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Exotic invasive plants are present in almost all terrestrial ecosystems. Their

spread and ability to colonize new habitats are predicted to increase with human

travel, global trade, and climate change. These plants alter the environments

they invade in multiple ways, a�ecting surrounding species. Chemically, invasive

plants can modify their environment by releasing secondary metabolites such

as root exudates (liquid) or airborne (gaseous) volatile organic compounds

(VOCs). The allelopathic e�ect of invasive species’ root exudates is well studied

and acknowledged as a trait contributing to invasiveness. However, less is

known about the e�ects of invasive species’ VOCs, which are likely to play

important ecological roles. Therefore, we conducted a systematic review of the

literature during the last decade (2012–2022) to explore what is known about

the ecological aspects of VOCs emitted by invasive plants, focusing on the

factors a�ecting their emission (genetic, biotic, and abiotic), and their role on

plant-plant and plant-insect interactions. We found 29 studies matching our

search criteria. These studies suggest that invasive species are more “chemically

diverse” than their native counterparts and have di�erent chemical behavior in

native compared to invaded ranges. The studies further highlight that chemical

traits are heritable and contribute to invasiveness. Multiple biotic and abiotic

factors a�ecting invasive plants’ VOC emission have been explored (e.g., herbivory,

soil microorganisms, warming, and CO2). The studies indicate that invasive

plants may experience less variation in their VOC emissions in response to

environmental change than natives, with trade-o�s between growth, reproduction

and defense influencing VOC emissions. Regarding the impact on native species

and their interactions, the allelopathic role of invasive plants’ VOCs on native

plants is well documented, consistently showing phytotoxic e�ects. There is also

evidence of their involvement in neighbor detection. While volatile-mediated

interactions between invasive plants and native insects remain poorly studied, the

existing evidence shows that invasive plant VOCs have the potential to disrupt

communication between native plants and insects. But insects also use multiple

cues to make foraging/oviposition decisions, compensating for the disruptive

e�ect of invasive plant VOCs. To conclude, we identify knowledge gaps and

propose avenues for future research.
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1. Introduction

The introduction and establishment of exotic species into new

habitats have skyrocketed during the last decades, with 37% of the

first records reported since 1970 (Seebens et al., 2017). Increased

human travel and trade favor deliberate and accidental dispersal of

species outside their native ranges, with e-commerce contributing

substantially to the propagation and sale of alien species in recent

years (Mack et al., 2000; Mainka and Howard, 2010; Humair et al.,

2015; Turbelin et al., 2017). Habitat destruction and climate change

also affect species distribution, reproduction, and behavior, often

creating suitable environments for exotic species, some of which

will become invasive (see Box 1). While biosecurity (i.e., preventing

the introduction and spread of harmful organisms) is a national

priority in some countries such as the US, Australia, South Africa,

and New Zealand, in other countries (mainly developing nations)

biological invasions receive little attention due to limited resources

and competing priorities (Pyšek et al., 2020).

Exotic plants constitute an important percentage of invasive

species worldwide, almost outnumbering native flora in islands

such as Hawaii and New Zealand (Simberloff, 2010; Pyšek

et al., 2020), and in many cases, invasion is widespread, and

thus eradication no longer feasible (Souza-Alonso et al., 2017).

While the negative ecological impacts of invasive plants are well

documented, interactions with invasive plants do not always

BOX 1 Defining biological invasion.

There are many definitions of “biological invasion,” and some

disagreements persist, but two main criteria currently in use are based

on either species distribution (geographic criterion) or their impact (Valéry

et al., 2008), both of which have limitations. For instance, the movement of

species into new ranges is not new and has been facilitated by humans for

centuries. Most cultivated species grow and thrive in environments where

they did not evolve. Yet, these are not considered invasive (in fact, this has

contributed to the development of human society). The “impact” argument

somewhat addresses this issue, but it tends to have an anthropocentric view,

i.e., impact on humans, and the definition of impact is often vague. For

regulatory purposes, there has been an effort to reconcile these views, e.g.,

the Convention of Biological Diversity (CBD) defines invasive alien species

as those “whose introduction and/or spread outside their natural past or

present distribution threatens biological diversity,” the International Union

for Conservation of Nature (IUCN) as “animals, plants or other organisms

that are introduced into places outside their natural range, negatively

impacting native biodiversity, ecosystem services or human well-being” and

the Center for Agriculture and Bioscience International (CABI) as “species

whose establishment and spread threaten ecosystems, habitats or species with

economic or environmental harm.” These definitions typically emphasize

the negative impacts of invasive species. However, some authors (Pearce,

2016) highlight the remarkable traits of invasive species that allow them to

persist above others in highly anthropogenically disturbed environments and

the important role they may play in maintaining ecosystems in the future.

Others promote a neutral view of invasive species not as inherently ‘bad’

or ‘good’ but rather as an ecological phenomenon that requires scientific

study to further our understanding of species interactions and responses to

environmental change (Brown and Sax, 2004). In this paper, we take a broad

approach, including papers where the authors have identified plant species as

being invasive, independently of the definition they follow. We also included

the terms “exotic”, “alien” and “weed” as part of our search criteria, as these

terms are often associated with invasive species.

have adverse outcomes for native species. Evidence of facilitation

(e.g., through nutrient enrichment, food source diversification,

increased pollination, competitive release, or predator release) is

increasing (Rodriguez, 2006; Oduor et al., 2018; Effah et al., 2020b;

Galappaththi et al., 2022). Also, the impacts of invasive species can

change over time, and ecological and evolutionary processes may

increase or attenuate the effects of an invader (Strayer et al., 2006;

Dostál et al., 2013). Regardless, native plants are under selective

pressure to adapt to competition with invasives (Callaway et al.,

2005; Leger, 2008; Oduor, 2022). Therefore, a broader perspective,

including multiple co-occurring species and different time-frames,

is needed when exploring the ecological impacts of invasive species

(Barney et al., 2015).

Exotic invasive plants (henceforth invasive plants) can, directly

and indirectly, alter the environments they colonize in multiple

ways. For example, they can affect geomorphology, fire regimes,

hydrology, microclimate, nutrient cycling and productivity (Dukes

and Mooney, 2004; Weidenhamer and Callaway, 2010) and

engage in multiple interactions with native and other introduced

species (Bezemer et al., 2014; Bajwa et al., 2016; Tallamy

et al., 2021). Chemically, invasive plants can alter their invaded

habitats by releasing secondary metabolites, mainly through root

exudates and airborne emissions, which act as semiochemicals

mediating intra- and interspecies communication (Kost, 2008;

Heil, 2014; Reinecke and Hilker, 2014). The allelopathic potential

(i.e., the production of chemicals by a plant species that

can affect the growth, survival, development, reproduction, or

behavior of neighboring organisms) of root exudates has been

extensively studied and acknowledged as a key trait contributing

to invasive plants’ ecological success (Chengxu et al., 2011;

Chen et al., 2017; Kalisz et al., 2021). However, less is known

about volatile (airborne) allelochemicals, which are also likely to

play crucial ecological roles (Xie et al., 2021; de Souza et al.,

2022).

Plants are prolific producers and emitters of volatile organic

compounds (VOCs) from reproductive and vegetative parts,

constituting the plant’s scent. These are typically lipophilic products

with low molecular mass (<300) and can be assigned to different

classes according to their biosynthetic origin (e.g., terpenoids,

fatty acid derivatives, phenylpropanoids/benzenoids, C-5 branched

compounds, and nitrogen and sulfur-containing compounds and

others classes) (Dudareva et al., 2004, 2013). Plant VOC production

and release are phenotypically plastic, being species-specific but

also highly responsive to environmental change (Agrawal, 2001;

Clavijo McCormick, 2016; Campbell et al., 2019). VOC production

is metabolically costly, so trade-offs between VOC emission,

other forms of defense, reproduction and growth are known to

occur (Ballhorn et al., 2008; Schiestl et al., 2014; Zhang et al.,

2020).

Plant VOCs play a crucial role in plant-insect interactions

by mediating host location and acceptance by pollinators,

herbivores, and their natural enemies (Pichersky and Gershenzon,

2002; Bruce et al., 2005). VOCs also mediate plant-plant

interactions, including kin-recognition, priming, and competition

(Baldwin et al., 2006; Heil and Kost, 2006; Kegge and Pierik,

2010; Kigathi et al., 2013; Effah et al., 2019). Given the

importance of plant VOCs, we explored the literature published
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on ecological aspects of invasive plants’ VOCs during the

last decade (2012–2022), focusing on factors affecting their

emission and their ecological impact on plant-plant and plant-

insect interactions.

2. Search criteria

To gather information for this review, we initially consulted

the Google Scholar search engine using the criteria “invasive

plant” OR “exotic plant” OR “alien plant” OR “weed” AND

“VOCs” OR “volatile” OR “scent.” We then paired those

terms with each one of the following terms of interest, i.e.,

“biotic,” “abiotic,” “allelopathy,” “warming,” “temperature,”

“UV-radiation,” “ultraviolet,” “CO2,” “carbon dioxide,” “ozone,”

“O3,” “pollution,” “moisture,” “drought,” “soil nutrients,” “gene,”

“genetics,” “herbivore,” “herbivory,” “predator,” “parasitoid,”

“natural enemy,” “pollinator,” “pollination,” “microorganism,”

“microbe,” “microbial,” “pathogen.” The terms of interest were

selected based on previous literature reporting the impacts of

environmental and genetic factors on plant VOC emissions

and their known ecological roles (Holopainen, 2004; Figueiredo

et al., 2008; Holopainen and Gershenzon, 2010; Blande et al.,

2014; Clavijo McCormick, 2016; Effah et al., 2019; Ninkovic

et al., 2021). As a limitation, we are aware that other studies

relevant to the topic may not have been found using the chosen

terms and that further studies might exist in languages other

than English.

The search range included publications from 2012 to 2022.

While the initial search was conducted in October 2022, a revised

search was further conducted in January 2023 to incorporate data

from the whole year. We decided to focus on work from the

last decade but recognize that studies conducted before 2012 may

yield further light on the findings of this review. The search was

limited to full documents (i.e., conference abstracts were excluded)

in English, reporting observational or experimental studies under

laboratory or field conditions and published in reputable journals,

having undergone peer-review (pre-prints were not included).

We excluded reviews and work solely addressed to developing

control methods for weeds (e.g., introduced biological control

agents or use of plant extracts as bioherbicides) as this is out

of scope for our review. However, we recognize that introduced

biocontrol agents and neighboring plants can modify the VOC

emissions of invasive plants. We also excluded studies focused

on plant extracts (from above or below-ground tissue) because

some solvents do not favor plant VOC extraction. Others are not

selective, i.e., include volatile and non-volatile compounds, making

it difficult to assert if VOCs alone are responsible for the observed

activity. While we acknowledge and provide some examples of

work on essential oils, we did not conduct an exhaustive revision

on this topic since the elevated concentration of VOCs in essential

oils makes it challenging to assess their ecological roles under

natural conditions.

We found 29 studies matching our search criteria

(Supplementary material). The following sections summarize

and critically discuss our findings, identifying knowledge gaps and

avenues for further research.

3. Factors a�ecting the VOC emissions
of invasive plants

Invasive species are known to have high phenotypic plasticity

(i.e., the ability to produce different phenotypes from a single

genotype when exposed to varying environmental conditions),

contributing to their ecological success and competitive advantage

(Yu-Peng et al., 2004; Richards et al., 2006; Davidson et al., 2011;

Gratani, 2014; Liao et al., 2016). Plant-VOC synthesis and emission

embody this phenotypical plasticity, having a genetic component

but being highly responsive to multiple biotic and abiotic factors

such as herbivory, temperature, UV-radiation, drought, and their

complex interactions (Maja et al., 2016; Campbell et al., 2019; De

Lange et al., 2019; Rieksta et al., 2021). These factors may play an

even more critical role in invasion scenarios where habitats are

likely to differ from those in the invasive plants’ native ranges. In

this section, we reviewed studies exploring the impacts of genetics,

abiotic and biotic factors (summarized in Figure 1) on the emission

of VOCs by invasive plants.

3.1. Genetics

The ability of plants to produce certain VOCs is determined

by their biosynthetic machinery, which is regulated by genetic

traits from the species’ unique evolutionary history. Hence,

plant metabolites can be reliable indicators of plant taxonomy.

However, multiple factors influence gene expression leading to

considerable variation in VOC production and emission within

species (Figueiredo et al., 2008). Therefore, genetics alone may not

explain an invasive plant’s unique and dynamic chemical behavior.

Metabolomics studies reveal that invasive plant species have more

unique metabolomic profiles than native congeners and higher

chemical diversity than conspecifics growing in the native range

(Macel et al., 2014; Skubel et al., 2020). While not targeting VOCs

exclusively, these studies suggest that a genetic predisposition to

chemical uniqueness may favor invasive behavior. Exposure to new

environments may also lead to a rapid evolution of chemical traits

in invasive plants.

A recent study conducted in Europe (Lin et al., 2021) aimed

to understand the effect of genetic and evolutionary aspects on

an invasive species’ VOC emission. The authors explored different

populations of ragwort Jacobaea vulgaris from its native range in

Europe and invaded ranges in Australia, NewZealand, andWestern

North America. Seeds were sourced from different origins and

grown under controlled conditions, where their constitutive and

herbivore-induced VOC emissions were explored. The findings

show that, under the same experimental conditions, plants from

invaded ranges released more constitutive than herbivore-induced

VOCs, making them more attractive to a specialist herbivore but

less so its parasitoid. Constitutive VOCs can act as deterrents

against generalist insects but can be used as host cues by specialist

herbivores. In contrast, herbivore-induced VOCs are linked to the

attraction of natural enemies (McCormick et al., 2012; Kessler,

2015). The authors posit that in the absence of specialist herbivores

and their natural enemies, selection for induced VOC emission
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FIGURE 1

Biotic and abiotic factors influencing VOC emissions of invasive plants.

may be relaxed when invasive plants invade new areas, favoring the

emission of more constitutive VOCs.

Within-population genetic variation in VOC emission was

investigated for the invasive Mayweed chamomile (Anthemis

cotula), which is a significant problem in the US Pacific

Northwest due to its high abundance and lack of control options

(Adhikari et al., 2021). The authors investigated trait variation

and heritability, including seedling emergence, biomass, date and

duration of flowering and number of flower heads and floral

scent on 300 plants from six half-sib families (i.e., coming from

seeds of the same mother plant) from 10 different populations

(infested farms or sites). The results showed significant differences

in the flowering period, which could differ by a month between

some half-sib families, and floral VOCs. Trait heritability was

high for most phenotypic traits, including VOCs, suggesting that

individual plants differ in scent traits with potential impacts on

reproductive success.

Altogether, these studies suggest that (a) invasive plants are

likely to have higher VOC diversity than native counterparts, which

may contribute to their invasiveness, (b) plants of the same species

show different chemical behavior in invaded and native areas,

and (c) chemical diversity within species is heritable, and if it

presents a competitive advantage, individuals who reproduce more

successfully will pass on these traits to their offspring.

3.2. Abiotic factors

Multiple studies have explored the role of abiotic factors

on plant VOC emission in natural and productive systems.

Temperature (warming), carbon dioxide (CO2), ozone (O3),

drought and UV radiation are all known to influence VOCs

(Holopainen, 2004; Figueiredo et al., 2008; Holopainen and

Gershenzon, 2010; Blande et al., 2014; Clavijo McCormick, 2016;

Effah et al., 2019; Ninkovic et al., 2021). Within our search criteria,

we found studies exploring the impact of warming, CO2, and UV

radiation on invasive plants’ VOC emissions.

Warming is one of the most studied factors influencing VOCs,

typically causing a consistent and significant increase in volatile

emissions (Peñuelas and Staudt, 2010; Bao et al., 2022). Exploring

the effects of warming is essential to understand species’ responses,

robustness, and resilience to climate change. The effect of elevated

temperature on VOC emission of an invasive plant, Alternanthera

philoxeroides (alligator weed) and its native congener, A. sessilis

was investigated in the Henan Province of China (Liu et al.,

2021). Simulated warming was conducted under field conditions

using 2000W infrared heaters suspended 2m above the plants,

which increased air temperature by 0.86◦C (close to the predicted

temperature increase for this region due to climate change).

In contrast to other reports, the authors found that warming

suppressed VOC emissions for both species. Still, this effect was

less pronounced for the invasive species, where only undecane, (E)-

3-hexen-1-ol and acetate azulene were suppressed, while multiple

compounds were suppressed under the same treatment for the

native plant. The results suggest that invasive plants may be more

stable in their VOC emissions under warming conditions than their

native counterparts.

Carbon dioxide (CO2) from burning fossil fuels and other

human-related activities accumulates in the atmosphere,

contributing to greenhouse effects and thus being a climate

change contributor. Elevated CO2 is also a well-known factor

influencing VOCs, but available evidence so far indicates that its
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impacts vary greatly across different studied systems (e.g., Peñuelas

and Staudt, 2010; Bao et al., 2022). For instance, Oster et al. (2015)

investigated the effect of elevated CO2 (an addition of 300 ppm

for a total of 700 ppm—nearly twice the ambient level), warming

(temperature raised an ∼3◦C with infrared heaters) and their

combination on damage-induced VOC emissions of Centaurea

solstitialis (yellow star thistle), a major invasive weed in western

North America. They found that, under the measured conditions,

CO2, warming, or their combination, did not have a significant

impact on the levels of individual or total VOCs, contrasting other

studies (Yuan et al., 2009; Peñuelas and Staudt, 2010; Copolovici

et al., 2021; Bao et al., 2022). Again, this study supports the notion

that invasive species VOCs may be more stable (i.e., fluctuate

less) in response to environmental variation. Whether this is a

species-specific trait, or a common feature of invasive species

remains to be further investigated.

UV radiation is also known to influence invasive plants’ VOC

emissions. In moderate quantities, it can be a potent elicitor

of secondary metabolites (including VOCs), but high levels can

damage the biosynthetic machinery of the plant (Fini et al., 2011;

Llusia et al., 2012; Liu et al., 2015; Maja et al., 2016). A New

Zealand study (Effah et al., 2020d) experimentally manipulated

UV radiation to explore its impacts on VOC emissions of the

invasive weed Calluna vulgaris (heather). UV radiation varies

starkly between the native range of this plant (UK), where the

UV index rarely exceeds 7, and the invaded range (New Zealand),

where summer daytime indexes often reach 12 and can exceed 13

in the far North. Using tunnel houses clad with UV-selective filters,

VOCs produced by field-collected heather were measured under

New Zealand ambient, 20% attenuated and 95% attenuated solar

UV treatments. Plants with lower UV exposure (95% attenuated)

produced significantly more sesquiterpenes than those under

ambient UV and 20% attenuation, showing that high levels of UV

radiation can compromise VOC emissions of invasive plants. This

study shows that UV radiation may be a critical factor influencing

the behavior of invasive plants coming from regions with different

UV intensities.

3.3. Biotic factors

Herbivory is well known to have significant effects on plant

VOC profiles, leading to the production and release of herbivore-

induced plant volatiles (HIPVs). HIPVs play an essential role

in indirect plant defense by attracting natural enemies of the

herbivores and providing precise information about the location,

identity, abundance, and developmental stage of their insect host or

prey (McCormick et al., 2012; Clavijo McCormick et al., 2014a,b).

Under invasion scenarios, introduced plants will interact with

native herbivores that they did not co-evolve with, and their

natural enemies may be unattracted to or unable to interpret the

herbivore-induced volatile signals (Bezemer et al., 2014). Therefore,

it is assumed that invasive plants will invest fewer resources in

producing HIPVs and produce more constitutive volatiles (direct

defenses) instead. The study by Lin et al. (2021), discussed earlier,

supports this assumption. However, a study conducted in Italy

(Cozzolino et al., 2015) shows that the production of herbivore-

induced VOCs may not always negatively impact invasive plant

fitness since invasive plants relying on arthropods for reproduction

can use herbivore-induced signals to their advantage. The authors

investigated the impact of herbivory by a native generalist insect

Spodoptera littoralis on the floral signaling of an invasive weed

Silene latifolia (white campion) in Southern Italy. They found that

herbivore-infested plants emitted higher amounts of (Z)-3-hexenyl

acetate and β-ocimene, which increased nocturnal pollination,

leading to higher fruit production.

Another possible scenario is the interaction between alien

invasive plants and insects, which is predicted to increase due to

global trade and climate change (Johnson et al., 2009). A series of

studies (Tun et al., 2020, 2021, 2022; Jones et al., 2021) investigated

the resistance, growth, reproduction, and VOC emission of 15

introduced willow clones in New Zealand in response to the attack

of the giant willow aphid Tuberolachnus salignus (of Asian origin).

These willow clones were mainly from Europe and North America,

with some having invasive traits. The studies found that only

two clones were naturally resistant to this attacker. Aphid attack

negatively impacted growth for the remaining clones but caused

compensatory reproduction, evidenced by a higher number of

catkins and longer flowering times. Interestingly, there was no sign

of induced VOC emission, and VOC reduction was even observed

in some clones. Possible explanations for this phenomenon include

(1) inability of the plant to recognize and respond to the attacker,

(2) active suppression of plant defenses by the introduced herbivore

as documented for other aphid species (Pareja et al., 2012; Najar-

Rodriguez et al., 2015), and (3) a trade-off between induced

defenses, growth, and reproduction.

The presence of introduced biological control agents, typically

specialists that co-evolved with the plants in their native range,

is also likely to influence the energy budget allocation of invasive

plants and their herbivore-induced VOC emissions. A New

Zealand study (Effah et al., 2020d) showed that herbivory by

the biocontrol agent Lochmaea suturalis on the invasive weed

C. vulgaris affected different compound groups throughout the

seasons, reflecting changes in the phenology of the plant and

developmental stages of the herbivore. In general, herbivory caused

a moderate but significant increase in terpenoid production,

but during the peak of the flowering season, a strong and

significant reduction in VOC emissions was observed, suggesting

potential trade-offs between herbivore-induced VOC emission and

reproduction. Additional evidence supporting the cost of induced

defenses for invasive plants comes from invasive Cynoglossum

officinale L. (hounds tongue plants) in North America, where

exogenous application of methyl jasmonate (MeJa) increased the

emission of plant VOCs and doubled the production of trichomes

(mechanical defense structures), but resulted in fewer and smaller

leaves, and lighter nutlets (seeds) (Runyon and Birdsall, 2016).

These studies suggest that, like other species, invasive plants

experience trade-offs between different forms of defense (indirect

vs. direct or chemical vs. mechanical) and between defense, growth,

and reproduction.

Another fundamental aspect of invasion biology is the impact

of soil microorganisms. Mutualist and antagonist bacteria can

facilitate or hinder the success of invasive plants by modifying
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the availability of soil nutrients, influencing plant metabolism,

and shaping plant defense traits, among other mechanisms

(Reinhart and Callaway, 2006). A recent study (Kalske et al.,

2022) investigated the impact of soil microbiota on herbivore

resistance in native (US) and invasive (Finnish) populations of

Lupinus polyphyllus, including the emission of VOCs. The authors

assessed VOC emissions on plants from both populations grown

on intact or autoclaved soil from the invaded range. They found

that soil inoculum treatment significantly affected the composition

of VOC emissions for both populations, mainly by increasing the

emission rates of green leaf volatiles, which are known to mediate

direct and indirect plant defense. However, plants from the invaded

range showed higher resistance to herbivory (snails) than native

ones, suggesting that invasive plants can associate with and benefit

from soil microbiota from distant locations, thus influencing VOC

emissions and plant defense.

The impact of neighboring plants on invasive plants’ VOCs is

discussed in Section 4.2.

3.4. Multiple co-occurring factors

Under natural conditions, invasive plants are simultaneously

exposed to multiple biotic and abiotic factors. Therefore, more

field studies exploring the effects of co-occurring factors on VOC

emissions are essential to advance our understanding of the

chemical behavior of invasive plants in their “new” environment. A

field study on the North Island Central Plateau, New Zealand (Effah

et al., 2020a) explored the relationship between VOC emissions

of the invasive plant C. vulgaris and some biotic and abiotic

factors (herbivory, temperature, soil nutrients and soil moisture).

The study found that soil nutrients were the most significant

factor associated with C. vulgaris VOC emissions in this region,

having a strong positive correlation with the emission of most

compounds tested. Temperature was the second most important

factor positively correlated with the emission of some green leaf

volatiles and the homoterpene (E)-4,8-dimethyl-1,3,7-nonatriene

(DMNT). Herbivory was low and only correlated with the emission

of hexyl acetate. No correlation was found between soil water

content and VOC emissions. A similar study conducted in Brazil

(Sampaio and Costa, 2018) also explored the correlation between

multiple abiotic environmental factors and VOC emissions by the

Mexican sunflower, Tithonia diversifolia,with outcomes supporting

the role of soil nutrients and temperature in modulating VOC

emissions. While these studies did not investigate direct causation,

they suggest that soil nutrients are essential drivers of VOC

emissions by invasive plants, and further support other studies

showing a relationship between soil nutrients or soil type and

VOC emissions (Ormeño and Fernandez, 2012). Invasive plants

can colonize and have high performance and nutrient-use efficiency

in depleted soils, and over time, can modify soil chemistry and

biota (Weidenhamer and Callaway, 2010; Matzek, 2011; Funk,

2013). Plant-soil feedback is known to change during the course

of invasion, influencing the invasive plants’ competitive ability

against native plant communities (Oduor et al., 2022). Therefore,

more studies are needed to understand how changes in soil

chemistry and biota influence invasive plants’ VOC emissions

over time.

Other factors including drought, ozone (O3) and increasingly

polluted atmospheres could also influence VOC emissions of

invasive plants (Pinto et al., 2010; Blande et al., 2014; Rissanen

et al., 2022). However, more studies are required to understand how

invasive plants respond chemically to these factors.

4. Invasive plants’ VOCs in plant-plant
interactions

Invasive plants must adapt to new environmental factors but

also compete for resources with other plant species (both native

and introduced), with which they may not have co-evolved.

Invasive plants share multiple traits that facilitate their ecological

success, such as rapid growth and prolific reproduction, and it

is increasingly acknowledged that their allelopathic potential is

one of such attributes (Chengxu et al., 2011; Chen et al., 2017;

Kalisz et al., 2021). In competition scenarios, VOCs allow plants

to obtain information about neighbors’ identities (e.g., kin vs. non-

kin) and physiological and health status (e.g., healthy vs. herbivore-

damaged) and to respond accordingly (Effah et al., 2019). However,

this phenomenon has been poorly explored under biological

invasion scenarios. This section aims to document and discuss the

current state of knowledge of invasive plants’ VOCs in plant-plant

interactions, concentrating on allelopathy and neighbor detection.

4.1. VOC-mediated allelopathy by invasive
plants

Invasive plants often outcompete natives partly due to the

possession of performance-related traits, including rapid growth

and reproduction and physiological tolerance to a wide range of

environmental factors (Van Kleunen et al., 2010). To enhance their

competitiveness, invasive plants also release novel biochemicals

into their surroundings that inhibit native plants’ germination

and growth, with the magnitude of the effect being regulated

by co-evolution (Callaway and Ridenour, 2004; Macias et al.,

2007; Thorpe et al., 2009). A significant number of studies

have explored the allelopathic properties of invasive plants’ root

exudates or extracts, which may include volatile and non-volatile

compounds (e.g., Callaway and Ridenour, 2004; Thorpe et al.,

2009; Kim and Lee, 2011; Darji et al., 2021; Kato-Noguchi and

Kurniadie, 2021, 2022). Another prolific area exploring allelopathic

properties of invasive plants is the study of their essential oils (i.e.,

highly concentrated volatile compounds). Research on essential

oils often shows inhibition of germination and growth of other

plants (e.g., Shao et al., 2013; Costa et al., 2019; Abd-ElGawad

et al., 2020; Han et al., 2021). These studies suggest that VOCs

(mainly terpenoids) released by invasive plants can have phytotoxic

effects on natives in a dose-dependent manner. However, essential

oils are highly concentrated, making comparisons with natural

emissions difficult.

Interestingly, growing evidence shows that VOCs at natural

concentrations also exhibit allelopathic properties. Owing to their

Frontiers in Ecology andEvolution 06 frontiersin.org

https://doi.org/10.3389/fevo.2023.1059125
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Clavijo McCormick et al. 10.3389/fevo.2023.1059125

TABLE 1 Studies exploring the e�ect of invasive plants aboveground VOCs on recipient plants during the last decade (see search criteria).

Emitter (Invasive sp.) Receiver plant(s) Negative e�ect on receiver References

Phytolacca americana Phytolacca acinosa - Negative impacts on morphological and
reproductive traits

Liu et al., 2022

Prunus serotina Pinus sylvestris - Inhibited germination, root elongation and
shoot elongation

Halarewicz et al., 2021

Mikania micrantha Lactuca sativa

Chrysanthemum coronarium

Bidens pilosa

Abutilon theophrasti

- Reduced germination rate
- Declined chlorophyll content
- Suppressed malondialdehyde contents
- Decreased superoxide dismutase activity

Ma et al., 2021

Ageratina adenophora Schima wallichii - Decreased germination rate
- Inhibited seedling height
- Inhibited shoot and root biomass

Thapa et al., 2020

Ulex europaeus

Cytisus scoparius

Digitaria sanguinalis

Amaranthus retroflexus

- Inhibitory effects on germination and early
growth

- Synergistic effects were observed when
VOCs of the two invaders were combined

- Phytotoxic effects were irreversible

Pardo-Muras et al.,
2018, 2019

Acacia longifolia Lolium multiflorum

Trifolium subterraneum

Plantago lanceolata

- Decreased root length, shoot length
and biomass

Souza-Alonso et al.,
2018

Dittrichia viscosa Lactuca sativa - Inhibited seed germination and root
growth

- Reduced relative water content, protein
content and membrane stability

Araniti et al., 2017

Heracleum sosnowskyi Lactuca sativa - Inhibited seed germination and radicle
elongation of seedlings

Mishyna et al., 2015

Ageratina adenophora Oryza sativa - Inhibited shoot and root elongation Zhang et al., 2012

physicochemical properties, movements (i.e., diffusion) of VOCs

in the atmosphere are less restricted and could affect several

nearby plants compared to non-volatile compounds, producing

cost-effective outcomes for emitters.

Table 1 summarizes studies during the last decade reporting

VOC-mediated allelopathic effects of invasive plants. These studies

suggest that invasive species have the potential to severely affect

the chemical environments of native plants by releasing volatile

allelochemicals into the surrounding that reduce or inhibit the

germination and growth of native species. This can be achieved

by allelopathic compounds reducing the photosynthetic efficiency

of receiver plants or affecting cellular division processes (mitosis)

(Romagni et al., 2000; Aşkin Çelik and Aslantürk, 2010; Araniti

et al., 2017; Han et al., 2021). The underlying mechanism seems to

be associated with allelochemicals triggering the release of reactive

oxygen species in the receiver, which initiate signaling cascades,

ultimately leading to genome-wide changes in gene expression

(Bais et al., 2003). More studies are needed to elucidate the mode(s)

of action of volatile allelochemicals.

Invasive species volatile allelochemicals can also be deposited in

the rhizosphere through litter. Litter volatile compounds are known

to be persistent and can still be detected after a long time following

litter deposition (Kainulainen and Holopainen, 2002). A pioneer

study outside the scope of this review (Inderjit et al., 2011) suggests

that volatile compounds present in the litter of an invasive species

play a crucial role in its invasiveness. Therefore, we encourage

further studies to investigate the allelopathic potential of invasive

plants’ litter VOCs on native species and elucidate how long

residues remain bioactive after invasive plants have been removed.

4.2. Invasive plants’ VOCs and neighbor
detection

The ability of plants to detect the presence and identity

of neighbors is critical for resource acquisition and competitive

decisions. Plants sense their neighbors through mechanosensing

and by assessing light quality, and nutrient availability (Volkov

and Ranatunga, 2006; Pierik et al., 2013; Pierik and de Wit,

2014). Plant root exudates also contribute to plant-plant signaling

and neighbor recognition (Badri and Vivanco, 2009; Pierik et al.,

2013; Semchenko et al., 2014; Wang et al., 2021). However, there

is increasing evidence that plants also use VOCs in neighbor

recognition (Li, 2016).

Airborne emissions (VOCs) can provide vital information

about the emitter to other plants. Nearby plants can therefore

decode this information to establish the emitter’s identity (kin

or not kin), phenology, and even health status and adjust their

behavior accordingly (Heil and Kost, 2006; Kigathi et al., 2013;

Karban et al., 2016; Moreira and Abdala-Roberts, 2019). This

is well-established in plant defense against herbivores, whereby

VOCs emitted by damaged plants trigger defense-related responses

in neighbors in a phenomenon known as priming (Heil and

Kost, 2006). Unfortunately, such information is scarce in plant

invasion contexts.

The existing evidence suggests that invasive plants can

detect neighbors’ identities and regulate their own chemical

profiles accordingly. A classic study tested the chemical defense

strategy of the invasive weed, Centaurea maculosa, in response

to different neighbors and found that C. maculosa accumulated
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higher levels of defense-related compounds when growing with

conspecifics relative to heterospecifics under both controlled and

field conditions (Broz et al., 2010). However, VOCs were not

explicitly addressed in this study. A field study conducted in New

Zealand found that the invasive C. vulgaris modulated its VOC

emission when growing in conspecific versus heterospecific stands.

C. vulgaris lowered its emission when growing with heterospecifics,

particularly another invasive species, Cytisus scoparius (Scotch

broom) (Effah et al., 2020a). This example highlights that invasive

plants can adjust the quality and quantity of their VOCs in response

to their neighbors’ cues.

Since VOCs act as both signaling and bioactive molecules,

receiver native plants are also expected to alter their chemical

profiles in response to VOCs emanating from invasive plants.

However, this remains largely obscure, and to the best of our

knowledge, only two studies have investigated native plants VOC

emissions in response to invasive plants. Under natural conditions,

Effah and co-workers (Effah et al., 2020c) found that the New

Zealand native plant Leptospermun scoparium (mānuka) emitted

lower amounts of VOCs at sites where invaders (C. vulgaris or

C. scoparius) were present but not when neighboring conspecifics

or another native plant (Dracophyllum subulatum). In a follow-

up semi-field experiment, where environmental factors were

controlled and above or below-ground contact between plants was

prevented, L. scoparium displayed the same behavior, reducing

its VOC emissions when the neighbors were invasive species,

but not when surrounded by conspecifics (Effah et al., 2022).

These studies demonstrate that VOCs from invasive plants can

influence the VOC emissions of native plants. Still, the underlying

mechanisms behind the observed reduction in VOC emissions

and the impacts of these changes on native plants’ growth,

reproduction, and interactions with other organisms remain to

be investigated.

The evidence gathered in this section shows that (a) VOC-

mediated allelopathy is common in invasive plants, (b) invasive

plants can detect neighbors and adjust their VOC emissions

accordingly, and (c) native plants can perceive and respond to

invasive plants’ VOCs by modulating their own emissions. Further

studies using different plant species combinations (both invasive

and natives) and additional trophic levels are also required to

improve our knowledge of the ecological impact of invasive plants

airborne chemical cues on native plants and their associated fauna.

We acknowledge that plant roots are prolific emitters of VOCs that

can affect neighboring plants’ germination, growth, and resource

allocation (Ens et al., 2009; Insam and Seewald, 2010; Gfeller et al.,

2019). But we limited the evidence in this section to VOCs from

aboveground organs due to the difficulties in disentangling the

effects of VOCs and root exudates in below-ground interactions.

Thus, further work on this topic is encouraged.

5. Invasive plants’ VOCs in plant-insect
interactions

Insects rely on a very sophisticated olfactory perception

mechanism and olfactory information processing to detect and

elucidate VOC-coded information (Schmidt and Benton, 2020).

This complex olfactory system allows insects to identify and choose

suitable host plants against a heterogeneous chemical background

of compounds that are constantly being emitted by non-host plants

(Bruce et al., 2005; De Bruyne and Baker, 2008; Bruce and Pickett,

2011). Natural enemies also use their sensitive sense of smell to

obtain information about their prey or insect host coded into plant

VOCs (McCormick et al., 2012; Clavijo McCormick et al., 2014a,b).

The signal (plant VOCs) and receptor (olfactory system) have

been shaped by co-evolution leading to highly-specific interactions

and also remarkable variation in plant odors and insects’ olfactory

systems (Hansson and Stensmyr, 2011; Schiestl and Johnson, 2013;

Jones et al., 2022).

In their invaded range, invasive plants will interact with

insect species (both beneficial and antagonistic) they did not

co-evolve with (unless these species are naturally present or

have also been introduced) (Bezemer et al., 2014; Litt et al.,

2014; Sunny et al., 2015). Thus, it is of interest to explore

how invasive plants’ VOCs could affect the behavior of native

insects. Harvey and Fortuna formulated some hypotheses on

how structural and chemical characteristics of invasive plants

may affect the plant-finding abilities of native insect herbivores

and their natural enemies (Harvey and Fortuna, 2012). The

chemical complexity in a given habitat is closely related to

the vegetation structure and plant diversity within that habitat

(Randlkofer et al., 2010). Therefore, the authors used two

different plant-community ecology scenarios, (a) diverse plant

community containing native and invasive plants and (b) a

community dominated by invaders, to suggest possible responses

of native herbivores (and higher trophic levels associated with

them) to the VOCs of invasive plants. We summarize and

expand on these scenarios (a–e) and propose new ones (f and

g) below:

(a) In a diverse plant community, VOCs emitted by the invasive

plant could act as repellents for the native herbivores (and even

their natural enemies), even if the plant is nutritionally suitable.

If VOCs are repellent to native herbivores, the invasive plant

will reduce herbivore pressure (as there may still be accidental

landings or chance encounters).

(b) In the same scenario, if the invasive plant colonizes habitats

containing closely related native species that share similarities

in terms of nutritional suitability and VOC composition

(qualitative and quantitative), the scent of the invasive could

attract native herbivores (and the natural enemies of these

herbivores) that could use them as alternative food/oviposition

sources leading to potential “host range expansion.”

(c) Alternatively, in a diverse plant community, invasive plants

unrelated to native ones may have overlapping or similar scents

that are attractive to native herbivores (or their natural enemies)

but are not suitable for their development, negatively impacting

fitness and leading to an “evolutionary trap.” Such “evolutionary

traps” could exert selection against the use of invasive plants by

native insects (Bezemer et al., 2014).

(d) In highly disturbed habitats, invasive plants could spread

rapidly and become dominant if they are fast-growing and

early successional species. Suppose their scent is attractive in

the absence of native hosts. In that case, this could promote

herbivory by local species (most likely generalists) and “host
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shifts” leading to new adaptations and responses to the invasive

plant’s VOCs over time.

(e) If the invasive plant is dominant and its scent is repellent (and

the plant nutritionally unsuitable), native insect species unable

to adapt will likely face stark population reductions or even

extinction, effectively creating an “enemy-free space.”

(f) If an invasive plant is introduced into a native plant community,

where there are few or no related plant species present, the

plant may be indifferent to the native insect, and it may not

be attracted nor repelled by it. In the case of natural enemies,

they may be unable to decode the information contained in the

herbivore-induced VOC blend of an invasive plant.

(g) Another possible situation, especially if the invasive species is

dominant or a prolific VOC emitter, is that VOC blends emitted

by the invasive plant “confuse” or “overwhelm” native insects

by causing sensory fatigue, altering background odors, masking

the scent of the native plants or another mechanism. This might

negatively affect the associations between the native plants and

their co-adapted insects.

In addition to plant chemistry and habitat complexity, the

degree of host specialization of an insect is expected to influence

the outcome. This is illustrated in a study conducted in Europe

(Fortuna et al., 2013), showing that when offered a choice, the

specialist lepidopteran herbivore Pieris brassicae preferred the

native crucifer Sinapis arvensis to the taxonomically related invasive

Bunias orientalis. Female butterflies preferred to oviposit on the

native plant, and their offspring survival and performance were

higher on the native compared to the exotic plant. Chemical

analyses revealed qualitative and quantitative differences in the

VOC blends of both plant species. Yet, despite this dissimilarity,

the generalist parasitoid Cotesia glomerata could not discriminate

between the herbivore-induced VOC blends released by the

two plants in flight-tent bioassays. However, under semi-field

conditions, the parasitism rate of P. brassicae larvae by C. glomerata

was higher when feeding on the native plant (about 40%) compared

to when feeding on the invasive plant (about 30%), suggesting that

other cues or sources of information influence insect’s decisions.

This study showed that C. glomerata could potentially parasitize

its insect host when feeding on the invasive plant, but follow-up

studies are needed to test the long-term success of C. glomerata

when developing on insects fed on the invasive plant to assess

whether this situation could represent an “evolutionary trap.”

Another study conducted in the US (Oster et al., 2014)

investigated the responses of two generalist predatory beetles

feeding on slugs, one native to US (Scaphinotus interruptus) and

the other from Europe (Pterostichus melanarius), toward the VOCs

of the invasive weed C. solstitialis (native to Europe) in response to

damage by the garden slug Deroceras reticulatum (also introduced

in Europe). The results show that the introduced beetle showed

a significant preference for the odor of damaged C. solstitialis

relative to the odor of intact plants, while the native predator

did not. This study supports the notion that some native natural

enemies may not be able to discriminate the information coded in

the herbivore-induced VOCs of invasive plants due to the lack of

shared evolutionary history.

A New Zealand Study (Effah et al., 2022) explored the influence

of VOCs of the native mānuka and that of an unrelated invasive

plant of European origin (C. vulgaris) on herbivores, under

controlled conditions. Researchers offered host-plant and non-

host VOCs versus clean air, and their combination in Y-tube

olfactometer tests to two chrysomelid beetles, the generalist native

Pyronota festiva (mānuka beetle), and the specialist introduced

biocontrol agent Lochmaea suturalis (heather beetle). They also

performed preference/feeding tests in Petri dishes with fresh

plant material. Results indicated that the native beetle could not

discriminate between host and non-host plants based on plant

volatile cues only, although these plants are not closely related.

The invasive plant alone was unattractive, suggesting some form of

“confusion” in line with hypothesis (g). However, they performed

relatively well when offered other cues (i.e., visual, gustatory, or

tactile) in the Petri dish tests. This was in contrast to the introduced

beetle, which showed high host-specificity in both Y-tube and

Petri dish assays. This study showed that invasive plants’ VOCs

can disrupt communication between native insects and their host

plants, but the use of other cues may compensate for this disruptive

effect. The mechanism behind the inability of the native beetle to

recognize its host plant based on olfactory cues only remains to be

elucidated. Further studies should test whether the disruption of

plant-plant communication and host-searching behavior of native

insects by invasive VOCs reported by these authors is common in

other systems.

In the context of climate change, it would be interesting to

explore how invasive plants’ VOC emission changes affect native

insect behavior and its interaction with native plants. A previously

cited study from China (Liu et al., 2021) investigated the effect of

warming on the VOC emission of invasive A. philoxeroides and

its native congener A. sessilis. The authors observed that, unlike

invasive plants, native plants were strongly impacted by warming,

decreasing their VOC emissions. In China (the native range of A.

sessilis), native herbivores such as the generalist moth Spodoptera

litura and oligophagous beetle Cassida piperata are known to

use both plant species for feeding and oviposition. Therefore,

authors recorded the behavior of these native herbivores toward

the scent of both plants under warming and control conditions

in Y-tube olfactometer bioassays. Both insects preferred the scent

of the native plant to the invader, under control and warming

treatments, suggesting that warming does not disrupt the ability

of insects to find their preferred host. However, in oviposition

assays, increased temperature caused a shift in S. litura oviposition

behavior, resulting in significantly higher egg loads on the native

plant, showing that warming could disproportionally increase

herbivore pressure on natives.

These studies suggest that (a) plant chemistry, habitat

complexity, and the degree of host specialization of an insect

could shape native insect responses to invasive plants’ VOCs, (b)

invasive plants’ VOCs can disrupt communication between native

insects and their host-plants, but the use of multiple information

sources by insects in making foraging/oviposition decisions may

compensate for this disruption, (c) while climate change may not

impair the insects’ ability to find their preferred host(s) using VOCs

in invasion scenarios, it may still affect insects’ interactions with

their host plants.

Despite the vital role of VOCs in mediating the relationship

between plants and their pollinators (Pichersky and Gershenzon,
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2002; Bouwmeester et al., 2019; Kantsa et al., 2019), and the

knowledge that many invasive plants co-opt native pollinators

and increase the number of pollinators over time (Pyšek et al.,

2011), we found only one study exploring how native pollinators

interact with invasive plant VOCs. The study (Cozzolino et al.,

2015), discussed earlier, shows that native pollinators are attracted

to herbivore-induced VOCs of an invasive plant, leading to higher

fruit production and contributing to the potential spread of the

invasive plant. A recent review (Stout and Tiedeken, 2017) raises

awareness about the importance of exploring the interactions

between native pollinators and invasive plants and the role of native

pollinators in facilitating invasion. The authors propose trait-based

approaches to guide future studies, and we suggest including VOC

profiles as part of those traits.

6. Conclusions and future directions

This work presents a snapshot of the work on ecological aspects

of invasive plant VOCs during the last decade. In the following

paragraphs, we summarize key findings, highlight knowledge gaps,

and suggest avenues for future research.

Evidence suggests invasive plants have more “chemical

uniqueness” or “diversity” than their native counterparts. Still,

it remains to be elucidated if this “chemical uniqueness” is a

pre-condition to their invasive success or if exposure to a new

environment favors this unique chemical behavior. Some abiotic

factors affecting the VOC emission of invasive plants have been

investigated (warming, CO2, UV radiation). The published studies

suggest that invasive plants may be more resilient than natives to

climate change and that soil nutrients play a key role in influencing

invasive plants’ VOC emissions. UV radiation can be important if

the plant is invading areas with substantially different levels of UV

exposure and responses to herbivory vary between systems. A better

understanding of how invasive plant biochemistry, including VOC

emission changes in response to “new” environments, could help

improve the safety and effectiveness of biological control efforts,

e.g., allowing to predict if an invasive plant will remain attractive

and nutritionally suitable to an introduced biocontrol agent after

experiencing chemical changes (Barrett et al., 2021).

Regarding the impact of biotic factors, invasive plants will

likely interact with insects they have not co-evolved with, and

local natural enemies may not be attracted to or able to

interpret the plant’s herbivore-induced VOCs. This may trigger

changes in the invasive plant’s defense strategy favoring direct

(constitutive VOCs) over indirect defense (herbivore-induced

VOCs). However, induced-VOCs may be co-opted as signals to

attract native pollinators in some systems, reflecting trade-offs

between different defense modes. Likewise, trade-offs between

defense, growth, and reproduction may influence invasive plants’

VOC emissions. The complexity added by multiple attackers,

including introduced insects, is open for exploration. Invasive

plants will also interact with and modify microbial communities

(predominantly in the soil). How invasive plants behave chemically

over time in response to these changes is also an exciting area for

future study.

Moving forward, we strongly encourage investigating the

impact of co-occurring abiotic factors across trophic levels. While

exploring this complexity may be challenging from an experimental

perspective, the number of studies incorporating multiple factors

and trophic levels in other areas is increasing, and we predict

that this trend will extend to include invasive plant VOCs.

Also, validating lab results in the field will become increasingly

important for this information to be useful for management

and decision-making.

Allelopathic effects of invasive plant-VOCs on native species

are well documented, showing consistently that terpene-rich

emissions have a phytotoxic activity on the seed germination and

growth of other plants. Allelopathy is a common trait of many

invasive plants contributing to their ecological success. Exploring

the allelopathic properties of leaf litter VOCs is an interesting and

promising avenue for future research. Evidence is building and

suggests that invasive plant VOCs also play a role in neighbor

detection and preparedness for competition, but the mechanisms

behind this phenomenon remain to be elucidated.

While the ecological role of VOCs in plant-insect interactions

is widely acknowledged, only a few studies have explored

the responses of native insects to invasive plants’ VOCs.

Existing studies show that invasive plants’ VOCs can disrupt

communication between native plants and insects. However, native

insects use multiple cues to inform their foraging/oviposition

decisions, potentially compensating for the negative impacts of

invasive plants’ VOCs. Theoretical studies have developed multiple

hypotheses on the impact of invasive plants on plant-insect

communication, yet these remain largely untested. We suggest

empirical studies exploring the different scenarios proposed here.

More studies are needed to explore how native insects respond

to invasive plant VOCs (for example, if they are innately attracted

or repelled by them, whether their presence could disrupt the

host-finding process, impacting their fitness or if they can rapidly

learn and avoid the scents of invasive plants that are unsuitable).

Another topic of interest is how insects respond to changes in

the VOC profiles of their hosts due to the direct or indirect

influence of invasive plants. The impact of invasive plants’ VOCs

on herbivore species with different dietary breadth (specialists

vs. generalists), feeding modes (phloem feeders vs. chewers),

taxonomic affiliation, and geographical distribution (restricted

distribution/endemic vs. cosmopolitan) is another avenue for

future exploration. Multitrophic and food web approaches will

allow a better understanding of the direct and indirect effects of

invasive plants on native ecosystems to inform conservation and

management efforts (e.g., to understand the non-target impacts

of weed management, predict disruption of ecosystem processes

by invasives, prioritize management of certain species to preserve

organisms at risk, etc.).

The majority of the studies in this review have been conducted

in Europe, North America (US or Canada), Oceania, and East

Asia. This may reflect a bias toward journals published in English.

However, it seems more likely that this obeys socio-economic

factors limiting access to information, technology, research funding

and the need to prioritize other research topics (e.g., food

security) over biological invasions in developing nations from

Africa, Western Asia, and Latin America. While acknowledging

limitations, we would like to encourage international research

collaborations to expand our knowledge of invasive species’

chemical ecology in different latitudes. Many invasive species
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colonize a wide variety of habitats across the globe, and

simultaneous studies with comparable research methods would

deepen our understanding of the chemical behavior of invasive

plants and the factors affecting it. Species included in the list of the

100 world’s worst invasive species, which have multiple economic,

environmental, and social impacts, would be a good starting point

(Lowe et al., 2000).

As methods continue to develop, we hope to see more studies

using innovative approaches to measure invasive species VOC

and assess their effects. Transdisciplinary approaches, such as

the integration of omics (genomics, proteomics, metabolomics,

metagenomics, phenomics and transcriptomics) in future research

may help elucidate the complex mechanisms behind the observed

ecological phenomena (e.g., van Dam and van der Meijden,

2011; Macel et al., 2014; Jud et al., 2018; Mounger et al.,

2021). Understanding these mechanisms in the face of rapid

environmental changes like global warming will be one of the

most significant challenges in the following decades. Advanced

techniques, such as genomics, transcriptomics, and metabolomics,

could be associated with behavioral data using novel tools, such

as network analysis and machine learning, which will undoubtedly

advance our knowledge and understanding of the ecological roles

of VOCs in biological invasions.
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