone could have contributed to invasive populations worldwide. Moreover, the 
relatively narrow posterior parameter distribution of the Australian introduction from the 
bridgehead Europe suggests this single introduction was followed by long bottleneck period 

(dbh) of at least 15 years (2.5% quantile) with a relatively small founding population (Nb5) of 
maximum 564 individuals (97.5% quantile). Conversely, bottleneck size (Nb6 & Nb7) and 
duration (db1 & db2) for the European introduction from the native North America were 
approaching set prior boundaries and therefore not conclusive. Finally, this bridgehead scenario 
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shows narrow posterior distributions of admixture rates, suggesting a median 0.76 contribution 
of SE to the admixed native source AD (rpre) and 0.74 contribution (1-rpost) of a founder 
population derived from the SE unit to Europe and subsequently Australia (Table S7, 
supplementary information).  
 

Discussion 

We compared the contribution of pre-introduction admixture, multiple introductions and 
bridgehead invasion of the global weed A. artemisiifolia within two of the introduced ranges. 
ABC simulations indicated admixture following multiple introductions from distinct genetic 
clusters found in North America played a significant role to the successful European invasion 
of this weed, subsequently acting as a bridgehead for the Australian introduction. Our study 
emphasizes the need for careful examination of the population structure and demographic 

history of invasive species, as introduction pathways–such as bridgehead introduction–may 
affect evolutionary processes in the introduced ranges. This type of human-assisted spread may 
become more common, particularly for species like A. artemisiifolia, which is frequently 
associated with human-modified habitats and intensive agriculture. 
 

Genetic diversity and differentiation in native and introduced ranges 
The introduction history of common ragweed in Australia has not yet been the subject of much 
investigation. Although common ragweed has persisted on this continent for over 100 years, it 
has not become as geographically widespread as its European counterpart. We found lower 
allelic richness in Australia compared to the native range, while no significant reduction in 
allelic richness was found in Europe. In addition, Australian sampling locations were more 
differentiated from each other and from the native and European ranges compared to the other 
ranges. This result suggests less frequent and/or more bottlenecked Australian introduction(s), 
as is confirmed by ABC-RF parameter estimation, showing a single Australian introduction 
followed by a long bottleneck of >15 years. This corresponds to the known colonisation history 
of A. artemisiifolia, as repeated introductions of this invader within Europe commenced during 
the 19th century (Chauvel et al., 2006), whereas the Australian introduction was more recent 

(Palmer & McFadyen, 2012). Moreover, Australia introduced strict quarantine laws (c. 1908, 
Quarantine Act, 1908) potentially limiting the frequency of introduction and size of founder 
populations.  

Our results show that a large number of sampling locations were heterozygote deficient, 
which is consistent with previous studies of A. artemisiifolia genetic diversity (Chun et al., 
2010; Gladieux et al., 2010; Chun et al., 2011; Gaudeul et al., 2011; Martin et al., 2014). 
Northwestern locations within the native range showed higher heterozygote deficiency 
compared to southeastern locations. A similar longitudinal pattern in A. artemisiifolia observed 
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by Martin et al. (2014) has been interpreted by the authors to be a result of higher rates of 
selfing and/or biparental inbreeding due to local pollen and seed dispersal in the smaller, low 
density, isolated western populations opposed to outbreeding in larger, high density, inter-
connected eastern populations. A shift in mating system could arise in low-density conditions 
or during colonization (Barrett et al., 2008) and might explain the geographic pattern in FIS. 
However, A. artemisiifolia in Ontario exhibit high levels of outcrossing and a sporophytic self-
incompatibility system (Friedman & Barrett, 2008) and no evolutionary shift towards selfing 
has been found in the introduced range of China (Li et al., 2012). The Wahlund effect resulting 
from local sub-structuring could be a cause for the observed heterozygote deficiency. However, 
pollen dispersal within this species is likely high as it is wind pollinated (Martin et al., 2009) 
and so sub-structuring might be expected to be limited within each sampling location (Genton 

et al., 2005a; Martin et al., 2014). These contrasting observations remain curious, and 

geographic variation in selfing and biparental inbreeding has yet to be investigated in this 
species.  
 
Pre- versus post- introduction admixture during invasion 

We found some mixed assignment of European individuals in STRUCTURE and PCA and 
population allelic richness equal to the native range. This complex European genetic structure 
has been previously observed and was accredited to multiple introductions from various source 
populations and post-introduction admixture (Genton et al., 2005a; Chun et al., 2010; Gaudeul 
et al., 2011), which is a common conclusion for invasive species with admixed genetic 
backgrounds (Dlugosch & Parker, 2008a; Facon et al., 2008; Uller & Leimu, 2011; Cristescu, 
2015). Conversely, a human-mediated intra-specific hybrid zone within native North America 
has been proposed as a possible introduction source (Martin et al., 2014).  

According to ABC-RF posterior parameter analyses, the pre-admixed native zone 
originated well before the first reported introductions (>180 years ago), suggesting this zone 
could have been an introduction source for the global A. artemisiifolia invasions. However, 
ABC-RF analysis encompassing diverse introduction scenarios support the establishment of 
European populations through multiple introductions of the two non-admixed native units, with 

less likely contribution of native pre-introduction admixture. Although the analysis without a 
bridgehead scenario suggested Australia originated from the native admixture zone, further 
investigation indicated the invaded European range instead acted as a bridgehead for the single 
introduction into Australia. Our results underline the importance of testing combinations of 
contrasting introduction scenarios simultaneously.  

Using simplified versions of the true demographic histories is a widely recognised 
limitation of ABC inference (e.g. Csilléry et al., 2010) and could possibly contribute to the 
relative low posterior probabilities (0.501-0.599) found for scenarios depicting introduction 
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from the native range as only source (i.e., the non-bridgehead scenarios). Similar posterior 
probabilities have been reported in other studies, with contrasting interpretations by the authors 
(Pudlo et al., 2016; Fraimout et al., 2017; Momigliano et al., 2017).  

In our study, we grouped sampling locations based on relatively homogeneous genetic 
clusters identified by STRUCTURE (NE mean FST=0.032; SE mean FST =0.066) with no 
evidence of isolation by distance within these two genetic clusters. Although it is possible more 
complex cluster schemes could support different introduction histories, our results were 
consistent among stringently filtered subsets where divergent populations within each cluster 
were excluded. Moreover, the analysis was powerful in distinguishing between single versus 
multiple introductions and pre- versus post-introduction admixture or bridgehead invasion, but 
we cannot exclude the existence of additional introductions from other sources. For example, 
introductions might have been sourced from native locations that were not captured in our broad 

sampling of the North American range (e.g., south Florida). In addition, the Australian 
introduction, which occurred more recently than the European introduction, may have had 
contributions from another as yet unsampled introduction such as Asia, South America or 
Eastern Europe. Other possibilities include re-introductions from Europe or anywhere else in 
the world back into the native North America. Given the very short time since the initial 
invasions, we find it unlikely that a large number of non-native individuals could have had a 
significant impact on the well-established native populations. Moreover, we are limited in the 
complexity of the models, and could not explore the myriad of possibilities imaginable through 
ABC simulations.  

The discovery of multiple introductions and admixture or bridgehead invasions to the 
non-native European and Australian populations does not confirm the causality of these 
processes in driving successful invasion in A. artemisiifolia. Patterns discovered in this study 
might simply reflect historical trade routes and admixture may not have contributed to the 
invasiveness of this species. However, our finding of admixture as a predominant feature in 
Europe through multiple introductions and in Australia through a bridgehead introduction raises 
the question of fitness benefits of hybridisation to a successful invasion. Moreover, given the 
global nature of the invasion, the native admixture zone should be considered as potential 

source for non-sampled invasive introductions in Asia and elsewhere. Although the beneficial 
consequences of pre- and post- introduction admixture are similar (described below), the role 
of pre-admixed source populations as a pathway to invasion has been given less attention in the 
literature than multiple introductions and admixture post-invasion (Keller & Taylor, 2010; 
Keller et al., 2014; Rius & Darling, 2014).  

The immediate fitness benefits of admixture are most widely established to be a 
consequence of heterosis, stimulating invasiveness through increased growth and vigour, which 
may in turn ‘catapult’ populations past the lag phase of colonisation (Facon et al., 2005; Drake, 



 

 38 

2006; Keller et al., 2014; Wagner et al., 2017). Through this process, admixed populations 
could outperform single-source invasions, as has been shown in an experimental study on the 
beetle Callosobruchis maculatus (Wagner et al., 2017). Within an experimental study of A. 

artemisiifolia, certain native crosses displayed heterosis whereas other crosses between native 
populations had no fitness impacts or led to mild outbreeding depression (Hahn & Rieseberg, 
2017). By contrast, no heterosis was found in crosses among the European populations. This 
heterosis experiment aligns with the genomic analysis presented in the current study, as crosses 
between non-admixed native genetic clusters (here northwest X southeast) were more likely to 
display heterosis as opposed to crosses to the historically admixed populations or between 
European populations. In addition, populations from the northwestern cluster in the native range 
consistently underperformed in traits associated with invasive success compared to introduced 
European populations in common gardens under a range of environments (Hodgins & 

Rieseberg, 2011).   
 Admixture could also facilitate adaptation through increased genetic variation 

(Anderson & Stebbins, 1954) and creation of novel or transgressive phenotypes (Stebbins, 
1969; Rieseberg et al., 1999). Patterns of genetic differentiation of traits, such as latitudinal 
variation in flowering time have evolved repeatedly in A. artemisiifolia following introduction 
(Chun et al., 2011; Hodgins & Rieseberg, 2011; Li et al., 2014) and are consistent with rapid 
local adaptation within the introduced ranges. In Europe in particular, no evidence of substantial 
bottlenecks limiting genetic variation are evident. This raises possibility that the influx of 
genetic material during introduction fuelled rapid local adaptation, perhaps enhancing the rate 
of spread of the invader in Europe. Even in Australia, where allelic richness is significantly 
reduced relative to the native range, the ABC analysis is consistent with a European source 
population, which was likely admixed.  
  
Future directions 

Mechanisms that could promote invasiveness through bridgehead invasions could also play an 
important role in the success of pre-introduction admixture. We recommend that admixed 
source populations should be considered as a process potentially impacting invasiveness both 

for initial and subsequent colonisations. In addition, this study underlines the necessity of more 
intricate testing of introduction scenarios (Cristescu, 2015), as classical population approaches 
might prove to be misleading (Lombaert et al., 2014; Falush et al., 2016). For example, the role 
of the European invasion as a source of the Australian introduction would not have been 
considered without the ABC analysis. Identifying the specific source populations of introduced 
species might play a role in predicting its invasive success and could mean management effort 
should be focused on preventing introductions from admixed or multiple divergent source 
populations.  
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Better understanding of the importance of admixture to invasion requires: i) an accurate 
reconstruction of invasion routes (Cristescu, 2015); ii) examination of admixture costs and 
benefits within native and invasive populations; and iii) fitness assessments of admixed versus 
non-admixed genotypes in the invasive range(s) over multiple generations (Cristescu, 2015). 
As our data elucidate the first of the three requirements, future studies need to further explore 
the costs and consequences of admixture for invasion using genomic and experimental data in 
this highly diverse and widespread invader. 
 
Acknowledgements 

We would like to thank R. Baucom and three anonymous reviewers for their invaluable 
comments, J. Stephens and A. Wetherhill for sample collection, G. Boinnard and S. Mouw for 
assistance in the lab, P. Sunnucks and C. Sgrò for early manuscript suggestions and M. 

Kourtidou for graphical assistance. We would also like to thanks Mike Martin and Dovetail 
Genomics for their assistance with the assembly of the unpublished draft genome. Funds were 
provided by a Monash University Dean’s International Postgraduate Research Scholarship to 
LAB, a Monash University Startup Grant to KAH and a Natural Sciences and Engineering 
Research Council of Canada (NSERC) Discovery grant 327475 to LHR.  B. G. was supported 
by the AgreenSkills+ fellowship programme which has received funding from the EU’s 
Seventh Framework Programme under grant agreement N° FP7-609398 (AgreenSkills+ 
contract). 
 
Data accessibility 

Sequence data is available at the National Center for Biotechnology Information (NCBI) 
Sequence Read Archive under Bioproject PRJNA374597. 
 
Author contributions 

LB and KH conceived the project with input from EL, BG and LR. KH, LB and KN collected 
samples, KN performed molecular lab work. LB analysed data and drafted manuscript. All 
authors contributed to and approved the final manuscript. 



 

 40 

Supporting information to Chapter 2 

 
Appendix S1. Genotype-by-sequencing protocol adapted from Elshire et al. (2011). 

We added 100 ng of high-quality DNA in 11.7 μL water to 2.5 uL Buffer 4 (NEB), 0.5 uL Pst1 
HF (NEB), 0.5 uL BSA (NEB), 0.8 uL T4 DNA Ligase (NEB), 5 uL Ligase Buffer (NEB), 4.5 
uL barcoded adapters and 4.5 uL common adapter. We digested and ligated samples 

simultaneously for 3h at 37°C, 3h at 22°C and 20 minutes at 65°C. After incubation, we 
transferred 30 μL from each well into two 2.0mL tubes, and cleaned up these tubes using the 
three columns of the QIAquick PCR Purification Kit (Qiagen, Valencia, CA). We eluted the 
purified product in 150 μL TE buffer. We amplified 8 reactions each with 1 μL of elution and 
10.5 μL H2O, 12.5 μL Phusion High-Fidelity PCR Master Mix with HF Buffer, 0.5 μL of each 
GBS PCR primers A&B. We cycled reactions 3 min at 94°C, followed by 18 repeats of 30 s at 
94°C, 30 s at 65°C, 30 s at 68°C with a final step of 10min at 68°C. To each reaction, we added 
an additional 1 μL Phusion High-Fidelity PCR Master Mix with HF Buffer and 0.5uL of each 
GBS PCR primers A&B and cycled the reactions for 3 min at 94C, 2 min at 65C, 12 min at 
68C and hold at 4C. We cleaned the PCR product using QIAquick PCR Purification Kit 
(Qiagen, Valencia, CA) and eluted in 30 uL H2O. We performed a size selection by running 
the cleaned PCR product on a 2% agarose gel and removing the 400 bp to 600 bp fragment. 
This gel fragment was cleaned up using QIAquick Gel Extraction Kit (Qiagen, Valencia, CA). 
and eluted in 20 uL H2O. The five GBS libraries were paired-end sequenced by the Biodiversity 
Sequencing Centre at UBC on the Illumina HiSeq 2000 platform, each on a single lane. 
 

Appendix S2.  Additional ABC-RF analyses 

Exclusion criteria applied to ABC-RF data subsets 

Pooling diverged sampling locations as a single unit can alter conclusions drawn from ABC 
(Lombaert et al., 2014) and introduce the Wahlund effect. Accordingly, we evaluated 
robustness of the scenario choices by building reduced datasets, removing more differentiated 
sampling locations from each genetic unit.  Genetic structure was low, particularly in native 
range (see Results, main text), and few sampling locations were highly differentiated (see Table 
S5). We thus first applied a stringent filtering and removed sampling locations with pairwise 
FST>0.1 to any other sampling location within each unit. This allowed us to test the impact of 
high levels of substructure on the outcome of the ABC analysis. These datasets included 39 out 
of 42 North American sampling locations and 28 out of 36 European sampling locations. As 
many Australian sampling locations were highly divergent (pairwise FST>0.1), we simulated 
Australian demographic history using two separate units of sampling locations based on 
significant sampling location pairwise FST. For the first group (hereafter “group 1”) we included 
AU-01, AU-02, AU-09 and AU-23; the second group (hereafter “group 2”) included AU-06, 
AU-09 and AU-23. A second filtering step looked at congruent clustering in STRUCTURE and 
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PCA analyses (39/42 native; 23/36 European; and 2/7 Australian sampling locations. This 
arbitrary cut-off allowed us to further explore the effect of removing populations that were 
genetically distinct from the other unit members). 
 
 For Europe and North America the datasets consisted of the following:  

i) All populations without removing highly divergent populations (no FST cut-
off for either range)(results reported in main text); 

ii) Pairwise FST<0.1 within the same genetic unit; 
iii) Pairwise FST<0.1 within the same unit, as well as a population assignment to 

a unique structure cluster (Q>0.5) at K=6 (2nd ΔK peak) in the full structure 
analysis; 

 

 Australian and North American populations: 
i)  All populations without removing highly divergent populations (no FST cut-

off for either range)(results reported in main text); 
ii)  Pairwise FST<0.1 within the same unit, group 1 (AU-01, AU-02, AU-09 and 

AU-23); 
iii)  Pairwise FST<0.1 within the same unit, group 2 (AU-06, AU-09 and AU-23); 
iv) Pairwise FST<0.1 within the same unit, group 1, as well as a population 

assignment to a unique structure cluster (Q>0.5) at K=7 (2nd ΔK peak) in the 
structure analysis of the Australian populations. 

 
Finally, we ran the ABC-RF simulations for the Australian, European and North American 
sampling locations, including a ‘bridgehead’ invasion from Europe to Australia. The datasets 
were defined as follows: 

i) All populations without removing highly divergent populations (no FST cut-
off for any range)(results reported in main text); 

ii) Pairwise FST<0.1 within the same unit, with Australian group 1 (see above); 
iii) Pairwise FST<0.1 within the same unit, with Australian group 2 (see above); 

iv) Pairwise FST<0.1 within the same unit, with Australian group 1, as well as a 
population assignment to a unique structure cluster as described above 
(Q>0.5 at K=6 for Europe and at K=7 for Australia). 

 
Excluded sampling locations are shown in Table S3, numbers of datasets correspond to ABC-
RF results of European, Australian and bridgehead introduction (Table S6). Population sub-
structure does not seem to have a large effect on the conclusions drawn by ABC-RF, as datasets 
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with different levels of differentiation yielded similar results (Table S6). A low effect of 
inbreeding was similarly reported in an ABC simulation-based study (Lippens et al., 2017). 
 
ABC-RF as a new tool to investigate demographic history 

The random forest machine learning algorithm is a special case of classification and regression 
trees (CART), where n number of trees (the forest) are being grown through classification of 
the bootstrapped data (here the simulated datasets) using predictors (here the summary 
statistics, Table S5) (Breiman, 2001; Pudlo et al., 2016). The majority vote of classification of 
all trees is then used to determine the ABC scenario best suited to the data (Pudlo et al., 2016). 
Data excluded from each bootstrap sample are used to produce the ‘out-of-bag’ predictions 
(OOB), which are unbiased accuracy estimates. The OOB predictions can subsequently be used 
to determine the importance of predictor variables used for tree classification (Breiman, 

2001).To determine most likely invasion scenario and summary statistic variable importance 
we grew 1000 trees based on all simulated datasets, including linear discriminant analyses 
(LDA) scores (Estoup et al., 2012) as the latter step has been shown to decrease error rates 
(Pudlo et al., 2016). Prior analyses showed growing larger forests and/or including a higher 
number of simulations did not further reduce OOB.  
 

Model checking 

To evaluate the global performance of our ABC scenario choice, we performed posterior model 
checking in DIYABC by simulating 106 datasets under these best invasion scenarios, from 
which we selected a posterior sample of 104 values closest to the observed data. We used a logit 
transformation of parameters and included all summary statistics and simulated 104 new 
datasets with parameter values drawn from the posterior sample (see Cornuet et al. (2010) and 
Fraimout et al. (2017) for detailed description of method).  
 The ‘best’ European introduction scenario showed 12 of the 112 (10.7%) observed 
values lay in the either tail of the distribution (p<0.05 or >0.95) of simulated values after 
Benjamini and Hochberg’s sequential p-value correction for multiple comparisons. Graphical 
representation of these results in a PCA show the observed dataset falls well within the 

parameter space of the simulated datasets for the first four principle components, which 
together explain 70.4% of the total variation (Figure S4). The ‘best’ Australian introduction 
scenario (preliminary analysis, from the pre-admixed native source) showed 6.3% (over 112 
summary statistics) of observed values falling into the tails of the distribution of simulated 
summary statistics, with the observed values falling well within the simulated PCA of the first 
4 PC axes, cumulatively explaining 73.1% of total variation (Figure S4).  
 The final scenario based on these best European and Australian invasion scenarios, 
including a bridgehead invasion from Europe into Australia, showed 11 (0.05%) out of the 220 
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observed values fell into the tail of the distribution of simulated summary statistics. Again, the 
observed values fall well within the simulated data as shown by a graphical PCA representation, 
where the first 4 PC axes cumulatively explained 62.4% of total variation (Figure S4). Taken 
together, these model-checking results suggest this final selected scenario is a good 
representation of the invasion history of A. artemisiifolia into Europe and Australia. 
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Table S1. Overview of sites of Ambrosia artemisiifolia within native and introduced European and Australian ranges, including state or province (for native and Australian ranges) and 
country, location code (as used in text and figures), geographic coordinates (WGS84), year of sampling and sample sizes (n). Local population diversity indices are mean (± 95% confidence) 
number of individuals with called genotypes (NG); allelic richness (AR); gene diversity (HS); observed heterozygosity (HO, bold values are significantly different from HS); and inbreeding 
coefficient (FIS, bold values indicate significant (α = 0.05) departure from zero). Missing values (–) indicate >90% of loci had <4 called individuals within the sampling location had and 
population statistics could not reliably be calculated.  
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Sampling location Location code Latitude Longitude Year n AR HO HS FIS 
Native range, North America, northwest unit (NW)     

ND, USA AA-19 46.298 -103.918 2008 6 1.234 (0.016) 0.184 (0.016) 0.241 (0.017) 0.173 (0.043) 
SD, USA AA-17 44.764 -103.853 2008 6 1.228 (0.017) 0.167 (0.016) 0.236 (0.018) 0.215 (0.045) 
ND, USA AA-20 48.147 -103.572 2008 6 1.237 (0.014) 0.179 (0.014) 0.245 (0.015) 0.203 (0.040) 
SD, USA AA-16 44.095 -102.871 2008 4 1.242 (0.034) 0.173 (0.033) 0.254 (0.037) 0.238 (0.098) 
SD, USA AA-15 43.834 -101.271 2008 5 1.227 (0.018) 0.169 (0.018) 0.235 (0.019) 0.202 (0.052) 
SD, USA AA-14 43.715 -100.684 2008 6 1.252 (0.014) 0.182 (0.013) 0.261 (0.015) 0.227 (0.037) 
NE, USA AA-11 42.765 -98.063 2008 6 1.226 (0.017) 0.173 (0.018) 0.234 (0.018) 0.194 (0.051) 
NE, USA AA-12 42.763 -98.054 2008 4 1.265 (0.023) 0.202 (0.024) 0.276 (0.024) 0.189 (0.064) 

MN, Canada AA-1 49.688 -97.965 2008 6 1.221 (0.016) 0.153 (0.015) 0.231 (0.017) 0.259 (0.045) 
SD, USA AA-9 43.451 -97.420 2008 3 – – – – 

MN, Canada AA-2 49.838 -97.329 2008 5 1.266 (0.022) 0.190 (0.023) 0.278 (0.023) 0.232 (0.062) 
ND, USA AA-3 48.195 -97.329 2008 6 1.254 (0.017) 0.187 (0.017) 0.263 (0.018) 0.216 (0.046) 
MN, USA AA-4 47.761 -96.593 2008 6 1.258 (0.015) 0.185 (0.015) 0.267 (0.016) 0.236 (0.040) 
MN, USA AA-5 46.217 -96.050 2008 6 1.245 (0.017) 0.181 (0.017) 0.254 (0.018) 0.213 (0.045) 
MN, USA AA-8 44.325 -95.958 2008 7 1.245 (0.013) 0.178 (0.012) 0.253 (0.014) 0.218 (0.034) 
ND, USA AA-6 45.021 -95.870 2008 6 1.235 (0.017) 0.155 (0.015) 0.247 (0.018) 0.288 (0.047) 
MN, USA AA-7 44.738 -95.412 2008 6 1.234 (0.016) 0.164 (0.015) 0.244 (0.017) 0.246 (0.045) 

QC, Canada TR-QB 45.500 -72.500 2008 6 1.244 (0.017) 0.158 (0.016) 0.255 (0.018) 0.299 (0.049) 
Native range, North America, admixed unit (AD)     

NE, USA AA-13 42.585 -99.061 2008 4 1.260 (0.021) 0.206 (0.021) 0.269 (0.022) 0.160 (0.052) 
SD, USA AA-10 43.057 -97.400 2008 3 – – – – 
KS, USA KS 38.686 -96.493 2013 6 1.237 (0.016) 0.191 (0.016) 0.242 (0.016) 0.153 (0.041) 
MO, USA MO 37.006 -94.350 2013 6 1.270 (0.017) 0.231 (0.019) 0.274 (0.017) 0.113 (0.041) 
WI, USA WI 44.879 -89.424 2013 6 1.278 (0.015) 0.231 (0.017) 0.285 (0.016) 0.134 (0.039) 
IN, USA IND 39.175 -86.527 2008 6 1.323 (0.057) 0.405 (0.081) 0.311 (0.054) -0.26 (0.095) 
KY, USA KY 38.626 -85.007 2013 6 1.269 (0.016) 0.227 (0.018) 0.274 (0.016) 0.122 (0.039) 
MI, USA MI 46.358 -84.881 2013 4 1.245 (0.026) 0.211 (0.028) 0.250 (0.027) 0.107 (0.067) 
OH, USA OH 40.488 -82.727 2013 6 1.271 (0.015) 0.238 (0.017) 0.275 (0.015) 0.093 (0.036) 

ON, Canada MN-ON 44.455 -79.809 2008 3 – – – – 
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ON, Canada MN-2 44.447 -79.804 2013 3 – – – – 
Native range, North America, southeast unit (SE)     

AR, USA AR 33.976 -91.413 2013 6 1.272 (0.018) 0.268 (0.021) 0.273 (0.018) -0.00 (0.039) 
MS, USA MP 31.208 -89.066 2013 6 1.277 (0.017) 0.242 (0.018) 0.281 (0.017) 0.100 (0.038) 
AL, USA AL 30.675 -87.591 2013 6 1.273 (0.018) 0.253 (0.021) 0.276 (0.018) 0.054 (0.042) 
TN, USA TN 36.268 -86.461 2013 6 1.261 (0.018) 0.236 (0.020) 0.264 (0.019) 0.064 (0.040) 
FL, USA FL 30.406 -83.140 2013 6 1.281 (0.022) 0.263 (0.026) 0.283 (0.022) 0.045 (0.051) 
NC, USA NC 35.607 -83.022 2013 6 1.243 (0.019) 0.265 (0.024) 0.240 (0.019) -0.09 (0.040) 
GA, USA GA 31.634 -81.407 2013 6 1.280 (0.019) 0.269 (0.024) 0.281 (0.020) 0.021 (0.045) 
SC, USA SC 34.225 -81.343 2013 6 1.266 (0.016) 0.237 (0.018) 0.270 (0.016) 0.081 (0.040) 
PA, USA PA 40.966 -78.175 2013 6 1.281 (0.015) 0.261 (0.018) 0.283 (0.015) 0.048 (0.035) 

ON, Canada BN-ON 45.000 -77.700 2008 6 1.237 (0.015) 0.164 (0.014) 0.247 (0.016) 0.263 (0.041) 
MS, USA MS 42.088 -72.096 2013 7 1.233 (0.016) 0.221 (0.018) 0.235 (0.016) 0.029 (0.040) 
MA, USA MA 44.771 -68.971 2013 6 1.262 (0.018) 0.226 (0.020) 0.266 (0.019) 0.108 (0.044) 

NB, Canada NB1 45.879 -66.978 2013 6 1.266 (0.016) 0.246 (0.019) 0.269 (0.017) 0.054 (0.038) 
Introduced range, Europe     

France FR-4 46.180 -0.161 2008 2 – – – – 
France FR-3 47.145 2.819 2008 6 1.244 (0.015) 0.189 (0.015) 0.253 (0.015) 0.184 (0.040) 
France FR-7 47.176 3.015 2008 6 1.256 (0.017) 0.202 (0.017) 0.264 (0.018) 0.164 (0.041) 
France FR-8 44.217 4.264 2008 6 1.264 (0.012) 0.221 (0.013) 0.270 (0.013) 0.125 (0.030) 
France FR-5 43.935 4.306 2008 3 – – – – 
France FR-1 45.080 4.757 2008 7 1.257 (0.013) 0.199 (0.013) 0.264 (0.014) 0.174 (0.033) 
France FR-9 44.753 4.871 2008 3 – – – – 
France FR-6 46.800 4.972 2008 5 1.254 (0.015) 0.207 (0.016) 0.260 (0.015) 0.143 (0.039) 
France FR-2 45.679 4.980 2008 5 1.262 (0.014) 0.207 (0.015) 0.270 (0.015) 0.159 (0.037) 
France FR-10 46.052 5.335 2008 6 1.265 (0.013) 0.211 (0.014) 0.273 (0.014) 0.164 (0.035) 

the Netherlands EU-17 51.120 5.840 2013 6 1.221 (0.022) 0.200 (0.025) 0.225 (0.022) 0.064 (0.069) 
Switzerland AACH-1 46.178 6.037 2008 2 – – – – 
Switzerland 160808-1 46.033 8.949 2008 6 1.230 (0.016) 0.175 (0.015) 0.237 (0.017) 0.200 (0.042) 
Switzerland 160808-2 45.835 9.005 2008 6 1.246 (0.015) 0.179 (0.014) 0.255 (0.015) 0.229 (0.040) 

Italy 160808-3 45.441 10.602 2008 6 1.245 (0.015) 0.190 (0.015) 0.252 (0.015) 0.185 (0.040) 
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Italy 160808-4 45.337 10.609 2008 6 1.219 (0.015) 0.174 (0.015) 0.224 (0.016) 0.161 (0.042) 
Italy 170808-2 45.454 12.084 2008 6 1.251 (0.015) 0.195 (0.015) 0.258 (0.015) 0.184 (0.039) 
Italy 170808-1 45.470 12.109 2008 6 1.202 (0.015) 0.161 (0.015) 0.208 (0.016) 0.165 (0.045) 

Germany EU-20 51.633 14.184 2014 5(6) 1.235 (0.016) 0.216 (0.018) 0.238 (0.017) 0.052 (0.040) 
Slovenia EU-01 46.036 15.296 2014 5(6) 1.252 (0.030) 0.197 (0.032) 0.261 (0.031) 0.176 (0.083) 
Sweden EU-19 56.168 15.890 2014 5 1.239 (0.033) 0.207 (0.036) 0.244 (0.034) 0.107 (0.085) 

Czech Republic EU-22 49.418 17.962 2014 6 1.220 (0.023) 0.202 (0.026) 0.223 (0.023) 0.057 (0.062) 
Hungary 010908-1 47.642 18.783 2008 6 1.264 (0.015) 0.203 (0.015) 0.272 (0.016) 0.184 (0.038) 
Hungary HU-1 47.471 18.825 2008 2 – – – – 
Hungary 310808-3 47.208 19.105 2008 6 1.266 (0.013) 0.199 (0.014) 0.275 (0.014) 0.207 (0.036) 
Hungary 290808-1 47.199 20.821 2008 6 1.248 (0.015) 0.191 (0.015) 0.256 (0.015) 0.185 (0.038) 
Hungary 310808-2 47.483 20.884 2008 6 1.260 (0.014) 0.203 (0.014) 0.268 (0.014) 0.180 (0.036) 
Slovakia EU-24 48.489 21.806 2014 6 1.245 (0.015) 0.218 (0.017) 0.250 (0.016) 0.076 (0.037) 
Serbia EU-35 43.092 21.938 2014 6 1.261 (0.013) 0.216 (0.014) 0.266 (0.014) 0.128 (0.032) 

Romania 280808-2 45.659 21.954 2008 6 1.254 (0.014) 0.193 (0.014) 0.262 (0.015) 0.198 (0.037) 
Romania 280808-1 44.725 22.421 2008 7 1.234 (0.014) 0.212 (0.016) 0.237 (0.015) 0.075 (0.036) 
Romania 270808-2 44.418 23.710 2008 6 1.229 (0.014) 0.179 (0.014) 0.236 (0.015) 0.181 (0.038) 
Romania EU-26 46.237 24.854 2014 7 1.251 (0.014) 0.193 (0.014) 0.259 (0.015) 0.190 (0.037) 
Romania 260808-1 44.958 26.053 2008 7 1.240 (0.014) 0.201 (0.015) 0.246 (0.015) 0.132 (0.037) 
Romania 250808-4 44.369 28.035 2008 6 1.270 (0.013) 0.204 (0.013) 0.278 (0.014) 0.198 (0.033) 
Romania 250808-2 44.125 28.634 2008 6 1.257 (0.016) 0.204 (0.016) 0.264 (0.016) 0.161 (0.039) 

Introduced range, Australia     
Australia AU-01 -35.641 150.127 2014 6 1.237 (0.022) 0.190 (0.024) 0.245 (0.023) 0.168 (0.064) 
Australia AU-09 -28.869 151.167 2014 6 1.248 (0.017) 0.200 (0.017) 0.255 (0.017) 0.153 (0.044) 
Australia AU-23 -28.926 152.374 2014 6 1.254 (0.017) 0.210 (0.017) 0.260 (0.018) 0.132 (0.039) 
Australia AU-33 -31.442 152.465 2014 5(6) 1.220 (0.016) 0.210 (0.019) 0.221 (0.016) 0.032 (0.048) 
Australia AU-13 -26.391 152.794 2014 6 1.195 (0.018) 0.158 (0.018) 0.201 (0.018) 0.148 (0.055) 
Australia AU-02 -31.025 152.953 2014 6 1.227 (0.015) 0.200 (0.016) 0.231 (0.015) 0.090 (0.037) 
Australia AU-06 -28.641 153.551 2014 6 1.225 (0.015) 0.201 (0.016) 0.228 (0.016) 0.081 (0.036) 
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Table S2. Sampling locations excluded from datasets used in ABC-RF analyses testing introduction scenarios of 

Ambrosia artemisiifolia from the native range of North America to the introduced ranges of Europe and Australia. 

Location codes correspond to those in Table S1. 
Analysis Description of dataset Removed geographic sampling locations 

    Native Europe Australia 

Native - Europe 

Full datasets – – NA 

Remove populations with pairwise 

FST > 0.1 
NC, TN, AA-19 

160808-1, 160808-4, 

170808-1, 270808-2, 

280808-1, EU17, 

EU19, EU22 

NA 

Remove populations with pairwise 

FST > 0.1 & geographic sampling 

locations with different 

STRUCTURE assignment 

NC, TN, AA-19 

160808-1, 160808-4, 

170808-1, 270808-2, 

280808-1, EU17, 

EU19, EU22, EU26, 

EU20, 260808-1, 

280808-2, 270808-1 

NA 

Native - 

Australia 

Full datasets – NA   

Remove populations with pairwise 

FST > 0.1 (group 1) 
NC, TN, AA-19 NA AU6, AU13, AU33 

Remove populations with pairwise 

FST > 0.1 (group 2) 
NC, TN, AA-19 NA 

AU1, AU2, AU13, 

AU33 

Remove populations with pairwise 

FST > 0.1 & geographic sampling 

locations with different 

STRUCTURE assignment 

NC, TN, AA-19 NA 
AU1, AU6, AU9, 

AU13, AU33 

Native, Europe 

& Australia 

Full datasets – –   

Remove populations with pairwise 

FST > 0.1 
NC, TN, AA-19 

160808-1, 160808-4, 

170808-1, 270808-2, 

280808-1, EU17, 

EU19, EU22 

AU6, AU13, AU33 

Remove populations with pairwise 

FST > 0.1 
NC, TN, AA-19 

160808-1, 160808-4, 

170808-1, 270808-2, 

280808-1, EU17, 

EU19, EU22 

AU1, AU2, AU13, 

AU33 

Remove populations with pairwise 

FST > 0.1 & geographic sampling 

locations with different 

STRUCTURE assignment 

NC, TN, AA-19 

160808-1, 160808-4, 

170808-1, 270808-2, 

280808-1, EU17, 

EU19, EU22, EU26, 

EU20, 260808-1, 

280808-2, 270808-1, 

260808-1 

AU1, AU6, AU9, 

AU13, AU33 
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Table S3. Parameters, parameter priors and prior distribution used to simulate introduction scenarios of Ambrosia 
artemisiifolia. Parameters shown are: common to all ABC-RF analyses (a); specific to introduction from the native 

North America to Europe (b); Australia (c)(see Fig. 2, main text)); or bridgehead introduction from Europe to 

Australia (d, see Fig. 3, main text). We defined timing of events (in generations assuming one generation a year) 

as: post-introduction admixture (tpost, multiple introduction scenarios only); initial introduction (t1); secondary 

introduction (t2, multiple introduction scenarios only); pre-introduction admixture in the native range (tpre); 

bridgehead introduction (tbh, bridgehead scenarios only); and split of the ancestral population into the northwest 

and southeast native units (tanc). N characterizes the stable effective population sizes where i is the: southeast native 

unit (SE); northwest native unit (NW); admixed native unit (AD); introduced unit (IN); ancestral population (anc); 

unsampled introduced U1 (only present in scenarios where second introduction is not bottlenecked); or unsampled 

introduced U2 (only present in scenarios where second introduction is bottlenecked). Nbi represents the effective 

population of size of population 4 (single introduction scenarios only), U1 or U2 of duration dbi at primary (t1) or 

secondary (t2) introduction or of duration dbbh at bridgehead introduction (tbh, bridgehead scenarios only). The 

genetic contribution (admixture rates) r of population i are defined as: rpre of population SE to AD at pre-

introduction tpre; and rpost of i to IN post-introduction at tpost. For the latter, rpost is defined for the lowest numerical 

i admixing (e.g. i=2 when 2 x 3, i=3 when 3xU2). All parameters were defined and sampled within and between 

scenarios independently, except for conditions restricting events to follow in a chronological order. Prior sampling 

followed a uniform (UN) or log-uniform (LU) distribution. 

 

 Parameter Prior 

a) Ni UN[5000,20000] 

 Nbi UN[150,1000] 

 tpre LU[100,500] 

 rpost,pre UN[0.1,0.9] 

 tanc UN[500, 2000] 

 Nanc UN[1000,3000] 

b) tpost UN[10,180] 

 dbi UN[0,60] 

 t2 UN[60,180] 

 t1 UN[100,180] 

c) tpost UN[10,120] 

 dbi UN(0,50] 

 t2 UN[50,120] 

 t1 UN[100,120] 

d) tbh UN[50,120] 

 dbbh UN(0,50] 

 tpost UN[10,180] 

 t1 UN[100,180] 

 dbi UN(0,60] 
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Table S4. Summary statistics used in all simulations, as per DIYABC (Cornuet et al., 2014).  

DIYABC abbreviation Description 

Single sample statistics for each sampled population 

HP0 Proportion of loci with zero gene diversity  

HM1 Mean gene diversity across polymorphic loci (Nei, 1987)  

HV1 Variance of gene diversity across polymorphic loci 

HMO Mean gene diversity across all loci  

Two sample statistics for each pairwise sample combination 

FP0 Proportion of loci with zero FST distance (Weir & Cockerham, 1984) 

FM1 Mean across loci of non-zero FST distances 

FV1 Variance across loci of non-zero FST distances 

FMO Mean across loci of FST distances 

NP0 Proportion of loci with zero Nei's distance (Nei, 1972) 

NM1 Mean across loci of non-zero Nei's distances  

NV1 Variance across loci of non-zero Nei's distances 

NMO Mean across loci of Nei's distances  

Admixture statistics (Maximum likelihoods (Choisy et al., 2004)) for each combination of parental and admixed populations 

AP0 Proportion of loci with zero admixture estimates 

AM1 Mean across loci of non-zero admixture estimate 

AV1 Variance across loci of non-zero admixture estimated 

AMO Mean across all locus admixture estimates 
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Table S5. Weir & Cockerham (1984) pairwise FST for geographic sampling sites included in this study within genetic units defined for ABC. Location codes correspond to Table S1. High 

FST= green and low FST = red. 
Native, northwest (NW)           

 AL AR BN-ON FL GA MA MP MS NB1 NC PA SC TN 

AL   0.05 0.06 0.04 0.05 0.06 0.03 0.08 0.06 0.09 0.02 0.00 0.07 

AR 0.05 
 

0.06 0.06 0.07 0.07 0.03 0.08 0.06 0.12 0.03 0.04 0.06 

BN-ON 0.06 0.06 
 

0.08 0.06 0.05 0.04 0.08 0.08 0.11 0.07 0.06 0.08 

FL 0.04 0.06 0.08 
 

0.04 0.07 0.03 0.09 0.05 0.12 0.06 0.04 0.12 

GA 0.05 0.07 0.06 0.04 
 

0.05 0.02 0.09 0.07 0.14 0.06 0.05 0.11 

MA 0.06 0.07 0.05 0.07 0.05 
 

0.05 0.07 0.06 0.11 0.06 0.03 0.10 

MP 0.03 0.03 0.04 0.03 0.02 0.05 
 

0.05 0.04 0.10 0.04 0.01 0.06 

MS 0.08 0.08 0.08 0.09 0.09 0.07 0.05 
 

0.08 0.12 0.06 0.05 0.10 

NB1 0.06 0.06 0.08 0.05 0.07 0.06 0.04 0.08 
 

0.12 0.03 0.04 0.10 

NC 0.09 0.12 0.11 0.12 0.14 0.11 0.10 0.12 0.12 
 

0.07 0.10 0.13 

PA 0.02 0.03 0.07 0.06 0.06 0.06 0.04 0.06 0.03 0.07 
 

0.04 0.07 

SC 0.00 0.04 0.06 0.04 0.05 0.03 0.01 0.05 0.04 0.10 0.04 
 

0.07 

TN 0.07 0.06 0.08 0.12 0.11 0.10 0.06 0.10 0.10 0.13 0.07 0.07   

Native, southeast (SE)           

 

A
A

-1
 

A
A

-1
1 

A
A

-1
2 

A
A

- 1
4 

A
A

- 1
5 

A
A

- 1
6 

A
A

-1
7 

A
A

- 1
9 

A
A

- 2
 

A
A

- 2
0 

A
A

- 3
 

A
A

- 4
 

A
A

- 5
 

AA-1   0.05 0.06 0.05 0.06 0.07 0.05 0.13 0.08 0.06 0.07 0.05 0.05 

AA-11 0.05 
 

0.04 0.02 0.03 0.02 0.02 0.08 0.03 0.05 0.02 0.02 0.03 

AA-12 0.06 0.04 
 

0.03 0.02 0.02 0.01 0.07 0.02 0.03 0.02 0.03 0.02 

AA-14 0.05 0.02 0.03 
 

0.02 0.01 0.01 0.07 0.01 0.03 0.02 0.01 0.02 

AA-15 0.06 0.03 0.02 0.02 
 

0.02 0.00 0.07 0.02 0.04 0.02 0.02 0.03 

AA-16 0.07 0.02 0.02 0.01 0.02 
 

0.00 0.06 0.03 0.04 0.03 0.02 0.03 

AA-17 0.05 0.02 0.01 0.01 0.00 0.00 
 

0.06 0.01 0.02 0.01 0.00 0.02 

AA-19 0.13 0.08 0.07 0.07 0.07 0.06 0.06 
 

0.06 0.09 0.06 0.06 0.08 

AA-2 0.08 0.03 0.02 0.01 0.02 0.03 0.01 0.06 
 

0.03 0.02 0.01 0.03 

AA-20 0.06 0.05 0.03 0.03 0.04 0.04 0.02 0.09 0.03 
 

0.04 0.05 0.04 

AA-3 0.07 0.02 0.02 0.02 0.02 0.03 0.01 0.06 0.02 0.04 
 

0.01 0.02 

AA-4 0.05 0.02 0.03 0.01 0.02 0.02 0.00 0.06 0.01 0.05 0.01 
 

0.02 

AA-5 0.05 0.03 0.02 0.02 0.03 0.03 0.02 0.08 0.03 0.04 0.02 0.02 
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AA-6 0.06 0.02 0.04 0.02 0.02 0.02 0.02 0.08 0.04 0.05 0.03 0.02 0.03 

AA-7 0.06 0.03 0.02 0.02 0.01 0.03 0.01 0.06 0.01 0.06 0.03 0.01 0.02 

AA-8 0.07 0.02 0.02 0.01 0.02 0.02 0.01 0.07 0.02 0.04 0.01 0.02 0.03 

AA-9 0.06 0.01 0.01 0.02 0.00 -0.01 0.00 0.07 0.02 0.05 0.01 0.01 0.02 

TR-QB 0.05 0.04 0.02 0.02 0.03 0.02 0.02 0.08 0.04 0.05 0.03 0.02 0.03 

 
Native, admixed (AD)          

 AA-10 AA-13 IND KS KY MI MN-2 MN-ON MO OH WI 

AA-10   0.02 -0.01 0.04 0.01 0.04 0.01 0.04 0.04 0.04 0.04 

AA-13 0.02 
 

0.00 0.06 0.03 0.06 0.01 0.03 0.03 0.06 0.03 

IND -0.01 0.00 
 

0.04 0.01 0.07 0.00 0.02 0.01 0.02 -0.02 

KS 0.04 0.06 0.04 
 

0.04 0.06 0.06 0.05 0.03 0.07 0.06 

KY 0.01 0.03 0.01 0.04 
 

0.04 0.00 0.03 0.03 0.03 0.01 

MI 0.04 0.06 0.07 0.06 0.04 
 

0.05 0.05 0.07 0.06 0.03 

MN-2 0.01 0.01 0.00 0.06 0.00 0.05 
 

0.00 0.02 0.02 0.03 

MN-ON 0.04 0.03 0.02 0.05 0.03 0.05 0.00 
 

0.03 0.04 0.04 

MO 0.04 0.03 0.01 0.03 0.03 0.07 0.02 0.03 
 

0.03 0.05 

OH 0.04 0.06 0.02 0.07 0.03 0.06 0.02 0.04 0.03 
 

0.06 

WI 0.04 0.03 -0.02 0.06 0.01 0.03 0.03 0.04 0.05 0.06   
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Table S5. Continued 
Introduced, Europe 
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A
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EU
- 0

1 

EU
-1

7 

EU
- 1

9 

EU
-2

0 

EU
- 2

2 

EU
- 2

4 

EU
- 2

6 

010908-1   0.07 0.03 0.03 0.10 0.13 0.05 0.02 0.01 0.04 0.07 0.07 0.01 0.01 0.00 0.01 0.01 0.02 0.11 0.05 0.05 0.07 0.02 0.04 

160808-1 0.07 
 

0.09 0.08 0.17 0.21 0.11 0.07 0.08 0.11 0.13 0.14 0.08 0.08 0.06 0.06 0.07 0.11 0.16 0.09 0.11 0.13 0.07 0.11 

160808-2 0.03 0.09 
 

0.05 0.13 0.15 0.08 0.02 0.03 0.06 0.09 0.10 0.03 0.04 0.03 0.02 0.03 0.07 0.12 0.05 0.07 0.09 0.04 0.07 

160808-3 0.03 0.08 0.05 
 

0.07 0.14 0.07 0.03 0.03 0.06 0.08 0.08 0.03 0.04 0.03 0.03 0.04 0.05 0.10 0.04 0.06 0.11 0.03 0.05 

160808-4 0.10 0.17 0.13 0.07 
 

0.22 0.13 0.10 0.08 0.14 0.14 0.16 0.09 0.11 0.10 0.11 0.13 0.14 0.19 0.16 0.13 0.20 0.11 0.11 

170808-1 0.13 0.21 0.15 0.14 0.22 
 

0.15 0.13 0.14 0.15 0.18 0.19 0.13 0.12 0.13 0.13 0.16 0.17 0.23 0.18 0.15 0.22 0.15 0.16 

170808-2 0.05 0.11 0.08 0.07 0.13 0.15 
 

0.07 0.05 0.07 0.11 0.12 0.06 0.07 0.06 0.06 0.07 0.06 0.15 0.09 0.08 0.13 0.04 0.07 

250808-2 0.02 0.07 0.02 0.03 0.10 0.13 0.07 
 

0.01 0.04 0.07 0.07 0.01 0.02 0.02 0.02 -0.01 0.04 0.09 0.04 0.05 0.06 0.03 0.04 

250808-4 0.01 0.08 0.03 0.03 0.08 0.14 0.05 0.01 
 

0.04 0.06 0.06 0.01 0.02 0.02 0.03 0.00 0.03 0.08 0.02 0.04 0.08 0.00 0.04 

260808-1 0.04 0.11 0.06 0.06 0.14 0.15 0.07 0.04 0.04 
 

0.09 0.10 0.05 0.04 0.04 0.05 0.04 0.07 0.14 0.10 0.07 0.11 0.03 0.04 

270808-2 0.07 0.13 0.09 0.08 0.14 0.18 0.11 0.07 0.06 0.09 
 

0.04 0.03 0.08 0.06 0.06 0.08 0.09 0.17 0.11 0.11 0.14 0.07 0.09 

280808-1 0.07 0.14 0.10 0.08 0.16 0.19 0.12 0.07 0.06 0.10 0.04 
 

0.02 0.08 0.08 0.07 0.07 0.11 0.14 0.13 0.11 0.14 0.08 0.09 

280808-2 0.01 0.08 0.03 0.03 0.09 0.13 0.06 0.01 0.01 0.05 0.03 0.02 
 

0.03 0.02 0.00 0.01 0.02 0.09 0.05 0.05 0.06 0.02 0.03 

290808-1 0.01 0.08 0.04 0.04 0.11 0.12 0.07 0.02 0.02 0.04 0.08 0.08 0.03 
 

0.02 0.02 0.00 0.03 0.11 0.05 0.06 0.08 0.02 0.04 

310808-2 0.00 0.06 0.03 0.03 0.10 0.13 0.06 0.02 0.02 0.04 0.06 0.08 0.02 0.02 
 

0.01 -0.01 0.04 0.10 0.03 0.06 0.07 0.01 0.04 

310808-3 0.01 0.06 0.02 0.03 0.11 0.13 0.06 0.02 0.03 0.05 0.06 0.07 0.00 0.02 0.01 
 

-0.01 0.02 0.11 0.04 0.05 0.07 0.01 0.05 

AACH-1 0.01 0.07 0.03 0.04 0.13 0.16 0.07 -0.01 0.00 0.04 0.08 0.07 0.01 0.00 -0.01 -0.01 
 

0.06 0.12 0.09 0.04 0.09 0.02 0.04 

EU-01 0.02 0.11 0.07 0.05 0.14 0.17 0.06 0.04 0.03 0.07 0.09 0.11 0.02 0.03 0.04 0.02 0.06 
 

0.14 0.11 0.09 0.12 0.05 0.06 

EU-17 0.11 0.16 0.12 0.10 0.19 0.23 0.15 0.09 0.08 0.14 0.17 0.14 0.09 0.11 0.10 0.11 0.12 0.14 
 

0.16 0.14 0.20 0.11 0.12 

EU-19 0.05 0.09 0.05 0.04 0.16 0.18 0.09 0.04 0.02 0.10 0.11 0.13 0.05 0.05 0.03 0.04 0.09 0.11 0.16 
 

0.10 0.17 0.05 0.08 

EU-20 0.05 0.11 0.07 0.06 0.13 0.15 0.08 0.05 0.04 0.07 0.11 0.11 0.05 0.06 0.06 0.05 0.04 0.09 0.14 0.10 
 

0.11 0.06 0.07 

EU-22 0.07 0.13 0.09 0.11 0.20 0.22 0.13 0.06 0.08 0.11 0.14 0.14 0.06 0.08 0.07 0.07 0.09 0.12 0.20 0.17 0.11 
 

0.11 0.10 

EU-24 0.02 0.07 0.04 0.03 0.11 0.15 0.04 0.03 0.00 0.03 0.07 0.08 0.02 0.02 0.01 0.01 0.02 0.05 0.11 0.05 0.06 0.11 
 

0.05 

EU-26 0.04 0.11 0.07 0.05 0.11 0.16 0.07 0.04 0.04 0.04 0.09 0.09 0.03 0.04 0.04 0.05 0.04 0.06 0.12 0.08 0.07 0.10 0.05 
 

EU-35 0.02 0.09 0.06 0.04 0.11 0.13 0.07 0.01 0.02 0.06 0.07 0.06 0.01 0.02 0.01 0.02 0.01 0.06 0.11 0.04 0.06 0.09 0.02 0.05 

FR-1 0.01 0.07 0.03 0.04 0.10 0.12 0.05 0.04 0.02 0.04 0.06 0.08 0.03 0.01 0.01 0.01 -0.01 0.03 0.12 0.02 0.04 0.09 0.02 0.04 

FR-10 0.02 0.08 0.07 0.05 0.11 0.12 0.06 0.03 0.03 0.05 0.08 0.09 0.03 0.03 0.02 0.05 0.00 0.05 0.10 0.05 0.05 0.09 0.03 0.05 
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FR-2 0.00 0.09 0.03 0.02 0.10 0.12 0.06 0.01 0.00 0.04 0.07 0.07 0.03 0.00 0.03 0.02 0.00 0.05 0.10 0.03 0.05 0.07 0.01 0.03 

FR-3 0.03 0.10 0.04 0.04 0.11 0.13 0.06 0.04 0.03 0.07 0.07 0.09 0.03 0.03 0.03 0.03 0.03 0.06 0.14 0.05 0.06 0.11 0.04 0.06 

FR-4 0.01 0.08 0.05 0.04 0.12 0.16 0.07 0.01 0.01 0.07 0.08 0.08 0.00 0.02 0.03 0.02 0.03 0.07 0.13 0.05 0.06 0.08 0.04 0.05 

FR-5 0.03 0.10 0.05 0.06 0.13 0.15 0.09 0.01 0.04 0.05 0.09 0.09 0.03 0.02 0.02 0.04 0.01 0.07 0.11 0.06 0.06 0.09 0.04 0.05 

FR-6 0.01 0.07 0.04 0.03 0.11 0.14 0.07 0.01 0.01 0.06 0.08 0.07 0.01 0.01 0.02 0.02 0.01 0.04 0.11 0.04 0.06 0.08 0.02 0.04 

FR-7 0.00 0.06 0.03 0.02 0.09 0.13 0.06 0.01 0.01 0.03 0.07 0.06 0.00 0.01 0.00 0.00 -0.01 0.03 0.10 0.03 0.02 0.08 0.01 0.04 

FR-8 0.01 0.07 0.04 0.03 0.09 0.13 0.06 0.04 0.01 0.04 0.06 0.07 0.01 0.02 0.02 0.01 0.02 0.04 0.10 0.04 0.05 0.08 0.02 0.03 

FR-9 0.01 0.07 0.03 0.01 0.11 0.12 0.04 0.00 0.00 0.02 0.06 0.07 0.00 0.00 0.01 0.01 -0.01 0.02 0.09 0.04 0.05 0.08 0.01 0.01 

HU-1 0.03 0.11 0.04 0.05 0.14 0.16 0.06 0.01 -0.02 0.05 0.08 0.11 0.01 0.05 0.03 0.03 0.04 0.09 0.15 0.08 0.04 0.10 0.04 0.05 
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Table S5. Continued 
Introduced, Europe. Continued 
 

 

EU
- 3

5  

FR
- 1

 

FR
- 1

0 

FR
- 2

 

FR
- 3

 

FR
- 4

 

FR
-5

 

FR
-6

 

FR
- 7

 

FR
-8

 

FR
-9

 

H
U

-1
 

010908-1 0.02 0.01 0.02 0.00 0.03 0.01 0.03 0.01 0.00 0.01 0.01 0.03 

160808-1 0.09 0.07 0.08 0.09 0.10 0.08 0.10 0.07 0.06 0.07 0.07 0.11 

160808-2 0.06 0.03 0.07 0.03 0.04 0.05 0.05 0.04 0.03 0.04 0.03 0.04 

160808-3 0.04 0.04 0.05 0.02 0.04 0.04 0.06 0.03 0.02 0.03 0.01 0.05 

160808-4 0.11 0.10 0.11 0.10 0.11 0.12 0.13 0.11 0.09 0.09 0.11 0.14 

170808-1 0.13 0.12 0.12 0.12 0.13 0.16 0.15 0.14 0.13 0.13 0.12 0.16 

170808-2 0.07 0.05 0.06 0.06 0.06 0.07 0.09 0.07 0.06 0.06 0.04 0.06 

250808-2 0.01 0.04 0.03 0.01 0.04 0.01 0.01 0.01 0.01 0.04 0.00 0.01 

250808-4 0.02 0.02 0.03 0.00 0.03 0.01 0.04 0.01 0.01 0.01 0.00 -0.02 

260808-1 0.06 0.04 0.05 0.04 0.07 0.07 0.05 0.06 0.03 0.04 0.02 0.05 

270808-2 0.07 0.06 0.08 0.07 0.07 0.08 0.09 0.08 0.07 0.06 0.06 0.08 

280808-1 0.06 0.08 0.09 0.07 0.09 0.08 0.09 0.07 0.06 0.07 0.07 0.11 

280808-2 0.01 0.03 0.03 0.03 0.03 0.00 0.03 0.01 0.00 0.01 0.00 0.01 

290808-1 0.02 0.01 0.03 0.00 0.03 0.02 0.02 0.01 0.01 0.02 0.00 0.05 

310808-2 0.01 0.01 0.02 0.03 0.03 0.03 0.02 0.02 0.00 0.02 0.01 0.03 

310808-3 0.02 0.01 0.05 0.02 0.03 0.02 0.04 0.02 0.00 0.01 0.01 0.03 

AACH-1 0.01 -0.01 0.00 0.00 0.03 0.03 0.01 0.01 -0.01 0.02 -0.01 0.04 

EU-01 0.06 0.03 0.05 0.05 0.06 0.07 0.07 0.04 0.03 0.04 0.02 0.09 

EU-17 0.11 0.12 0.10 0.10 0.14 0.13 0.11 0.11 0.10 0.10 0.09 0.15 

EU-19 0.04 0.02 0.05 0.03 0.05 0.05 0.06 0.04 0.03 0.04 0.04 0.08 

EU-20 0.06 0.04 0.05 0.05 0.06 0.06 0.06 0.06 0.02 0.05 0.05 0.04 

EU-22 0.09 0.09 0.09 0.07 0.11 0.08 0.09 0.08 0.08 0.08 0.08 0.10 

EU-24 0.02 0.02 0.03 0.01 0.04 0.04 0.04 0.02 0.01 0.02 0.01 0.04 

EU-26 0.05 0.04 0.05 0.03 0.06 0.05 0.05 0.04 0.04 0.03 0.01 0.05 

EU-35   0.01 0.03 0.01 0.04 0.02 0.03 0.01 0.01 0.02 0.02 0.05 

FR-1 0.01 
 

0.03 0.01 0.01 0.01 0.02 0.01 0.01 0.01 -0.01 0.01 

FR-10 0.03 0.03 
 

0.01 0.05 0.03 0.04 0.03 0.02 0.03 0.01 0.01 

FR-2 0.01 0.01 0.01 
 

0.01 0.01 0.02 0.01 0.00 0.01 -0.01 0.02 
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EU
-3

5 

FR
-1

 

FR
-1

0 

FR
-2

 

FR
-3

 

FR
-4

 

FR
-5

 

FR
-6

 

FR
-7

 

FR
-8

 

FR
- 9

 

H
U

-1
 

FR-3 0.04 0.01 0.05 0.01 
 

0.04 0.05 0.02 0.02 0.03 0.03 0.03 

FR-4 0.02 0.01 0.03 0.01 0.04 
 

0.00 0.02 -0.02 0.03 0.00 0.05 

FR-5 0.03 0.02 0.04 0.02 0.05 0.00 
 

0.03 0.03 0.01 0.01 -0.01 

FR-6 0.01 0.01 0.03 0.01 0.02 0.02 0.03 
 

0.00 0.01 0.02 0.03 

FR-7 0.01 0.01 0.02 0.00 0.02 -0.02 0.03 0.00 
 

0.01 -0.01 0.03 

FR-8 0.02 0.01 0.03 0.01 0.03 0.03 0.01 0.01 0.01 
 

-0.03 0.03 

FR-9 0.02 -0.01 0.01 -0.01 0.03 0.00 0.01 0.02 -0.01 -0.03 
 

-0.02 

HU-1 0.05 0.01 0.01 0.02 0.03 0.05 -0.01 0.03 0.03 0.03 -0.02   

 

Table S5. Continued 

Introduced, Australia      

 AU-01 AU-02 AU-06 AU-09 AU-13 AU-23 AU-33 

AU-01  0.06 0.11 0.07 0.16 0.06 0.10 

AU-02 0.06  0.11 0.05 0.16 0.06 0.12 

AU-06 0.11 0.11  0.10 0.18 0.10 0.16 

AU-09 0.07 0.05 0.10  0.18 0.07 0.13 

AU-13 0.16 0.16 0.18 0.18  0.14 0.22 

AU-23 0.06 0.06 0.10 0.07 0.14  0.12 

AU-33 0.10 0.12 0.16 0.13 0.22 0.12  
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Table S6. ABC-RF votes per scenario (/1000 decision trees) for introduction scenarios of Ambrosia artemisiifolia 
from divergent native sources of North America during initial (rows) and secondary (columns) into Europe (a) 
Australia (b)(Fig. 2) and Australian introduction from native AD and bridgehead EU (c, Fig. 3) within on multiple 
pseudo-datasets (Table S3). For c) scenarios are based on the European and Australian introduction scenario 
receiving most votes (a&b). The RF posterior probability corresponds to the scenario with highest number of votes. 
Event parameters descriptions and priors are in Table S5.  
 

a) European introduction from native genetic units 

i) Full dataset (result reported in main text) 
  

  
 Second introduction 

  
Native source 

Single 

introduction 
Southeast (SE) 

Northwest 

(NW) 
Admixed (AD) 

Fo
un

di
ng

 
in

tr
od

uc
tio

n  Southeast (SE) 86 112 178 28 

Northwest (NW) 98 234 93 54 

Admixed (AD) 8 42 57 10 

Posterior probability: 0.501; prior error: 44.01%       

ii) Pairwise FST<0.1 within the same genetic unit  

Fo
un

di
ng

 
in

tr
od

uc
tio

n Southeast (SE) 127 115 161 46 

Northwest (NW) 76 164 94 80 

Admixed (AD) 15 41 68 13 

Posterior probability: 0.499; prior error: 44.32%       

iii) Pairwise FST<0.1 within the same  unit & similar STRUCTURE assignment 

Fo
un

di
ng

 
in

tr
od

uc
tio

n  Southeast (SE) 135 118 150 58 

Northwest (NW) 109 148 101 45 

Admixed (AD) 13 64 54 5 

Posterior probability: 0.516; prior error: 44.85%       

 



 

 58 

Table S6. Continued 

b) Australian introduction from native genetic units 

i)  Full dataset (result reported in main text) 

  
 Second introduction 

  
Native 

source 

Single 

introduction 

Southeast 

(SE) 

Northwest 

(NW) 

Admixed 

(AD) 

Fo
un

di
ng

 in
tr

od
uc

tio
n Southeast 

(SE) 
16 4 30 68 

Northwest 

(NW) 
27 11 9 59 

Admixed 

(AD) 
442 60 58 216 

Posterior probability: 0.599; prior error: 47.30% 
  

ii) Pairwise FST<0.1 within the same unit, AU group 1 
 

Fo
un

di
ng

 in
tr

od
uc

tio
n Southeast 

(SE) 
9 6 29 87 

Northwest 

(NW) 
28 24 8 62 

Admixed 

(AD) 
354 88 71 234 

Posterior probability: 0.500; prior error: 48.44% 
  

iii) Pairwise FST<0.1 within the same unit, AU group 2 
 

Fo
un

di
ng

 in
tr

od
uc

tio
n Southeast 

(SE) 
34 8 19 95 

Northwest 

(NW) 
55 24 6 69 

Admixed 

(AD) 
344 171 60 115 

Posterior probability: 0.473; prior error: 49.12% 
  

iv) Pairwise FST <0.1 within the same unit & similar STRUCTURE assignment 

Fo
un

di
ng

 in
tr

od
uc

tio
n  Southeast 

(SE) 
47 21 38 95  

Northwest 

(NW) 
46 29 5 44  

Admixed 

(AD) 
343 133 68 131  

Posterior probability: 0.490; prior error: 50.78%  
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Table S6. Continued 
 

c) Australian introduction from native AD and bridgehead EU 

i) Full dataset (result reported in main text) 

Native  Bridgehead 

Admixed (AD) Europe (introduced) 

74 926 

Posterior probability: 0.998; prior error: 0.10% 

ii) Pairwise FST<0.1 within the same unit, AU group 1 

72 928 

Posterior probability: 0.999; prior error: 0.16% 

iii) Pairwise FST <0.1 within the same unit, AU group 2 

132 868 

Posterior probability: 0.999; prior error: 0.14% 

iv) Pairwise FST <0.1 within the same unit & similar STRUCTURE 

assignment 

Admixed (AD) Europe (introduced) 

94 906 

Posterior probability: 0.999; prior error: 0.15% 
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Table S7. Posterior parameter median and quantile distribution (2.5-97.5) for Ambrosia artemisiifolia Australian 
introduction through European bridgehead (Fig. 3 main text), based on ‘best’ introduction scenarios in preceding 
analyses (Table 3, main text). Parameters and parameter prior distributions are described in Table S4.  
 

Parameter prior median q2.5 q97.5 

N1 5000-20,000 15,693 8,483 19,801 

N2 5000-20,000 14,257 7,041 19,691 

N3 5000-20,000 13,789 6,107 19,682 

N4 5000-20,000 11,220 5,143 19,657 

N5 5000-20,000 12,075 5,202 19,667 

N6 5000-20,000 12,381 5,175 19,637 

N7 5000-20,000 12,605 5,482 19,692 

tbh 50-120 78 51 115 

dbh 0-50 34 15 50 

Nb5 150-1,000 332 158 564 

tpost 10-180 101 59 151 

rpost 0.1-0.9 0.24 0.11 0.48 

t2 60-180 126 81 174 

db2 0-60 34 3 59 

Nb6 150-1,000 534 167 974 

t1 100-180 147 106 179 

db1 0-60 36 3 59 

Nb7 150-1,000 567 160 962 

tpre 100-500 218 124 385 

rpre 0.1-0.9 0.74 0.50 0.89 

tanc 500-2,000 682 506 1,027 

Nanc 1,000-3,000 1,673 1,019 2,838 
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Figure S1a. Observed heterozygosity versus latitude (top figure) and longitude (bottom figure) in the native range 
for each sampling location (excluding sampling locations with >90% of loci with <4 called genotypes), with 95% 
confidence intervals, calculated across loci. Points are colored and shaped according to location code (latitude 
Spearman’s rho=0.673, p<0.001; longitude Spearman’s rho=0.525, p<0.001). 
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Figure S1b. Inbreeding coefficient (FIS) versus latitude and longitude in the native range for each sampling 
location (excluding sampling locations for which population statistics could not reliably be calculated), with 95% 
confidence intervals, calculated across loci. Points are coloured and shaped according to location code (latitude 
Spearman’s rho=0.693, p<0.001; longitude Spearman’s rho=0.509, p=0.001). 
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Figure S2a. STRUCTURE analyses of 20 replicate runs on 1022 randomly selected unlinked SNPs within 466 A. artemisiifolia samples as well as on subsets of the data (Native range of 

North America, and introduced ranges of Europe and Australia). with post-hoc evaluation (a, Evanno et al., 2005); top row shows log probability of the data for every inferred number of 

units K according, bottom row shows the delta K value (i.e. the second order rate of change in this log probability for every K).  
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Figure S2b Complete overview of STRUCTURE output for K from 2 to 8 summarized with CLUMPP and visualized with Distruct for all (b, corresponds to Fig. 5 in main text), North 

American (b), European (c) and Australian (d) populations. 
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Figure S2c. STRUCTURE output for K from 2 to 8 for North American populations 
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Figure S2d. STRUCTURE output for K from 2 to 8 for European populations 
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Figure S2e. STRUCTURE output for K from 2 to 8 for Australian populations. Only shown for K2-7, as when K 

exceeds the number of sampling locations (Australia had 7 locations), one or more clusters will have a mean 

assignment score no higher than 0.5 within any population. Such clusters should be removed from the analysis 

(Puechmaille, 2016). 
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Figure S3. Genetic principle component analysis on allelic frequencies across 1022 randomly selected unlinked 

SNPs within 466 Ambrosia artemisiifolia samples. Points are color-coded and shaped by sampling State or 

Province/Country (Table S1). Ellipses represent 95% confidence interval of the data for genetic units as defined 

for ABC-RF. The first two principle components are shown (percentage of variation explained by axis 1=1.75%; 

axis 2 =1.12%). 
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A 

 

B 

 

C 

 

Figure S4. Principle component analyses illustrating model posterior checking of the ‘best’ scenarios representing 

the Ambrosia artemisiifolia introduction history: a) multiple introductions from native NE & SW units into Europe; 

b) single introduction from native admixed unit into Australia; c) Australian introduction from bridgehead EU. 

The plots show the observed dataset (yellow circle) with 10,000 datasets simulated from prior (green open circles) 

and posterior distributions (green closed circles) in the space of the first four principle components summarizing 

the 112 (a&b) and 220 (c) summary statistics, representing 70.4% (a), 73.1% (b) and 62.4% (c) of the total 

variation. 
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Summary 

• Biological invasions provide opportunities to study evolutionary processes occurring over 

contemporary timescales. To explore the speed and repeatability of adaptation, we examined 

the adaptation of life-history traits to climate, using latitude as a proxy, in the native North 

American and introduced European and Australian ranges of the annual plant Ambrosia 
artemisiifolia.  

• We explored niche changes following introductions using climate niche dynamic models. In 

a common garden, we examined trait divergence by growing seeds collected across three 

ranges with highly distinct demographic histories. Heterozygosity-fitness associations were 

used to explore effect of invasion history on potential success. We accounted for non-

adaptive population differentiation using 11,598 SNPs.  

• We revealed a centroid shift to warmer, wetter climates in the introduced ranges. We 

identified repeated latitudinal divergence in life-history traits, with European and Australian 

populations positioned at either end of the native clines.  

• Our data indicate rapid and repeated adaptation to local climates despite the recent 

introductions and a bottleneck limiting genetic variation in Australia. Centroid shifts in the 

introduced ranges suggest adaptation to more productive environments, potentially 

contributing to trait divergence between the ranges.  

 

Keywords 

Invasion, trait evolution, climate niche dynamics, local adaptation, latitudinal clines, climate 

adaptation, heterozygosity fitness correlations 
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Introduction 

During biological invasions species commonly spread over large and climatically diverse 

geographic areas. In doing so, they often re-establish within climatic niches found in their native 

ranges, or flourish in new environments (Sax & Brown, 2000; Allendorf & Lundquist, 2003; 

Atwater et al., 2018). Although plasticity and broad ecological tolerance may facilitate success 

of invaders in many cases (e.g. Geng et al., 2007; Zhang et al., 2010), a growing number of 

empirical examples suggest that rapid adaptation to local conditions can also enable the 

establishment and spread of these species in the face of new selective dynamics (Huey et al., 

2000; Lachmuth et al., 2011; Colautti & Barrett, 2013; Chown et al., 2014; Turner et al., 2014; 

Oduor et al., 2016). As such, invasions provide an opportunity to study contemporary adaptive 

processes, which is key in an era of rapid, human-induced, environmental change.  

Comparisons of clinal patterns in life history traits within native and introduced ranges 

provide an important opportunity to observe if rapid and repeated adaptation can occur in 

response to similar climatic gradients (Moran & Alexander, 2014). However, many factors 

could impact the trait evolution of native and invasive populations evolving in response to 

similar climatic gradients resulting in divergent outcomes. Mating system and demographic 

events, such as bottlenecks, genetic drift and admixture could differentially affect native and 

invasives’ adaptive capacity or influence the route by which adaptive evolution proceeds (Lee, 

2002; Facon et al., 2006; Prentis et al., 2008; Rius & Darling, 2014; Estoup et al., 2016). Also, 

the probability of observing trait clines in the introduced range would be low if the strength of 

climate mediated selection is weak and/or the invasion is recent. By contrast, the invasion 

history could create patterns of trait variation (e.g., through climate matching (Maron et al., 
2004)) mimicking adaptive population divergence (Colautti et al., 2009; Colautti & Lau, 2015). 

Shifts in the biotic environment could lead to divergence of multiple traits linked by trade-offs 

(Blossey & Notzold, 1995). Dissection of these various mechanisms is required to advance our 

understanding of the role of rapid evolution in invasive spread (Keller et al., 2009; Bonhomme 

et al., 2010; Lachmuth et al., 2011; Agrawal et al., 2015; Cristescu, 2015; Dlugosch et al., 
2015a). More generally, as many single species have invaded several distinct regions of the 

globe, comparisons of the native range to multiple successful introductions could illuminate if 

and when traits evolve in parallel.  

Across environmental gradients, trade-offs among life history traits can shape adaptive 

trait divergence in response to local conditions and impact the evolutionary trajectory of trait 

combinations in invasive populations (Etterson & Shaw, 2001; Griffith & Watson, 2005; 

Colautti et al., 2010; Hodgins & Rieseberg, 2011; Colautti & Barrett, 2013). For example, 

reductions in season-length at higher latitudes are frequently reported to select for early 

flowering at the cost of diminished plant size (Colautti et al., 2010; Li et al., 2014). Coordinated 

shifts in life-history traits along latitudinal gradients within ranges have been documented in 
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several invasive plants (Dlugosch & Parker, 2008b; Hodgins & Rieseberg, 2011; Colautti & 

Barrett, 2013).  

Latitudinal patterns in plant size could have important evolutionary consequences for 

other plant traits. Variation in plant size can influence optimal resource allocation to male and 

female sex function (Charnov, 1982; De Jong & Klinkhamer, 1989; Klinkhamer et al., 1997). 

In wind-pollinated plants, height can affect fitness directly through more effective pollen 

dispersal in taller plants (Burd & Allen, 1988; Klinkhamer et al., 1997), as well as indirectly 

through increased availability of resources (Lloyd & Bawa, 1984; De Jong & Klinkhamer, 

1989; Klinkhamer et al., 1997; Zhang, 2006). Outcrossing wind-pollinated plants are predicted 

to adaptively change sex allocation to be more male-biased with increase in size (Lloyd, 1984; 

De Jong & Klinkhamer, 1989; de Jong & Klinkhamer, 1994; Klinkhamer et al., 1997), as local 

seed dispersal should lead to saturating female gain curves (Lloyd & Bawa, 1984; Sakai & 

Sakai, 2003), yet more linear male function gain curves are expected (Klinkhamer et al., 1997; 

Friedman & Barrett, 2009). Latitudinal clines in height could therefore be expected to lead to 

adaptive shifts in sex allocation. However, studies investigating the evolution of sex allocation 

patterns over wide geographic ranges are rare (Guo et al., 2010; Barrett & Hough, 2012).  

 We examine the repeatability and divergence of important life-history traits in the native 

North American and introduced European and Australian ranges of Ambrosia artemisiifolia. 

We raised seeds collected at 77 locations from broad climatic scales in a common garden and 

accounted for non-adaptive genetic differentiation using 11,598 genotype-by-sequencing 

SNPs, as neutral processes could impact trait variation. We investigate four specific questions: 

1) Do native and introduced populations occur in similar climates niches? As climate is likely 

important in governing trait variation in this species, we examined climatic niche shifts 

following introduction to assess how traits might be predicted to diverge within and among the 

ranges. 2) Is there evidence for rapid parallel adaptation to latitude? Repeatable trait clines for 

each range along latitudinal gradients, strongly associated with many aspects of climate, would 

provide strong evidence that rapid adaptation to similar selective environments has occurred. 

We additionally explore coordinated shifts in traits potentially linked by trade-offs. 3) Is there 
evidence for trait differentiation between native and introduced ranges? By examining patterns 

across multiple introduced ranges, we can explore if novel recipient communities generated 

trait divergence during introduction, or if adaptation to local climates dominates patterns of trait 

variation. 4) Is there a correlation between heterozygosity and fitness related traits? Significant 

correlations would reveal if demographic changes such as bottlenecks, admixture and 

inbreeding have likely impacted the evolution of traits during this species’ extensive range 

expansion. Such correlations are predicted at the individual and population level in regions that 

have recently expanded their range, including those that have undergone admixture (Peischl & 

Excoffier, 2015).  
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Material and methods  

Study species 
Ambrosia artemisiifolia is a wind pollinated, outcrossing, hermaphrodictic annual, which has 

aggressively spread from its native North America to many regions worldwide (Laaidi et al., 
2003; Smith et al., 2013). The first records documenting the invasion are in central France 

around 1850 (Chauvel et al., 2006). Multiple introductions from distinct native sources ensued 

to both east and west Europe, resulting in levels of genetic variation equivalent to those found 

in the native range (Chun et al., 2010; Gladieux et al., 2010; Gaudeul et al., 2011; van 

Boheemen et al., 2017b). Genetic analysis suggests the Australian populations originate from 

a subsequent single introduction event around 80 years ago, derived from the European 

introduction, although the exact source is unknown (van Boheemen et al., 2017b). Range 

expansion likely occurred both north- and southward following this south-Queensland 

introduction (Palmer & McFadyen, 2012; van Boheemen et al., 2017b) 

Latitudinal clines in phenology have been observed within the native North American 

range and the introduced ranges of Europe (Chun et al., 2011; Leiblein-Wild & Tackenberg, 

2014) and China (Li et al., 2014), with earlier reproduction and greater relative investment in 

reproductive biomass in high-latitudinal compared to low-latitudinal populations (Chun et al., 
2011; Hodgins & Rieseberg, 2011; Li et al., 2014). The wind-spread pollen is a major cause of 

hayfever worldwide and its medical treatment costs millions of dollars each year (Taramarcaz 
et al., 2005), providing considerable incentive to understand the factors impacting pollen 

production in this species. 

 

Climate niche dynamics 
 To estimate the climatic niche occupied by A. artemisiifolia in its native North 

American, introduced Eurasian and Australasian ranges, we used ordination-based species 

distribution models. Models were taken from a larger study of 835 species (Atwater et al., 
2018), where the methods are described in detail. Briefly, occurrence data were collected from 

the Global Biodiversity Information Facility and plotted in 2-dimensional climate space based 

on rotated component variables (RCA1: temperature and RCA2: precipitation) of the 19 

WorldClim variables (Hijmans et al., 2005) representing annual trends, seasonality and means 

in temperature or precipitation (Table S1, Supplementary Material). We selected these variables 

as they are commonly used in studies on species distribution and local adaptation, including 

studies of A. artemisiifolia (e.g. Leiblein-Wild & Tackenberg, 2014; Sun et al., 2017). 

Geographic and climatic sampling bias was removed to produce estimates of occurrence 

probability in each set of climatic variables, for each of the three ranges (North American, 

Eurasian, and Australasian). We used Monte Carlo resampling (n = 120) to compare observed 
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niche dynamics to those expected using randomly resampled occurrence points (Atwater et al., 
2018). We used Schoener’s D (Schoener, 1968) to estimate niche overlap between the native 

range and each introduced range, and we estimated niche stability, expansion (species 

occupying climates in their introduced range that are unoccupied in the native range), and 

unfilling (species occupying climates in the native range that are unoccupied in the introduced 

range)(Guisan et al., 2014). Finally, we tested whether the location of the niche centroid 

differed between native and introduced ranges. 

 

Data collection 

To investigate local environments, we described climatic differences between 27 populations 

in the native range of North America, 32 populations in the introduced European range, and 18 

populations in the introduced Australian range (Fig. S1, Supplementary Material). We used the 

19 WorldClim variables and added a geographic dimension to the data by including altitude, 

latitude and longitude, as these variables are shown to be important in A. artemisiifolia growth 

and fitness (Chun et al., 2011; Chapman et al., 2014), with the latter affecting season length 

and photoperiod (Ziska et al., 2011). To explore associations between climatic and geographic 

variables in the sampled populations, we applied a principal component analysis (PCA). We 

opted to present latitudinal trait clines only, as i) the primary principle component was highly 

correlated with latitude (Fig. S2); ii) precipitation and temperature variables were strongly 

associated with latitude (Spearman’s ρ2=0.326-0.417 (Table S2); iii) exploratory analyses 

revealed associations between each trait and many climatic and geographic variable were highly 

similar to trait~latitude trends (results not shown); and iv) is shown to affect A. artemisiifolia 

season length and photoperiod (Ziska et al., 2011). 

To assess the potential for adaptive differentiation along latitudinal gradients, we 

measured trait variation in a common garden of raised seeds collected at broad geographical 

scales across the three ranges. This is a traditional approach to detect genetic differences among 

populations (e.g. Bossdorf et al., 2005; Colautti et al., 2009; Hodgins & Rieseberg, 2011; 

Savolainen et al., 2013; de Villemereuil et al., 2016). We collected seeds in 2013-2014 and 

randomly selected an average of 12 maternal families with 20 seeds per family from each 

population (for a full description of data collection methods, see Supplementary Methods). 

Following a 6-week stratification at 4°C (Willemsen, 1975), we placed seeds in a 30°C 

germination chamber with 12h light/dark cycle. Two weeks after germination, we planted a 

randomly selected seedling from each maternal line in a random order into 100ml kwikpot trays 

with Debco Seed Raising Superior Germinating Mix. We top-watered all plants and artificially 

manipulated daylight following the light cycle at 47.3°N (median latitude over all sampling 

locations). One month later, we performed a second transplant (hereafter day 0) to 0.7L pots 

with Debco mix and 1.5ml slow-release fertilizer (Osmocote Pro, eight to nine months). We 
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examined variation in life-history traits including phenology, growth, and vegetative and 

reproductive allocation (Table 1).  

 

Table 1. Traits included in this study.  

Trait Description 

Max. height Maximum measured height 

Total biomass Above- and belowground dry biomass 

Max. growth rate Sensu Chuine et al. (2001) 

Flowering onset 
First recorded day of flowering (number of days after second transplant); first day of pollen release 
(male function) or receptive female function 

Dichogamy 
First recorded day of pollen release - first recorded day of receptive female function (a positive value 
is protogyny, a negative value is protandry) 

Floral sex allocation (female/male) Female (seeds) / male (raceme) dry weight (a value >1 is higher biomass allocation to female 
function) 

Weight per seed Dry weight per seed in milligrams, averaged over 20 seeds (where available) 

Total reproductive biomass Female (seeds) and male (raceme) dry weight 

Relative reproductive biomass Total reproductive biomass / total plant biomass 

Specific leaf area Leaf area of fully expanded fresh leaf/leaf dry weight 

 

  

To assess neutral genetic differentiation underlying trait variation resulting from non-

adaptive evolutionary processes, we extracted DNA from leaf tissue of 861 individuals and 

performed double-digest genotype-by-sequencing library preparation (see Supplementary 

Methods). We aligned and filtered raw sequences following van Boheemen et al. (2017b). 

Briefly, SNPs were aligned using BWA-mem (Li & Durbin, 2009) to a draft reference genome 

for A. artemisiifolia (van Boheemen et al., 2017b). We called variants with GATK 

HaplotypeCaller and filtered SNPs using GATK hard-filtering recommendations (McKenna et 
al., 2010; Van der Auwera et al., 2013). We identified a total of 11,598 polymorphic biallelic 

SNPs with 50% SNP call rate. We inferred population genetic structure and calculated 

individual and population level q-scores for the most likely number of clusters K (=2) with the 

Bayesian clustering method STRUCTURE v2.3.4 (Pritchard et al., 2000). We used these 

STRUCTURE q-values as a proxy for genetic and, therefore, trait differentiation resulting from 

non-adaptive (neutral) mechanisms.  

 To explore the impact of heterozygosity on fitness-related traits we calculated 

heterozygosity (HO) for each population as the proportion of heterozygous loci out of the total 

number of called genotypes for each individual. Introductions could diminish or increase 

heterozygosity, which in turn could inhibit or stimulate invasion (e.g. inbreeding due to genetic 

drift or heterosis following admixture). 

 

Statistical analyses 

We conducted all statistical analyses in R v3.4.3 (R Core Team, 2017). We improved normality 

and reduced heteroscedacity of the data by square root or log-transforming traits where 

appropriate. We tested all univariate linear mixed models using the lme4 package (Bates et al., 
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2014). To account for demographic history in patterns of trait divergence, we included 

STRUCTURE q-scores (individual or population mean as appropriate) as a random effect in all 

univariate mixed models. We calculated significance of fixed effects using type III Wald F tests 

with Kenward-Roger’s approximation of denominator degrees of freedom and step-wise 

removed non-significant (p>0.05) fixed effects using the lmerTest package (Kuznetsova et al., 
2015), starting with the highest order interactions. To reduce false discovery of associations 

due to the number of traits being tested, we ‘fdr’ corrected p-values (hereafter q-values) of the 

combined final models using the p.adjust function, further reducing models when applicable. 

To explore patterns of latitudinal trait divergence among ranges, potentially indicative 

of local adaptation, we tested population mean trait responses to range (native North America, 

introduced Europe and Australia), latitude, their interaction and latitude2 (to account for non-

linear trait responses) in multi- and univariate models ((M)ANCOVA). In these analyses, 

latitude values are not randomly distributed among ranges due to the geographic distribution of 

A. artemisiifolia, suggesting a violation of independence (Miller & Chapman, 2001). However, 

the values of the covariate (latitude) are observational and not manipulated by the independent 

variables (range) and the (M)ANCOVA assumptions are thus not violated (Keppel, 1991). We 

increased the power of the multivariate analysis (Scheiner, 2001) by removing highly correlated 

traits (Spearman’s r2>0.6, Table S3, Supplementary Material) and calculated the approximate 

F-statistics and Wilks’ λ (multivariate F-value) to measure the strength of the associations.  

To explore differences in latitudinal trait clines between ranges as revealed in the 

ANCOVAs, we tested for significant two-way interactions between range and latitude which is 

indicative of non-parallel trait~latitude slopes among the ranges. To further dissect the extent 

of trait divergence and its dependence on latitude, we compared model estimates of traits in the 

introduced ranges to the native estimates at the minimum and maximum observed latitude in 

each range, where applicable (EUmin, NAmax, NAmin and AUmax) (Fig. S4, Supplementary 

Material). We tested overall pairwise range differences in trait values for significant range 

effects, when higher order interactions involving range were not significant. We explored the 

highest order significant interactions, using χ2 tests with Holm p-value correction using the phia 

package (De Rosario-Martinez, 2015.). 

We verified the presence of the well-described plant height-flowering time trade-off and 

examined associated patterns in other reproductive traits (dichogamy and sex allocation) within 

ranges. We tested linear relations between individual trait values of plants in mixed models, 

with plant height, range and their interaction as fixed effects. In addition to individual 

STRUCTURE q-values, we added population as random effect. A significant interaction 

between range and height indicated a differential slope between the focal reproductive trait and 

plant height between ranges.  
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To investigate geographical patterns in genetic diversity of populations, we tested the 

effect of range, latitude, their interaction and latitude2 on population mean HO. To explore the 

effect of heterozygosity on chosen traits, we included population mean HO, latitude, their 

interactions with range and latitude2 as fixed effects. To reduce false positive association due 

to multiple testing, we only tested the response of growth (plant height and biomass) and fitness 

(total reproductive biomass and average seed weight) related traits. As we identified signatures 

of repeated local adaptation in floral sex allocation (Results), we also tested the response of this 

trait.  

 

Results 

Climate niche dynamics 

Niche overlap (D) was significantly lower than expected between the North American native 

and Eurasian invasive range (P<0.001) although the native and Australasian range did not have 

significantly lower overlap than expected (P=0.425). However, niche stability was low between 

the native and both invasive ranges (P<0.001). Climatic niche unfilling and expansion were not 

significantly different than the null model, except that especially low expansion was found in 

the Eurasian population (P=0.017), meaning that 

while the niche shifted, the species did not tend to 

occupy completely novel climates in its Eurasian 

range. In both introduced ranges the niche centroid 

shifted significantly towards hotter, wetter climates 

(P<0.001; Fig. 1).  

 

 

Figure 1. Climatic niche models of the native North 

American population (A) and introduced Australasian (B) 

and Eurasian (C) populations. Each panel shows the climate 

space occupied in the respective range, with a PCA variable 

corresponding to temperature on the x-axis and a PCA 

variable corresponding to precipitation on the y-axis. Colour 

indicates occurrence probability in a given climate (red: high 

occurrence, green: medium occurrence, blue: low 

occurrence, grey: no occurrence). Open circles plot climates 

of the North American source localities. Closed circles plot 

the climates of the respective introduced range. On panels B 

and C, the dashed line encloses the climates shared by both 

the native North American and respective introduced range. 
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We note that this climate analysis compares the entire Eurasian and Australasian ranges 

with the native North American range. For our common garden analysis, we focused only on 

specific latitudinal transects in Europe and Australia to examine how traits have evolved along 

latitudinal clines during invasion, and did not include any Asian populations. We include this 

more general analysis of climate niche to assess how climate shifts might contribute to trait 

divergence among the ranges generally, although our sampling for the common garden was 

more limited. 

 
Climate of sampled populations 

Climatic variables across all populations in the native North American, introduced European 

and introduced Australian ranges could be effectively summarized by the first two principle 

components (PC) in the PCA (Fig. S2, Table S2, Supplementary Material), which together 

explained 70.06% of between-population variation. Here, PC1 was strongly associated with 

latitude, temperature and seasonality, whereas PC2 was mostly precipitation related (Fig S2, 

Table S2). The climate experienced by Australian populations was distinct from the North 

American and European ranges (Fig. S2, Table S2), with higher annual, winter and summer 

temperatures, and with lower seasonal variation. Moreover, given the sub-tropical location of 

Australian populations, the sampled populations experienced higher precipitation during the 

growing season (Fig. S2). 

 

Repeatability in trait clines among ranges 
Traits across all North American, European and Australian ranges were well summarized by 

the PCA, where the first two PCs explained 83.1% of all variation (Fig. S3, Supplementary 

Material). The main PCs were associated with each trait to a similar extent, so no trait 

syndromes were apparent. Traits measured in Australian plants were generally distinct from the 

other populations although there was some overlap in multivariate space among the ranges (Fig. 

S3, Table S3). Multivariate trait analyses revealed a significant two-way interaction between 

latitude and range (F14,120=1.796, p=0.047, Wilks’ l=0.684) (Table S4) suggesting latitudinal 

trait clines exist, but do not have the same relationship within ranges for all traits. Further 

dissection of these patterns in univariate analyses revealed maximum growth rate, flowering 

onset, dichogamy, average seed weight, total reproductive biomass and specific leaf area (SLA) 

displayed similar latitudinal clines among ranges, indicated by a significant latitude effect but 

an absence of a higher-order interaction (Fig. 2, Table 2).
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Figure 2. Traits responses (population means) to absolute latitude in the native North American (blue triangles), 

introduced European (green squares) and Australian (red circles) ranges, with model predictions and 95% shaded 

confidence intervals from step-wise reduced models (Table 2). 
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We identified range differences in latitudinal trait clines for maximum height, total biomass, 

floral sex allocation and relative reproductive biomass, as indicated by significant range:latitude 

interactions. However, all of these slopes were significantly different from zero and were in the 

same direction as the native North American patterns (Fig. 2, Table S5a). These results are 

consistent with local adaptation along a latitudinal gradient in all three ranges.  
 

Table 2. Ambrosia artemisiifolia population mean trait responses to range, latitude, their interaction and latitude2, 

with population q-values as random effects. We reported Wald type III F-values, with Kenward-Roger degrees of 

freedom as subscript and symbols specifying significance (fdr corrected q) of effect.  

 Range Latitude Latitude2 Range:Latitude 
Max. height 3.8862,70.57* 55.9631,71.9*** 0.5811,70.97(ns) 4.0682,70.35* 
Total biomass 3.3442,69.25# 3.2271,70.98# 5.2141,70.97* 3.6672,69.14* 
Max. growth rate 6.4052,71.98** 21.6581,70.76*** 2.0251,73(ns) 1.1012,69.14(ns) 
Flowering onset 6.8622,71.978** 158.3011,70.763*** 1.1021,73(ns) 3.432,69.14# 
Dichogamy 10.5211,73** 8.1632,71.18** 6.8051,72.99* 3.1572,69.14# 
Floral sex allocation (female/male) 6.3542,69.82** 6.0481,66.76* 7.9491,66.27* 7.0942,69.77** 
Weight per seed 4.1562,66.13* 25.7581,72.41*** 23.7041,72.88*** 0.182,67.29(ns) 
Total reproductive biomass 27.4781,73*** 6.8562,71.18** 20.5091,72.99*** 3.4272,69.14# 
Relative reproductive biomass 6.4362,70.57** 22.8391,71.9*** 2.9971,70.97(ns) 6.4222,70.35** 
Specific leaf area 7.6262,67.39** 17.1671,66.45*** 1.8071,63.65(ns) 3.0032,65.14# 

ns q>0.1; # q<0.1; * q<0.05, ** q<0.01; *** q<0.001 
 

 At higher latitudes, plants were shorter, weighed less, reached lower maximum growth 

rates and flowered earlier. Flowering onset extremes were 14-133 days after transplant 

(population means for EU20 and AU13, Fig. 2). In all ranges, dichogamy (the temporal 

separation of pollen dispersal and emergence of receptive stigma within an individual plant) 

was prevalent. Protogyny (emergence of stigma prior to pollen release) predominated at higher 

latitudinal populations, with receptive stigmas being visible up to 40 days before any pollen 

was released within the same plant (EU20)(Fig. 2). Conversely, protandry prevailed at latitudes 

below 40° from the equator, with pollen release occurring up to 14 days before stigmas became 

receptive (NC)(Fig. 2). Floral sex allocation followed a similar trend across ranges, with a slight 

male function bias at lower latitudes, shifting towards an extreme female function bias at high-

latitude populations (Fig. 2). The biggest seeds were found at mid-latitudinal populations 

(38.6°N in KY), with seeds decreasing in size towards the high and low latitudes (Fig. 2, Table 

2). Total reproductive biomass also showed a similar curved relationship, with the combined 

weight of racemes (male floral sex function) and seeds (female floral sex function) being up to 

three times as high at mid-latitudinal populations compared to high-latitudinal plants. In 

contrast, the relative reproductive biomass increased with latitude. Within each range, plants 

from lower latitudes had lower SLA (Fig. 2).  

 

Trait divergence between ranges 
While latitudinal trait clines were repeatable for many traits as described above, we identified 

shifts in trait values at comparable latitudes as revealed by significant range effects (Table 2). 

Maximum growth rates were highest in Europe and lowest in Australia (Fig. 2, Table 3a). 
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European plants also flowered later than North American and Australian plants at similar 

latitudes. The temporal separation between pollen release and the appearance of receptive 

stigma (dichogamy) was greater in the native North America compared to Europe (Fig. 2, Table 

3a). European seeds were heavier, and plants had higher total reproductive biomass than those 

measured in the other ranges. At any given absolute latitude, Australian leaves had higher SLA 

compared to the native range, with lowest SLA in European populations (Fig. 1, Table 3a).  
 

Table 3. Range differences of A. artemisiifolia population mean traits at comparable latitudes for significant 

(q<0.05) range effects (a, Table 2) and trait differences between ranges at minimum (min) and maximum (max) 

latitudes (Figure S4, Supplementary Material) for significant range:latitude interactions by comparing trait values 

(b, Table 2). We reported Wald type III F-values test, Kenward-Roger degrees of freedom as subscript and symbols 

specifying significance of effect.  

a) 
North America - 

Europe 
North America - Australia 

Europe - 

Australia 

Max. growth rate 12.3281** 4.2641* 1.2781** 
Flowering onset 16.4651*** 0.1231(ns) 13.2691*** 
Dichogamy 18.81*** 0.0771(ns) 4.871# 
Weight per seed 7.441* 2.0591(ns) 6.0021* 
Total reproductive biomass 15.2281*** 0.8111(ns) 6.5161* 

Specific leaf area 2.7341# 14.9361*** 14.7361*** 

b) North America (NA) - Europe (EU) North America (NA) - Australia (AU) 

Trait EUmin NAmax NAmin AUmax 

Max. height 8.6791** 25.2361*** 4.8181# 0.0391(ns) 
Total biomass 0.3391(ns) 15.5721*** 0.5641(ns) 1.3071(ns) 

Floral sex allocation (female/male) 0.0121(ns) 26.4171*** 1.5861(ns) 0.0961(ns) 

Relative reproductive biomass 4.2891(ns) 7.5571* 0.0651(ns) 0.0171(ns) 

ns q>0.1; # q<0.1; * q<0.05, ** q<0.01; *** q<0.001 
 

 

Dissection of range differences in latitudinal trait clines (maximum plant height, total 

biomass, floral sex allocation and relative reproductive biomass) revealed most significant 

interactions between range and latitude were prompted by clinal differences between the 

introduced European and native North American populations (Table S5, Supplementary 

Material). For these traits, the discrepancy between North American and European trait values 

increased with increasing latitudes, such that at high-latitude populations, European plants were 

taller, heavier and less female-biased in floral sex allocation (Table 3b). Moreover, Australian 

plants found closest to the equator were significantly shorter than native North American 

expectations (Table 3b). 
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Figure 3. Flowering time, dichogamy and floral sex allocation responses to maximum plant height (individual values) in the native North American (NA, blue triangles), introduced European 
(EU, green squares) and Australian (AU, red circles) ranges, with model predictions and 95% shaded confidence intervals from step-wise reduced models (Table 4). Differences in slopes are 
indicated by letters and are significantly different from zero unless otherwise indicated (ns)(Table S5, supporting information).  
 
Table 4. Flowering time and sex function allocation responses to maximum plant height (Height), range and their interaction, with individual q-values and population as random effects. We 
reported Wald type III F-values test, Kenward-Roger degrees of freedom as subscript and symbols specifying significance of effect.  

Trait Range Height Range:Height 

Flowering onset 20.6582,606.14*** 105.0821,766.54*** 14.7672,671.02*** 
Dichogamy 6.503,510.44** 51.2351,670.96*** 10.6212,545.18*** 
Floral sex allocation (female/male) 17.4512,508.47*** 138.0841,659.31*** 16.9632,508.47*** 

ns q>0.1; # q<0.1; * q<0.05, ** q<0.01; *** q<0.001 
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Trade-offs between life-history traits 
We tested for the presence of a trade-off between plant height and flowering time and 
investigated associated patterns in dichogamy and floral sex allocation and height. As expected, 
taller plants started flowering later in both the native and the introduced European range, though 
this pattern was not significant in introduced Australian populations (Fig. 3, Table 4, Table S6, 
Supplementary Material). Correspondingly, we observed protogyny and a large female-biased 
sex allocation in short plants versus protandry with a slight male bias in tall plants. These 
dichogamy associations with height were not significant in Australia (Fig. 3, Table 4 & S6). 
However, it is possible that the maximum pot size used in the greenhouse may have limited the 
growth of some large Australian plants.  
 

 
Figure 4. Total biomass and weight per seed response to heterozygosity (population means) in the native North 
American (blue triangles), introduced European (green squares) and Australian (red circles) ranges, with model 
predictions and 95% shaded confidence intervals from step-wise reduced models (Table 5). Slopes of predicted 
lines are significantly different from zero, unless otherwise indicated as (ns). 
 

Associations between heterozygosity and life-history traits 
To identify geographic patterns in observed heterozygosity (HO), we tested the effect of range, 
latitude and their interaction on HO. We found no latitudinal patterns in HO varying within 
ranges (range:latitude, χ21=3.811, p=0.149) or among all ranges (latitude, χ21=0.000, p=0.986). 
We did identify variation between ranges (range, (χ21=6.446, p=0.040), resulting from 

significantly lower HO in Australia compared to native North America (χ21=6.446; p=0.033). 
When accounting for latitude and population genetic structure, we found a significant 
interaction effect between mean population HO and range on total biomass (Fig. 4, Table 5). 
Pairwise range comparisons in post-hoc tests revealed a higher HO that was associated with 
heavier Australian plants (Table S7, Supplementary Material). Moreover, we found that mean 
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population HO was positively correlated with seed size in all ranges (Fig. 4, Table 5). We found 
no effect of mean observed heterozygosity on plant height, phenology, dichogamy, total or 
relative reproductive investment and floral sex allocation (Table 5).  
 

Table 5. Trait responses (population mean) to range, latitude, latitude2, heterozygosity (HO) and interactions, with 
population q-values as random effects. We reported Wald type III F-values test values, Kenward-Roger degrees 
of freedom as subscript and symbols specifying significance of effect.  

 HO Range Latitude Latitude2 HO:Range Range:Latitude 

Max. height 0.0071,70.75(ns
) 3.4352,69.52# 51.0071,70.95*** 0.1981,69.96(ns) 0.0952,59.46(ns) 3.6992,69.23# 

Total biomass 8.4551,53.099* 4.9422,65.157* 108.3621,68.316*** 0.6991,69.812(ns) 3.9472,64.456* 2.0552,66.152(ns) 
Total reproductive 
biomass 0.2631,71.8(ns) 7.1232,70.12** 19.1161,71.91*** 24.9121,71.96*** 0.2742,59.46(ns) 1.7212,68.2(ns) 

Weight per seed 5.8581,38.45* 3.2712,47.3# 23.5161,71.93*** 20.7761,71.84*** 0.0692,25.95(ns) 0.3322,55.71(ns) 
Floral sex 
allocation 
(female/male) 

0.121,69.63(ns) 6.6192,68.56** 6.2291,69.87* 7.551,69.84* 0.0962,59.46(ns) 7.2872,68.47** 

ns q>0.1; # q<0.1; * q<0.05, ** q<0.01; *** q<0.001 

 

Discussion 

We show genetically based differentiation along multiple latitudinal clines in all examined traits 
including plant size, growth, reproductive investment, phenology, dichogamy, SLA, and sex 
allocation. Remarkably, the clinal patterns apparent in the native range evolved repeatedly 
within both introduced ranges over the course of only 100-150 years and despite limited neutral 
genetic variation in the introduced Australian range. These patterns are consistent with rapid 
adaptation, as we accounted for neutral genetic differentiation and plasticity. Moreover, low 
effects of maternal environment are expected (Hodgins & Rieseberg, 2011) and the introduction 
history of this species (van Boheemen et al., 2017b) reveals climate-matching (Maron et al., 
2004) is unlikely. The adaptive trait divergence at similar latitudes, together with a centroid 
shift to warmer and wetter climates in the introduced ranges, could suggest invasive populations 
have adapted to more productive environments following introduction. The observed rapid 
evolution has implications for the evolutionary potential of this species and further range 
expansion following climate change. Furthermore, the divergence of reproductive traits such as 
flowering time, sex allocation and seed size during recent range expansion should impact the 

production of allergenic pollen as well as the abundance and dispersal of seed that could impact 
spread.  
 
Climate niche shifts 
Higher resource levels, such as increased water availability, are a known contributor to invasion 
in many plant species (Blumenthal, 2006; Dlugosch et al., 2015b). Increased resource 
availability may occur through a shift in the fundamental or realized niche during invasion. The 
latter can result from reductions in competition, perhaps reflecting the presence of a vacant 
niche in the introduced range (e.g. Dlugosch et al., 2015b). Climate niche dynamics analysis 
reveals higher A. artemisiifolia abundance in warmer and wetter climates in the introduced 
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ranges compared to the native range. It is possible that this centroid shift reflects an historic 
effect where colonization of warmer and wetter environments occurred earlier, or perhaps by 
genotypes pre-adapted to these climates (but see van Boheemen et al., 2017b). Alternatively, 
the shift might reflect changes in biotic interactions leading to greater abundance of this species 
in high resource environments or differences in the availability of these climates in the 
introduced regions. Evolutionary processes that allow introduced species to colonize warmer 
and wetter environments than those occupied by native plants could also cause centroid shifts. 
This evolutionary interpretation is supported as Australian populations follow trait trajectories 
parallel to, but extending beyond, those of the native range.  

 
Repeated latitudinal clines 
Our common garden experiments using samples collected across multiple similar latitudinal 
gradients, reveal that local adaptation can happen quickly and predictably, with repeated 
evolution of native clines in both of the introduced ranges. Latitudinal clines in phenology and 

size are a common feature of many geographically widespread plant species (e.g. Colautti et 
al., 2010; Li et al., 2014), with A. artemisiifolia flowering shown to be driven by the association 
between season length and latitude (Ziska et al., 2011). Short season lengths at high latitudes 
can select for earlier flowering (Bradshaw & Holzapfel, 2008; Colautti & Barrett, 2013), while 
the evolution of delayed flowering at low latitudes reflects the trade-off between size and the 
timing of reproductive maturity, where fitness is maximized by flowering later at a large size 
(Colautti et al., 2010; Colautti & Barrett, 2013). This correlation between plant size and 
flowering time has been reported for A. artemisiifolia (Hodgins & Rieseberg, 2011; Leiblein-
Wild & Tackenberg, 2014; Scalone et al., 2016) and our results are consistent with rapid genetic 
differentiation in plant size, growth rates and phenology in response to latitude-associated 
selection pressures such as season length.  

We exposed repeated patterns of genetic differentiation in sex allocation strategy over 
similar latitudinal clines, consistent with rapid adaptation to local climate. Plants sourced from 
higher latitudes displayed female-biased sex-allocation and protogyny, with more balanced 
floral sex allocation and a decrease in the temporal separation of male and female function 
towards the equator. Previous studies on A. artemisiifolia showed plasticity for sex-allocation 
and dichogamy in relation to plant size (Paquin & Aarssen, 2004; Friedman & Barrett, 2009; 
Friedman & Barrett, 2011) and ample genetic variation for evolution to act on (Friedman & 

Barrett, 2011). The patterns observed this study are consistent with theory on sex allocation in 
outcrossing wind-pollinated hermaphrodites with local seed dispersal. Spatial heterogeneity has 
been observed in animal pollinated plants, where small, resource limited individuals often 
allocate more resources to male function (Korpelainen, 1998; Guo et al., 2010). However, these 
studies are on wild populations and cannot separate environmental and genetic effects in 
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allocation patterns along resource gradients. Our current findings from common garden 
experiments are therefore novel in identifying genetic differentiation among populations in sex 
allocation over spatial gradients.  
 
Trait divergence among the ranges 
Many hypotheses aim to explain the success of invasive species, including the evolution of 
increased competitive ability (EICA) through escape from native herbivores (Blossey & 
Notzold, 1995). Moreover, if trade-offs between performance and abiotic stress tolerance occur, 
greater resources could facilitate the evolution of more competitive phenotypes in introduced 
ranges (Grime, 1977; Bossdorf et al., 2005; He et al., 2010; Dlugosch et al., 2015b). Our 
reported trait shifts in European population compared to natives at equivalent latitudes indeed 
suggest an increase in competitive ability, commonly measured as elevated plant growth and 

reproductive effort (Felker-Quinn et al., 2013). As no evidence for EICA is found in Europe 

(Hodgins & Rieseberg, 2011), these observations might reflect the warmer and wetter European 
climate (Fig. 1). Notably, although Europe was identified as the introduction source for 
Australian populations (van Boheemen et al., 2017b), traits measured within each range were 
highly dissimilar. Most of the sampled Australian populations extended beyond absolute 
latitudes of the other populations and were situated in warmer, less seasonal climates (Fig. S2). 
These factors might explain Australian trait variation beyond values observed in source 
populations.  

 
Heterozygosity and invasion 
Genetic drift within small founding populations and on the invasion front can lead to reduced 
genetic diversity, potentially impacting additive genetic variation (Dlugosch & Parker, 2008a; 
Excoffier & Ray, 2008; Peischl et al., 2013; Bock et al., 2015). In A. artemisiifolia, Australian 
populations were bottlenecked and potentially subjected to high genetic drift, whereas multiple 
introductions into Europe from distinct native sources has implicated admixture as a driver of 
invasion success (van Boheemen et al., 2017b). We found the biomass of Australian, but not 
European, plants was indeed associated with heterozygosity, providing only partial support for 

the fitness benefits of heterozygosity during invasion (Peischl & Excoffier, 2015). Admixture 
and heterosis are unlikely to be main drivers of invasiveness in Europe, as we found no 
relationship between population level heterozygosity and any trait other than seed size. Indeed, 
in most experimentally admixed European and native A. artemisiifolia crosses heterosis was 
absent (Hahn & Rieseberg, 2017). These observations suggest demographic processes had very 
limited consequences (negative or positive) on the fitness of these introduced populations. 
However, local adaptation of life history traits such as plant size across broad environmental 
gradients may mask heterozygosity-fitness correlations. Future studies could address this 
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question by examining the association in single populations (e.g. Conte et al., 2017). 
In plants, reduced seed size is one trait that could aid dispersal and might therefore be 

expected to evolve during range expansion (Bartle et al., 2013; Huang et al., 2015). Spatial 
sorting for dispersal traits at the expansion front has been well documented in other invasions, 
such as the cane toads (Estoup et al., 2004; Phillips et al., 2006). In Europe, spatial sorting for 
increased dispersal, and therefore smaller seeds, could have occurred at the range edge during 
expansion northwards. However, this mechanism would only explain the seed size decline in 
low-latitudinal populations in Australia, where range expansion likely occurred both north- and 
southward (Palmer & McFadyen, 2012; van Boheemen et al., 2017b). The association between 
seed size and mean population heterozygosity we identified in all three ranges could be 
expected when small seeds aid dispersal, as founder effects should also reduce heterozygosity 
during colonization. Though additional factors likely shape seed size evolution, our findings 
suggest seed size divergence could represent an important difference in life-history strategies 
between ranges. Moreover, we observed patterns indicating a relationship between genomic 

and ecological dynamics potentially linked to range expansion and colonization.  
 

Conclusion  
Invasive species often exhibit rapid adaptation despite facing novel selective pressures 
(Lachmuth et al., 2011; Colautti & Barrett, 2013; Chown et al., 2014; Turner et al., 2014). 
Moreover, the success of invasives is considered paradoxical as strong demographic changes 
are predicted to enhance inbreeding and reduce genetic variation and, consequently, 
evolutionary potential (Allendorf & Lundquist, 2003). We investigated these apparent 
contradictions in a comprehensive study. We compared the native range with multiple 
introduced ranges with highly distinct demographic histories, characterized similarities and 
shifts in climatic niches, tested adaptation in a large number of life-history traits and explored 
heterozygosity-fitness associations while accounting for non-adaptive population 
differentiation. We found strong evidence for parallel adaptation in all three ranges. This study 
therefore emphasizes that although introduction dynamics can affect genetic diversity 
(Dlugosch & Parker, 2008a) the adaptive potential of those traits might not be constrained to a 
similar extent (Dlugosch et al., 2015a). 
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Supporting information to Chapter 3 

 
Fig. S1. Sampling locations of Ambrosia artemisiifolia in the native North America (blue) and introduced 
European (green) and Australian (red) ranges. Size of dots/numbers indicates number of maternal lines from each 
sampling site.  
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Fig. S2. Principle component analysis for all climatic and geographic variables within the native North American 
(blue triangles) and invasive European (green squares) and Australian (red circles) Ambrosia artemisiifolia ranges, 
with in brackets the percentage explained by the primary principle components (PC1 and PC2). Abbreviations and 
PC loadings are in Table S1. 
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Fig. S3. Principle component analysis for all traits within the native North American (blue triangles) and invasive 
European (green squares) and Australian (red circles) Ambrosia artemisiifolia ranges, with in brackets the 
percentage explained by the primary principle components (PC1 and PC2) with loadings in Table S2. 
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Fig. S4. Graphical representation of performed trait comparisons in the introduced European (EU) and Australian 
(AU) ranges to the native North American (NA) range at minimum (min) and maximum (max) latitudes observed 
within each range (when overlapping latitudes were existing).  
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Table S1. List of climatic and geographic variables included with abbreviations. 
Abbreviation Description 

bio1  Annual Mean Temperature 

bio2  Mean Diurnal Range (Mean of monthly (max temp - min temp)) 
bio3  Isothermality (BIO2/BIO7) (* 100) 
bio4  Temperature Seasonality (standard deviation *100) 

bio5  Max Temperature of Warmest Month 
bio6  Min Temperature of Coldest Month 
bio7  Temperature Annual Range (BIO5-BIO6) 

bio8  Mean Temperature of Wettest Quarter 
bio9  Mean Temperature of Driest Quarter 

bio10  Mean Temperature of Warmest Quarter 

bio11  Mean Temperature of Coldest Quarter 
bio12  Annual Precipitation 

bio13  Precipitation of Wettest Month 
bio14  Precipitation of Driest Month 
bio15  Precipitation Seasonality (Coefficient of Variation) 

bio16  Precipitation of Wettest Quarter 
bio17  Precipitation of Driest Quarter 
bio18  Precipitation of Warmest Quarter 

bio19  Precipitation of Coldest Quarter 
Alt Altitude 

Lat Absolute latitude 
Long Longitude 
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Table S2. Correlations between climatic and geographic variables (Spearman’s ρ2) and first two principle component loadings (PC) of a principle component analysis (Fig. S2) in native 
North American, introduced European and introduced Australian A. artemisiifolia populations, with abbreviations corresponding to Table S1. Colour intensity increases with the strength of 
the association. Average correlations  (Spearman’s ρ2)  between each variable and temperature (bio1-11), precipitation (bio12-19) and all climatic (bio1-19) measures are provided at the 
bottom of the table. 

 bio1 bio2 bio3 bio4 bio5 bio6 bio7 bio8 bio9 bio10 bio11 bio12 bio13 bio14 bio15 bio16 bio17 bio18 bio19 Alt Lat Long 

bio1   0.061 0.769 0.625 0.396 0.815 0.516 0.287 0.806 0.671 0.898 0.360 0.383 0.021 0.036 0.362 0.058 0.262 0.128 0.103 0.615 0.292 

bio2 0.061  0.081 0.034 0.496 0.004 0.100 0.081 0.001 0.362 0.003 0.176 0.317 0.007 0.067 0.307 0.019 0.289 0.024 0.041 0.425 0.084 

bio3 0.769 0.081  0.714 0.196 0.772 0.578 0.165 0.712 0.367 0.830 0.422 0.398 0.062 0.015 0.388 0.114 0.318 0.193 0.036 0.535 0.309 

bio4 0.625 0.034 0.714  0.008 0.919 0.960 0.135 0.707 0.113 0.854 0.252 0.206 0.023 0.013 0.202 0.050 0.170 0.119 0.084 0.215 0.544 

bio5 0.396 0.496 0.196 0.008  0.092 0.001 0.204 0.169 0.869 0.166 0.141 0.239 0.000 0.056 0.215 0.008 0.135 0.021 0.019 0.542 0.005 

bio6 0.815 0.004 0.772 0.919 0.092  0.853 0.199 0.846 0.290 0.968 0.295 0.248 0.028 0.013 0.240 0.062 0.177 0.139 0.131 0.346 0.467 

bio7 0.516 0.100 0.578 0.960 0.001 0.853  0.132 0.607 0.056 0.760 0.172 0.133 0.007 0.016 0.135 0.022 0.120 0.070 0.089 0.134 0.622 

bio8 0.287 0.081 0.165 0.135 0.204 0.199 0.132  0.109 0.341 0.201 0.034 0.142 0.143 0.372 0.147 0.093 0.204 0.031 0.048 0.288 0.204 

bio9 0.806 0.001 0.712 0.707 0.169 0.846 0.607 0.109  0.368 0.882 0.291 0.223 0.063 0.000 0.203 0.106 0.117 0.202 0.139 0.357 0.290 

bio10 0.671 0.362 0.367 0.113 0.869 0.290 0.056 0.341 0.368  0.396 0.258 0.373 0.002 0.076 0.347 0.020 0.250 0.055 0.061 0.690 0.025 

bio11 0.898 0.003 0.830 0.854 0.166 0.968 0.760 0.201 0.882 0.396  0.355 0.315 0.038 0.014 0.305 0.080 0.220 0.161 0.112 0.436 0.401 

bio12 0.360 0.176 0.422 0.252 0.141 0.295 0.172 0.034 0.291 0.258 0.355  0.823 0.421 0.005 0.836 0.543 0.735 0.640 0.026 0.511 0.038 

bio13 0.383 0.317 0.398 0.206 0.239 0.248 0.133 0.142 0.223 0.373 0.315 0.823  0.111 0.091 0.982 0.200 0.884 0.294 0.002 0.622 0.053 

bio14 0.021 0.007 0.062 0.023 0.000 0.028 0.007 0.143 0.063 0.002 0.038 0.421 0.111  0.555 0.118 0.954 0.084 0.833 0.041 0.043 0.017 

bio15 0.036 0.067 0.015 0.013 0.056 0.013 0.016 0.372 0.000 0.076 0.014 0.005 0.091 0.555  0.086 0.458 0.116 0.328 0.054 0.057 0.074 

bio16 0.362 0.307 0.388 0.202 0.215 0.240 0.135 0.147 0.203 0.347 0.305 0.836 0.982 0.118 0.086  0.206 0.920 0.296 0.002 0.608 0.053 

bio17 0.058 0.019 0.114 0.050 0.008 0.062 0.022 0.093 0.106 0.020 0.080 0.543 0.200 0.954 0.458 0.206  0.151 0.918 0.052 0.095 0.007 

bio18 0.262 0.289 0.318 0.170 0.135 0.177 0.120 0.204 0.117 0.250 0.220 0.735 0.884 0.084 0.116 0.920 0.151  0.213 0.000 0.512 0.058 

bio19 0.128 0.024 0.193 0.119 0.021 0.139 0.070 0.031 0.202 0.055 0.161 0.640 0.294 0.833 0.328 0.296 0.918 0.213  0.148 0.160 0.002 

Alt 0.103 0.041 0.036 0.084 0.019 0.131 0.089 0.048 0.139 0.061 0.112 0.026 0.002 0.041 0.054 0.002 0.052 0.000 0.148  0.012 0.089 

Lat 0.615 0.425 0.535 0.215 0.542 0.346 0.134 0.288 0.357 0.690 0.436 0.511 0.622 0.043 0.057 0.608 0.095 0.512 0.160 0.012  0.110 

Long 0.292 0.084 0.309 0.544 0.005 0.467 0.622 0.204 0.290 0.025 0.401 0.038 0.053 0.017 0.074 0.053 0.007 0.058 0.002 0.089 0.110   

ρ2 with bio1-11 0.584 0.122 0.518 0.507 0.260 0.576 0.456 0.185 0.521 0.383 0.596 0.251 0.270 0.036 0.062 0.259 0.057 0.206 0.104 0.078 0.417 0.295 

ρ2 with bio12-19 0.201 0.151 0.239 0.129 0.102 0.150 0.084 0.146 0.151 0.172 0.186 0.572 0.484 0.439 0.234 0.492 0.490 0.443 0.503 0.041 0.326 0.038 

ρ2 with bio1-19 0.414 0.135 0.394 0.339 0.189 0.387 0.291 0.168 0.356 0.290 0.414 0.375 0.353 0.193 0.129 0.350 0.226 0.298 0.259 0.063 0.378 0.187 
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Table S3. Correlations between traits included in this study (Spearman’s ρ2) and associated first two principle 
components loadings (PC) from PCA (Fig. S3) in native North American, introduced European and introduced 
Australian A. artemisiifolia populations. Traits in bold were removed from MANCOVA due to high correlation 
(ρ2 > 0.6). Colour intensity increases with the strength of the association. 
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PC1 PC2 

Max. height   0.932 0.496 0.842 0.311 0.834 0.203 0.352 0.593 0.274 0.122 0.073 

Total  biomass 0.932  0.453 0.787 0.312 0.796 0.179 0.437 0.589 0.247 0.124 0.040 

Max. growth rate 0.496 0.453  0.319 0.309 0.348 0.004 0.401 0.187 0.503 0.102 0.099 

Flowering onset 0.842 0.787 0.319  0.336 0.806 0.277 0.213 0.564 0.141 0.121 0.070 

Dichogamy 0.311 0.312 0.309 0.336  0.332 0.006 0.426 0.061 0.237 0.098 0.100 
Floral sex allocation 
(female/male) 

0.834 0.796 0.348 0.806 0.332 
 

0.227 0.232 0.540 0.152 0.097 0.039 

Weight per seed 0.203 0.179 0.004 0.277 0.006 0.227  0.038 0.394 0.008 0.066 0.175 
Total reproductive 
biomass 0.352 0.437 0.401 0.213 0.426 0.232 0.038 

 
0.028 0.445 0.081 0.149 

Relative reproductive 
biomass 0.593 0.589 0.187 0.564 0.061 0.540 0.394 0.028 

 
0.040 0.104 0.125 

Specific leaf area 0.274 0.247 0.503 0.141 0.237 0.152 0.008 0.445 0.040   0.085 0.129 

 
 
  

Table S4. Multivariate growth, phenology and reproductive population mean A. artemisiifolia traits response to 

range, latitude, their interactions and latitude2 for non-correlated (Spearman’s ρ2 <0.6) (a). We reported 
approximate F-statistic with degrees of freedom as subscript and symbols specifying significance of effect, in 
addition to Wilk’s λ (multivariate F-value).  

Range Latitude Latitude2 Range: Latitude 

29.23014,120*** λ=0.051 28.3777,60*** λ=0.232 8.0097,60** λ=0.517 1.79614,120* λ=0.529 

ns p>0.1; # p<0.1; * p<0.05, ** p<0.01; *** p<0.001 

 

 

Table S5. Trait~latitude associations (adjusted slope of transformed population means +/- SE) within each range 
(a), slopes significantly different from zero in bold. Pairwise range differences for significant range:latitude 

interactions (q<0.05, Table 2 main text), with c2 test values, degrees of freedom as subscript and symbols 

specifying Holm adjusted significance of effect (b).  

a) North America Europe Australia 

Max. height -0.804(0.344) -1.116(0.406) -0.663(0.271) 

Total biomass 0.314(0.186) 0.429(0.22) 0.287(0.147) 

Floral sex allocation (female/male) 1.679(0.17) 2.407(0.492) 2.565(1.04) 

Relative reproductive biomass 0.006(0.001) 0.000(0.001) 0.006(0.002) 

b) North America-Europe North America-Australia Europe-Australia 

Max. height 4.7581# 4.7871# 0.2891(ns) 

Total biomass 7.0101* 0.2011(ns) 2.5151(ns) 

Floral sex allocation (female/male) 14.8731*** 1.641(ns) 7.5021* 

Relative reproductive biomass 13.0931*** 0.0031(ns) 4.9121# 

 ns q>0.1; # q<0.1; * q<0.05, ** q<0.01; *** q<0.001 
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Table S6. Flowering time and sex trait responses to maximum plant height (adjusted slope of transformed individual 

values +/- SE) within each range (a) and pairwise range differences with c2 test values with degrees of freedom as 

subscript and symbols specifying Holm adjusted significance of effect (b). Slopes significantly different from zero are 
in bold. 

a) 
 

North America Europe Australia 

 Flowering onset 10.682(0.756) 8.301(0.974) 1.356(1.537) 

 Dichogamy -0.078(0.009) -0.107(0.012) 0.002(0.020) 

 Floral sex allocation (female/male) -0.327(0.0213) -0.329(0.030) -0.039(0.046) 

 

b) 
 

North America – Europe North America – Australia Europe - Australia 

 Flowering onset 3.731# 29.6471*** 14.5671*** 

 Dichogamy 3.6391# 13.1311*** 21.4151*** 

 Floral sex allocation (female/male) 0.0301(ns) 31.9621*** 27.9311*** 

 

Table S7. Range differences of population mean heterozygosity in response to total biomass, with c2 test values, 

degrees of freedom as subscript and symbols specifying Holm adjusted significance of effect.  
 

North America – Europe North America – Australia Europe - Australia 

0.0271(ns) 5.7031* 7.3301* 
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Methods S1. Detailed methods for common garden set-up and data collection 

Common garden set-up 

In 2013-2014, we sampled seeds from 30 maternal plants along transects at each sampling 

location following the protocol of Hodgins & Rieseberg (2011). We collected plants separated 

by at least 1-2 meters to reduce the possibility of collecting closely related plants due to limited 

seed and pollen dispersal. From this collection, we randomly selected 4-17 maternal families 

per sampling location (mean = 11.73) and 20 seeds per family (although for a small number of 

families fewer seeds were available). We weighed all seeds per family to estimate the average 

seed weight. We followed stratification procedures of Willemsen (1975) and stratified at 4°C 

in sand moistened with 1% plant preservative mixture (ppm) for 6 weeks. Stratification induces 

germination by imitating winter conditions (Willemsen, 1975). Following stratification, we 

sowed seeds on damp filter paper in Petri dishes with 1% ppm. We placed dishes in a 30°C 

germination chamber with 12h light/dark cycle and watered twice daily with 1% ppm to 

maintain damp filter paper.  

After 14-15 days from the start of germination (22nd and 23rd of April 2015), we 

randomly selected two seedlings from each mother and planted these into 30-well kwikpot trays 

containing 100ml Debco Seed Raising Superior Germinating Mix in a random order. We also 

transplanted two additional seedlings per maternal line, 1-2 days after this first transplant in 

case focal seedlings died prior to establishment in the greenhouse. Finally, we transplanted late 

germinating seedlings (sprouting >14 days after we placed seeds in the germination chamber) 

5 days after first transplant. We top-watered all plants by hand twice daily and artificially 

manipulated daylight following the light cycle at the median latitude over all samples (47.3°N) 

and adjusted timers fortnightly to accommodate the change in day length. Glasshouse 

temperature was regulated between 20–30°C. We performed a second transplant of a randomly 

selected seedling per maternal family on the 21st and 22nd of May, 2015, 1 month after the first 

transplant, to 100x135mm pots containing 0.7L Debco Seed Raising Superior Germinating Mix 

and 1.5ml slow-release fertilizer (Osmocote Pro, eight to nine months, 16% N, 4.8% P, 8.3% 

K, 5.2% S, 1.2% Mg + trace elements). We watered plants twice daily until full senescence 

(most seeds had ripened). We randomized tray locations with 9 plants each weekly (first 9 

weeks) or biweekly, to minimize damage to the larger plants. 

 

Trait measurements 

To explore associations between traits and climatic variables, we examined variation in life-

history traits including phenology, growth, and vegetative and reproductive allocation (Table 

1, main text). We measured start of flowering by monitoring pollen production and emerging 

female flowering structures through inspection of each plant every 2 days. We calculated 

dichogamy (the temporal separation of pollen dispersal and emergence of receptive stigma 
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within an individual plant) as the difference in onset of male to female function flowering. We 

recorded growth by measuring plant height every 2-4 weeks and once again when plants started 

showing signs of senescence (first occurrence of end of pollen production or ripe seeds). We 

calculated maximum growth achieved following Chuine et al. (2001), omitting data points after 

maximum growth was achieved. Once the majority of seeds had ripened, we deconstructed 

plants for biomass measurements. We separated roots from dirt and washed them under 

pressure. We placed all components in paper bags and dried these in ovens at 45°C for at least 

36h. Before dry weight biomass measures, we dried materials for an additional minimum of 

24h to ensure the dry weight was constant at the time of measuring and it was not variable due 

to humidity in the air or incomplete drying. We separated seeds from other plant matter by 

pushing dry material through a 0.5mm sieve. We weighed vegetative biomass and roots to the 

closest 0.1 gram and male flowers and seeds to the closest milligram. Relative reproductive 

biomass was obtained by dividing total reproductive biomass by total biomass. We calculated 

relative sex allocation as the dry weight of all seeds over the dry weight of all racemes. We 

calculated average seed weight over 20 randomly selected seeds (when available) and used this 

to estimate total seed number per individual. From each plant we scanned one young, fully 

expanded leaf on day 85 to 88 and calculated leaf area (LA) using ImageJ and the R package 

LeafArea (Katabuchi, 2015). We dried leaves at 45°C for >7 days and an addition 12h prior to 

weighing and weighed to the closest milligram. We calculated specific leaf area (SLA) by 

dividing leaf area by dry leaf weight (mm2/mg). 

 

Genetic data collection and analyses 

Four weeks after second transplant, we harvested a 5-7cm young leaf for DNA extraction and 

sealed these inside 1.5mL Eppendorf tubes, which were flash-frozen in liquid nitrogen. We 

stored samples on dry ice before placing them in an -80°C freezer. We extracted DNA from 29-

99mg (mean=72.5mg) of leaf tissue of 861 individuals (84 populations) using the Glass Fiber 

Plate DNA Extraction Protocol (CCDB, Guelph, ON, Canada) and assessed DNA quantity 

(>8.5 ng/μl) using a QuBit broad-sensitivity DNA quantification system (Invitrogen, Carlsbad, 

CA, USA). We performed double-digest genotype-by-sequencing library preparation We added 

200 ng of high-quality DNA in 7.2 μL water to 2.0 uL CutSmart Buffer 10x, 0.4 uL Pst-1 HF 

(NEB), 0.4 uL Msp1. We digested samples for 8h at 37°C, 20 minutes at 65°C. To each reaction, 

we added 2.0 uL 10x CutSmart Buffer, 4.0 uL 10mM ATP, 0.5uL T4 DNA Ligase, 8 uL H2O, 

1uL 10mM common adaptor and 5uL 0.6ng/uL barcoded adaptor. We ligated samples for 3h at 

22°C and 20 minutes at 65°C. We mixed all samples with 6144 uL Sera-Mag beads (Thermo 

Fisher). After 15-minute incubation at room temperature, we allotted samples to 7 1.5mL tubes 

and placed these in Dyna-Mag 2 (Thermo Fisher) magnet for 4 minutes. We removed clear 

liquid and washed 3 times using 80% EtOH and once with 100% EtOH. We eluted in 150uL 
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10mM Tris pH 8.0. We amplified 8 reactions each with 3uL of elution and 7.5uL H2O, 12.5 

μL KAPA 2x MasterMix, 1uL of 12.5mM each PCR primers f&r. We cycled reactions at 98°C 

for 1 minute, followed by 20s at 62°C and 30s at 72°C. Following 16 cycles we additionally 

kept samples at 72°C for 5 minutes. After amplification, we cleaned up 30 μL from each well 

using the Bioline PCR and Gel kit (Bioline). We eluted the purified product in 30uL buffer. We 

performed a size selection by running the cleaned PCR product on a 2% agarose gel and 

removing the 400-600bp fragment. This gel fragment was cleaned up using the Bioline PCR 

and Gel Kit (Biolin1) and eluted in 20 uL H2O. The eleven ddGBS libraries were paired-end 

sequenced by the Biodiversity Sequencing Centre at UBC on the Illumina HiSeq 2000 platform, 

two libraries per lane. 

We aligned and filtered raw sequences following van Boheemen et al. (2017b). Briefly, 

SNPs were aligned using BWA-mem (Li & Durbin, 2009) to a draft reference genome for A. 

artemisiifolia (van Boheemen et al., 2017b). We called variants with GATK UnifiedGenotyper 

(McKenna et al., 2010) and filtered SNPs as follows: quality threshold of a Q-score ≥50; a 

minimum quality by depth of 2, a maximum Fisher-Strand bias of 60.0, minimum mapping 

quality rank sum test of -12.5, minimum root mean square mapping quality of 40.0, and a 

minimum read position rank sum test of -8.0; genotype and variant quality of ≥20, depth of 5-

240 and a minor allele frequency of 0.05. We identified a total of 11,598 polymorphic biallelic 

SNPs with 50% SNP call rate. We calculated individual heterozygosity (HO) as the proportion 

of heterozygous loci out of the total number of called genotypes for each individual across 836 

control treatment plants and excluded individuals with >80% non-called genotypes (25 out of 

861 individuals).  

We inferred population genetic structure with STRUCTURE v2.3.4, a Bayesian 

clustering method that allocates individuals into clusters on the basis of their genotypes 

(Pritchard et al., 2000). We used this program to calculate population q-scores for the most 

likely K, used in subsequent analyses to correct for population structure. From the 11,598 SNPs 

identified, we selected 1024 unlinked SNPs by shuffling the full SNP table and randomly 

drawing one SNP from each contig. We ran STRUCTURE on these SNPs using the admixture 

model, correlated allele frequencies, no location prior for the number of clusters (K) ranging 

from 1 to 10, with 20 independent runs per K. We sampled from a uniform prior for alpha, 

whilst allowing for alpha to vary between clusters, accounting for unequal sample sizes (Wang, 

2017) Each run comprised of a burn-in of 200,000 followed by 1,000,000 iterations. We used 

log probability and delta K statistic to determine the uppermost clustering level (Evanno et al., 

2005). We used CLUMPAK (Kopelman et al., 2015) to test for multimodality (not present) for 

the most likely K (=2) and visualize the data.  

 

Notes S1. Australian trait divergence 
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We identified shallower slopes for most latitude-trait associations (e.g. maximum height, total 

reproductive biomass) in the more recently invaded Australia range (~80 years ago (van 

Boheemen et al., 2017b)). This may suggest that local optima have not yet been reached in 

Australia reflecting the recency of the range expansion in the area. Alternatively, the number 

and latitudinal range of populations was lower in this region, potentially limiting our capacity 

to detect patterns. Non-linear associations with latitude might also indicate the presence of a 

local optimum at lower latitudes, which is particularly plausible for traits where a plateauing 

curve was observed in the native North America at low latitudes (e.g. total biomass, 

dichogamy). 
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Abstract 

Uncovering the genomic basis of repeated adaption can provide important insights into the 

constraints and biases that limit the diversity of genetic forms. Demographic processes such as 

admixture or bottlenecks affect genetic variation underlying traits experiencing selection, 

although the impact of these processes on the genetic basis of adaptation remains largely 

unexamined empirically. We here test repeatability in phenotypes and genotypes along parallel 

climatic clines within the native North American and introduced European and Australian 

Ambrosia artemisiifolia ranges. To do this, we combined multiple lines of evidence from 

phenotype-environment associations, FST-like outlier tests, genotype-environment associations 

and genotype-phenotype associations. We used 853 individuals grown in common garden from 

84 sampling locations, targeting 19 phenotypes, >83k SNPs and 22 environmental variables. 

We found that 25-41% of loci with adaptive signatures were repeated among ranges, despite 

alternative demographic histories shaping genetic variation and genetic associations. Our 

results suggest major adaptive changes can occur on short timescales, with seemingly minimum 

constraints due to demographic changes linked to introduction. These patterns reveal some 

predictability of evolutionary change during range expansion, key in a world facing ongoing 

climate change, and rapid invasive spread. 

 

Introduction 

Reoccurrence of similar phenotypic patterns suggests stochastic processes do not solely govern 

evolution and that population and species divergence is to some extent predictable (Wood et 

al., 2005; Arendt & Reznick, 2008; Elmer & Meyer, 2011; Lee et al., 2014). But if repeated 

patterns at the phenotypic level occur, does this also extend to the genetic level? The 

repeatability of adaptation at multiple levels of biological organization (phenotype, molecular 

pathway, gene and genetic variant) and the drivers of this repeatability are major questions in 

evolutionary biology (Smith & Rausher, 2011; Conte et al., 2012; Martin & Orgogozo, 2013). 

Studying the reappearance of the same adaptive solutions on a genomic and phenotypic level 

(Rausher & Delph, 2015) to similar selective factors (e.g. parallel environmental clines) could 

give insight in the predictability of evolution (Stern & Orgogozo, 2008; Stern & Orgogozo, 

2009; Lässig et al., 2017), the factors limiting evolutionary outcomes (Christin et al., 2010; 

Connallon & Hall, 2018; Yeaman et al., 2018), and the mechanisms by which populations 

adapt. 

Rapid evolutionary events are often observed during the spread of invasive species and 

can contribute to their success (Lee, 2002; Maron et al., 2004; Lawson Handley et al., 2011; 

Bock et al., 2015; Colautti & Lau, 2015). For instance, the reemergence of native phenotypic 

clines in ecologically important traits, such as flowering time, has been observed in many alien 

populations (e.g. Maron et al., 2004; Montague et al., 2008; Colautti & Barrett, 2013; van 
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Boheemen et al., 2018a). These parallel patterns can be accompanied by the repeated 

divergence of ecologically important genes (Bock et al., 2015; Colautti & Lau, 2015), but 

documented evidence of repeatability at the genetic level following introduction to novel ranges 

has been limited (Hamilton et al., 2015; Gould & Stinchcombe, 2017; Marques et al., 2018). 

Such information can be harnessed to identify the genetic basis (Dlugosch et al., 2015a; van 

Kleunen et al., 2018) and predictability of adaptation during range expansion. 

In closely related taxa, reoccurrence of the same genetic and trait patterns in response 

to similar selection pressures is considered a likely response due to shared standing variation 

(Bollback & Huelsenbeck, 2009; Conte et al., 2012; Bailey et al., 2015; Holliday et al., 2016; 

Bailey et al., 2017). Standing genetic variation is predicted to contribute more to rapid 

adaptation than new mutations due to the immediate availability and higher fixation probability 

of beneficial alleles (Hermisson & Pennings, 2005; Barrett & Schluter, 2008; Prentis et al., 

2008; Rockman, 2012; Lee & Coop, 2017; MacPherson & Nuismer, 2017). However, 

demographic changes charactering introduction events can have important impacts on this 

standing genetic variation, thus constraining the basis for selection to act on (Lee, 2002; Facon 

et al., 2006; Prentis et al., 2008; Rius & Darling, 2014; Estoup et al., 2016).  

Bottlenecks in small founding populations can increase genetic load (Frankham, 1995; 

Blackburn et al., 2015) and restrict opportunities for adaptive evolution by reducing genetic 

diversity (Wright, 1931; Dlugosch & Parker, 2008a; Bock et al., 2015). In contrast, such 

bottlenecks could result in the conversion of non-additive (e.g. epistatic) to additive genetic 

variance (Neiman & Linksvayer, 2006) or facilitate the purging of genetic load by exposing 

deleterious recessive mutations (Glémin, 2003; Facon et al., 2011; Marchini et al., 2016). 

Admixture, the mixing of genotypes from differentiated genetic backgrounds (Dlugosch & 

Parker, 2008a; Uller & Leimu, 2011) could increase adaptive potential of introduced 

populations through higher genetic variance within populations, heterosis and novel or 

transgressive phenotypes (Roman & Darling, 2007; Prentis et al., 2008; Verhoeven et al., 2011; 

Rius & Darling, 2014; Bock et al., 2015). Comparison of distinct introductions with different 

demographic histories will allow us to dissect these opposing effects of historical contingency 

on evolvability. 

Suppression of recombination among loci contributing to local adaptation is predicted 

during local adaptation with gene flow (Lenormand & Otto, 2000; Yeaman & Whitlock, 2011; 

Ortiz-Barrientos et al., 2016). Such linkage can elevate the probability of parallel genomic 

patterns underlying recurrent bouts of adaptation, especially in recently diverged lineages 

sharing genomic context (Renaut et al., 2014; Holliday et al., 2016; Storz, 2016; Lässig et al., 

2017; Yeaman et al., 2018). However, it is difficult to ascertain if multiple loci or a single 

adaptive locus is the cause of signatures of selection in a genomic region due to hitchhiking 

(Yeaman, 2013; Rougemont et al., 2017). In addition to reduced recombination, selection can 
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also create patterns of LD among unlinked loci if alternative alleles are favored across multiple 

independent loci (Ortiz-Barrientos et al., 2016). Admixture and strong drift are expected to 

cause strong patterns of LD among loci (Lande, 1980; Hudson, 1985; Keller & Taylor, 2010), 

potentially interfering with one another if associated linked alleles have opposing selection 

coefficients (Fisher, 1930; Muller, 1964; Hill & Robertson, 1968; Felsenstein, 1974; McVean 

& Charlesworth, 2000; Slatkin, 2008). Moreover, such demographic processes can reduce the 

capacity to identify specific loci involved in local adaptation in recently invaded regions. 

Empirical investigations of these demographic changes on tests of selection (Hodgins et al., 

2018), patterns of LD (Ahrens et al., 2018) or repeatability (Marques et al., 2018) are however 

lacking. 

Ambrosia artemisiifolia, an invasive annual plant, provides an excellent system to study 

the repeatability of rapid adaptation. This native North American weed has successfully 

established globally (Oswalt & Marshall, 2008), including contemporary introductions to 

Europe (~160 years ago Chauvel et al., 2006) and Australia (~80 years ago; Palmer & 

McFadyen, 2012; van Boheemen et al., 2017b). Post-introduction admixture of these distinct 

native units contributed to the European invasion, followed by a subsequent single, 

bottlenecked introduction into Australia (van Boheemen et al., 2017b). Repeated latitudinal 

trait clines have been found in the native range and the two introduced ranges included in the 

current study. The repeated trait clines in the introduced ranges are unlikely to be due to climate 

matching (Maron et al., 2004) and have emerged despite the short time since introduction and 

distinct invasion histories (van Boheemen et al., 2018a). 

To test the repeatability of adaptation at multiple hierarchical levels of organization, we 

here identify phenotypic and genomic variation along parallel climatic clines within the native 

North American and introduced European and Australian ranges of Ambrosia artemisiifolia. 

We raised 853 individuals in a common garden, collected from 84 sampling locations across 

broad geographic scales. We used >83k SNPs, 19 phenotypes and 22 environmental variables 

to explore repeatable signatures of selection from the environment to phenotype to genotype. 

We estimate the strength and direction of phenotype-environment associations (PEA), 

1genomic divergence (FST-like XTX), associations between allele frequencies and environment 

(GEA) and associations between genotypes and phenotypes (GPA). By combining these 

methods, we can more effectively identify adaptive signatures (Sork et al., 2013; Hoban et al., 

2016) and test the genetic basis of parallel evolution (Conte et al., 2015). This study provides 

insight into the evolutionary mechanisms underlying invasion and contemporary evolution. 

Moreover, understanding the adaptive potential of invaders is important in making predictive 

models and adopting strategies to better manage alien species (Estoup & Guillemaud, 2010; 

Bock et al., 2015; Cristescu, 2015; Dlugosch et al., 2015a).  
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Methods 

Study species 

Ambrosia artemisiifolia is a diploid monoecious annual, native to North America, introduced 

globally and is commonly found in disturbed habitats (Oswalt & Marshall, 2008). The first 

recorded introduction of A. artemisiifolia was in Europe around 1850 and later introductions 

have been tied to imports during the two World Wars (Chauvel et al., 2006). In Australia, A. 

artemisiifolia was first introduced at the end of the 19th century, and has become increasingly 

abundant in southeastern Queensland and New South Wales since the mid-1900s (Palmer & 

McFadyen, 2012). Genomic reconstruction of the introduction history in these ranges indicates 

high levels of admixture in Europe sourced from distinct native sources, with Australian 

populations in turn sourced from the European invaded range whilst experiencing genetic 

bottlenecks (van Boheemen et al., 2017b). Multiple studies of A. artemisiifolia populations 

show genetic differentiation of important life history phenotypes in the multiple introduced 

ranges, which parallel patterns in the native range (Chun et al., 2011; Hodgins & Rieseberg, 

2011; Leiblein-Wild & Tackenberg, 2014; Li et al., 2014; van Boheemen et al., 2018a). Such 

repeated latitudinal clines have also been identified for the European and Australian populations 

included in the current study, with evident phenotype divergence (van Boheemen et al., 2018a).  

 

Data collection 

We collected seed samples from North American (300 individuals from 30 locations), European 

(369 individuals from 34 locations) and Australian (183 individuals from 20 locations) ranges 

between 2013-2014. We measured 19 phenotypes (Supporting Information, Table S1) of 

common garden raised seedlings according to van Boheemen et al. (2018a) and van Boheemen 

et al. (2018b). For environment associations, we included 19 bioclimatic and three geographic 

variables (latitude, longitude and altitude) (Table S2) for our sampling sites (van Boheemen et 

al., 2018a) and analyzed genetic data as described by these authors. In brief, we aligned raw 

sequences using BWA-mem (Li & Durbin, 2009) to a draft reference genome for A. 

artemisiifolia (van Boheemen et al., 2017b) and called variants with GATK HaplotypeCaller 

and filtered SNPs using GATK hard-filtering recommendations (McKenna et al., 2010; Van 

der Auwera et al., 2013), with a depth of 5-240 and a minor allele frequency of 0.05. As we 

were interested in detecting signatures in as much of the genome as possible in the genome 

scan, we included low call rate SNPs (10%) even if they might have low statistical power for 

the Bayenv2 analysis (e.g. Yeaman et al., 2016; Lotterhos et al., 2018), resulting in 83,559 

SNPs. Statistical power was later increased by combining multiple tests (see below). For the 

linkage disequilibrium (LD) analyses and genotype-phenotype associations (GPA), we 

removed all SNPs with good genotypes in <50% of individuals, as the latter analysis proved 

sensitive to missing data, resulting in 11,497 SNPs. We identified 2854 scaffolds with SNPs, 
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representing 17% of the reference genome scaffolds. Median length of scaffolds with SNPs was 

291,470 bases (ranging from 1000 to 3,127,000). 

 

Methods to detect signatures of selection 

All data analyses were performed in R v.3.4.3 (R Core Team, 2017) unless otherwise stated.  

To explore putative locally adapted phenotypes and associated selective environments, we 

tested for the occurrence and correlation strength of phenotype-environment associations (PEA) 

within ranges. We calculated Spearman’s ρ between phenotypes and environmental variables 

using population phenotype means, resulting in a total of 418 PEA combinations. We focused 

on those PEA showing the strongest putative signatures of selection in each range (hereafter 

strongest PEA), identified as the top 5% Spearman’s ρ per range. To explore the relationship 

amongst phenotypes or environmental variables, we performed principle component analyses 

(PCAs). 

To detect putatively adaptive SNPs, we applied Bayenv2 (Günther & Coop, 2013), a 

powerful test to identify outliers in SNP data (Lotterhos & Whitlock, 2014). This model allows 

for non-independence in gene frequencies between samples, arising through population 

structure, by calculating a covariance matrix of allele frequencies. The XTX functionality of the 

program calculates standardized allele frequencies, used to locate SNPs that strongly deviate 

from neutral population genetic structure. The XTX score is a direct FST analog, but accounts 

for variance-covariance between populations (Günther & Coop, 2013), outperforming other 

outlier tests by producing lower false-positive rates (Lotterhos & Whitlock, 2014).  

We conducted genotype environmental association tests (GEA) within Bayenv2, 

identifying SNPs showing a strong correlation with the standardized environmental data as 

indicated by Bayes Factors (BF). GEA are suggested to be more powerful in detecting 

signatures of selection than FST outlier tests (De Mita et al., 2013), although the false-positive 

rates associated with each test are shown to greatly depend on demographic history (Lotterhos 

& Whitlock, 2015). Here, we standardized environmental factors by subtracting the mean and 

dividing by the standard deviation (Günther & Coop, 2013) per range and within the global 

dataset.  We performed XTX and GEA analyses on 83,624 SNPs (10% SNP call rate) on 

samples within each range, correcting for population structure by averaging across 3 

independent covariance matrices using 2877 unlinked SNPs (from different scaffolds). We ran 

simulations for 5x105 iterations and averaged 3 independent runs per dataset for each analysis.  

 Within each method, we targeted putative adaptive phenotypes or SNPs by exploring 

divergence of each test-value compared to their general distribution. Due to the absence of a 

theoretical expected null-distribution for XTX values (Günther & Coop, 2013), we defined an 

empirical cut-off for this analysis by identifying the top 1% ranked SNPs within each range as 

outliers. To align methods, we similarly defined the top 1% outlier SNPs in GEA by ranking 
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SNPs across environmental variables based on Bayes Factors (GEA). By ranking across 

multiple environmental variables, a higher number of SNP outliers in GEA were identified 

compared to XTX.  

 

Genotype-phenotype associations  

To determine the putative function of loci showing signatures of selection, we performed 

genotype-phenotype associations (GPA) using the mixed linear model association analysis in 

GCTA (Yang et al., 2011), standardizing phenotypes by subtracting the mean and dividing by 

the standard deviation. We increased power of this analysis by reducing missing genomic data 

to a ≥50% SNP call rate. We accounted for further population structure using a genetic 

relatedness matrix (GRM) as a random effect and 10 principle components calculated from this 

GRM as fixed effects. The GRM was calculated from SNPs pruned for LD with a step of 3 

SNPs, window of 10 SNPs and an r2 cut-off of 0.1 using indep-pairwise in plink v1.07 (Purcell 

et al., 2007). Sample sizes per range were too small and we further increased the power of this 

analyses by pooling all samples. However, these steps might not be sufficiently effective in 

reducing false positives when population structure is strong (Yang et al., 2014). Therefore, we 

further increased the accuracy of our approach by excluding Australian samples from these tests 

due to their extreme population genetic structure compared to the other ranges (van Boheemen 

et al., 2017b) and calculated associations across pooled North American and European samples. 

We defined the top 1% SNPs by ranking across phenotypes based on p-values. Fewer SNPs in 

the GPA analysis result from a more stringent SNP call rate for this method (for details, see 

Supporting information). 

 

Sliding window analysis 

To account for physical linkage between SNPs and reduce the false positive detection of 

outliers, we used a window approach to identify genomic regions showing signatures of 

selection. We determined linkage disequilibrium by computing pairwise correlations of SNPs 

with a call rate of ≥50% based on shared occurrence within individuals. Overall breakdown of 

linkage disequilibrium between all SNPs was determined by evaluating the loss of allelic 

correlations over genomic distance between SNPs (Results). Accordingly, window size was set 

to 1000 bases. To account for variation in the number of SNPs between datasets and methods, 

the first window within each scaffold started at the first SNP within the global ≥10% call rate 

dataset. For each window within each range and the global dataset, we calculated if the number 

of outlier SNPs was higher than could be expected from a binomial distribution, where the 

expected frequency of outlier SNPs (a) per number of SNPs (n) equals Σ" #$%$	(Yeaman et al., 

2016). Windows falling outside the 99.9th binomial quantile and containing >1 outlier SNP 

were identified as outlier windows.  
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Repeatability of signatures of selection between ranges 

We tested for repeatable patterns among geographic ranges in PEA, XTX divergence and GEA 

using all test-values (outliers and non-outliers). We calculated Pearson’s R of test values 

between range pairs for phenotype-environment pairs (PEA), SNPs or windows (XTX and 

GEA), averaging test values per window. To determine whether repeatability depended on the 

strength of the association (PEA and GEA) or divergence (XTX), we grouped test values in 5% 

quantile bins. We counted the number of times phenotype-environment pairs (PEA), SNPs or 

windows (XTX and GEA) were allocated to the same bin among range pairs. We compared 

shared bin allocation to a binomial expectation (E) of random distribution among bins, where 

P=bin size2 and E=P*number of shared phenotype-environment pairs, SNPs or windows 

(following Renaut et al., 2014). We highlighted the top 5% shared PEA environments in GEA 

and top 5% shared PEA phenotypes in GPA (see Results), although we performed GEA and 

GPA on all environments and phenotypes (Results and Supporting Information).  

We further explored repeatable genomic signatures of adaptation between ranges with 

the null-W method (Yeaman et al., 2016). This method allows for identification of genomic 

regions with increased divergence against the genetic background. Such a test is favorable when 

LD increased divergence of SNPs in tight linkage with causal SNPs but did not raise their test 

values (XTX or BF) enough for a window to be classified as an outlier according to the binomial 

test. We here targeted windows identified as outlier windows in other ranges and randomly 

sampled 10,000 ‘background’ SNPs from non-outlier windows per focal range. We calculated 

null distributions by comparing the test values of the background SNPs to SNP test-values in 

non-outlier windows and computed W using a Wilcoxon signed-rank test. We standardized W 

to Z to allow for comparisons: ' = )*+%,%-
./,/-(/,1/-1,)3

. Here, n1 is 10,000 (number of background 

SNPs) and n2 is the number of SNPs in each window. For each window we calculated empirical 

p-values by counting the number of times their respective z-score exceeded z-scores in the null 

distribution, dividing by the number of windows in the null-distribution.  

To evaluate the repeatability of the specific regions under selection, we tested if the 

number of windows identified as outliers within range pairs was higher than could be expected. 

As the number of outliers is not equal within each range, we calculated expectations under the 

hypergeometric distribution (e.g. Holliday et al., 2016; Yeaman et al., 2018) using the phyper 

and qhyper function in the stats package (R Core Team, 2017). Here, the probability (P) of a 

given number of outlier windows with the same identity among range-pairs (x) equals 5(6) =
789:7

/
;<9:

7=;:
, where m is the number of outlier windows in range 1, k is the number of outlier 

windows in range 2 and n is (the number of total windows shared between ranges-m). We 
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calculated the 99.9th hypergeometric quantiles and computed p-values as 1-P, followed by 

FDR-correction for multiple pairwise range comparisons (Benjamini & Hochberg, 1995). First, 

we compared shared outlier windows identified in either XTX or GEA test, followed by a 

comparison of outlier windows identified in at both the XTX and GEA tests.  

 

Patterns of linkage disequilibrium 

To explore the linkage disequilibrium (LD) between putative adaptive and non-adaptive loci, 

we tested LD on a local and genome-wide level. For all analyses, we log- and square root 

transformed variables where appropriate. Although LD is usually depicted as r2 (Remington et 

al., 2001), we here had to apply square-root transformations to the absolute Pearson’s r to 

increase normality of the data and satisfy assumptions of the statistical models applied. We 

tested LD as correlation between SNPs (described above). For these analyses, outlier windows 

were detected using the binomial method, and only included if identified in both XTX and GEA 

outlier analyses. Non-outlier windows were defined as windows not identified in either outlier 

test. To reduce physical linkage from local and global LD analyses, only one window of each 

type per scaffold was selected at random. We tested models using a type 3 ANOVA. Since we 

were interested in within-range effects and pairwise range differences between outlier windows 

or between non-outlier windows, we dissected the highest order significant interactions in post-

hoc tests by only comparing these meaningful interactions using F-tests with Holm p-value 

correction within the phia package (De Rosario-Martinez, 2015).  

We first explored patterns of local LD decay between SNPs within windows and 

investigated range differences in these trends. We tested LD as a response to distance between 

SNPs (maximum of 1000 bp due to window size), range, type of window (outlier or not) and 

all their interactions. To explore range difference in genome-wide LD, we tested whether LD 

among outlier loci was higher compared to LD among non-outlier loci. To reduce the effect of 

local LD, we selected a single SNP at random within each window (where we previously 

selected one window per scaffold). We improved the accuracy of our outlier categorization by 

selecting SNPs identified as top 1% outlier in both XTX and GEA tests. Within non-outlier 

windows, we selected a SNP at random, not identified as top 1% outlier SNP in either XTX or 

GEA. We tested LD as response to range, window type and their interaction.	
	
Results 

Phenotypic repeatable signatures of selection 

We identified a total of 20 PEA with strong associations (top 5% based on ranked Spearman’s 

ρ) in at least two ranges, the top 5% shared PEA environments and phenotypes (Table 1, Fig. 

S1, Supporting Information). Notable strong repeatable correlations were observed between 

latitude and temperature measures with size, growth, phenology and sex function allocation 
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(Table 1, Fig. S1), in line with previous reported latitude-trait clines in A. artemisiifolia using 

a subset of the current data (van Boheemen et al., 2018a). Longitude was associated with 

various trait categories in Europe and Australia, but not in North America (Table 1). In contrast, 

winter temperature was strongly correlated with sex function allocation in North America and 

Australia. In addition to these patterns, we identified a single PEA with a similar strong, but 

opposite, association within Europe and Australia, where total seed weight was positively 

associated with mean summer temperature in Europe, but mass decreased with this temperature 

measure in Australia. This pattern is closely associated with the curved relationship between 

latitude and average seed weight described previously (van Boheemen et al., 2018a). In addition 

to these repeatable shifts of top 5% PEA, some weaker phenotype-environment associations 

also displayed higher than expected repeatability among ranges (Fig. S1&2). However, when 

considering all PEA together, repeatability among range pairs was generally low or absent 

(Pearson’s R=0.048-0.246, Table S3). 

The top 5% shared PEA environments and phenotypes were a well-distributed subset 

of all the phenotypes and environmental variables tested (Fig. S3 & S4, Supporting 

Information). Australian phenotypes were quite distinct from the other ranges (Fig. S3), 

whereas sampling locations for each range were clustered reflecting differences in the PC1 axis 

which was correlated mainly with growth and reproductive traits (Fig. S3, Table S1). 

Additionally, sampling locations within each range were clustered along variation in PC1, 

mainly reflecting differences in latitude and temperature (Fig. S4, Table S2).  

 
Table 1. Repeatability of the strongest (top 5% ranked Spearman’s ρ) PEA amongst Ambrosia artemisiifolia 
ranges (N=native North America; E=introduced Europe; A=introduced Australian). Lat=absolute latitude; 
Lon=longitude; Tmean=annual mean temperature; Tdiur=temperature diurnal range; Tmax=maximum 
temperature in the warmest month; TQwarm=mean temperature of warmest quarter; TQcold=mean temperature 

of coldest quarter (Supporting information Table S1&S2). These top 5% shared PEA’s are highlighted in further 
GEA and GPA analyses. 

 
Lat Lon Tmean Tdiur Tmax TQwarm TQcold 

Maximum height N,E E,A    N,E  

Total biomass N,E       

No. branches N,E       

Day half growth N,E  N,E  N,E N,E  

Flowering onset N,E  N,E,A  N,E,A N,E,A  

Male function biomass N,E,A E,A      

Dichogamy    N,E    

Sex function allocation  E,A N,A   N,A N,A 

 

Genomic signatures of selection 

We identified a large number of outlier windows (windows with a higher number of outliers 

SNPs than binomial expectation), with 0.9-1.2% for the XTX, 5.4-7.6% for GEA and 2.6% for 

GPA of all windows being identified as outliers (Table S4). We observed a lower number of 
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SNPs and windows in Australia compared to the other ranges, which aligns with reduced 

genetic variation within this range (van Boheemen et al., 2017b) as well as lower sample sizes. 

Further differences in numbers of outlier SNPs and windows are due to outlier classification 

among environmental variables (GEA) or phenotypes (GPA) or due to a more stringent SNP-

call rate (GPA).  
 

Genomic repeatable signatures of selection 

We investigated patterns of repeatability on a SNP-by-SNP and window-by-window basis, 

starting with genomic differentiation compared to the neutral background. We found high 

repeatability of SNP differentiation, where XTX values were strongly correlated (Pearson’s 

R=0.434-0.501) in pairwise range comparisons (Table S3). Repeatability at the level of 1000 

bp windows was slightly higher (Pearson’s R=0.474-0.585; Table S3). For all pairwise range 

comparisons, repeatability was higher in North America and Europe compared to these ranges 

and Australia. To identify whether repeatability depended on the level of differentiation, we 

placed SNPs and windows in 5% quantile bins based on ranked (mean) XTX values. Strong- 

and weakly-differentiated SNPs and windows were disproportionately often placed in the same 

bin among range pairs, with up to 4.7 and 6.1 times more bin sharing of the top 5% 

differentiated SNPs and windows than could be expected from binomial distribution (Fig. 2). 

We discarded patterns of balancing selection (low differentiated SNPs and windows) from 

further analyses as these are known to be sensitive to high false positive rates (Excoffier et al., 

2009b; Lotterhos & Whitlock, 2014). 

 

 
Figure 2. Observed/expected number of SNPs (A) and 1000 bp windows (B) shared between range pairs in the 
same 5% quantile bin based on XTX values with 95% confidence intervals of the binomial expectation under 
random distribution of test values illustrated with black lines. 
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 We explored the number of genomic regions associated with top 5% shared PEA 

environmental variables using GEA. Compared to the whole pool of environmental variables, 

the number of outlier windows identified for the top 5% shared PEA environmental variables 

was relatively low among all ranges (Fig. 3). Instead, we repeatedly found various precipitation 

measures to have the largest number of outlier windows within each range, with some of these 

shared among ranges. Furthermore, for each top 5% shared PEA environmental variable, we 

identified a relative lower number of outlier windows (compared to the outlier windows 

identified for other PEA variables) in North America compared to Europe or Australia. , we did 

not reveal higher sharing of outlier binomial windows among range pairs than could be 

expected by chance alone (Fig. 4A, Fig S5&6). A lack of repeatability can result from dilution 

of the selective signal in one range due to differences in power between ranges (see Discussion). 

To overcome this issue, we explored shifts of test values within windows compared to the 

genomic background, targeting those windows identified as outliers in one of the other ranges 

using the null-W method. When we included such windows in our pairwise range comparisons, 

we did find a higher number of shared windows compared to random chance for most top 5% 

shared PEA environmental variables (Fig. 4B) and other PEA environmental variables (Fig. S6, 

Supporting Information). 	
 

 
Figure 4. Number of 1000 bp outlier windows as identified with binomial (A) and null-W tests (B) shared among 
A. artemisiifolia range pairs with 99.9th hypergeometric quantiles illustrated with black lines. 
 

Genomic and phenotypic repeatable signatures of selection 

To reduce false-positive rates that could be associated with individual outlier tests, we explored 
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pairwise range comparisons, the sharing of outlier windows was significantly higher (q≤0.001) 

than could be expected under a random hypergeometric distribution. This was true when 

focusing on top 5% shared PEA environmental variables (Fig. 5), or when investigating overlap 

for all environmental variables (Fig. S4, Supporting Information). In comparisons including top 

5% shared PEA environmental variables, 240 windows showed multiple signatures of selection 

(XTX and GEA), 50 (24.5%) were shared amongst ranges, 9 (4.4%) of which were found in all 

ranges. Six of these windows were also identified as binomial GPA outlier windows, in 

phenotype associations with growth (outlier in North America only), sex allocation (Europe 

only) and dichogamy (North America and Australia) traits (Fig. 5). When testing all 

environmental variables, sharing of outlier windows (XTX and GEA) amongst ranges reached 

40.7% (Fig. S4). Ten of these outlier windows showed significant binomial GPA, with 

additional associations to relative reproductive allocation, seed size and trichome density. 

These results support genomic and environmental repeatability amongst ranges when 

combining multiple lines of evidence supporting local adaptation. 
 

Figure 5. Number of Ambrosia artemisiifolia outlier windows (binomial and null-W tests, identified in both XTX 

and GEA) within each or multiple ranges. In each diagram: blue/top left=native North America; green/top 
right=introduced Europe; red/bottom=introduced Australia. An outlier window had to be identified in both XTX 
(FST-like outlier test) and GEA (genotype-environment associations) where windows identified as outliers for 
multiple environments were counted once. Binomial outlier window ID and associated phenotypes are provided 

when identified in GPA (phenotype abbreviations correspond to Table S1, Supporting Information; Height=Max. 
plant height; Branch=Number of branches; Sex=Sex function allocation; Male=Weight of male sex function; 
Dich=Dichogamy). We only considered top 5% shared PEA phenotypes and environmental variables. The overlap in 
outlier windows in each pairwise range comparison is significantly higher (q≤0.001) than could be expected under 
a random hypergeometric distribution. 
 

Patterns of LD  

We investigated range differences in local patterns in LD decay between SNPs and tested 

whether such patterns differed between outlier and non-outlier windows. We found a significant 
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three-way interaction of distance (bp) between SNPs within a window, range and window type 

(F1=7.830, p<0.001). Dissection of specific interaction contrasts revealed that LD decayed over 

shorter distances in non-outlier compared to outlier windows in the native North America. Such 

differences were however not apparent in European or Australian individuals (Fig. 6, Table 3). 

In contrast, correlation between SNPs in outlier windows was higher in the native compared to 

the Australian samples (Fig. 6, Table 3).  
 

Table 3. Local LD decay in Ambrosia artemisiifolia, within outlier and non-
outlier windows among pairwise range comparisons (a) or within ranges (b) 

(N=North America, E=Europe, A=Australia), with adjusted slopes 
(standard error) *10-5)(c). For a &b, we reported F-test values, degrees of 
freedom in subscript and Holm-corrected p-values (q). a. 

Pairwise range comparisons 

 
Non-outlier Outlier 

 

N-
E 

N-
A 

E-
A 

N-
E 

N-
A 

E-
A 

 

F1=
0.0
00, 
q=1
.00
0 

F1=
0.3
29, 
q=1
.00
0 

F1=
0.3
13, 
q=1
.00
0 

F1=
5.4
46, 
q=0
.13
7 

F1=
16.
587

, 
q<0
.00
1 

F1=
4.0
60, 
q=0
.22
0 

 

b. Non-outlier versus outlier within ranges 

 
N E A 

 
F1=12.927, q=0.003 F1=0.051, q=1.000 F1=4.801, q=0.171 

 
c. *10-5 Non-outlier Outlier 

 North America -14.758 (0.002) -10.2 (0.006) 

 Europe -14.765 (0.002) -14.427 (0.009) 

 Australia -15.034 (0.002) -19.616 (0.015) 

 



 

 116 

 
Figure 6. Decay of linkage disequilibrium (measured as pairwise correlation between SNPs in Pearson’s r) over 

increasing genomic distance in base pairs within outlier (solid lines) and non-outlier (dashed line) 1000 bp 
windows within each Ambrosia artemisiifolia range (native North America=blue, introduced Europe=green, 
introduced Australia=red). Outliers were defined with the binomial method and had to be detected in both XTX 
and GEA outlier tests. Letters depict significance of range difference for outlier windows, whereas LD decay was 

not significantly different among ranges for non-outlier windows (ns) (Table 3). The relationship between LD and 
distance is non-linear and we transformed axes to highlight differences. The non-transformed figure is shown in 
the Supporting Information (Fig. S5).  

We explored genome-wide (non-local) LD between outlier and non-outlier SNPs (selected from 

outlier and non-outlier windows respectively) among ranges. We found a significant interaction 

between window type (outlier or non-outlier) and range (F2=83.109, p<0.001). Dissection of 

this interaction in post-hoc tests revealed LD was higher between genome-wide outlier SNPs 

compared to non-outlier SNPs within each range (Fig 7, Table 4). LD between most pairwise 

range comparisons of outlier or non-outlier windows was significantly different, suggesting 

variation in patterns of genome-wide LD among ranges (Fig. 7, Table 4). 
 

a. Pairwise range comparisons 

 Non-outlier Outlier 

 N-E N-A E-A N-E N-A E-A 

 F1=4499.195 F1=42473.932 F1=71405.75 F1=270.244 F1=0.703, q=0.402 F1=40.394 

 
b.  Non-outlier versus outlier within ranges 

 N E A 

a
ab

b
(ns)
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 F1=2120.989 F1=170.069 F1=27.179 

 
c.   Non-outlier Outlier 

 North America 0.061 (0.000) 0.102 (0.000) 

 Europe 0.055 (0.000) 0.072 (0.000) 

 Australia 0.079 (0.000) 0.106 (0.001) 

 

 

Figure 7. Linkage disequilibrium between SNPs (measured as pairwise correlation in Pearson’s r) within outlier 
and non-outlier windows within each Ambrosia artemisiifolia range. Letters indicate significance (Table 4). 
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Discussion 

We provide evidence to support rapid, repeatable genomic and phenotypic adaptation within 

the A. artemisiifolia native North American and introduced European and Australian ranges, 

despite alternative demographic histories. Among ranges, we identified high repeatability 

among phenotype-environment associations. We revealed significant sharing among ranges of 

genomic regions with elevated differentiation, with repeatability increasing with the level of 

differentiation. Furthermore, loci showing the strongest putative signatures of selection were 

shared more often between ranges than could be expected by chance alone. When combining 

the multiple lines of evidence from these phenotype-environment associations, FST-like outlier 

tests, genotype-environment associations and genotype-phenotype associations, 25-41% loci 

showed repeated signatures of selection among ranges.  

 

Repeated patterns of phenotype-environment associations among ranges 

We found evidence supporting rapid and repeated phenotypic adaptation over multiple 

continents to similar environments. Specifically, we identified parallel patterns in phenotype-

environment associations among the three ranges, particularly between latitude and temperature 

measures with size, growth, phenology and sex function allocation (Table 1). The demographic 

histories of the populations included in the current study indicate climate matching (Maron et 

al., 2004) is unlikely, as the geographic structuring of neutral markers did not follow the same 

patterns with climate in each range (van Boheemen et al., 2017b). Moreover, Australian 

phenotypes are highly divergent from their proposed European source and likely represent a 

single, bottlenecked introduction (van Boheemen et al., 2017b; van Boheemen et al., 2018a), 

suggesting that introduction history and pre-adaptation of populations to climate variation 

across the Australian landscape is an implausible mechanism underlying the observed repeated 

trait evolution. Phenotypic clines can be produced by drift during range expansion (Colautti & 

Lau, 2015) but it seems unlikely that this process would create parallel clines repeatedly, and 

in the same direction in all three ranges and across multiple quantitative traits. Therefore, our 

phenotypic common garden observations support rapid and repeated parallel patterns of 

adaptation in response to climate variability within each range. 

 

Genomic repeatability among ranges 

We identified notable genomic repeatability using multiple lines of evidence (XTX and GEA). 

Repeatability of putative selective signatures at the genetic level has rarely been studied in 

introduced species, and results vary from little (Gould & Stinchcombe, 2017), to substantial 

evidence for repeatability (Marques et al., 2018). Our results add to this previous research by 

comparing multiple introductions, showing high genomic repeatability despite distinct 

demographic histories. Repeatability increased with the strength of differentiation for the XTX 
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analysis. Disproportionate repeatability of high-differentiated SNPs and genes has been 

previously described in several studies (e.g. Renaut et al., 2014; Trucchi et al., 2017). These 

patterns suggest biases and/or constraints in the genetic basis of adaptation. Shared standing 

variation is one bias that can contribute to the increased probability of gene reuse during local 

adaptation (Conte et al., 2012), as are differences in mutation rate among genes (Conte et al., 

2012; Storz, 2016; Yeaman et al., 2018) or shared heterogeneity in recombination rates (Renaut 

et al., 2014; Conte et al., 2015). As native range expansion (Martin et al., 2014) and 

introduction to Europe and Australia were recent (van Boheemen et al., 2017b), standing 

variation is likely to strongly contribute to rapid adaptation due to the waiting time of new 

mutations (Barrett & Schluter, 2008). In addition to biases that can contribute to repeatability 

at the genetic level, gene reuse could occur because of low redundancy in the mapping of 

genotype to phenotype (only a few ways to make the same phenotype), or because of low 

redundancy in the mapping of genotype to fitness (only a subset of the genotypes yielding the 

same phenotype are optimal)(Yeaman et al., 2018). Low redundancy in the mapping of 

genotype to fitness can arise due to indirect effects such as epistatic interactions or pleiotropic 

effects on other selected traits (Chevin et al., 2010b; Weinreich et al., 2005). Such redundancy 

can also be influenced by aspects of the genetic architecture such as the number of alleles, 

recombination rates (Renaut et al., 2014), and effect sizes and is dependent on the interaction 

between drift, selection and migration (Yeaman et al., 2018). Closely related lineages, such as 

recent introductions, are more likely to share a similar genomic context, increasing the 

probability of repeatable patterns emerging (Holliday et al., 2016).  

We identified a higher repeatability when comparing genomic windows versus single 

nucleotide divergence (Table 2, Figure 2). This reduction in repeatability towards lower levels 

of organization has been observed previously when comparing SNP to allozyme markers 

(Ravinet et al., 2016), genomic regions or genes (Tenaillon et al., 2012; Renaut et al., 2014), 

biochemical pathways (Roda et al., 2013) and phenotypes to ecological function (McGee & 

Wainwright, 2013). Hierarchical decline in parallelism is proposed to result from redundancy 

in the mapping of one level to the next, where multiple elements could affect the same higher-

level function (McGee & Wainwright, 2013; Lenormand et al., 2016). Furthermore, as outlier 

loci are often likely linked to functional changes under selection instead being the direct cause 

of adaptive differences, high levels of repeatability at the SNP level may not be unexpected, 

even if the same functional changes are under selection in the different ranges. Indeed, 

quantitative traits are often polygenic and classic quantitative genetic theory predicts high levels 

of redundancy in the mapping of genotype to phenotype (Pritchard & Di Rienzo, 2010; 

Pritchard et al., 2010). Future work dissecting redundancy at different levels (e.g. Yeaman et 

al., 2018) will provide insight into the processes that limit the genetic basis of adaptation 

(Lässig et al., 2017) and the mechanisms by which species evolve. 
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Integration of genomic and phenotypic repeatability 

Overlap in adaptive signals among ranges identified on the genomic and phenotypic level was 

much higher than could be expected by stochastic processes, such as drift, when we combined 

the multiple lines of evidence to identify adaptation candidates (Fig. 5). This excessive 

similarity among ranges was found for every combination of outlier tests and is therefore 

implausible to have resulted from biases unique to individual tests. These results indicate that 

the Australian genetic bottleneck and short time since introduction (~80 generations; van 

Boheemen et al., 2017b) did not appear to strongly impede the repeatability of adaptation. 

Indeed, rapid adaptation following bottlenecks are not uncommon and has been found in 

Hypericum canariense (Dlugosch & Parker, 2008b). In addition, similar extremely rapid and 

repeated adaptation was recently shown in threespine sticklebacks, where <20 generations of 

adaptive divergence paralleled 75% of genomic changes known to have accrued over 12k years, 

despite the presence of genetic bottlenecks (Marques et al., 2018).  

 

Biases in outlier detection and repeatability 

The number of putative adaptive loci associated with each environmental variable (candidate 

variable) was relatively low compared to those putative adaptive loci identified for non-

candidate environmental variables. Moreover, we identified fewer candidate environment-

associated outliers in North America compared to Europe or Australia. One explanation for this 

pattern could be differences in the genomic architecture of traits diverging in response to 

candidate and non-candidate variables, alongside differences in architecture between ranges. 

For instance, fewer loci contributing to adaptive divergence responding to the candidate 

environmental variables could lead to observed pattern. Conversely, these results could indicate 

our tests were underpowered, particularly in situations where the population structure covaries 

with adaptive differentiation in the diverging trait and/or the underlying loci are of small effect. 

Furthermore, the signal of a selective sweep should dissipate over time, whereby the region of 

the genome impacted by the sweep declines with the time since the sweep (Maynard Smith & 

Haigh, 1974; Przeworski, 2002; Kim & Nielsen, 2004). This might be the case for the native 

range where each population has likely been experiencing relatively stable environmental 

conditions for a longer period of time versus those that have been recently founded in the 

introduced range. Alternatively, some regions of the genome impacted by climate selection may 

not have been sampled in the GBS analysis limiting our capacity to detect selection for some 

traits. Moreover, the limited LD observed in the current study likely results in a reduces 

selective signal in the genome, thus diminishing the number of putative adaptive SNPs to be 

discovered. Whole-genome sequencing, larger sample sizes, together with polygenic and 
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multivariate tests of selection could help to differentiate among these diverse biological and 

technical causes to differences in the number of putative adaptive loci among traits and ranges. 

Further mechanisms could lead to biases of adaptive signatures and genetic repeatability 

(Renaut et al., 2014; Conte et al., 2015). For instance, pleiotropy could cause overestimates 

when alternate traits influenced by a single gene are adaptive in different ranges. Hitchhiking 

can result in biases through the repeated detection of false-positive, neutral loci linked to loci 

adaptive in multiple ranges. This would likely result in a decrease of genomic repeatability at 

lower levels of organization (Conte et al., 2015). Similar problems could arise if multiple 

mutations contribute to adaptation within a single genomic region, as would be expected with 

the clustering of adaptive loci (Yeaman, 2013; Rougemont et al., 2017). These biases are 

difficult to disentangle without functional analysis of regions with signatures of selection. 

Furthermore they are challenging to control for statistically given the fragmentation of the 

genome assembly and the fact that some of our scaffolds are linked with one another (Hoban et 

al., 2016). 

Overestimates of repeatability are also predicted from underpowered tests of selection 

as small effect loci, which are more difficult to detect, are thought to be less frequently involved 

in adaptive gene reuse (Yeaman et al., 2018). A polygenic basis (Chevin & Hospital, 2008; 

Pritchard et al., 2010) and soft sweeps (Hermisson & Pennings, 2005; Messer & Petrov, 2013) 

complicates detection of selective signatures in outlier analyses, as allele frequency changes in 

response to even strong selection at the trait level are often small on individual underlying loci 

(Hancock et al., 2010; Turchin et al., 2012). As a result, changes in covariances among loci 

could result in divergence of highly polygenic traits, even with limited genetic differentiation 

at individual loci (Kremer & Le Corre, 2012; Le Corre & Kremer, 2012). Repeated signatures 

of selection would be challenging to identify if small effect loci are the main contributors to 

adaptive divergence (Gould & Stinchcombe, 2017; Trucchi et al., 2017) both because they are 

more difficult to identify technically, and they are less likely to be involved in repeatability 

from the theoretical perspective. However, it is possible repeatable phenotypic adaptation in 

our study involved low-frequency changes. Indeed, elevated patterns of sharing were observed 

when exploring minor shifts in allele frequencies using the more sensitive null-W method, 

perhaps in part because of the recency of selection in the introduced ranges, or the complex 

genetic architecture of the traits likely under selection resulting is more subtle allele frequency 

changes.  

Differences in false-positive rates among the ranges could result from the dramatically 

distinct demographic histories (Hodgins et al., 2018). For instance, more false-positives could 

be expected in the introduced ranges compared to the native due to recent allele surfing 

following recent range expansion (Klopfstein et al., 2006). In addition, the multiple 

introductions experienced in Europe (van Boheemen et al., 2017b) could conserve false positive 
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loci identified in North America, resulting in their elevated repeatability. FST outlier type tests 

(e.g. XTX) would be particularly prone to this problem, as repeated false positives from the 

GEA analysis would require matching of the climate between the source and the introduced 

ranges, while FST outlier analyses would not. GEA has been found to outperform FST-like tests 

under certain demographic scenarios (Bierne et al., 2013). Such a bias would however not 

explain the repeatable patterns with Australia, where populations have probably become 

established following a single introduction (van Boheemen et al., 2017b). Additionally, FST-

like outlier tests are sensitive to low heterozygosity, which is common in regions of low 

recombination (Tiffin & Ross-Ibarra, 2014). Consequently, FST outliers can arise through 

processes other than local adaptation, including selective sweeps or background selection 

(Ortiz-Barrientos et al., 2016). As populations within the multiple ranges likely share genomic 

context, and thus patterns of recombination, it is plausible XTX false-positives are shared 

among ranges.  

Lower repeatability of patterns in GEA compared to XTX could arise through a 

relatively high false negative rate of the former as this test underperforms in isolation-by-

distance (IBD) scenarios (Lotterhos & Whitlock, 2015). IBD is however negligible or absent 

in the tested ranges (van Boheemen et al., 2017b) and thus not likely to lead to observed test 

differences. Alternatively, key selective factors might not have been included in GEA, however 

the tested phenotypes did show strong associations with the included environmental variables. 

Regardless of these discrepancies between tests, the high sharing of putative adaptive loci 

among ranges when combining tests provides convincing evidence for repeated adaptation at 

the genetic level. 

 

Demographic history, selection and linkage disequilibrium 

We identified higher local linkage disequilibrium (LD) in the native range for loci showing 

putative signatures of selection versus putative non-adaptive loci. Such high local LD excess 

could be indicative of recent selective sweeps (Przeworski, 2002). As introduced populations 

face novel selection regimes, local LD as a result of recent sweeps might be expected to be 

higher in these populations compared to the native range. However, admixture, reduced 

population sizes and increased genetic drift, all observed in the introduced ranges (van 

Boheemen et al., 2017b), are expected to elevate associations among alleles at linked loci 

(Slatkin, 2008), potentially masking LD differences between putative adaptive and non-

adaptive loci. Such linkage could interfere with individual loci’s response to selection if the 

associated alleles have opposing selection coefficients (Fisher, 1930; Muller, 1964; Hill & 

Robertson, 1968; Felsenstein, 1974; McVean & Charlesworth, 2000; Slatkin, 2008). Our 

results, however, suggest that, although distinct demographic histories have left their signature 

on local LD over short windows, these processes did not appear to impede rapid adaptive 
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change both in terms of rapidly generating phenotypic clines and allele frequency changes of 

putative adaptive loci.  

Interestingly, in contrast to these patterns in local LD, we revealed differences in 

genome-wide LD among SNPs in outlier versus non-outlier windows within each range. 

Patterns of LD can be created by selection or physical linkage. To reduce the possibility of 

physical linkage among these SNPs, we selected a single SNP per window, with a single 

window per scaffold. However, we cannot exclude the possibility these SNPs are still physically 

linked, as we currently do not have a genetic map for this species. Nevertheless, this elevated 

genome-wide statistical association among putative adaptive loci is indicative of selection 

driving parallel responses in multiple putatively independent regions of the genome.  

 

Conclusion  

This study is one of an emerging cohort of investigations focused on the repeatability, and thus 

predictability (Lässig et al., 2017), of climate adaptation on the phenotype and genotype. By 

gathering multiple lines of evidence on these hierarchical levels of organization, we have strong 

indications that major evolutionary changes can occur on short timescales in response to climate 

variability. Importantly, by comparing adaptation among multiple introductions with distinct 

demographic histories, we make a substantial contribution to the increasing body of evidence 

showing that introduction dynamics can affect neutral genetic diversity (Dlugosch & Parker, 

2008a), while adaptive potential of those traits might not be constrained to a similar extent 

(Dlugosch et al., 2015a). We support our results by an exploration of the genomic architecture 

and show elevated LD among putative adaptive loci.  

Studies, such as ours, showing repeatability of changes occurring over contemporary 

timescales, imply a promising future for our ability to predict aspects of a species’ genetic and 

phenotypic response to a changing climate. Future studies could examine features of the 

genomic architecture that might play a key role in evolvability. For instance, theoretical studies 

predict that loci with large phenotypic effects will respond first to selective changes 

(MacPherson & Nuismer, 2017), will contribute more to repeatable adaptation (Lässig et al., 

2017) and are considered important in invasive spread (Dlugosch et al., 2015a).  Prospective 

research could benefit from a native-introduced study system with variable invasion history, as 

presented in the current study, to explore the genomic basis of adaptation and the impact of 

historical contingency on the genetic route by which adaptation proceeds. 
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Supporting information Chapter 4 

 

 
Figure S1. Principle component analysis for all phenotypic variables (A) and shared PEA variables (B) within the 
native North American (blue triangles) and invasive European (green squares) and Australian (red circles) 
Ambrosia artemisiifolia ranges, with in brackets the percentage explained by the primary principle components 
(PC1 and PC2) and abbreviations corresponding to Table S2. 

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

Branch

Male

Biom

Flow
Dich

Sex
Height

Half

−0.2

0.0

0.2

−0.2 −0.1 0.0 0.1 0.2
PC1 (70.99%)

PC
2 

(1
3.

55
%

) Range
● Australia

Europe

Native

North America 

Europe 

Australia 

A 

B 

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

Branch

Stem

Male

Seed

Ssize

Biom Flow

Dich

Fit

Rfit

SLA

Sex

RS

Height

Grow

Half

Peaks

Area

Trich

−0.2

−0.1

0.0

0.1

0.2

0.3

−0.2 −0.1 0.0 0.1 0.2
PC1 (60.8%)

PC
2 

(1
7.

57
%

) Range
● Australia

Europe

Native



 

 126 

Figure S2. Principle component analysis for all environmental variables (A) and shared PEA variables (B) within 
the native North American (blue triangles) and invasive European (green squares) and Australian (red circles) 
Ambrosia artemisiifolia ranges, with in brackets the percentage explained by the primary principle components 
(PC1 and PC2) and abbreviations corresponding to Table S2. 
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Figure S3. Signatures of repeatable phenotypic local adaptation among Ambrosia artemisiifolia ranges. 
Phenotype-environment associations (PEA) were measured in Spearman’s ρ within each range, where the top 5% 
cut-offs (based on ranked ρ within each range) are depicted by dashed lines. Top 5% PEA shared amongst range 
pairs (solid squares) are indicative of repeatable adaptation. Categorical classification is for graphical purposes 
only (see Tables S1 & S2).   
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Figure S4. Observed/expected number of phenotype-environment pairs shared between range pairs in the same 
5% quantile bin based on the strength (Spearman’s rho) of these phenotype-environment associations (PEA) with 
95% confidence intervals of the binomial expectation under random distribution of test values illustrated with 
black lines.
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Figure S5. Observed/expected number of SNPs (top panels) and 1000 bp windows (bottom panels) shared between range pairs in the same 5% quantile bin based on BF values with 95% 

confidence intervals of the binomial expectation under random distribution of test values illustrated with black lines. Presented figures include top 5% PEA environmental variables only. 
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Figure S5. Continued 
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Figure S6. Number of 1000 bp outlier windows as identified with binomial (A) and null-W tests (B) shared among 

range pairs with 99.9th hypergeometric quantiles illustrated with black lines. 
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Figure S7. Number of Ambrosia artemisiifolia outlier windows (binomial and null-W tests, identified in both XTX 

and GEA) within each or multiple ranges. In each diagram: blue/top left=native North America; green/top 

right=introduced Europe; red/bottom=introduced Australia. An outlier window had to be identified in both XTX 

(FST-like outlier test) and GEA (genotype-environment associations) where windows identified as outliers for 

multiple environments were counted once. Binomial outlier window ID and associated phenotypes are provided 

when identified in GPA (phenotype abbreviations correspond to Table S1, Supporting Information; Rfit=Relative 

reproductive biomass; Height=Max. plant height; Branch=Number of branches; Sex=Sex function allocation; 

Fit=Total reproductive biomass; Male=Weight of male sex function; Dich=Dichogamy; Ssize=Average seed 

weight; Trich=Trichome density). The overlap in outlier windows in each pairwise range comparison is 

significantly higher (q≤0.001) than could be expected under a random hypergeometric distribution. 
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Figure S8. Decay of linkage disequilibrium (absolute correlation between SNPs) over increasing genomic distance 

in base pairs within (solid lines) 1000 bp outlier windows and within non-outlier windows (dashed line) of the 

same size within each Ambrosia artemisiifolia range (native North America=blue, introduced Europe=green, 

introduced Australia=red), where outliers were defined with the binomial method and had to be detected in both 

XTX and GEA outlier tests.
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Table S1. List of traits included in this study with abbreviation used in figures and associated first two principal components loadings (PC) from PCA for all (Fig. S1A) or shared PEA 
phenotypes (Fig. S1B), with colour scales corresponding to loadings. 

   PCA for all phenotypes  PCA for shared PEA phenotypes  

Abbreviation Full variable name Description PC1 PC2 PC1 PC2 

Biom Total biomass Above- and belowground dry biomass 0.046 0.042 0.133 0.083 

Branch Number of branches Number of branches from main stem; only branches ending in leaves are  counted 0.045 0.072 0.119 0.107 

Height Maximum plant height Maximum measured height 0.068 0.018 0.147 0.027 

RS Root/shoot ratio Root/shoot dry biomass 0.062 0.052 - - 

SLA Specific leaf area Leaf area of fully expanded fresh leaf/leaf dry weight 0.048 0.081 - - 

Stem Stem width Basal stem width 0.065 0.008 - - 

Dich Dichogamy 
First recorded day of pollen release - first recorded day of receptive female function (a 
positive value is protogyny, a negative value is protandry) 

0.049 0.067 0.141 0.056 

Sex Sex function allocation 
Female (seeds) / male (raceme) dry weight (a value >1 is higher biomass allocation to 
female function) 

0.056 0.045 0.145 0.003 

Flow Flowering onset 

First recorded day of flowering (number of days after second transplant); first day of 

pollen release (male function) or receptive female function 
0.064 0.029 0.125 0.102 

Grow Maximum growth rate Sensu Chuine et al., 2001 0.061 0.050 - - 

Half Time of half growth Sensu Chuine et al., 2001 0.057 0.072 0.047 0.474 

Fit Total reproductive biomass Female (seeds) and male (raceme) dry weight 0.063 0.041 - - 

Male 
Male function reproductive 
biomass 

Dry weight of male function flowering structure (racemes) 0.067 0.016 0.143 0.148 

Rfit 

Relative reproductive 

biomass 
Total reproductive biomass / total plant biomass 0.062 0.051 - - 

Seed Total seed weight Dry weight of female function flowering structure (seeds) 0.044 0.088 - - 

Ssize Average seed weight Dry weight per seed in milligrams, averaged over 20 seeds (where available) 0.055 0.059 - - 

Area Total phenolic peak area 

Peak area of >350mAU phenolic peaks identified with high-performance liquid 

chromatography () 
0.052 0.040 - - 

Peaks Number of phenolic peaks 
Number of >350mAU phenolic peaks identified with high-performance liquid 
chromatography () 

0.020 0.095 - - 

Trich Number of trichomes Trichome density at the mid-point of each plant () 0.012 0.070 - - 
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Table S2. List of bioclimatic and geographic variables included with abbreviations used in text and according to the Worldclim database and associated first two principal components 
loadings (PC) from PCA for all (Fig. S2A) or shared PEA environmental variables (Fig. S2B) with colour scales corresponding to loadings. 

   

PCA for all environmental 
variables (Fig. S2A) 

PCA for shared PEA variables 
(Fig. S2B) 

Abbreviation 
Worldclim 

code Description PC1 PC2 PC1 PC2 
Tmean  BIO1   Annual Mean Temperature 0.040 0.076 0.103 0.290 

Tdiur  BIO2  
 Mean Diurnal Range (Mean of monthly (max temp - min 
temp)) 

0.065 0.001 0.158 0.002 

Tiso  BIO3   Isothermality (BIO2/BIO7) (* 100) 0.056 0.041 - - 
Tseas  BIO4   Temperature Seasonality (standard deviation *100) 0.063 0.030 - - 
Tmax  BIO5   Max Temperature of Warmest Month 0.057 0.022 0.154 0.114 

Tmin  BIO6   Min Temperature of Coldest Month 0.052 0.055 - - 
Trange  BIO7   Temperature Annual Range (BIO5-BIO6) 0.064 0.024 - - 
TQwet  BIO8   Mean Temperature of Wettest Quarter 0.011 0.087 - - 

TQdry  BIO9   Mean Temperature of Driest Quarter 0.048 0.030 - - 
TQwarm  BIO10   Mean Temperature of Warmest Quarter 0.047 0.045 0.146 0.160 
TQcold  BIO11   Mean Temperature of Coldest Quarter 0.057 0.053 0.153 0.120 

Pmean  BIO12   Annual Precipitation 0.053 0.071 - - 
Pmax  BIO13   Precipitation of Wettest Month 0.041 0.026 - - 

Pmin  BIO14   Precipitation of Driest Month 0.046 0.052 - - 
Pseas  BIO15   Precipitation Seasonality (Coefficient of Variation) 0.053 0.052 - - 
PmaxQ  BIO16   Precipitation of Wettest Quarter 0.055 0.028 - - 

PminQ  BIO17   Precipitation of Driest Quarter 0.001 0.095 - - 
PQwarm  BIO18   Precipitation of Warmest Quarter 0.051 0.024 - - 
PQcold  BIO19   Precipitation of Coldest Quarter 0.016 0.090 - - 

Alt - Altitude 0.021 0.012 - - 
Lat - Absolute latitude 0.062 0.016 0.148 0.125 

Long - Longitude 0.040 0.072 0.139 0.189 
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Table S3. 
Patterns of 

repeatable 

signatures of 

selection 

measured as 

the strength 

of 

phenotype-

environment 

associations 

(PEA), 

genomic 

divergence 

(XTX) or 

genotype-

environment 

associations 

(GEA) of 

phenotype-

environment 

pairs  (PEA) 

SNPs and 

1000 bp 

genomic 

windows 

(XTX and 

GEA) within 

A. 

artemisiifolia 

range pairs 

(N: native 

North 

America; E: 

introduced 

Europe; A: 

introduced 

Australia) 

with 

Pearson’s 

correlation 

coefficients 

calculated 

among test 

 N-E N-A E-A 
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values. P-

values were 

<0.001 

unless 

indicated in 

parentheses. 

Variable 

abbreviations 

correspond 

to Table S2.   

Phenotype-environment pair 

PEA 0.048, 
p=0.328 

0.246 0.059, p=0.154 

SNP 

XTX 0.501 0.455 0.434 

G
E

A
 

Latitude 0.025 0.000, p=0.964 0.019 

Longitude 0.044 0.025 0.022 

Tmean 0.022 0.014 0.018 

Tdiur 0.033 0.016 0.021 

Tmax 0.028 0.014 0.022 

TQwarm 0.026 0.015 0.022 

TQcold 0.031 0.015 0.012 

1000 bp window 

XTX 0.585 0.474 0.489 

G
E

A
 

Latitude 0.059 0.001, p=0.919 0.018, p=0.031 

Longitude 0.055 0.043 0.05 

Tmean 0.045 0.012 0.038 

Tdiur 0.061 0.044 0.032 

Tmax 0.056 0.017 0.029 

TQwarm 0.059 0.013 0.039 

TQcold 0.065 0.021 0.037 

 

 

Table S4. Total number of SNPs, top 1% ranked ‘outlier’ SNPs based on test-values, windows and number of 

‘outlier’ windows with more outlier SNPs compared to binomial expectation identified using tests of SNP 

divergence (XTX), environment-allele associations (GEA) and genome-wide genotype-phenotype associations 

(GPA) within the global, native North American (NA) and introduced European (EU) and Australian (AU) 

datasets. SNPs and windows identified as outliers across multiple environments or phenotypes were counted once. 

  Total number Number of outliers 
  Global NA EU AU Global NA EU AU 

SNPs 

XTX 
83,559 82,995 82,097 77,410 

835 831 830 783 

GEA 7,562 5,568 8,629 6,655 

GPA 11,496 11,496 NA 3,295 2,188 NA 

Windows 

XTX 
15,549 15,516 15,378 15,090 

190 151 152 135 

GEA 978 843 1,161 952 

GPA 2,797 2,797 NA 94 73 NA 
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Abstract 

1. Rapid adaptation is aiding invasive populations in their competitive success. The 

evolution of increased competitive ability (EICA) hypothesis posits this enhanced 

performance results from escape from native enemies, yet its support is equivocal.   

2. We here test EICA by investigating adaptive divergence of various constitutive and 

inducible defence-related traits within the native North America and introduced European 

and Australian ranges, whilst controlling for divergence due to latitudinal trait clines, 

individual resource budgets and population differentiation, using >11,000 SNPs. 

3. We do not identify a general reduction in defence in concert with an increase in growth 

among the multiple introduced ranges as predicted by EICA. Yet, rapid, repeated clinal 

adaptation in defence-related traits was apparent despite distinct demographic histories. 

Divergence in energy budgets among ranges may explain some, but not all, defence-

related trait divergence.  

4. Synthesis: The rapid spread of invasive species is affected by a multitude of factors, likely 

including adaptation to climate and escape from natural enemies. Unravelling the 

mechanisms underlying invasives’ success enhances understanding of eco-evolutionary 

theory and is essential to inform management strategies in the face of ongoing climate 

change. 

 

Keywords 
EICA, latitudinal adaptation, growth-defence trade-offs, constitutive defence, inducible 

defence, invasive species, phenolic compounds, resource budgets 

 

Introduction 

Biological invasions are occurring at an accelerating pace due to the globalisation of 

anthropogenic activity (Ricciardi, 2007). Individuals colonizing new ranges likely face 

environments different from those previously experienced (Sax & Brown, 2000; Allendorf & 

Lundquist, 2003; Chown et al., 2014). Nonetheless, alien populations often display enhanced 

performance compared to their native counterparts (Blossey & Notzold, 1995; Thébaud & 

Simberloff, 2001; Parker et al., 2013), and this can be facilitated by rapid adaptation (Chown 

et al., 2014; Colautti & Lau, 2015; Dlugosch et al., 2015a). The evolution of increased 

competitive ability (EICA) hypothesis posits that invasives’ trait divergence results from 

release from natural enemies, allowing the allocation of defence resources to growth and 

reproduction (Blossey & Notzold, 1995). However, empirical support for the predicted 

evolutionary decrease in invasive plants’ herbivory defence in concert with increased 

competitive ability is equivocal and various between species (Bossdorf et al., 2005; Felker‐

Quinn et al., 2013). Therefore, EICA as yet falls short as a general hypothesis to explain 

invasion success.  
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The complex interplay between the evolutionary mechanisms shaping phenotypic 

divergence could confound inferences predicted by EICA. Distinct demographic processes, 

including founder effects, genetic drift and admixture, often characterize introduction and alone 

can lead to divergence between native and introduced populations (Lee, 2002; Facon et al., 

2006; Prentis et al., 2008; Rius & Darling, 2014; Estoup et al., 2016). Dissection of the various 

evolutionary processes that can contribute to trait divergence is required to advance our 

understanding of rapid spread in invasive species. In addition, the repeatability of evolutionary 

patterns associated with introductions is unclear, as the majority of studies on EICA focus on a 

single invaded range (e.g. Blossey & Notzold, 1995; Joshi & Vrieling, 2005; Hodgins & 

Rieseberg, 2011; Uesugi & Kessler, 2016, but see Colomer‐Ventura et al., 2015). As EICA 

predicts the evolution of competitive ability following enemy escape is repeated among 

introductions, tests across multiple introduced ranges are essential to reveal the general 

applicability of this hypothesis.  

Biotic and abiotic clines governing plant resistance within ranges (Endara & Coley, 

2011; Moles et al., 2011a) can also obscure the adaptive underpinnings of trait divergence 

among ranges experienced during invasion. For instance, herbivore pressure in the native range 

is expected to increase towards lower latitudes and potentially drive clines in plant defence in 

some species (Moles et al., 2011a). This clinal pattern may be absent in the introduced range 

due to overall lack of herbivory, resulting in non-parallel defence gradients between ranges 

(e.g. Cronin et al., 2015; Allen et al., 2017). Moreover, high-resource environments support 

plant species with faster growth that are more vulnerable to herbivores (Coley et al., 1985; 

Zandt, 2007; Endara & Coley, 2011), resulting in latitudinal clines in defence traits. Latitudinal 

clines in resource availability could subsequently lead to the evolution of high growth and 

reduced chemical defences at lower latitudes (Woods et al., 2012; Moreira et al., 2014), 

although this interspecific pattern may have limited application to intraspecific variation (Hahn 

& Maron, 2016, but see Woods et al., 2012). However, taken together these patterns suggest 

that the evolutionary consequences of herbivore escape could change along latitudinal gradients 

(Blumenthal, 2006). Geographical clines therefore need to be considered in tests of adaptive 

divergence between ranges (Colautti et al., 2009). 

Herbivore defence may also evolve indirectly if defensive traits are genetically 

correlated with other traits that are under strong selection. For example, the growth-defence 

trade-off hypothesis (Coley et al., 1985), a fundamental component of EICA, suggests a 

negative genetic correlation between plant growth and defence-related traits, because allocation 

of limited resource to one trait necessarily reduces resource available for the other. Nevertheless, 

empirical demonstrations of such trade-offs are rare (Uesugi et al., 2017), and may often be 

obscured by genetic variation in resource acquisition (Van Noordwijk & de Jong, 1986). High 

variation in resource acquisition among genotypes from across the species range, such as 
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elevated resource returns of larger individuals (Van Noordwijk & de Jong, 1986) or individuals 

with high specific leaf area (SLA, Poorter & Remkes, 1990), is expected to mask the underlying 

trade-offs and result in a positive correlation between growth and defence (Agrawal, 2011; Züst 

& Agrawal, 2017). To test for the evolution of defence traits driven by allocation trade-offs, we 

thus need to assess how potential traits governing resource acquisition could impede detection 

of allocation trade-offs between growth and defence.  

The frequency and level of attack could lead to various defence responses (Orrock et 

al., 2015; Bixenmann et al., 2016), expected to trade off due to their costs and redundancy 

(Koricheva et al., 2004; Agrawal et al., 2010). Predictable and strong attack should favour 

constitutive defence, whereas low, infrequent herbivory would favour no, or an inducible 

response (Agrawal & Karban, 1999; Ito & Sakai, 2009). These responses have been shown to 

vary over latitudinal clines within ranges (Moreira et al., 2014 Rasmann & Agrawal, 2011). 

However, the studies exploring evolutionary shifts between native and introduced ranges 

showed mixed results (e.g. Cipollini et al., 2005; Eigenbrode et al., 2008). Various responses 

are predicted to result from a decrease in the intensity and frequency of herbivory following 

introduction (Maron & Vilà, 2001; Agrawal & Kotanen, 2003), including an increase in 

plasticity (Cipollini et al., 2005; Lande, 2015) or high variability in inducible response among 

populations (Eigenbrode et al., 2008). Testing such shifts in invasive species would provide 

insight into the evolution of induced/constitutive trait defence more generally. 

Ambrosia artemisiifolia is a highly suitable system to study adaptive divergence in 

defence-related traits during invasion. This native North American weed has successfully 

established globally (Oswalt & Marshall, 2008), including recent introductions to Europe (~160 

years ago Chauvel et al., 2006) and Australia (~80 years ago; Palmer & McFadyen, 2012; van 

Boheemen et al., 2017b). Repeated clinal associations were found in A. artemisiifolia 

populations included in the current study, with declines in size and increase in SLA at higher 

latitudes (van Boheemen et al., 2018a), though differences occurred among ranges. At 

comparable latitudes, European plants were bigger and had lower SLA than natives, while 

Australian plants had higher SLA leaves (van Boheemen et al., 2018a). 

We test for adaptive trait divergence in 1) physical defence (trichome density), 2) 

chemical defence (phenolic compounds concentration and richness), and 3) inducibility of 

chemical defence among the native North American and introduced European and Australian 

ranges. Trichomes are found on the leaves and the stems of plants and deter herbivores (Kessler 

& Baldwin, 2002; Dalin et al., 2008; Tian et al., 2012). Phenolics are secondary metabolites 

that are often thought to confer resistance against herbivores (Bhattacharya et al., 2010; War et 

al., 2012; War et al., 2018). These compounds are also known to be inducible in response to 

herbivore damage, as well as simulated herbivory treatments including wounding and methyl 

jasmonate (MeJA) applications (e.g. Lee et al., 1997; Constabel & Ryan, 1998; Keinänen et al., 
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2001; Heredia & Cisneros-Zevallos, 2009). We accounted for non-adaptive genetic differences 

among populations potentially influencing trait variation using >11,000 double-digest 

genotype-by-sequencing SNPs. Moreover, we controlled for defence-related trait variation 

along latitudinal clines.  

We predict reduced constitutive defence within the introduced ranges together with 

elevated inducible response due to lower certainty of attack (Cipollini et al., 2005) and a more 

plastic (inducible) response in recent colonisations (Lande, 2015). We expect non-parallel 

defence gradients between native and introduced ranges due to divergence of clines in herbivory 

(Moles et al., 2011b) and/or variable resource gradients (Blumenthal, 2006; Hahn & Maron, 

2016). Finally, we explored the association between defence-related trait divergence and 

divergence in growth and SLA among ranges as EICA predicts greater growth follows from 

reduced defence, whereas greater defence could be facilitated by enhanced resource acquisition. 

By considering the complex interplay of the evolutionary mechanisms shaping defence 

divergence among multiple ranges, we effectively test adaptive evolutionary changes in 

herbivore defence. 

 

Methods 

Study species 

Ambrosia artemisiifolia is a highly invasive, monoecious, self-incompatible annual plant 

(Brandes & Nitzsche, 2006), most commonly found in disturbed habitats (Bassett & Crompton, 

1975; Lommen et al., 2017) and is expected to expand its range with ongoing climate change 

(Chapman et al., 2014). It is the leading cause of hay fever worldwide (Taramarcaz et al., 2005) 

and has a significant impact on crop yields (Kazinczi et al., 2008). Within Europe, admixture 

following multiple introductions from distinct native sources has contributed to the success of 

introduced populations, and genetic variation equals levels observed in North America (Chun 

et al., 2010; Gladieux et al., 2010; Gaudeul et al., 2011; van Boheemen et al., 2017b). A 

subsequent single bottlenecked introduction from Europe has been determined as the origin of 

the Australian invasion, although the exact European source is unknown (van Boheemen et al., 

2017b).  

Within the native range, around 450 herbivores have been associated with Ambrosia 

species, of which about 30% are specific to the Ambrosia genus (Gerber et al., 2011). The North 

American n ative specialist Ophraella communa is shown to exert high levels of damage 

(Throop, 2005). Up to 50 polyphagous insect species have been associated with A. 

artemisiifolia in Europe, yet most cause little damage (Gerber et al., 2011; Essl et al., 2015). 

Ophraella communa has been sighted in Southern Switzerland and Northern Italy since 2013 

(Müller‐Schärer et al., 2014), where it greatly affects A. artemisiifolia seedling survival and 

growth (Cardarelli et al., 2018). In Australia, generalists Zygogramma bicolorata (leaf-feeding) 
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and Epiblema strenuana (stem-boring) are widespread and seemingly exert some control 

(Palmer & McFadyen, 2012). 

 

Experimental set-up 

To explore the divergence of constitutive quantitative defence traits between native and 

introduced ranges (“constitutive-defence experiment”), while accounting for divergence along 

latitudinal clines, we collected Ambrosia artemisiifolia seeds in 2013-2014 from broad 

geographical scales within the native North America and introduced Europe and Australia. We 

raised seedlings in a common garden (for detailed methods, see Supporting Information). 

Briefly, we stratified seeds for 6 weeks at 4°C (Willemsen, 1975). After a 2-week germination 

at 30°C with 12h light/dark cycle, we randomly transplanted into 100ml kwikpot trays with 

Debco mix, followed by a second transplant to 0.7L pots containing Debco and 1.5ml slow-

release fertilizer (Osmocote Pro, eight to nine months) one month later. We top-watered all 

plants and artificially manipulated daylight following the light cycle at the median latitude for 

all populations (47.3°N). To explore constitutive defence, we selected a seedling from four 

maternal lines, originating from 28 North American, 32 European and 20 Australian locations 

(Supporting Information, Table S1).  

A separate greenhouse experiment was conducted to test whether the inducibility of 

defence response varied among plant origins (hereafter, “induction experiment”). We used a 

subset of populations used in the constitutive experiment (10 North American, 17 European 

and 12 Australian locations, Table S1). For each population, we selected four maternal lines, 

and grew two seedlings per line as above. One seedling per maternal line was allocated to either 

the control or simulated herbivory treatment. We simulated herbivory by vertically cutting off 

half of the newest fully formed leaf (wounding) and subsequently spraying the whole plant with 

1mM methyl jasmonate (MeJA) (Campos-Vargas & Saltveit, 2002; Heredia & Cisneros-

Zevallos, 2009). Control plants were not wounded and were sprayed with distilled water. 

 

Trait measurements 

For the constitutive experiment, we recorded trichome density at the mid-point of each plant 

under a dissecting microscope (Olympus, SZ-PT) using a 1 cm x 0.3 cm stem area at the mid-

point of each plant, nine weeks after the second transplant. Three weeks later, we scanned one 

young, fully expanded leaf from each plant and calculated leaf area using ImageJ and the R 

package LeafArea (Katabuchi, 2015). We dried leaves at 45 °C for seven days and an addition 

12 hours prior to weighing and weighed to the closest milligram. We calculated specific leaf 

area (SLA) by dividing leaf area by dry leaf weight (mm2/mg). We deconstructed plants for 

biomass measurements once the majority of seeds had ripened. We placed aboveground 

components in paper bags and dried these in ovens at 45 °C for at least 36 hours. Before dry 
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weight biomass measures, we dried materials for an additional minimum of 24 hours to ensure 

the dry weight was constant at the time of measuring and it was not variable due to humidity in 

the air or incomplete drying. We weighed this shoot biomass to the closest 0.1 gram.   

Leaf samples for phenolic analyses were collected four weeks after the second 

transplant by clipping approximately 200 mg of the newest fully expanded leaf, which was flash 

frozen in liquid nitrogen and stored in a -80 ˚C. In the induction experiment, we collected leaf 

samples 24 hours after the final treatment. Samples were extracted in 1 ml of 80% methanol (% 

by volume in water) using a Qiagen TissueLyser II for 30 seconds at 30 rps twice and 

centrifuged for 30 minutes at 2700 rpm. Phenolic samples from the constitutive-defence 

experiment were analysed using HPLC Agilent 1200 series (Agilent Technologies Australia, 

Mulgrave, VIC, Australia) equipped with C18 reverse-phase column (Waters, 5.0 μm, 250 mm 

x 4.6 mm; Alltech Australia, Baulkham Hills NSW, Australia). The elution system consisting 

of solvents (A) 0.25% H3PO4 in water (pH 2.2) and (B) acetonitrile was: 0–6 min, 0–12% of 

B; 6–10 min, 12-18% of B, and 10-30 min, 18-58% of B, with a flow rate of 1 mL/min and 

injection volume of 15 µL (Keinänen et al., 2001). Samples from the induction experiment 

were analysed with Agilent Infinity 1260 equipped with C18 reverse-phase column (Poroshell 

120 EC-C18, 2.7 μm, 150 mm x 3.0 mm; Agilent Technologies Australia, Mulgrave, VIC, 

Australia). The elution method was modified from above and was: 0–2 min, 0–12% of B; 2–

3.3 min, 12–18% of B, and 3.3–10 min, 18-58% of B, with a flow rate of 0.5 mL/min and 

injection volume of 5 µL. In both experiments, phenolic compound peaks were identified to 

their compound classes using UV spectra and relative abundance was quantified at 320 nm. To 

estimate phenolic compound richness, we counted the number of detectable peaks. The relative 

concentration of eight major phenolic peaks was estimated as area under each peak divided by 

sample fresh weight. Results could not be directly compared as the two experiments were 

performed in different greenhouses and samples from each experiment were run using different 

HPLC machines.  

 

Statistical analyses 

To test if constitutive defence differed among ranges (the constitutive experiment), we 

examined individual phenolic compound composition in a multivariate analysis of covariance 

(MANCOVA) and the concentration of individual phenolic compounds, phenolic compound 

richness, total phenolic concentration, and trichome density in univariate mixed models. To 

account for latitudinal variation within and among ranges, each multi- and univariate model 

included range, latitude, their interaction and a latitude2 effect as fixed factors. To control for 

neutral population structure, possibly shaping trait variation between populations, univariate 

models included q-values as a random effect, as obtained from STRUCTURE analysis 

performed on genetic data. Within multi- and univariate analyses, we improved normality of 
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the data by square-root- or log-transforming traits where appropriate. Within the MANCOVA, 

we included the concentration of eight major phenolic compounds (Spearman’s r among peaks 

< 0.75) and calculated Wilks’ λ (multivariate F-value) to measure the strength of the 

associations. To measure the variance explained by the fixed effects or the full model within 

the univariate models, we calculated the marginal and conditional coefficients of determination 

using the MuMIn package (Bartón, 2018). We computed type III Wald F-values with Kenward-

Roger degrees of freedom and step-wise removed non-significant effects, starting with the 

highest order interaction. For univariate models, we plotted the partial residuals of each 

response variable by ranges, thus accounting for latitudinal clines and neutral population 

genetic structure and reported these adjusted means and standard errors for each range, 

calculated using the phia packaged (De Rosario-Martinez, 2015). 

To explore the variation in inducibility among ranges (the induction experiment), we 

repeated the steps for the constitutive experiment, now including treatment and its interactions 

with range and latitude as fixed effects. For the MANCOVA, we included five peaks (excluding 

three with Spearman’s r > 0.75) to increase power of this test (Scheiner, 2001). We retained 

treatment in these models, as this was the variable of interest. Here, a significant treatment 

effect would signify an inducible response, whereas a treatment x range interaction would imply 

this response differs between ranges. A treatment x latitude interaction would indicate different 

inducibility at different latitudes. To test if variation in induction differed between ranges 

(Eigenbrode et al., 2008), we compared the coefficient of variation (cv) using the modified 

signed-likelihood ratio test for equality with 104 simulations in the cvequality package 

(Krishnamoorthy & Lee, 2014; Marwick & Krishnamoorth, 2018). 

 To examine associations between defence-related traits and plant growth and to assess 

if divergence in individual resource budgets could have resulted in range differences in defence-

related trait investment, we tested responses of phenolic richness, phenolic concentrations or 

trichome density to shoot biomass or SLA. Each model included a defence-related trait as 

response, with shoot biomass or SLA, range and their interaction as predictors. We used 

individual trait values and included individual STRUCTURE q-values and sampling location 

as random factors. We explored significant range x defence interactions using a Holm p-value 

correction in the phia package (De Rosario-Martinez, 2015). In these models, a negative 

association between defence-related traits and shoot biomass would suggest a trade-off, while 

a positive one might indicate differences in resource acquisition. Range differences at similar 

values of shoot biomass or SLA would indicate defence-related trait divergence independent of 

genotypic differences in individual resource budgets.  

To explore if constitutive and inducible defence trade off, we first calculated the induced 

level of total phenolics for each maternal line as the difference between damage and control 

treatments of the two half-sibs. This estimate of induction is thought to reduce correlations with 
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control treatment estimates and thus the collinear associations (e.g. due to genotypic biases) 

will not mask the trade-off associations (Morris et al., 2006). We included population of origin 

and individual q-values as random factor in these models. A significant negative association 

between induced and constitutive levels of phenolic concentration and richness would indicate 

the presence of a trade-off. All statistical analyses were conducted in R v3.4.3 (R Core Team, 

2017).  

 

Results 

Constitutive defense trait divergence between ranges 

We found significant range divergence in constitutive phenolic composition (Table 1a), 

resulting from differences between the introduced Europe and the native North America 

(F8,66=3.280, p=0.010, Wilks’ l=0.716) (Table 1b).Total phenolic concentration was similar 

between the native and European populations, but 28% lower in Australia (Table 1b&c, Fig. 

1). Phenolic peak richness differed among ranges (Table 1): it was highest in the introduced 

European range (adjusted mean of 43 peaks) followed by the native North American (40 peaks) 

and introduced Australian ranges (33 peaks). Trichome density showed no differences between 

ranges (Table 1a, Fig. 1). The composition of individual phenolic compounds and peak richness 

depended on latitude, though no such effect was found for the total phenolic concentration or 

trichome density (Table 1a, Fig. 2). We did not observe range x latitude interactions for any of 

the defence-related traits (Table 1a), suggesting latitudinal clines, when present, did not differ 

between ranges. 
 

Table 1. Ambrosia artemisiifolia defence-related trait responses (population means) to range, latitude, their 

interaction and latitude2 in the constitutive experiment in multivariate (individual phenolic compounds) and 

univariate analyses (a), with dissection of significant range effects (p<0.05) in post-hoc tests (b) and model 

adjusted means (standard error) for each range (c). We reported Wald type III F (a) or c2 test values (b), Kenward-

Roger degrees of freedom (subscript), significance (symbols). In the multivariate analysis, Wilk’s λ measure the 

strength of the association, in univariate analyses, marginal (R2m) and conditional (R2c) coefficients measure the 

variance explained by fixed effects or full models. Models were step-wise reduced starting with the highest order 

non-significant interaction and univariate analyses included neutral population genetic structure as a random 

effect. ns: p>0.1; #: p<0.1, *: p<0.05; **: p<0.01; ***: p< 0.001 

a. Range Latitude Latitude2 Range:Latitude R2m R2c 

Individual phenolic compounds composition 
4.52016,132***,  6.9288,66***, 2.8148,66*,  0.84916,128(ns),    

λ =0.417 λ=0.544 λ =0.746 λ =0.817   
Phenolic concentration 8.6011,71.918*** 0.9341,73.244(ns) 0.0361,72.973(ns) 0.1271,70.054(ns) 0.189 0.290 

Phenolic richness 7.6152,58.48** 7.791,71.66** 0.0461,53.51(ns) 2.0272,69.64(ns) 0.177 0.688 

Trichome density 0.6632,71.183(ns) 1.8251,66.941(ns) 3.1481,74.991# 0.1212,69.141(ns) 0.055 0.055 

 

a. Range Latitude Latitude2 Range:Latitude R2m R2c 

Individual phenolic 
compounds composition 

4.52016,132***,  6.9288,66***, 2.8148,66*,  0.84916,128(ns),    
λ =0.417 λ=0.544 λ =0.746 λ =0.817   

Phenolic richness 7.6152,58.48** 7.791,71.66** 0.0461,53.51(ns) 2.0272,69.64(ns) 0.177 0.688 

Phenolic concentration 8.6011,71.918*** 0.9341,73.244(ns) 0.0361,72.973(ns) 0.1271,70.054(ns) 0.189 0.290 
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Trichome density 0.6632,71.183(ns) 1.8251,66.941(ns) 3.1481,74.991# 0.1212,69.141(ns) 0.055 0.055 
 b. North America - Europe North America - Australia Europe - Australia 

Individual phenolic compounds composition 
3.2808,66**,  

λ =0.716 

1.5808,66(ns), 

λ=0.840 

1.9948,66(ns),  

λ =0.805 

Phenolic concentration 1.3971(ns) 9.3111** 17.3211*** 

Phenolic richness 4.7831* 12.7251*** 15.8431*** 

 

c.   North America Europe Australia 

 Phenolic concentration 14.524(0) 15.824(0) 10.928(0) 

 Phenolic richness 40.72(0.869) 43.503(1.09) 32.699(1.935) 

 Trichome density 99.893(4.607) 97.973(4.226) 113.437(6.524) 
 

 

Fig. 1. Partial residual defence trait responses (phenolic concentration, peak richness and trichome density) of A. 

artemisiifolia populations to range, accounting for latitudinal clines and neutral population structure. Different 

letters indicate significance for pairwise range comparisons (Table 1).  

 

 

Fig. 2. Population mean response of phenolic peak richness to range (native North America, blue triangles; 

introduced Europe, green squares; introduced Australia, red circles) and latitude in Ambrosia artemisiifolia, with 

predicted latitudinal clines (+/- 95% confidence interval) corrected for neutral population structure. 
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Table 2. Ambrosia artemisiifolia defence-related trait responses (population means) to range, latitude, treatment, their interactions and latitude2 (a) and model adjusted means (standard error) 
for each range (b) in the inducible experiment in multivariate (individual phenolic compounds) and univariate analyses. Range, latitude, their interaction or latitude2 were included as covariates 
and significant results were not explored further. We reported Wald type III F, Kenward-Roger degrees of freedom (subscript), significance (symbols) (a). In the multivariate analysis, Wilk’s 
λ measure the strength of the association, in univariate analyses, marginal (R2m) and conditional (R2c) coefficients measure the variance explained by fixed effects or full models (a). Models 
were step-wise reduced starting with the highest order non-significant interaction and univariate analyses included neutral population genetic structure as a random effect. ns: p>0.1; *: p<0.05; 

**: p<0.01; ***: p< 0.001 

 

a. 
Range Latitude Latitude2 Range:Latitude Treatment Treatment:Range Treatment:Latitude 

Treatment:Range: 
Latitude 

R2m R2c 

Individual phenolic 
compounds concentration 

7.59110,118***, 
λ=0.370 

10.6375,59***, 
λ=0.526 

4.8185,59**, 
λ=0.710 

2.31110,118*, 
λ=0.699 

12.0145,59***, 
λ=0.496 

0.32610,112(ns), 
λ=0.944 

0.9775,58(ns), 
λ=0.922 

1.35710,108(ns), 
λ=0.789 

  

Phenolic concentration 4.9702,30.905* 5.9321,31.505* 1.5772,28.556(ns) 1.7451,31.505(ns) 4.2411,35.628* 0.0052,32.285(ns) 1.0771,35.428(ns) 1.4172,31.192(ns) 0.201 0.457 
Phenolic richness 3.7642,29.93* 4.7001,31.08* 1.3402,28.24(ns) 6.0301,30.95* 0.8501,35.33(ns) 0.0912,32.1(ns) 0.8251,34.89(ns) 1.9232,30.78 (ns) 0.323 0.723 

           

b. Range Native Europe Australia 

 
Treatment Control Wounding + 

MeJa Control Wounding + 
MeJa Control Wounding + 

MeJa 

 
Phenolic 

concentration 52.803 (10.406) 44.618 (10.407) 69.724 (10.404) 61.539 (10.405) 19.949 (10.402) 11.764 (10.403) 

 
Phenolic richness 24.06 (1.934) 23.261 (1.943) 30.616 (2.18) 29.816 (2.189) 18.569 (3.359) 17.77 (3.354) 
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Fig. 3. Partial residual defence trait responses (phenolic concentration and peak richness) of A. artemisiifolia 
populations to control (solid symbols) and herbivore simulating treatment (wounding + MeJA, dashed transparent 
symbols), with covariates of range, accounting for latitudinal clines and neutral population structure. Letters 
indicate significance of effect (Table 2). 
 

Inducible defence trait divergence between ranges 

We found a significant treatment effect on individual phenolic compound composition in the 

induction experiment (F5,59=12.014, p<0.001, Wilks’ l=0.496) (Table 2). The total phenolic 

concentration was slightly suppressed in the herbivory-simulating treatment (Table 2, Fig. 3), 
but the phenolic peak richness did not show a response to experimental treatment (Table 2, Fig. 
3). We identified no treatment x range x latitude interactions (Table 2, Fig. 3), suggesting there 
is no range difference in inducibility clines. Also, the absence of treatment x latitude 
interactions (Table 2, Fig. 3), suggests an overall lack of latitudinal clines in inducibility. 
Moreover, no treatment x range interactions (Table 2, Fig. 3) suggests the inducible response 
did not differ between ranges. We did not find range differences in the variation of inducible 
phenolic peak richness (cv=1.401, p=0.496) or concentration (cv=2.297, p=0.317). 
 
Associations between defence, biomass and specific leaf area (SLA) 

Within each range, phenolic concentration and richness was positively correlated with shoot 
biomass, whereas we found a negative association between trichome density and shoot biomass 
(Table 3, Fig. 4). We found high-SLA leaves had lower phenolic concentration and peak 
richness, yet higher trichome density (Table 3, Fig. 4). No interactions were significant between 
range and predictor variables (shoot biomass or SLA), suggesting these associations among 
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traits were consistent between ranges (Table 3, Fig. 4). These results emphasize the close 
relationship between plant growth, physiology and defence. 

When controlling for shoot biomass or SLA, total phenolic concentration in European 
plants was higher compared to North American individuals of comparable weight (Table 3, Fig. 
4), whereas no difference existed in latitude models (Table 1, Fig. 1). Conversely, phenolic 
peak richness was no longer significantly different between North America and Europe (Table 
3, Fig. 4) compared to range comparisons accounting for latitude (Table 1, Fig. 1). Australian 
plants exhibited lower phenolic concentration and peak richness compared to native or 
European plants of comparable weight or SLA. Yet, at the same plant weight, Australian plants 
had higher trichome densities than in the other ranges (Table 3, Fig. 4). These patterns match 
previous analyses including latitude (Table 1, Fig. 1).  

 
Table 3. Constitutive defence trait response of Ambrosia artemisiifolia individuals to shoot biomass, specific leaf 
area and their interaction with range (a), with dissection of significant range effects (p<0.05) in post-hoc tests (b) 
and model adjusted means (standard error) for each range (c). We reported corresponding figure, Wald type III F 

(a) or c2 test values (b), Kenward-Roger degrees of freedom (subscript) and significance (symbols). Marginal (R2m) 

and conditional (R2c) coefficients measure the variance explained by fixed effects or full models (a). Models were 
step-wise reduced starting with the highest order non-significant interaction and included population origin and 
neutral population genetic structure as random effects. 
ns: p>0.1; #: p<0.1, *: p<0.05; **: p<0.01; ***: p< 0.001 

a. Predictor Response Figure 4 Range Predictor Range:Predictor R2m R2c 

 
Shoot biomass 

Phenolic concentration A 19.3212,79.435*** 31.0981,181.299*** 1.4412,184.26(ns) 0.160 0.189 

 Phenolic richness B 18.962,79.29*** 53.3891,180.51*** 1.5652,187.82(ns) 0.199 0.224 

 Trichome density C 10.2422,79.4*** 18.491,174.06*** 0.5252,180.84(ns) 0.093 0.103 

 
Specific leaf area 

Phenolic concentration D 6.1622,71.167** 38.4641,208.912*** 0.982,202.53(ns) 0.202 0.269 

 Phenolic richness E 5.3492,69.16** 42.6921,217.97*** 0.322,202.6(ns) 0.215 0.331 

 Trichome density F 1.8282,71.7(ns) 10.9941,204.66** 1.1962,206.12(ns) 0.049 0.121 
 

b. Predictor Response Figure 
4 

North America - 
Europe 

North America - 
Australia 

Europe - 
Australia 

 
Shoot biomass 

Phenolic 
concentration A 5.8461* 22.1551*** 40.0871*** 

 Phenolic richness B 2.5461(ns) 26.6671*** 37.9641*** 

 Trichome density C 2.2551(ns) 13.0491*** 21.0471*** 

 
Specific leaf 

area 

Phenolic 
concentration D 2.1521(ns) 5.0321* 12.4851** 

 Phenolic richness E 0.4591(ns) 6.6551* 10.6431** 

 Trichome density F - - - 

c.   
Figure 

4 North America Europe Australia 

 
Shoot biomass 

Phenolic 
concentration A 13.881(0) 16.502(0.001) 8.246(0) 

 Phenolic richness B 40.985(0.764) 42.671(0.751) 33.863(1.133) 

 Trichome density C 97.429(20.172) 89.073(18.13) 126.099(39.006) 

 
Specific leaf 

area 

Phenolic 
concentration D 13.581(0.001) 15.313(0) 10.367(0.001) 

 Phenolic richness E 40.345(0.967) 41.182(0.817) 36.106(1.325) 

 Trichome density F 99.412(26.303) 96.815(21.298) 113.845(42.536) 
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Fig 4. Defence trait responses (phenolic concentration, peak richness and trichome density) of A. artemisiifolia 
individuals to range (native North America (blue triangles); Europe (green squares); Australia (red circles)), shoot 
biomass (left panels) or specific leaf area (right panels) with model predictions (+/- 95% confidence interval, Table 
4).  
 

Constitutive-inducible trade-offs 

Induced levels of phenolic concentration and richness, the response variables, were negatively 
associated with the predictors, the constitutive levels (concentration: F1,141.88=76.286, p<0.001; 
richness: F1,123.81=78.126, p<0.001; Fig. 5). We found no range differences in either induced 
response trait (concentration: F2,31.07=0.265, p=0.769; richness: F2,31.518=1.719, p=0.196;  Fig. 
5), nor did we identify interactions between range and the predictor constitutive phenolic 
concentration (F2,141.11=0.866, p=0.423). Range x constitutive phenolic peak richness 
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(F2,129.82=3.045, p=0.051) was marginally significant. These results suggest that constitutive 
and inducible defence trade off, although there is no difference between ranges. 
 

 
Fig. 5. Inducible (D: wounding + MeJA; C: control) versus constitutive (control) defence trait responses (phenolic 
concentration and peak richness) of A. artemisiifolia populations among ranges (native North America: blue 
triangles; Europe: green squares; Australia: red circles) with model predictions (+/- 95% confidence interval).  

 
Discussion 

In this study, we show the Evolution of Increased Competitive Ability (EICA) hypothesis fails 

as a general explanation of repeated intraspecific defence-related trait divergence across 
multiple introduced ranges. Though we observed reduced phenolic concentration and richness 
in introduced Australia compared to the native plants while controlling for genetic structure, 
levels were similar or slightly higher in the introduced Europe compared to native populations 
at comparable latitudes and energy budgets. In addition, trichome density did not differ among 
ranges. In line with predictions, a trade-off between the constitutive and inducible phenolics 
was observed together with similar phenolic inducibility among ranges. Inconclusive support 
for EICA has been shown in inter- (Felker‐Quinn et al., 2013) and intraspecific comparisons 
(Colomer‐Ventura et al., 2015). To our knowledge however, this is the first study testing EICA 
across multiple introductions while exploring the predicted confounding of latitudinal clines, 
population substructure or genotypic differences in individual resource budgets. Therefore, the 
apparent absence of the predicted repeated selection against high defence investment following 
introduction is unlikely to be entirely masked by these factors. We examine these processes in 
detail and suggest alternative mechanisms driving defence-trait divergence within and among 
native and introduced ranges. 
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Divergence in constitutive defence-related traits 

We found conflicting patterns of defence-related trait divergence between the native and two 
introduced ranges. Biotic and abiotic latitudinal clines in focal traits (Colautti et al., 2009), 
genotypic differences in resource acquisition (Van Noordwijk & de Jong, 1986; Agrawal, 2011; 
Züst & Agrawal, 2017) and historical contingency (Lee, 2002; Facon et al., 2006; Prentis et al., 
2008; Rius & Darling, 2014; Estoup et al., 2016) can obscure trade-offs predicted under EICA. 
Accordingly, in addition to latitudinal clines in phenolic compound composition and peak 
richness (Fig. 2), we show trichome density, phenolic concentration and peak richness were 
strongly associated with plant biomass and specific leaf area (SLA)(Fig. 4). Contrary to EICA 
predictions, phenolic peak concentration was significantly higher in Europe compared to native 
North America at comparable shoot biomass, although this difference disappeared when 
controlling for latitude or SLA. Similarly, phenolic richness was significantly higher in Europe 

than North America at equivalent latitudes, but this likely reflects the larger size and lower SLA 
of European plants at similar latitudes (van Boheemen et al., 2018a). However, lower phenolic 
concentration and peak richness in Australia was still present at similar latitude, biomass or 
SLA compared to North America. Invasion history in unlikely a major factor in this observed 
defence-related trait divergence as we accounted for population genetic structure in our 
analysis.  
 An adaptive reduction of constitutive defence traits following introduction to Europe 
and Australia was predicted due to a general release from natural enemies. However, levels of 
chemical defence-related traits (phenolic concentration and richness) were not consistently 
lower in introduced ranges compared to native populations. Such unexpected findings could 
have resulted from variation in contemporary herbivory among introduced ranges. Of particular 
relevance to the EICA hypothesis are specialist herbivores, as herbivory by specialists, but not 
necessarily generalists, is hypothesized to consistently decline during invasion (Muller-Scharer 
et al., 2004; Joshi & Vrieling, 2005; Felker‐Quinn et al., 2013). Indeed, introduced Japanese A. 

artemisiifolia populations re-exposed to specialist leaf beetle Ophraella communa for >10 years 
were more resistant than herbivore-free populations (Fukano & Yahara, 2012). However, rapid 
adaptation to O. communa is unlikely to have led to the observed elevated European phenolic 

concentration and richness, as the seeds used in our experiment were collected in 2014 and this 
beetle is constrained to southern Europe since introduction in 2013 (Sun et al., 2017).  

Alternatively, differences in generalist load between introduced ranges could have 
resulted in variation in quantitative digestibility-reducing chemicals (e.g. phenolics), which 
defend against both generalist and specialists (Muller-Scharer et al., 2004). Surveys describe a 
high diversity of generalist species in Europe (Gerber et al., 2011; Essl et al., 2015) not 
identified in Australia (Palmer & McFadyen, 2012) suggesting herbivory in this species is 
higher in Europe than Australia. However, Genton et al. (2005b) previously found that 
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compared to native Ontario, the most common forms of damage (chewing and perforation) 
together with the generalist herbivore load was reduced in introduced France populations 
consistent with enemy escape in Europe compared to native North America. Contradicting 
EICA expectations, but consistent with our findings for Europe, the French plants showed no 
evolutionary loss of defence (Genton et al., 2005b). Therefore, although reductions in both 
specialists and generalist herbivores have been documented in both introduced ranges, we did 
not find parallel changes in defence-related traits as predicted by EICA, suggesting such 
predictions are perhaps too simplistic. Nevertheless, a more detailed survey of herbivory, 
resistance and the mechanisms of resistance across all three ranges is warranted, particularly 
given the contrasting patterns of divergence in phenolics identified among the two introduced 
ranges.  

A key assumption of EICA is a resource allocation trade-off between defence and 

growth. However, even when these traits have evolved in the EICA predicted direction, 
negative genetic correlations have yet to be detected (Franks et al., 2008; Schrieber et al., 2017; 
Hodgins et al., 2018). Furthermore, a direct trade-off might not be evident as resource 
reallocation from other traits, drawing from the same resource pool, could allow for the elevated 
investment in defence related traits and growth simultaneously (Züst & Agrawal, 2017; 
Hodgins et al., 2018). For instance, an analysis of climate niche shifts in A. artemisiifolia has 
revealed that Eurasian and Australasian ranges on average experience warmer, wetter climates 
compared to the North American range (van Boheemen et al., 2018a). Therefore, reduced 
investment in abiotic stress tolerance could have allowed for resource reallocation to defence 
and growth simultaneously. These recently acknowledged complex dynamics underlying 
competitive ability call for more integrative tests of invasive spread. 

The rapid and repeated latitudinal divergence in phenolic compound composition and 
richness populations suggests direct or indirect selection of latitude-associated factors. 
Corresponding to our findings, typical reported patterns include high growth and low defence 
at more productive high-resource (Coley et al., 1985; Zandt, 2007; Endara & Coley, 2011), 
low-latitude (Woods et al., 2012; Moreira et al., 2014; Hahn & Maron, 2016) environments 
(Blumenthal, 2006). Native clines in herbivore load could result in such observations, though 

the predicted herbivore absence following introduction should lead to non-parallel defence 
clines among native and introduced ranges (Cronin et al., 2015; Allen et al., 2017). However, 
in our data, latitudinal clines in defence-related traits (phenolic compound composition and 
peak richness) were parallel, which could suggest consistent patterns of selection with latitude 
in all three ranges. The absence of the predicted patterns could result from parallel clines in 
herbivore loads in each range or the presence of alternative evolutionary forces driving 
latitudinal trait divergence in the multiple ranges. Clinal variation in herbivory is not as 
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common as previously thought (Moles et al., 2011a) and geographic information on A. 

artemisiifolia herbivore pressure is needed. 
Alternatively, latitudinal clines could arise through direct selection on the alternative 

functions of phenolic compounds, or indirect selection through genetic covariance with traits 
under climate mediated selection. Climate was previously shown to be a more important driver 
of trait divergence compared to enemy release (Colautti et al., 2009; Colautti & Barrett, 2013; 
Colomer‐Ventura et al., 2015). Along these lines, climatic differences between the ranges not 
captured by latitude could contribute to patterns of divergence in Australian defence-related 
traits. For instance, trichomes protect plants from UV (Bassman, 2004; Hauser, 2014) and 
selection for this alternate function in high-UV Australia (WHO, 1998) could potentially 
explain the higher density of trichomes in this range when controlling for plant size. Herbivore 
exclusion experiments at various latitudes and environments would be required to disentangle 

how resource availability, herbivory and other climatic factors might interact during invasion 
and impact the evolution of growth and defence traits. 

 
Constitutive versus induced range divergence 

We observed a negative association between constitutive and inducible defence-related traits 
suggesting a trade-off (Koricheva et al., 2004; Agrawal et al., 2010). A decrease in the level 
and predictability of attack in the introduced range is expected to cause a reduction in 
constitutive defence and the maintenance or increase in inducible defence (Cipollini et al., 
2005; Orians & Ward, 2010; Lande, 2015). In agreement with this prediction constitutive 
phenolic levels were reduced in Australia, while inducible response did not differ among 
ranges. Such maintenance of mean inducibility could result from insufficient herbivore 
pressure, where a selection-drift imbalance could increase inducible variability (Eigenbrode et 

al., 2008). Although analysis of neutral markers suggests genetic drift has been particularly 
strong in Australia (van Boheemen et al., 2017b), we did not reveal any increase in inducible 
variation. The growing body of literature testing constitutive versus inducible defence in native 
and introduced ranges frequently report inconsistent results varying from reductions, to 
maintenance, to increases in either defence (Cipollini et al., 2005; Eigenbrode et al., 2008; 

Beaton et al., 2011; Carrillo et al., 2012; Cipollini & Lieurance, 2012; Wang et al., 2012; Wang 

et al., 2013; Fortuna et al., 2014; Gu et al., 2014; Agrawal et al., 2015; Macel et al., 2017) and 
calls for more detailed research on the costs-benefit trade-offs of the various responses. 

Remarkably, we found evidence of a suppression of phenolics in response to herbivore 
simulation for some populations, especially those with high constitutive levels, in contrast to 
some previous studies (Lee et al., 1997; Constabel & Ryan, 1998; Keinänen et al., 2001; 
Heredia & Cisneros-Zevallos, 2009). Conversely, cardenolide suppression was found in various 
Asclepias species at high constitutive levels (Rasmann et al., 2009), though the mechanistic 
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cause was not discussed (Agrawal et al., 2010). We propose that the retraction of phenolics 
from damaged leaves could indicate a cost-reducing response when the inducible phenolic 
compounds have alternative functions (e.g. allelopathic interactions and plant structure; 
Bhattacharya et al., 2010; Li et al., 2010), or function only in particular aspects of defence 
response, not induced by the treatment. Nevertheless, gaining insight into such cost-benefit 
associations might prove difficult due to, for instance, issues identifying and addressing all 
factors influencing the investment of defence-related traits (Neilson et al., 2013). 

 
Conclusion 

We show that escape from natural enemies is not likely the single force driving the evolution 
of increased competitive ability in this invasive, as enhanced growth in European populations 
was not in lieu of defence-related trait reduction. Trait evolution in Australian populations, 

derived from European founders, occurred rapidly (~80 generations), seemingly unconstrained 
by strong genetic bottleneck identified in this range (van Boheemen et al., 2017b), as measured 
traits in these two invaded ranges are primarily on opposing ends of the phenotypic spectrum 
of values. Evidence is growing that adaptation to climate might explain the alarming spread and 
success of non-natives to a greater extent than release from natural enemies (Colautti et al., 
2009; Colautti & Barrett, 2013; Colomer‐Ventura et al., 2015). This study emphasizes that 
intraspecific multi-introduction tests of adaptive trait divergence of invasive species are 
essential to understand contemporary evolutionary process during range expansion. 
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Supporting information to Chapter 5 

 
Detailed methods for common garden set-up and data collection 

 

Common garden set-up 

In 2013-2014, we sampled seeds from 30 maternal plants along transects at each sampling 

location following the protocol of Hodgins & Rieseberg (2011). We collected plants separated 
by at least 1-2 meters to reduce the possibility of collecting closely related plants due to limited 
seed and pollen dispersal. We followed stratification procedures of Willemsen (1975) and 
stratified at 4°C in sand moistened with 1% plant preservative mixture (ppm) for 6 weeks. 
Stratification induces germination by imitating winter conditions (Willemsen, 1975). Following 
stratification, we sowed seeds on damp filter paper in Petri dishes with 1% ppm. We placed 
dishes in a 30°C germination chamber with 12h light/dark cycle and watered twice daily with 
1% ppm to maintain damp filter paper.  

After 14-15 days from the start of germination (22nd and 23rd of April, 2015), we 
randomly selected two seedlings from each mother and planted these into 30-well kwikpot trays 
containing 100ml Debco Seed Raising Superior Germinating Mix in a random order. We also 
transplanted two additional seedlings per maternal line, 1-2 days after this first transplant in 
case focal seedlings died prior to establishment in the greenhouse. Finally, we transplanted late 
germinating seedlings (sprouting >14 days after we placed seeds in the germination chamber) 
5 days after first transplant. We top-watered all plants by hand twice daily and artificially 
manipulated daylight following the light cycle at the median latitude over all samples (47.3°N) 
and adjusted timers fortnightly to accommodate the change in day length. Glasshouse 
temperature was regulated between 20–30 °C. We performed a second transplant of up to three 

randomly selected seedlings per maternal family (Table S1) on the 22rd to 24th of May, 2015, 1 
month after the first transplant, to 100x135mm pots containing 0.7L Debco Seed Raising 
Superior Germinating Mix and 1.5ml slow-release fertilizer (Osmocote Pro, eight to nine 
months, 16% N, 4.8% P, 8.3% K, 5.2% S, 1.2% Mg + trace elements). To explore constitutive 
defence, we selected one seedling from four maternal lines originating from 28 North 
American, 32 European and 20 Australian locations (Table S1). A separate greenhouse 
experiment was conducted to test whether the inducibility of defence response varied among 
plant origins (hereafter, “induction experiment”). We used a subset of populations used in the 
constitutive experiment (10 North American, 17 European and 12 Australian locations, Table 
S1). For each population, we selected four maternal lines, and grew two seedlings per line as 
above. One seedling per mom was allocated to either the control or simulated herbivory 
treatment. We simulated herbivory by vertically cutting off half of the newest fully formed leaf 
(wounding) and subsequently spraying the whole plant with 1mM methyl jasmonate (MeJA) 
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(Campos-Vargas & Saltveit, 2002; Heredia & Cisneros-Zevallos, 2009). Control plants were 

not wounded and were sprayed with distilled water. We watered plants twice daily and 
randomized tray locations weekly. 

 
Genetic data collection and analyses 

Four weeks after second transplant, we harvested a 5-7 cm young leaf for DNA extraction and 
sealed these inside 1.5mL Eppendorf tubes, which were flash-frozen in liquid nitrogen. We 
stored samples on dry ice before placing them in an -80 °C freezer. We extracted DNA from 
29-99mg (mean=72.5mg) of leaf tissue of 861 individuals (84 populations) from the control 

treatment using the Glass Fiber Plate DNA Extraction Protocol (CCDB, Guelph, ON, Canada) 
and assessed DNA quantity (>8.5 ng/μl) using a QuBit broad-sensitivity DNA quantification 
system (Invitrogen, Carlsbad, CA, USA). We performed double-digest genotype-by-
sequencing library preparation We added 200 ng of high-quality DNA in 7.2 μL water to 2.0 
uL CutSmart Buffer 10x, 0.4 uL Pst-1 HF (NEB), 0.4 uL Msp1. We digested samples for 8h at 
37°C, 20 minutes at 65°C. To each reaction, we added 2.0 uL 10x CutSmart Buffer, 4.0 uL 
10mM ATP, 0.5uL T4 DNA Ligase, 8 uL H2O, 1uL 10mM common adaptor and 5uL 0.6ng/uL 
barcoded adaptor. We ligated samples for 3h at 22°C and 20 minutes at 65°C. We mixed all 
samples with 6144 uL Sera-Mag beads (Thermo Fisher). After 15-minute incubation at room 
temperature, we allotted samples to 7 1.5mL tubes and placed these in Dyna-Mag 2 (Thermo 
Fisher) magnet for 4 minutes. We removed clear liquid and washed 3 times using 80% EtOH 
and once with 100% EtOH. We eluted in 150  uL 10 mM Tris pH 8.0. We amplified 8 
reactions each with 3uL of elution and 7.5uL H2O, 12.5 μL KAPA 2x MasterMix, 1uL of 
12.5mM each PCR primers f&r. We cycled reactions at 98°C for 1 minute, followed by 20s at 
62°C and 30s at 72°C. Following 16 cycles we additionally kept samples at 72°C for 5 minutes. 
After amplification, we cleaned up 30 μL from each well using the Bioline PCR and Gel kit 
(Bioline). We eluted the purified product in 30uL buffer. We performed a size selection by 
running the cleaned PCR product on a 2% agarose gel and removing the 400-600bp fragment. 

This gel fragment was cleaned up using the Bioline PCR and Gel Kit (Biolin1) and eluted in 20 
uL H2O. The eleven ddGBS libraries were paired-end sequenced by the Biodiversity 
Sequencing Centre at UBC on the Illumina HiSeq 2000 platform, two libraries per lane. 

We aligned and filtered raw sequences following van Boheemen et al. (2017a). Briefly, 
SNPs were aligned using BWA-mem (Li & Durbin, 2009) to a draft reference genome for A. 

artemisiifolia (van Boheemen et al., 2017a). We called variants with GATK UnifiedGenotyper 
(McKenna et al., 2010) and filtered SNPs as follows: quality threshold of a Q-score ≥50; a 
minimum quality by depth of 2, a maximum Fisher-Strand bias of 60.0, minimum mapping 
quality rank sum test of -12.5, minimum root mean square mapping quality of 40.0, and a 
minimum read position rank sum test of -8.0; genotype and variant quality of ≥20, depth of 5-
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240 and a minor allele frequency of 0.05. We identified a total of 11,598 polymorphic biallelic 
SNPs with 50% SNP call rate. We calculated individual heterozygosity (HO) as the proportion 
of heterozygous loci out of the total number of called genotypes for each individual across 836 
control treatment plants and excluded individuals with >80% non-called genotypes (25 out of 
861 individuals).  

We inferred population genetic structure with STRUCTURE v2.3.4, a Bayesian 
clustering method that allocates individuals into clusters on the basis of their genotypes 
(Pritchard et al., 2000). We used this program to calculate population q-scores for the most 
likely K, used in subsequent analyses to correct for population structure. From the 11,598 SNPs 
identified, we selected 1024 unlinked SNPs by shuffling the full SNP table and randomly 
drawing one SNP from each contig. We ran STRUCTURE on these SNPs for each range, using 
the admixture model, correlated allele frequencies, no location prior for the number of clusters 

(K) ranging from 1 to 10, with 20 independent runs per K. We sampled from a uniform prior 
for alpha, whilst allowing for alpha to vary between clusters, accounting for unequal sample 
sizes (Wang, 2017) Each run comprised of a burn-in of 200,000 followed by 1,000,000 
iterations. We used log probability and delta K statistic to determine the uppermost clustering 
level (Evanno et al., 2005). We used CLUMPAK (Kopelman et al., 2015) to test for 
multimodality (non present) for the most likely K (=2). 
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Table S1. Sampling locations within the native North American and introduced European and Australian 
Ambrosia artemisiifolia ranges, including state or province (North America and Australian) and country (North 
America & Europe), population ID, geographic coordinates (WGS84) and if sampling location was included in 
the constitutive (one seedling per maternal line) and/or inducible (two seedlings per maternal line) experiment. 
 

Range Population ID State/Country Latitude Longitude Constitutive Inducible 

N
or

th
 A

m
er

ic
a,

 n
at

iv
e 

AL AL, USA 30.6754 -87.5908 yes  
MP MS, USA 31.2078 -89.0664 yes yes 
GA GA, USA 31.6343 -81.4069 yes yes 
AR AR, USA 33.9755 -91.4134 yes yes 
SC SC, USA 34.2252 -81.3431 yes yes 
NC NC, USA 35.6070 -83.0217 yes  
TN TN, USA 36.2678 -86.4606 yes yes 
MO MO, USA 37.0064 -94.3501 yes yes 
KY KY, USA 38.6259 -85.0074 yes  
KS KS, USA 38.6857 -96.4927 yes yes 
NB NE, USA 40.0439 -96.3314 yes yes 
OH OH, USA 40.4876 -82.7270 yes yes 
PA PA, USA 40.9659 -78.1748 yes  
NY NY, USA 41.4415 -74.5291 yes  
MS MA, USA 42.0883 -72.0962 yes  
IW IW, USA 42.6780 -96.5024 yes yes 

AA8 MN, USA 44.3254 -95.9583 yes yes 
MN2 ON, Canada 44.4472 -79.8039 yes yes 
MA ME, USA 44.7712 -68.9709 yes  
WI WI, USA 44.8793 -89.4238 yes yes 

ON3 ON, Canada 45.3297 -74.8933 yes yes 
ON2 ON, Canada 45.7445 -77.0294 yes  
NB1 NB, Canada 45.8786 -66.9785 yes yes 
AA5 MN, USA 46.2171 -96.0502 yes yes 
MI MI, USA 46.3581 -84.8807 yes yes 

QC2 QC, Canada 46.8867 -70.8684 yes  
QC3 QC, Canada 47.6788 -69.0220 yes  

AA2B MN, Canada 49.8378 -97.3293 yes yes 

Eu
ro

pe
, i

nt
ro

du
ce

d 

EU35 Serbia 43.0918 21.9380 yes  
EU36 Bulgaria 43.3152 24.2598 yes yes 
EU34 Bulgaria 43.4704 25.6707 yes yes 
EU37 Serbia 43.9179 20.7331 yes yes 
EU10 France 43.9324 4.3205 yes  
EU32 Romania 44.1627 28.5098 yes  
EU33 Romania 44.4046 26.1348 yes yes 
EU09 Italy 45.0654 7.5923 yes  
EU11 France 45.0744 4.7509 yes yes 
EU31 Romania 45.3740 27.0720 yes yes 
EU07 Italy 45.47089 8.93683  yes 
EU06 Italy 45.5707 8.7855 yes yes 
EU27 Romania 45.6870 25.6581 yes yes 
EU38 Croatia 45.7153 15.6538 yes  
EU08 Switzerland 45.9309 8.9838 yes yes 
EU01 Slovenia 46.0361 15.2961 yes  
EU15 France 46.0522 5.3351 yes  
EU16 Switzerland 46.1622 6.0094 yes yes 
EU26 Romania 46.2370 24.8540 yes  
EU12 France 46.6643 4.3278 yes  
EU13 France 46.8003 4.9724 yes yes 
EU02 Hungary 47.1309 16.9031 yes  
EU03 Hungary 47.3278 19.7307 yes yes 
EU14 France 47.4556 5.2121 yes  
EU04 Slovakia 47.8799 18.1545 yes yes 
EU25 Romania 47.9773 23.0443 yes  
EU24 Slovakia 48.4892 21.8062 yes  
EU22 Czech 49.4180 17.9615 yes yes 
EU30 Poland 49.8685 23.0118 yes  
EU21 Czech 50.1900 15.0604 yes yes 
EU23 Poland 50.4430 18.8634 yes  
EU17 the Netherlands 51.1200 5.8403 yes yes 
EU20 Germany 51.6328 14.1844 yes         
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Range Population ID State/Country Latitude Longitude Constitutive Inducible 

A
us

tra
lia

, i
n t

ro
du

ce
d  

AU01 NSW -35.6411 150.1274 yes  
AU32 NSW -31.4721 152.6836 yes  
AU33 NSW -31.4419 152.4651 yes yes 
AU29 NSW -30.9195 152.5825 yes  
AU30 NSW -30.7406 152.9150 yes yes 
AU03 NSW -30.3881 152.9582 yes yes 
AU27 NSW -30.2413 152.5855 yes  
AU26 NSW -30.0514 152.9849 yes yes 
AU04 NSW -29.6310 153.0368 yes  
AU24 NSW -29.4358 152.3848 yes yes 
AU23 NSW -28.9263 152.3740 yes  
AU09 NSW -28.8688 151.1670 yes  
AU05 NSW -28.7668 153.3966 yes  
AU21 NSW -28.3870 152.6099 yes yes 
AU19 QLD -28.0122 153.1677 yes  
AU18 QLD -27.7850 153.2751 yes  
AU15 QLD -27.3792 152.8016 yes yes 
AU12 QLD -26.8858 152.1369 yes  
AU13 QLD -26.3913 152.7937 yes  
AU11 QLD -25.3655 152.9156 yes yes 
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Chapter 6 – General Discussion 

This thesis provides strong evidence for the rapid occurrence of local adaptation on a 
phenotypic and genomic level in Ambrosia artemisiifolia. Comparison of multiple 
introductions using several lines of evidence for adaptation revealed that adaptive divergence 
is seemingly unaffected by alternative demographic histories. This is one of the first studies 
investigating genetic associations and the consequence of this genomic context for the invasion 
process. Taken together, the chapters of this thesis provide new insight into the underlying 
genomic basis of local adaptation. In addition, the results strongly suggest that predictable 
adaptive shifts can occur in <100 generations, thus providing a clue to the evolutionary 
mechanisms by which invasive species rapidly spread, which can inform management 
strategies. This thesis exemplifies how testing the genomic basis of repeated adaptation in alien 
populations can provide important insight into the adaptive potential of species more generally. 

 
Introduction pathways and consequences for adaptation 

Distinct demographic processes shape the genetic background of introduced species, affecting 
their adaptive potential (Lee, 2002; Facon et al., 2006; Prentis et al., 2008; Rius & Darling, 
2014; Estoup et al., 2016). In Chapter 2, I used novel statistical tools to disentangle the complex 
historical spread of Ambrosia artemisiifolia from the native range of North America into Europe 
and Australia. In addition to considering established native populations as sources for these 
invasions, the reconstruction considered a recent admixed native zone and secondary spread 
originating from an invaded range as potential introduction sources. I identified the European 
genotypes established through multiple introductions from distinct native sources (Fig. 1). 
These highly admixed European populations subsequently acted as a source for the Australian 
spread. However, the latter was most likely a single, strongly bottlenecked event, resulting in a 
reduction in the genetic variation in current Australian populations (Fig. 1).  

These distinct introduction histories could have affected the evolutionary trajectories of 
the introduced populations in the European and Australian ranges in distinctive ways. 
Therefore, the current study system provides an opportunity to examine the effects of distinct 
non-adaptive evolutionary events on adaptive potential empirically in natural populations. 

Moreover, this study highlights the necessity to consider admixed populations as a potential 
source for both initial and subsequent colonizations. For species like A. artemisiifolia, which is 
frequently associated with human-modified habitats and intensive agriculture, this type of 
human-assisted spread may become increasingly more common. As such distinct introduction 
pathways may affect evolutionary processes in the introduced ranges, these results advocate the 
intricate testing of introduction scenarios (Cristescu, 2015) and could mean management effort 
should be focused on preventing introductions from admixed or multiple divergent source 
populations.  
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Figure 1. Reconstruction of Ambrosia artemisiifolia introduction history from the native North America (a) to 
Europe (b) and Australia (c) using approximate Bayesian computation with random forest evaluation on 1,022 
unlinked genotype-by-sequencing SNPs. Pie charts represent individual cluster assignment at sampling locations 
by STRUCTURE where K=2. Parameter estimates are medians of posterior distributions. 

 
Rapid repeated phenotypic and genomic adaptation 

As the success of introduced species is often associated with rapid evolutionary events (Huey 

et al., 2000; Lee, 2002; Maron et al., 2004; Lachmuth et al., 2011; Lawson Handley et al., 
2011; Colautti & Barrett, 2013; Chown et al., 2014; Turner et al., 2014; Bock et al., 2015; 
Colautti & Lau, 2015; Oduor et al., 2016; Szűcs et al., 2017; Hodgins et al., 2018) they provide 
an excellent system to investigate the rate and repeatability of adaptation. In Chapter 3, I 

explored the extent of repeatability of phenotypes along latitudinal clines within the native 
North American, introduced European and Australian A. artemisiifolia ranges. Latitudinal trait 
clines in Europe and Australia for all ecologically important traits were parallel to the native 
range (e.g. maximum plant height, Fig. 2). As neutral genetic differentiation was accounted for 
(Chapter 2), maternal effects are suspected to be minimal (Hodgins & Rieseberg, 2011) and the 
reconstructed introduction history (Chapter 2) implies climate matching (Maron et al., 2004) is 
unlikely, these results indicate rapid adaptation to selective factors closely associated with 
latitude. These findings are further supported in Chapter 3, with high overlap among the native 
and invaded ranges in the relative strength and direction of associations among temperature 
measures and growth, flowering and sex allocation traits.  

These results are remarkable as the demographic reconstruction revealed introductions 
were quite recent (~80-150 generations) and genetic variation in Australia is limited by a 
genetic bottleneck (Chapter 2). In addition, the Australian populations likely originated from 
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European introductions (Chapter 2), yet the traits examined in either range were highly 
dissimilar (Chapter 3). Such rapid evolution has important implications for the evolutionary 
potential of this species and further range expansion following climate change. For instance, 
the observed contemporary divergence of reproductive traits such as flowering time, sex 
allocation and seed size should impact the production of allergenic pollen as well as the 
abundance and dispersal of seed that could impact spread. Finally, this chapter emphasizes that 
although introduction can affect genetic diversity of putatively neutral markers the adaptive 
potential of ecologically important quantitative traits might not be constrained to a similar 
extent (Dlugosch & Parker, 2008a; Bock et al., 2015; Dlugosch et al., 2015a; Hodgins et al., 
2018). Therefore, these results could suggest that confining import of this invasive species into 
new countries might limit establishment, but would not effectively constrain its adaptive 
potential once established. Further research is warranted on the relationship between the rate of 

adaptation and the loss of molecular variation in neutral markers across multiple invasive 
species, together with investigations on the implications of strong selective sweeps, the effect 
of mating system, reproductive mode and ploidy on adaptive potential. 
 

 
Figure 2. High repeatable phenotypic clines (here maximum plant height) identified in Ambrosia artemisiifolia 
native North American (blue triangles), introduced European (green squares) and introduced Australian (red 
circles) ranges (A, Chapter 3).  

 
Rapid repeated genomic adaptation 

Uncovering the extent of the genetic repeatability underlying repeated phenotypic patterns can 
provide important insights into biases and constraints on adaptive potential (Weinreich et al., 
2006; Gompel & Prud'homme, 2009; Chevin et al., 2010b; Losos, 2011; Connallon & Hall, 
2018). In Chapter 4, I delve deeper into the phenotypic results from Chapter 3 and investigate 
the genomic basis of adaptive differentiation. To identify adaptation at the genomic level, I 
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combined multiple lines of evidence (Sork et al., 2013; Rellstab et al., 2015) from phenotype-
environment associations, FST-like outlier tests, genotype-environment associations and 
genotype-phenotype associations. Adaptive signatures were repeated among ranges in a 
consistent manner, such that 25-41% of putative adaptive loci were shared among ranges (Fig. 
3). Moreover, even though the alternative demographic histories left distinct signatures on the 
genetic associations among loci, these processes seemingly did not impede rapid adaptive 
changes.  

  
Figure 3. High genomic repeatability among native North American (blue) and introduced European (green) and 
Australian (red) ranges, as shown by comparing the overlap in outlier regions identified in both FST-like and 
genotype-environment associations. Outlier window ID and associated phenotypes are provided when identified 
in genotype-phenotype associations GPA (phenotype abbreviations correspond to Table S1, Supporting 
Information; Height=Max. plant height; Branch=Number of branches; Sex=Sex function allocation; Male=Weight 
of male sex function; Dich=Dichogamy). When only considering traits and environments with the highest 
phenotype-environment associations (this figure), about 1% of all genomic regions were identified as outlier within 
each range, yet 25% of these outliers were identified in two or three ranges. When considering all variables, overlap 
among ranges reached 41% (Chapter 4).  

 

This is one of the first studies showing that adaptive divergence at the genomic and 
phenotypic level can occur rapidly, with minimum constraints due to demographic processes. 
A similar exceptional discovery was made recently in sticklebacks, where, despite genetic 
bottlenecks, 75% of the genomic adaptation of a 12,000 year evolved population was observed 
in less than 20 generations (Marques et al., 2018). This current study adds to these results by 
revealing no differences in adaptive potential between highly admixed versus bottlenecks 
populations, despite distinct signatures on the genetic associations among loci. Therefore, 
results from this chapter suggest adaptation can be to some extent predictable. 

 
Evolutionary theories to explain the success of invasive species 

Chapter 3 revealed trait shifts in European populations compared to natives at equivalent 
latitudes, while Australian trait values were often outside the phenotypic spectrum observed in 
the native range (e.g. maximum plant height, Fig. 2). These observations suggest an increase in 
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competitive ability of the Australian populations following invasion, commonly measured as 

elevated plant growth and reproductive effort (Felker-Quinn et al., 2013). Indeed, resource 

allocation trade-offs between life-history traits, such as stress tolerance and growth rate or 
reproductive output, feature prominently in evolutionary theories developed to explain the 
success of invasive species (e.g. Hodgins & Rieseberg, 2011; Kumschick et al., 2013; Turner 
et al., 2014; Colautti & Lau, 2015). In Chapter 5, I explore the well-studied evolution of 
increased competitive ability hypothesis (EICA), which postulates that release from specialist 
herbivores within the introduced range favours genotypes allocating resources to growth and 
reproduction in lieu of defence (Blossey & Notzold, 1995). I found no consistent evidence for 

the evolution of reduced defence in concert with increase growth following introduction into 
multiple novel ranges. Instead, adaptation of defence-related trait to climate-associated factors 
(latitude) was more prominent. Moreover, A. artemisiifolia populations in the introduced 
Eurasian and Australian ranges have experienced a niche centroid shift towards warmer and 
wetter climates (Chapter 3).  
 These results suggest that EICA is unlikely to be the sole mechanism determining 
increased competitive ability. Instead, enhanced growth in introduced populations might reflect 
to more favourable conditions. Indeed, a recent survey of 815 invasive species show climate 
niche shifts following introduction are common and alien habitats are generally warmer and 
wetter (Atwater et al., 2018). Therefore, it might be essential to shift our focus in invasive 
biology away from enemy escape and towards contemporary climate adaptation, or perhaps to 
a more complex understanding that considers the combined roles of the biotic and abiotic 
environment during invasive species trait evolution. The work reported in this thesis highlights 
the insight gained by comparing multiple introductions to test classical theories of invasion. 
 
Future directions  

This thesis breaks ground in revealing remarkable consistency in genomic and phenotypic 
signatures of adaptive divergence during invasions. However, much more needs to be done to 

provide insight into the genomic basis of adaptation, the evolutionary biases and constraints 
that limit adaptation, and how the invasion process affects these. Specifically, future studies 
should focus on better understanding:  
1) The genomic architecture, including the location and size of the genomic regions 
responding to selection, and the mutational effect size of loci can determine the speed and 
direction of adaptive shifts and invasive spread (e.g. Dlugosch et al., 2015a), yet theoretical and 
empirical studies on this topic are lacking. Small effect loci are thought to contribute most to 
heritable variation in quantitative traits (Pritchard & Di Rienzo, 2010; Pritchard et al., 2010; 
Rockman, 2012), and adaptation along environmental gradients during range expansion is a 
function of the genetic variance present for functional quantitative traits (Connallon & Sgrò, 
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2018; Polechová, 2018). However, adaptation by small effect loci is less likely under selection-
drift-migration balance (Yeaman et al., 2018) and small populations with low genetic variance 
or strong genetic drift can still adapt via few large effect loci (Polechová & Barton, 2015; 
Gilbert et al., 2017). Thus, loci of large effect are expected be important in adaptive divergence 
when drift is strong, as might be predicted during the colonization process (Dlugosch et al., 
2015a). Consequently, this process should constrain the diversity of genetic forms contributing 
to adaptation so that the same large effect loci are more likely to contribute repeatedly to 
adaptation in multiple ranges. However, empirical studies are highly biased towards finding 
large effect loci and future investigations of small allele frequency shifts, are required to obtain 
a better understanding of the interaction between mutational effect size, evolvability and 
parallel evolution. Together with improving statistical power through high sample sizes and 
high-resolution genomic data, tests could include multivariate (e.g. Lasky et al., 2012; Hecht et 

al., 2015; Brauer et al., 2016; Sork et al., 2016; Harrisson et al., 2017) or machine learning (e.g. 
Fitzpatrick & Keller, 2015; Schweizer et al., 2016; Bay et al., 2018) approaches to identify 
covarying groups of loci responding to environmental variation or covarying allele frequency 
shifts associated with diverging quantitative traits (Berg & Coop, 2014). Such methods are 
however still underused (Hoban et al., 2016). 
2) Unraveling phenotypic responses to environmental change and the underlying 
mechanisms is crucial to better predict the future persistence of species (Lässig et al., 2017) 
and will require identification of trait divergence (this thesis) together with evidence and 
estimates of selection using reciprocal transplant information and longitudinal field studies. 
Moreover, assessments of the fitness impact of putative adaptive loci identified in this thesis 
will provide insight into the genetic basis of adaptation and its role in range expansion. 
3) Explicit consideration of all the above factors could alter the outcomes of predictive 
models of future species distribution in response to climate change. A suite of experimental 
approaches is currently used to predict phenotypic responses to environmental change, 
including testing of reaction norms, reciprocal transplants and selection experiments 
(Hoffmann & Sgrò, 2011; Merilä & Hendry, 2014; Bay et al., 2017). Still, it remains difficult 
to predict trait responses in complex natural populations from the outcomes of these 

experiments (Chevin et al., 2010a; Wolkovich et al., 2012). As an alternative, a species’ 
response to ecological change may be predicted with species distribution models using habitat 
suitability (Guisan & Zimmermann, 2000; Kearney & Porter, 2009; Ehrlén & Morris, 2015; 
Zurell et al., 2016). However this approach is limited as it assumes constant phenotypic 
responses to stable environments over time, and assumes that adaptation does not occur (Chevin 

et al., 2010a; Hoffmann & Sgrò, 2011). Incorporating information about genomic architecture, 
heritability, strength and variation in selection, plasticity, geographic distribution of alleles and 
population dynamics into such approaches will allow for high-resolution predictive models. 
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Enhanced species distribution models will require the combination of a wide range of 
approaches, including common garden data, demographic studies, plasticity estimates from 
reaction norms or individual variability in nature, experimental estimates of selection gradients 
and response dynamics based on the underlying genetic architecture (Merilä & Hendry, 2014; 
Urban et al., 2016; Bay et al., 2017) 
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