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Although evolution has been often seen as a gradual process through a Darwinian lens, far more rapid evolutionary change has been observed in recent times. Recent examples documenting the potential speed of invasive plant evolution have included: latitudinal flowering clines, life history shifts, or abrupt changes in morphology. The timescales for such observations range from centuries down to <5 years. Invasive weeds provide good models for the rapid changes, partly because invasive weeds exhibit unique evolutionary mechanisms integral to their success. For example, purging of their genetic load may enable invasive plants to adapt more rapidly. Other genetic mechanisms include plasticity as an evolved trait, hybridization, polyploidy, epigenetics, and clonal division of labor. It is well-demonstrated that anthropogenic stressors such as habitat disturbance or herbicide use may work synergistically with climate change stressors in fostering rapid weed evolution. Changing temperatures, moisture regimes and extreme climate events operate universally, but invasive plant species are generally better equipped than native plants to adapt. Research on this potential for rapid evolution is critical to developing more proactive management approaches that anticipate new invasive plant ecotypes adapted to changing climatic conditions.
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INTRODUCTION

Darwin's general vision for the way evolution works was via small, incremental changes, taking place over relatively long timespans (Gould and Eldredge, 1977). Although support for this Darwinian mode of evolution still pervades evolutionary theory, other models have emerged accommodating the reality that more rapid evolution than Darwin pictured frequently occurs (e.g., Alphen, 1999; Hairston et al., 2005; Pick and Heffer, 2012; Simon and Peccoud, 2018). In fact, in the past decade or two, there has been a paradigm shift where evolution occurring on a relatively short timescale is considered “ordinary” (Reznick et al., 2019).

In this review, we will look at evolutionary change in a particular group of species, invasive weeds. An invasive weed may be defined as a plant that is “either native or non-native, and may have negative effects on either natural ecosystems or agroecosystems, but must clearly be invasive in that it exhibits a tendency to rapidly colonize and spread to occupy new niches” (Clements, 2017). Some other sources define the term more narrowly, but with considerable overlap among niches among different types of plants in this general category, e.g., agricultural weeds that also invade natural areas and vice versa, we think it is useful to go with a more all-encompassing definition.

Invasive weeds provide many examples of more rapid evolutionary modes. Recent examples documenting the potential speed of invasive plant evolution have included: invasive plants establishing latitudinal flowering clines, life history shifts, or dramatic changes in root systems. The fact that many invasive plants are genetically depauperate, often due to possession of breeding systems with a high proportion of selfing (Clements et al., 2004), can work to their advantage, whereas genetic bottlenecks put endangered plants at risk of extinction (Lee et al., 2018). Even the evolutionary mechanism of purging of their genetic load may enable invasive plants adapt more rapidly (Marchini et al., 2015). The numerous other genetic mechanisms that have been attributed to rapid evolution by invasive weeds largely follow from adaptations from their roles as pioneer species for the most part, designed to respond rapidly to environmental stressors associated with disturbance.

The genetic structure of weed populations varies widely among weed species, and even varies intraspecifically among different weed populations in many cases. Outcomes of natural selection differ depending on genetic structure, so it is very important to understand the range of breeding systems among weed species. Furthermore, phenotypic plasticity is widely recognized as an extremely important trait for a large number of weed species, as first highlighted when Baker referred to weeds often possessing an “all-purpose genotype” (Baker, 1965). However, many invasive plants still rely on rapid evolutionary change to adapt to their environments, such that the “all-purpose genotype” is not a universally appropriate label for invasive weeds because many invasive weeds do have considerable genetic diversity and are capable of adapting to local conditions (Clements et al., 2004). Weed reproductive systems are diverse, and among the greatest potential influences on life-history changes during weed evolution may involve characteristics of the reproductive system itself (Barrett et al., 2008). Barrett et al. (2008) explore many possibilities for such transformations in plant reproductive systems, many of which involve clonality and asexual reproduction. For example, they cite the case of an aquatic invasive plant, Eichhornia paniculata (Spreng.) Solms (Brazilian water hyacinth) that went from being outcrossing in its native range to selfing in its invaded range, which was critical to establishment in its adventive range where its pollinators were absent (Barrett et al., 1989, 2008). Critically important is understanding how particular weedy traits, such as reproductive characteristics, are impacted by climate change stressors so that we can better predict what traits could adapt to higher temperatures, CO2 levels and other climate factors (Clements and DiTommaso, 2011).

Climate change stressors such as changing temperatures, moisture regimes and extreme climate events are operating universally, but studies have repeatedly shown that invasive plant species are generally better equipped than native plants or crops to adapt. One indication of this is the observation of niche shifts. Climate niche breadths for eight weeds were on the whole, broader in China than in their native ranges (Wan et al., 2017). Plant species like Solidago canadensis L. (Canada goldenrod) not considered a weed in its native North American range grow much taller and larger in China making the plant more competitive, and recently becoming a serious management issue (Cheng et al., 2020). Research focusing on leading invasion edges, has demonstrated the ability of some species to adapt to rapidly changing temperatures or moisture levels that come with climate change (Lustenhouwer et al., 2018; Williams et al., 2019). Some of the clearest examples of rapid evolution of invasive plants in response to changing climate are abrupt changes in flowering timing, enabling these plants to maintain or increase their reproductive output (Barrett et al., 2008; Crimmins et al., 2009; Lustenhouwer et al., 2018; de Oliveira Xavier et al., 2019). Seed dispersal adaptations are also key to the success of many invasive plants, facilitating both population spread and population growth. Local adaption to changing climatic conditions have been studied the world over for many global colonizers. For example, adaptation to climate change by Ambrosia artemisiifolia L. (common ragweed) is evident on 5 continents: its home continent North America, South America, Europe, Asia and Australia (Essl et al., 2015; Gallien et al., 2016; Sun and Roderick, 2019; van Boheemen et al., 2019).

The purpose of this review is to provide an overview of what is presently known of the dynamic interaction between invasive plants and climate change, particularly focusing on the potential for invasive plants to adapt rapidly to changes in climate. This review will also reveal the numerous gaps in our knowledge of this potentially rapid weed evolution amidst climate change, and to suggest research approaches to fill these gaps. The world is changing quickly and we likewise need to respond quickly to the forecasted rapid evolution and spread of invasive plants to minimize the negative consequences.



RECENT EXAMPLES OF INCREASED INVASION UNDER CLIMATE CHANGE

There is a broad consensus that plant invasion will increase, and is already increasing due to climate change (Clements and DiTommaso, 2011; DiTommaso et al., 2014; Varanasi and Jugulam, 2016; Ramesh et al., 2017; Waryszak et al., 2018; Ziska et al., 2019). Three prominent predictions are: (1) poleward spread due to climate warming (Clements and DiTommaso, 2011), (2) range expansion due to changing precipitation regimes (Young et al., 2017), and (3) increased dispersal and establishment due to extreme climate events (Colleran and Goodall, 2015). Below we provide examples of these three predicted consequences of climate change, as well as the potential influence of rapid weed evolution as part of the response.

In terms of poleward spread of weeds due to climate warming, many documented incidences of relatively recent changes in distribution have been reported from North American, European, and Australian temperate regions, as well as in other global regions (Clements et al., 2014). Within North America, spread of numerous weed species northward, including those reaching Canada from the United States has provided abundant evidence of this prominent trend (Clements et al., 2004; Clements and DiTommaso, 2012).

One well-studied example is Sorghum halepense (L.) Pers. (Johnsongrass). Although originally introduced as a perennial C4 grass from areas with Mediterranean climates in Eurasia and Africa (Warwick and Black, 1983), as it moved northward with crops, new ecotypes developed with rhizomes adapted to cold temperatures (Warwick et al., 1986). Additionally, some of the northern ecotypes may overwinter better via an annual life history. With climate change, S. halepense is predicted to spread further northward in North America, causing greater yield loss in Zea mays (corn) crops (McDonald et al., 2009). S. halepense exhibits many other evolutionary adaptations in addition to what we have listed here, enabling continual change of S. halepense populations at the northern edge of its range (Paterson et al., 2020).

Potential expansions in north-south ranges due to climate warming have been studied for a number of weeds that occur in both North America and Europe. For example, Impatiens glandulifera Royle. (Policeman's helmet), an invasive plant frequently infesting riparian areas has been studied in both continents (Kollmann and Bañuelos, 2004; Clements et al., 2008; Clements and DiTommaso, 2012). Presently I. glandulifera is distributed in relatively southerly regions within Canada, but the European research shows how life history traits tend to vary along a latitudinal gradient, thereby raising the possibility if rapid evolution occurred along the northern edge of its range, it could occupy the more latitudes in North America as seen in Europe. Furthermore, recent European research also points to I. glandulifera recently being able to invade forest habitats (Cuda et al., 2020; Gruntman et al., 2020) in addition to its historic spread via waterways, providing further evidence of how its adaptability might work in concert with changing climates.

As well as changes in mean temperatures in temperate regions, extensive changes in regional precipitation patterns are predicted, and have been seen trending in many areas, such as the western United States, which has seen increased frequencies of drought conditions and associated wildfires (Leung et al., 2004; Westerling et al., 2006). In the Western U.S., when modeling changes in weed distribution, precipitation variables are much more important than temperature (Bradley et al., 2009). Centaurea solstitialis L. (yellow starthistle) is a widespread invasive weed in many semi-arid parts of North America with Mediterranean-like climates, first having introduced as a seed contaminant in California in the mid-1800s (Bradley et al., 2009; Young et al., 2017). It has been referred to as California's worst wildland weed (Pitcairn et al., 2006). Summer and spring precipitation and winter and spring minimum temperatures currently constrain the range of C. solstitialis but Bradley et al. (2009) predict climate change involving more frequent droughts but higher levels of spring precipitation will lead to more widespread distribution in the western U.S. Relatively rapid genetic change seen in C. solstitialis via developing herbicide resistance (Sterling et al., 2001) and novel genotypes in different environments (Dlugosch et al., 2015) also predict its ability to take advantage of these changing precipitation regimes quickly (Young et al., 2017). Dukes et al. (2011) showed experimentally that C. solstitialis was able to increase its growth and fecundity more than other plant species with enhanced atmospheric CO2.

There are many other invasive weed species in addition to C. solstitialis poised to take advantage of these changing climate regimes in western North America, with many of them already invading new areas in the wake of increased drought frequency and changing precipitation patterns. These include, but are not limited to Bromus tectorum L. (downy brome) (Harvey et al., 2020), Ventenata dubia (Leers) Coss. (ventenata) (Harvey et al., 2020), Avena barbata Pott ex Link (slender oat) (Nguyen et al., 2016), Bromus madritensis L. (foxtail brome) (Nguyen et al., 2016), and Bassia scoparia (L.) A. J. Scott (kochia) (Chen et al., 2020). However, it should be noted there are also invasive weed species less capable of withstanding drought conditions (Young et al., 2017). Young (2015) recorded an instance when a potential invasion by Carduus nutans L. (musk thistle) in Nebraska locale was halted abruptly by drought conditions that prevented the invading plants from reproducing.

Only recently have researchers turned their attention to the response of invasive weeds to extreme climate events like storms, floods and various other powerful weather events associated with climate change (Young et al., 2017). Flooding events can greatly enhance the spread of invasive weeds already adapted for spreading via seeds or vegetative fragments such as Rosa rugosa Thunb. (Rugosa rose) and Reynoutria spp. (Rouifed et al., 2011; Colleran and Goodall, 2015). A specific instance was observed in 2011, when fragments of Reynoutria japonica Houtt. Ronse Decr. (Japanese knotweed) were distributed widely and established new populations after Tropical Storm Irene impacted Vermont, USA in 2011 (Colleran and Goodall, 2015). Similarly, after Hurricane Sandy went through the New Jersey coast in 2012, an invasive sedge Carex kobomugi Ohwi (Japanese sedge) showed a much higher establishment rate in coastal dunes than the native beach grass Ammophila breviligulata Fernald. (American beachgrass) (Charbonneau et al., 2017). Similarly, a widespread invasive wetland grass in North America, Phragmites australis (Cav.) Trin. ex Steud. (common reed), spreads much more rapidly with increased flood frequency levels, with its seed germination requiring temporary dry shoreline areas (Tougas-Tellier et al., 2015).

These examples of the potential for climate change to increase the distribution of invasive weeds reviewed here are just the tip of the iceberg of known examples, and there are no doubt many other examples of invasions and incipient plant invasions influenced by climate change that have yet to be documented and studied. In this review, we are interested in what this elevated dispersal under climate change may be accompanied by increased evolutionary potential as theorized (Clements and DiTommaso, 2011; Johnson et al., 2019), and a significant aspect of such potential evolutionary malleability are the diverse and unique genetic systems exhibited by invasive weed populations.



CLONALITY, PLASTICITY, AND EPIGENETICS AS EVOLVED TRAITS

When considering the introduction of clonal plants to novel ecosystems, one may think that such species would exhibit low diversity and therefore have low invasive success. For most plant populations, problems such as genetic bottlenecks and founder effects can be detrimental, leading to inbreeding depression and an overall decrease in evolutionary potential (Estoup et al., 2016). However, this idea is based on the understanding that the sole source of heritable variation comes from genes, based on the DNA sequence. In reality, there are other mechanisms of heritable phenotypic variation that are advantageous for invaders with relatively low levels of genetic variation. If the genome of an invasive weed is relatively plastic, and/or there are opportunities for adaptation through mechanisms like clonality or epigenetics, greater invasiveness can be arise under various types of selection pressure, including climate change (Figure 1).
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FIGURE 1. Various directions that selection pressure from climate change can act to build on the invasive weed gene pool, including evolutionary mechanisms involving both increased and decreased genetic variation. By and large, these mechanisms are already operating for a given species prior to encountering climate change stressors, with these mechanisms providing channels for further adaptation.


In a review of 126 invasive plant species in China, researchers were able to demonstrate a significant positive relationship between clonality and invasiveness, indicating that clonality of a species greatly contributed to its invasive success (Liu et al., 2006). A unique advantage of clonal plants is the ability to share water, nutrients, and photosynthates between the individual ramets that make up the clone; this is known as physiological integration (Wang et al., 2020). The relationship between physiological integration and fitness has been studied in both heterogeneous and homogeneous environments, as well as under many environmental stresses. Physiological integration through below-ground rhizomes or stolons allows clonal plants to divide labor, with individual ramets becoming specialized to carry out a specific function within the clone. For example, a study of Carpobrotus edulis (L.) N. E. Br. (Hottentot fig), an aggressive clonal invader, revealed that older ramets became specialized in root production, allocating more biomass below ground than younger ramets, which became specialized in capturing above ground resources, having significantly higher chlorophyll content (Roiloa et al., 2013). Researchers also found that when compared to a clone with severed stolons, an intact clonal invader, Fragaria chiolensis (L.) Duchesne (beach strawberry), had higher overall biomass, greater expansion of stolons, and higher production of new ramets (Roiloa et al., 2010). This demonstrates that clonal division of labor can be advantageous for an invading species, as it directly contributes to the lateral expansion of the clone. This adaptive capability of clonal invaders can be selected for by genotypic selection, which Pan and Price (2002) describe as the selection of genotypically based traits associated with differences in the rate of ramet production. This means that ramets with more advantageous traits can be selected for in many cases. As the climate continues to change, this competitive ability will likely become even more advantageous. It has previously been documented that physiological integration can improve fitness of clones subjected to a variety of environmental stressors, such as nutrient deficiency (D'Hertefeldt et al., 2011), shading (Alpert, 1999), submergence (Luo et al., 2014) and drought (van Kleunen and Stuefer, 1999). These types of stressors, namely drought and flooding, are predicted to become more frequent and severe under climate change; the ability of clonal species to adapt and specialize ramets to overcome these stressors will allow them to continue invasion even under unfavorable conditions.

An additional advantage for clonal and non-clonal invaders alike is high phenotypic plasticity, which can be described as when a particular genotype expresses a variety of phenotypes in response to varying environmental conditions. Having high phenotypic plasticity can be advantageous for weeds if the resulting phenotypes result in an increase in fitness of the plant (van Kleunen and Fischer, 2005). The idea that this phenomenon contributed to plant invasions was proposed by Baker (1965), who posited that when a plant arrives in a novel environment with low genetic diversity, high levels of phenotypic plasticity allow the plant to adapt and eventually become established under the new conditions. As climate change progresses, it is thought that phenotypic plasticity may play a key role in helping plant populations avoid extinction. In recent years, more studies have investigated the relationship between climate change and plastic responses. In a recent review (Franks et al., 2014), 29 studies examining plastic responses of plants to climate change were analyzed, and it was found that all 29 studies demonstrated evidence of plastic responses to climate change, indicating that these types of responses can occur. However, despite adaptations to climate change occurring, the response may not be enough to keep up with the rapidly changing climate. In a review of 12 studies that investigated this, 8 found that the observed responses to changing conditions would not be sufficient to ensure survival of the population, given the predicted future climate scenarios (Franks et al., 2014).

The types of phenotypic responses to climate change are variable, including shifting flowering times, changes in biomass, stem count, or leaf size, or changes in reproduction. For example, a study of Boechera stricta (Graham) Al-Shehbaz (Drummond's rockcress) compared recently planted individuals to historical data of flowering time of the species in the region and found that it had shifted significantly, by 0.34 days between 1973 and 2011 (Anderson et al., 2012). Through genetic analysis, it was found that directional selection favored earlier flowering due to warming temperatures, and the researchers concluded that plasticity was an important driver of this shift (Anderson et al., 2012). In a study of the global weed Alternanthera philoxeroides (Mart.) Griseb. (alligator weed), which invades both terrestrial and aquatic environments, samples were taken in the species invasive ranges, USA and China, where it relies mainly on clonal reproduction and thus has lower genetic diversity, and in its native range in Argentina (Geng et al., 2007). It was therefore predicted that phenotypic plasticity in response to different water availability would be higher in the introduced ranges where genetic diversity was thought to be lower. However, researchers observed significant phenotypic plasticity responses in all three areas; in terrestrial environments, A. philoxeroides allocated more biomass to underground root formation, while producing smaller leaves and internodes to help balance water absorption and transpiration. In aquatic environments, A. philoxeroides stem pith cavities were larger, allowing them to float on the water surface in mats. Contrary to what was expected, the plasticity responses of the invasive populations fell within the plasticity response range of the native populations, meaning some of the native clones had higher plasticity than their invasive counterparts (Geng et al., 2007). However, according to a recent meta-analysis, it is thought that invasive populations of a species generally have higher plasticity than those in the native range (Davidson et al., 2011).

In addition to phenotypic plasticity, many introduced plants have the ability to respond quickly to changes in environmental conditions through epigenetic modification, which is the alteration of chromatin without changing the DNA sequence (Jones, 2012). Epigenetic modifications usually occur in the form of histone variants, histone modifications, and DNA methylation; these change the higher order chromatin structure, resulting in a change in gene expression such as altering transcription (Asensi-Fabado et al., 2017). These epigenetic modifications are often the result of changing environmental conditions, such as those in novel environments for introduced plants, or due to climate change. Epigenetic mutations have been documented in response to a variety of environmental conditions, including flooding, drought, shading, salinity, and temperature stress (Asensi-Fabado et al., 2017). For example, after several hours of drought stress, acetylation of Arabidopsis histones resulted in a drastic increase in transcription of drought-response genes (Kim et al., 2012). The majority of research indicates that epigenetic modifications constitute an intermediate method of rapid evolution for invasive species, as most stress-related modifications are only observed in chromatin until the stress exposure ends, then reverting back to their previous state (Pecinka and Scheid, 2012). Like DNA mutations, epigenetic mutations have the potential to be selected for if they are advantageous, so long as the stressor causing the mutation persists. This is especially advantageous for clonal invaders, which generally have lower genetic diversity, as well as for populations experiencing founder effects or bottlenecks. More recently, emerging evidence suggests that some modifications can be passed down even to non-stressed progeny through a “memory” of the stressed state (Pecinka and Scheid, 2012).

With the continued change in climate, adaptation to changing environmental conditions will likely become imperative for invasive species to thrive. Populations will begin to experience novel climates without expanding their geographic range, including more extreme temperatures as well as more frequent and severe storms. Rapid evolution through epigenetic modification, phenotypic plasticity, and clonality will continue to be used by successful invading plants of the future.



PURGING GENETIC MATERIAL DURING INVASION

In general, it can be said that inbreeding reduces the fitness of populations, as it decreases heterozygosity. Inbreeding also results in the expression of genetic load, which is the accumulation of deleterious recessive alleles which can reduce growth and expansion of a population (Keller and Waller, 2002). Small edge and founding populations are especially at risk of genetic loads, as they tend to have significantly lower genetic diversity due to drift. However, it has been observed that introduced species often become aggressive invaders despite population bottlenecks, which usually lead to inbreeding depression and genetic load expression (Estoup et al., 2016). This phenomenon has been coined the “genetic paradox” of invasion, where the anticipated negative effects of inbreeding within a limited population are not observed (Allendorf and Lundquist, 2003). Previous research of wild native plant populations revealed that at range edges, the effects of inbreeding depression were decreased, indicating that purging of the genetic load had occurred (Pujol et al., 2009; Barringer et al., 2012). Genetic purging can be described as a process where genetic load of deleterious alleles is reduced as those alleles are selected against (Barringer et al., 2012).

In order to determine whether genetic purging occurs in expanding invasive populations, a study of a recent North American invader, Brachypodium sylvaticum (Huds.) P. Beauv. (slender false brome) was conducted by Marchini et al. (2015). The researchers hypothesized that intermittent gene flow to a small, isolated, inbreeding population would allow for selection of high fitness alleles at loci that had previously been fixed for deleterious mutations. Limited gene flow, occurring by outcrossing once every few generations with another population, is reflective of an invasive species slowly expanding its range (Marchini et al., 2015). The study determined that genetic purging removed deleterious mutations in populations that were primarily inbreeding with periodic gene flow, as opposed to populations that were outcrossing or inbreeding only. The level of purging was variable, depending on the size of outcrossing populations, the number of deleterious loci, and the initial diversity levels throughout the metapopulation. Because the level of genetic purging is dependent on initial genetic diversity, invasive species that have higher diversity, such as those which have had multiple introductions to the invasive region, would likely exhibit higher levels of purging. In contrast, a stable metapopulation of a native species would be more likely to have populations from single origins, in turn having lower diversity and higher relatedness, which increases the likelihood of fixation of deleterious alleles. Purging levels within populations was found to be highest when outcrossed among populations every 5 generations and the number of affected loci was low; in this scenario, 90% of loci became fixed for homozygous “normal” alleles, and no loci were fixed for deleterious alleles (Marchini et al., 2015). Interestingly, the authors also found that frequency of homozygous “normal” alleles was significantly higher in an inbreeding metapopulation with gene flow, which had a frequency of over 90% after 100 generations, compared to a single large outcrossing population, where frequency was only around 65%. This confirms the hypothesis that inbreeding with periodic outbreeding can purge genetic loads, increasing fitness of populations at range edges after relatively few generations. Continued range expansion of many invasive species is anticipated under climate change; this will likely facilitate the generation of new selfing lineages due to the purging of genetic loads.



HYBRIDIZATION, POLYPLOIDY, AND RAPID EVOLUTION

The counterintuitive result of increased invasiveness of invasive weeds, even if genetic variation is relatively low, clearly operates in ecosystems subject to changing climate, as described previously. However, enhanced genetic variation is also an effective means to fuel rapid evolutionary change as natural selection generates novel, locally adapted genotypes, a process frequently accompanied by other mechanisms like hybridization and polyploidy in invasive plants (Figure 1).

Interspecific hybridization results in new genetic combinations that can be acted upon by natural selection and is a well-used mechanism of adaptive rapid evolution, especially in invasive plants. It provides a way for genetically impoverished species, such as clonal organisms and populations experiencing bottlenecks or founder effects, to increase their genetic diversity and overall fitness. Hybridization increases fitness through the generation of “extreme” novel phenotypes, as two genetically distinct parent species reproduce, recombining their alleles (Kagawa and Takimoto, 2018). The resultant hybrid often exhibits improved biological function compared to either parent species; this concept is known as heterosis, or hybrid vigor. Hybrids will generally be larger in size, more fecund, and more display greater growth levels when compared to the parent species. In systemic review of invasive hybrids compared to their parent taxa, Hovick et al. (2014) found that the hybrids were generally larger, more fertile, and more invasive than their parents. In plants, hybridization is often associated with invasion; many invasive plant systems support the hybridization-invasion hypothesis, which states that interspecific hybridization promotes invasiveness (Hovick et al., 2014). These systems are also often associated with polyploidy, with 63% of the hybrids reviewed reported as polyploid, and of those, nearly 50% had increased ploidy compared to their parents (Hovick et al., 2014). A systemic review of 309 invasive plants and 112 rare endemics by Dar et al. (2020) revealed that invasive species were also more likely to be polyploid than native species, and also showed that the proportion of polyploids increases with more advanced invasion. In many instances, the effects of hybridization and polyploidy in invasive plants are closely linked, and it can be difficult to tell which, or both, has the most influence on invasiveness.

Polyploidy, also known as whole genome duplication (WGD), resulting in more than two sets of chromosomes in the genome, is a common process in plants, suggesting some kind of evolutionary advantage (Chen, 2007). In plants, it is usually associated with tolerance to a broad range of ecological conditions and has also been linked to higher levels of asexual reproduction, an increased resistance to pathogens, and changes to seed germination and dormancy (Dar et al., 2020). These characteristics, along with an increase in genetic diversity, can greatly influence the fitness of polyploid invaders. Polyploid organisms can further be broken down into two categories: autopolyploids and allopolyploids. An autopolyploid is the result of doubling a diploid genome, while an allopolyploid is the result of two distinct genomes combining; allopolyploidy occurs by interspecific hybridization followed by either chromosome doubling or fusing of gametes, or by interspecific hybridization of two tetraploids (Estep et al., 2014). Allopolyploids therefore have the combined positive benefits of heterosis and polyploidy, usually exhibiting higher fertility, genetic diversity, and phenotypic plasticity (Estep et al., 2014). Knowing that polyploid species have favorable characteristics such as heterosis, gene redundancy, and high genetic variability, one may hypothesize polyploids are better weeds than diploids. In general, polyploids have a higher invasive capacity than diploids; polyploids have been shown to have larger seeds that are less likely to germinate in unfavorable conditions, have higher fecundity and competitive ability, as well as being less likely to experience inbreeding depression than diploid species (Rutland et al., 2021). However, some of the worst global invaders are diploid, not polyploid; additionally, there are many weeds whose ploidy levels remain unknown, and as a result, large scale sequencing of polyploid weeds needs to be done before conclusions their fitness can be drawn (Rutland et al., 2021).

As mentioned, the processes of hybridization and polyploidy are often linked, especially in the case of allopolyploid species, as both provide benefits to expanding invasive plant populations. One of the interesting ways that polyploidy contributes to fitness of hybrid plant populations is through “pre-adaptation” to new environmental conditions, which assists plants during early establishment (te Beest et al., 2012). For example, in the case of the tetraploid Centaurea stoebe L. (spotted knapweed), widespread invasion throughout the USA is attributed to pre-adaptation of the native tetraploids Europe to a wide range of climates, including extremely dry conditions, compared to diploids in the native range. Despite both the diploid and tetraploid cytotypes being introduced to the USA, invasive populations are dominated by tetraploids (Henery et al., 2010). Additionally, polyploidy and hybridization may increase fitness by “masking” genetic load, rather than purging them, in inbreeding and outcrossing populations. Non-deleterious alleles are usually dominant and can “mask” recessive deleterious alleles. In another study of C. stoebe, it was found that due to the multiple chromosome sets and higher number of alleles per locus, tetraploid populations could mask deleterious alleles much more effectively than diploids, resulting in significantly lower levels of inbreeding depression (Rosche et al., 2017).

Hybrid and polyploid populations are also key components of range expansion, which has been well-documented in the case of the hybrid Reynoutria × bohemica Chrtek and Chrtková (Bohemian knotweed). A shift in habitat preference has been observed in R. × bohemica, as it has been found invading environments that neither parent species usually inhabit. A study by Walls (2010) found abundant populations invading beaches, coastlines, and estuaries, a very different habitat than the ditches, roadsides, and riparian zones where the parent species are usually found. It was found that high phenotypic plasticity of the hybrid allowed the populations to exhibit high drought and salinity tolerance, which is not frequently observed in either parent species. Under continued climate change, it is likely that invasive plant populations will encounter novel environmental conditions and new ecological niches. An example of this can be observed in the genus Spartina, which is comprised of around 13 species, usually occupying salt marsh habitats (Ainouche et al., 2009). This genus has a complex invasion history, with multiple hybridization and polyploidization events that have contributed to its invasive success (Ainouche et al., 2009). In a study of a Spartina allopolyploid, S. maritima × densiflora in the Mediterranean region it was found that increased temperatures during the flowering months (June–August) was positively correlated with greater lateral expansion and increased size compared to S. maritima, S. densiflora, or an S. densiflora x maritima hybrid (Gallego-Tevar et al., 2019). The increase in mean maximum monthly temperature during the study period, which is associated with an increase in flowering time in Spartina, was similar to predicted temperature increases under climate change for the region (Giannakopoulos et al., 2009). Thus, we may speculate that the conditions caused by anthropogenic climate change will increase opportunities for hybridization and polyploidization events in invasive plant populations because of the expected increase in intensity of selection pressure. Given the potential for genetic change already seen in the cases we have reviewed, novel hybrids and polyploids will likely continue to rapidly adapt to evolving climate conditions, making them aggressive competitors and invaders of native habitats.



EVIDENCE OF RAPID EVOLUTION ON INVASION EDGES

Initial incursions of invasive plants are often scattered randomly across a given region. This pattern of initial invasion occurs if, as in most cases, human agency marks the beginning of the invasion. In fact, many plant invasions begin as escapes from cultivation, and may originate at a single location. However, over time an invasion front or edge becomes established, as invasive plant populations expand. For example, in North America for many invasive plant species the invasion front is on the northern edge of ranges of various species (Clements et al., 2004). If these invasive plant populations are somewhat constrained by climatic conditions, further expansion may be limited by climatic conditions at the edge of the range, and if the conditions change, invasive plant ranges predictably expand. Models may be devised to predict such range expansion utilizing data on climate change the species niches (Jiménez-Valverde et al., 2011), but if they fail to account for evolutionary processes at the edges of the range, such models may underestimate the spread of invasive plants (Clements and DiTommaso, 2011). As already described, there are particular mechanisms by which such rapid evolution at the edge of expanding ranges could occur, such as clonality, plasticity, epigenetics, hybridization, polyploidy or purging of genetic material. However, in this section of the review, we summarize case studies providing evidence for potential rapid evolution of invasive plants on invasion edges, regardless of mechanism.

It has been frequently shown that invasive species may evolve new climatic tolerance ranges in their invasive ranges by comparison to their native ranges, although this is not universally true, and in fact a recent analysis of 86 studies examining 434 invasive species concluded the invasive niches are largely conserved (Liu et al., 2020b). Still, the exceptional cases are critical species to monitor. Among the 8 weed species evaluated by Wan et al. (2017) in China, Amaranthus retroflexus L. (redroot pigweed) showed the broadest niche expansion by comparison to its niche in North America (Table 1). A. retroflexus is widespread weed of cropland and other environments throughout the world (Costea et al., 2004), and thus its apparent ability to evolve to new climatic conditions fairly rapidly (Wan et al., 2017) should be monitored closely. As mentioned previously, there is evidence for Ambrosia artemisiifolia expanding its niche breadth throughout the world (Essl et al., 2015; Gallien et al., 2016; Sun and Roderick, 2019; van Boheemen et al., 2019; Sun et al., 2020), including in China where A. artemisiifolia exhibited genetic differences in growth patterns compared to populations in North America where the species is native (Sun and Roderick, 2019; Table 1). Sun and Roderick's (2019) assessment represents evolutionary change in these Chinese populations in <100 years since the introduction of A. artemisiifolia in 1935 (Wan et al., 1993). Because A. artemisiifolia is projected to further expand its range under climate change (Qin et al., 2014), the ability to adapt quickly to different climatic conditions (Sun and Roderick, 2019) signal that this is also an important species to monitor as the climate changes, both for distributional changes and novel genotypes.


Table 1. Cases demonstrating potential rapid evolution of invasive plants under climate change for species exhibiting general niche expansion in the invaded range.
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When considering the question of rapid niche expansion under climate change, as discussed previously it is important to consider unique genetic mechanisms, such as the purging of deleterious alleles seen in Brachypodium sylvaticum (Marchini et al., 2015) and polyploidy in Solidago canadensis (Cheng et al., 2020) (Table 1). The concept of purging of deleterious alleles during invasion is relatively new, and more research needs to be done to investigate the likelihood that other invasive species may employ the same strategy. The role of polyploidy in invasion is well-demonstrated (Estep et al., 2014), and S. canadensis presents a compelling case for how this might influence rapid evolutionary change in a changing climate. Cheng et al. (2020) found that diploid forms of S. canadensis tended to go extinct in their common garden experiment, whereas tetraploids and hexaploids competed well with native vegetation, particularly if they were from the introduced range (hexaploids from the native range eventually failed to outcompete native vegetation), suggesting that rapid evolution in the polyploid forms after introduction to China played a role in successful invasion. Field sampling by Wan et al. (2020) identified all populations of S. canadensis in China they sampled between 2013 and 2016 as hexaploid, in contrast to North American samples which displayed a range of ploidies. In terms of climate change, latitudinal clines in China indicate S. canadensis is adapting to particular climates, and therefore capable of adapting to future climate changes (Li et al., 2016).

As described previously, there is considerable evidence for potential future poleward spread of invasive plants, in addition to observations of latitudinal spread over the previous century due to warming occurring in temperate regions, and furthermore there is evidence for a role of rapid evolution in accelerating this movement (Table 2). Similar to trends seen for many Angiosperm species, native or non-native, Dittrichia graveolens (L.) Greuter (stinkwort) has exhibited recent genetic changes in flowering phenology across a north-south European gradient (Lustenhouwer et al., 2018). The same pattern and ability to adapt flowering phenology was seen in I. glandulifera in Europe (Kollmann and Bañuelos, 2004). Because I. glandulifera also invades over a similarly broad latitudinal range in North America (Clements et al., 2008), it likely forms a similar genetic gradient on the North American continent. Genetic variation in I. glandulifera populations is derived from outcrossing, whereas other species like S. halepense although mostly selfing derives some of its genetic diversity through introgression with the crop sorghum [Sorghum bicolor (L.) Moench] (Warwick et al., 1984; Clements and DiTommaso, 2012). Indeed, the evolutionary novelty allowing S. halepense to colonize more northerly environments in North America has been attributed to this genetic diversity. Its rhizomes have evolved cold tolerance, even though when it was introduced in the early 1800s it was a C4 grass adapted only to the warmer climates consistent with its origin in western Asia (McWhorter, 1971; Paterson et al., 2020). Furthermore, northern populations may exhibit an annual life history, allowing S. halepense to overwinter more readily along the northern edge of its range (Warwick et al., 1986). The adaptation of S. halepense to both warm and cooler climates illustrates its striking ability to adapt to a range of climates, and thus the species is poised to benefit from climatic changes across its six continent distribution.


Table 2. Cases demonstrating potential rapid evolution of invasive plants under climate change for species evolving along latitudinal gradients.
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The potential for adaptation by Spartina maritima × densiflora to novel environments, including warmer climates, stem from greater genetic variability achieved through hybridization (Gallego-Tevar et al., 2019; Table 2). As detailed previously, S. maritima × densiflora is part of a complex of Spartina species which hybridize extensively, providing a much greater range of genetic material than in the gene pool of a single species. Ironically, the parental species Spartina maritima (M. A. Curtis) Fernald is relatively uncommon and with increased warming in Europe, S. maritima × densiflora threatens to competitively supplant its parent (Gallego-Tevar et al., 2019).

Taraxacum officinale F. H. Wigg (common dandelion) is well-known for its adaptability the world over, invading urban and agricultural environments. A Chilean study found considerable variation in T. officinale over a north-south latitudinal gradient, with more southern populations featuring thinner seed coats (Molina-Montenegro et al., 2018; Table 2). Despite the dominant mode of asexual reproduction by T. officinale via apomixis, the Chilean study found that there was enough sexual reproduction occurring to create diverse genotypes forming the latitudinal gradient (Molina-Montenegro et al., 2018). As well as the impact of north-south temperature gradient, Molina-Montenegro et al. (2018) attributed the genetic differences in seed coat thickness to moisture patterns, in that in drier conditions, seeds with thicker coats will be tend to germinate only when rainfall is sufficient for growth and development. They pointed out that this adaptive feature may allow T. officinale to adapt to changes in moisture regimes predicted under climate change, as has been shown for many other invasive plant species (Table 3).


Table 3. Cases demonstrating potential rapid evolution of invasive plants under climate change for species adapting to new moisture regimes in the invaded range.
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One particular region that represents changing moisture regimes subject to more frequent droughts under climate change is western USA, including California where a 5-year grassland study showed that two invasive grasses were able to evolve more drought-resistant traits with just 5 years of selection pressure (Nguyen et al., 2016; Table 3). The affected traits were slightly different for Avena barbata by comparison to the other grass species, Bromus madritensis (Table 3), but in both cases the plants subject to more frequent droughts exhibited markedly changed genotypes, illustrating that this kind of evolutionary change can occur over just a few generations (Nguyen et al., 2016).

An important consideration in the rapid evolution of invasive plants to climate change, is the interaction of anthropogenic stressors, i.e., synergism between human-caused climate change and other human habitat modifications favoring invasive species. Potential and observed changes in Bassia scoparia provide clear examples, such as the potential for this widespread invasive plant in western North America to form herbicide resistant genotypes and become more drought-resistant (Chen et al., 2020; Table 3). Similarly, various species of Centaurea introduced from Eurasia are exhibiting evolutionary change in their invaded range in western North America, where they have already been taking advantage of anthropogenic disturbances, such as overgrazing of rangeland by livestock, and now threaten to become even more abundance and widespread as drought frequency increases (Henery et al., 2010; Dlugosch et al., 2015; Turner et al., 2017; Table 3).

The annual forb Erodium cicutarium (L.) L'Hér. ex Aitonv (redstem filaree) is a global invader, having invaded all continents from its native Europe, and reaching both California and Chile some 300 years ago (Mensing and Byrne, 1998; Fiz-Palacios et al., 2010). Latimer et al. (2019) were able to observe a similar pattern of evolutionary adaptation among genotypes in both regions, with traits arising specifically adapted to local moisture conditions. This finding demonstrates the ability of global invasive plants like E. cicutarium to adapt to moisture gradients wherever they are introduced, in a relatively short period of time, presumably mirroring environmental changes expected as the climate continues to change.

An important consideration in understanding probable distribution changes of invasive plants under climate change is the ability to both adapt to novel climatic conditions and also effectively modify their dispersal and establishment abilities. Reynoutria × bohemica exemplifies this important consideration in many different ways (Walls, 2010; Gillies et al., 2016; Table 3). Walls (2010) found R. × bohemica was able to develop traits allowing it to better invade coastal areas in eastern North America. In the next session we focus on rapid evolution within this particular taxa, and implications for management.



CASE STUDY OF RAPID WEED EVOLUTION IN REYNOUTRIA SPP. (KNOTWEEDS)

The hybridization event that has repeatedly created Reynoutria × bohemica (Bohemian knotweed) in different continents, including Europe, North America, Australia and New Zealand (Bailey and Wisskirchen, 2004), has produced a plant with a much more potential for long-distance dispersal than its largely sterile male parent, Reynoutria japonica (Japanese knotweed) (Gillies et al., 2016). Similarly, the fertile female parent, R. sachalinensis (F. Schmidt) Ronse-Decraene (giant knotweed) tends to be less problematic for management, including being less likely to spread vegetatively via rhizomes (Parepa et al., 2014). The importance of this hybridization between Reynoutria species for the invasiveness of knotweed is still unclear because the hybrids have only recently spread and been discovered (Bailey and Wisskirchen, 2004; Gaskin et al., 2014; Parepa et al., 2014; Gillies et al., 2016). It seems clear that the genetically diverse hybrid swarm constituting the R. × bohemica hybrid should enable this invasive weed to adapt more rapidly to climate change than either parent. There are concerns that the increased diversity could facilitate adaptations such as herbicide resistance (Strelau et al., 2018). The hybrid has frequently been observed forming incursions into crop fields from field edges, and thus could potentially become a serious crop pest in addition to being an invasive weed degrading natural and urban habitats. Extensive dispersal via agricultural drainage ditches is on the increase in coastal British Columbia, Canada (Clements and Jones, pers. Comm.). Parepa et al. (2014) argued that because the hybrid species was clearly the most variable among various European populations sampled from the three species, it was more competitive than its parents and similar trends have been seen in North America (Gaskin et al., 2014; Clements et al., 2016; Gillies et al., 2016). Epigenetic mechanisms are also involved in the specialized adaptations of Reynoutria spp., even the sterile R. japonica, and Parepa et al. (2014) predicted that such epigenetic mechanisms will be even more effective in facilitating local adaptations in genetically diverse R. × bohemica populations.

In their combined invasive and native ranges, Reynoutria spp. encounter a vast range of climates. Generally, Reynoutria spp. prefer a temperate or continental climate, and thrive in areas with >500 mm of annual precipitation. Beerling (1993) identified an annual threshold of 2,505 degree days and minimum temperature of −30.2°C for knotweed establishment. Young shoots are susceptible to frost in the late spring and early fall, which can cause dieback followed by new growth from the rhizome when conditions are favorable, as the rhizomes can survive temperatures well below freezing (Sołtysiak, 2020). As the global climate continues to warm, an expansion in the range of all three knotweed species is anticipated. Bourchier and Van Hezewijk (2010) modeled suitable habitat for R. japonica in British Columbia, Canada and found that 12.3% of the province was suitable based on precipitation, minimum temperature and degree day thresholds. At that time, only about half of the suitable area was inhabited with knotweed. The modeling was repeated in Ontario, Canada and found that 35% of the province was suitable habitat for R. japonica; however, when the climate thresholds were changed from normal values between 1971 and 2000 to data from 2000 to 2008, the suitable habitat increased to 53%. This indicates that northward expansion will likely occur as the climate continues to gradually warm. In fact, Reynoutria spp. populations at the northern edge of their ranges in Quebec, Canada have already been observed to exhibit increased flowering and seed germination associated with climate change (Groeneveld et al., 2014). Even the less invasive R. sachalinensis was predicted to invade the relatively cool Canadian province of Alberta under future climatic conditions (Chai et al., 2016). As previously mentioned, clonal plants like Reynoutria spp. often have high phenotypic plasticity, which will likely allow the plant to adapt over time to the temperature increases brought by climate change. The high-fitness progeny of R. × bohemica will also likely aid in producing knotweed genotypes that are well-suited to novel climates.

In their study, Groeneveld et al. (2014) examined the potential for Reynoutria spp. to extend their range northward in Quebec, Canada, through looking at genetic structure and seed production in Quebec. The ability of R. × bohemica to produce seeds 500 km north of the formerly reported limit was taken as a harbinger of northward movement, especially because in their study the more genetically diverse R. × bohemica tended to produce adventive new patches in adventive locations than R. japonica. Note R. japonica did produce viable seeds in their region, but with less genetic variability. Furthermore, the fact that R. × bohemica was rare in the region until recently was another indication that evolutionary change was pushing the boundaries for Reynoutria spp. in Eastern Canada, just as average temperatures were reaching historic highs.

Climate change involves more than simply changes in precipitation and temperature, and the increase in storm frequency and severity has already been demonstrated as a potential means to further spread the rhizomes of R. japonica (Colleran and Goodall, 2015) and by extension, the hybrid R. × bohemica. Increased weather severity will no doubt increase dispersal of the seeds of R. × bohemica as well, as the seeds are capable of surviving many days floating in water, and germinate at higher rates following periods of immersion (Rouifed et al., 2011). Given the ability of seeds to float for days and therefore be transported many kilometers down river, dispersal of seeds by hydrochory may provide powerful selection pressure for R. × bohemica to changing hydrological regimes involving more flooding, especially considering that the seeds and/or vegetative fragments must both be carried down river and deposited on shore at some point. A Quebec study of Reynoutria spp. populations distributed along the 185 km Chaudière River found widespread populations but with limited genetic variation (only one genotype each for R. japonica and for R. × bohemica) indicating that most of the spread in this case was by rhizome and stem fragments (Duquette et al., 2016). Nonetheless the massive invasion along the river with few riparian species able to outcompete the invasive weed.

Given the expected changes in climate involving increases in the growing season in temperate zones, annual temperatures, annual precipitation, and extreme climate events such as flooding it is expected that Reynoutria spp. will only continue to pose problems and extend its range in North America, Europe, Australia and Asia. Looking at the six major mechanisms promoting rapid evolution in invasive weeds (Figure 1), Reynoutria spp. exhibit all six: polyploidy, local adaptation, hybridization, clonal growth, plasticity, and epigenetics. As some of the studies reviewed here indicate, Reynoutria spp. deploy these mechanisms in different ways under different environmental circumstances often resulting in better adaptation than any neighboring native vegetation (Parepa et al., 2014; Duquette et al., 2016; Gillies et al., 2016). As the climate changes, more habitat and more pathways (e.g., by flooding and other extreme events) will become available for Reynoutria spp. to establish. Proactive management measures should include monitoring disturbed areas for knotweed plant parts, including landscapes subsequent to extreme climate events (Colleran and Goodall, 2015), and managing incipient infestations as quickly as possible, given the tremendous dispersal and persistence capabilities of this plant taxon.



FUTURE RESEARCH NEEDS

Research on this potential for rapid evolution is critical to developing more proactive management approaches that anticipate new invasive plant ecotypes adapted to changing climatic conditions. Clearly, research on weed evolution in response to climate change has advanced considerably over the last several decades, but there are still many questions to be explored more fully if we are to approach the goal of devising more proactive management strategies.

Because invasive weed life histories are so extremely diverse, along with the associated reproductive characteristics and genetics (Barrett et al., 2008), there are numerous questions regarding the implications of this diverse array of life histories under climate change. Even within individual weed species, there can be multiple life history strategies at play, such as for R. × bohemica (Gillies et al., 2016) or Sorghum halepense (Paterson et al., 2020). New methods of genetic analysis, including even whole-genome characterizations offer promising possibilities for understanding weed life histories better (e.g., see Liu et al., 2020a). Yet classic evolutionary ecology approaches, as seen in many of the studies reviewed here, still offer important ways of unveiling impacts of climate change on weed life history and adaptation, such as common garden experiments, reciprocal transplants or artificial selection (Colautti and Lau, 2015).

In the face of the numerous factors at play, frameworks have been developed to help cut through the complexity. Young et al. (2017) presented a framework for studying invasive plant dynamics aimed at establishing research priorities, revealing gaps in theoretical understandings, and identifying components of invasion processes that could be used to improve management, i.e., get to the point of a more proactive approach in the case of managing invasive plants in the face of climate change. Their framework revolves around three key components: climate dynamics, invader fitness, and ecosystem resistance.

The first element of the framework, climate dynamics, potentially influences weed invasions in a variety of ways, because climate change itself has multiple aspects. Initially most studies of climate change and invasive weeds were focused on temperature changes and resultant poleward extension of invasive weed distributions (Clements et al., 2004), and there is still a need to investigate these dynamics as the mean global temperature inexorably increases. However, it is evident from the frequent focus on the response of invasive weeds to changes in drought frequency and extent (Table 3) that the impact of anticipated changes in moisture regimes under climate change on rapid weed evolution is an important research area. Furthermore, climate dynamics under climate change also include more frequent floods, fires, storms and other extreme events (Tamarin-Brodsky and Kaspi, 2017; Patricola and Wehner, 2018) and there is an urgent need for more research on such extreme events, which potentially create even greater selection pressures than more gradual changes in climate.

A challenging area of research on climate dynamics in relations to invasive weeds, is to research the problem on a global level; climate change itself is a global phenomenon and many invasive plants have likewise “gone global.” Thus, there is a need for more collaboration among invasive plant specialists from different world regions. For example, more studies like the study we reviewed on E. cicutarium which compared its invasion of both California and Chile (Latimer et al., 2019). A series on the biology of invasive plants was recently initiated in the journal Invasive Plant Science and Management which encourages the formation of multi-national author teams from far-flung world regions, in order to adequately review the biology of invasive plants in a global context (Kriticos et al., 2020). Organizations which bring together invasive plant specialists from across the globe, such as EMAPi likewise have a vital role to play in understanding whether the dynamics of invasion by the same species differ in different world regions (Pyšek et al., 2019).

The second element of the invasive plant research framework (Young et al., 2017), invader fitness, similarly involves many important research questions that have only emerged recently, especially when considering the many novel mechanisms that have recently been explored for invasive weeds such as polyploidy, local adaptation, hybridization, clonal growth, plasticity, epigenetics, and hybridization (Figure 1). Barrett et al. (2008) pointed out that little research had been conducted on potential changes in plant reproductive systems such as these during invasion. More detailed research on these mechanisms is imperative to grasping the way future invasions under climate change might look, including which conditions would favor reduced or increased genetic diversity, and whether purging genetic diversity (cf. Marchini et al., 2015) is a common element in plant invasions. Rutland et al. (2021) provide a comprehensive overview of what is known of the evolution of polyploidy in weeds, but make it clear that more research is needed. They maintain that it is impossible to definitively answer the question, “Do polyploids make better weeds?” at this juncture because of our lack of understanding of weed genomics. The evolution of clonality, including the ongoing evolution at present may be critical to understanding dispersal dynamics of species like Reynoutria × bohemica which spreads by both seed dispersal and clonal growth (Gillies et al., 2016). Williams et al. (2019) suggest ways of researching the eco-evolutionary dynamics of range expansion by systematically looking at the factors that work to generate genetic variance, to determine more clearly how processes effect the degree to which weeds evolve at the edge of their ranges. At the core of invader fitness are the particular traits that may evolve, of which there are many, but the goal should be to demonstrate the actual mechanisms involved utilizing the unique features of invasive species (Hodgins et al., 2018). To this end, van Kleunen et al. (2018) offer some useful ways forward, including synergism between molecular and phenotypic research.

The new molecular techniques referred to by van Kleunen et al. (2018) offer exciting avenues for researching the important questions we have reviewed, such as the relationship between polyploidy and hybridization, epigenetic response dynamics, and the evolution of phenotypic plasticity. In most cases we have clues from certain well-studied invasive species like Alternanthera philoxeroides, Solidago canadensis, Sorghum halepense, Reynoutria spp., and Ambrosia artemisiifolia but as indicated by these species, every invasive weed is different, and differences in life history have implications for adaptation to climate change (Clements and DiTommaso, 2012). One particular examples that illustrates the gap is that of Tragopogon hybrids in North America; although hybridization leading to the formation of new hybrid species is well-studied in Washington State (Clements et al., 1999), no research has been done in Canada on hybridization and its implications under climate change. In sum, there is much more that we do not know about invader fitness under climate change than we do know; as we speculated earlier, the conditions caused by anthropogenic climate change may increase opportunities for hybridization and polyploidization events in invasive plant populations, but this is only speculation without supporting research.

Ecosystem resistance, the third element of the invasive plant research framework (Young et al., 2017), is subject to wide variation in the face of climate change, such as the vulnerability of drought prone areas in the western USA to invasion and concomitant evolution of plant invaders taking advantage of low levels of ecosystem resistance (Table 3). Research on particular species like Sorghum halepense (Paterson et al., 2020) and Impatiens glandulfera (Cuda et al., 2020; Gruntman et al., 2020) indicates that invasive plants may invade new habitats under climate change, raising the alarm that other invasive plants may adapt to new habitats as climate changes. This presents a clear challenge to developing proactive management systems; as well as the need to understand and monitor the formation of novel invasive weed ecotypes, there is the need to manage ecosystems for greater resistance to invasion. Climate modeling approaches for invasive plants to this point have largely relied on large-scale geographic inputs (e.g., regional, national or international scales), but ecosystem resistance tends to act at local levels, and thus there is a need to research the potential for finer-scale modeling (Bradley, 2016; De Kort et al., 2020). Weed researchers conducting a horizon scan of weed research priorities identified the underlying challenges largely related to combining agroecological, socio-economic and technological approaches (Neve et al., 2018). Climate change, weed evolution and weed invasiveness were seen as important themes to pursue.

Certainly the ever clearer link between climate change and weed evolution and invasiveness calls for creative research approaches leading to creative solutions to this problem that is both on the horizon, and already upon us. As our focus on the case of Reynoutria spp. indicates, more diligent monitoring and characterization of the genetic characteristics of invasive weed populations is needed, and along with that, more attention paid to mechanisms for producing novel genotypes (Figure 1), especially at the edges of species ranges where expansion due to changes in climate are likely to occur, and are already occurring for many species in many regions.
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