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Abstract: Ambrosia trifida L. is native to North America, has been introduced into many countries in
Europe and East Asia, and is also expanding its habitat in its native ranges. Ambrosia trifida grows
in sunny and humid environments, such as grasslands, riverbanks, floodplains, abandoned places,
and agricultural fields, as an invasive plant species. Ambrosia trifida has a strong adaptive ability to
adverse conditions and shows great variation in seed germination phenology and plant morphology
in response to environmental conditions. Effective natural enemies have not been found in its
native or introduced ranges. The species is allelopathic and contains several allelochemicals. These
characteristics may contribute to the competitive ability and invasiveness of this species. Ambrosia
trifida significantly reduces species diversity and plant abundance in its infested plant communities.
The species also causes significant yield loss in summer crop production, such as in maize, soybean,
sunflower, and cotton production. Ambrosia trifida is capable of rapid evolution against herbicide
pressure. Populations of Ambrosia trifida resistant to glyphosate, ALS-inhibiting herbicides, and PPO-
inhibiting herbicides, as well as cross-resistant populations, have already appeared. An integrated
weed management protocol with a more diverse combination of herbicide sites of action and other
practices, such as tillage, the use of different crop species, crop rotation, smart decision tools, and
innovative equipment, would be essential to mitigate herbicide-dependent weed control practices
and may be one sustainable system for Ambrosia trifida management.

Keywords: adaptation; allelopathy; germination phenology; herbicide resistance; morphology;
natural enemy; plasticity; variation

1. Introduction

Ambrosia trifida L. (syn. Ambrosia aptera DC., Ambrosia integrifolia Mulh. ex Willd.),
belonging to the Asteraceae family, is a short-day annual plant species. Ambrosia trifida
shows considerable variations in plant height, size, branching, number of leaves, and
structure under different growth conditions. The species grows 1.5 m—6 m in height. The
stems are erect and hairy, and branches can be frequent or seldom. It has a dense lateral
root system. Opposite leaves are simple, lance-shaped, with 3-5 lobes or without lobes,
4 cm-25 cm long and 3 cm-20 cm wide, and attach to the stems with petioles of 3 cm-12 cm
in length. The flowers are unisexual. Male inflorescences are located on the terminal parts
of the plants and are up to 30 cm long. Female inflorescences are located in the axis of the
upper leaves and at the base of the male inflorescences and are 0.5 cm-1.2 cm long. Fruits
are covered with hard involucres with 6-8 blunt teeth and contain achenes (Figure 1) [1-4].
Ambrosia trifida produces a great amount of pollen. The pollen contains at least 11 antigens
belonging to 8 protein families, which cause one of the main seasonal allergic rhinitis [5].

The native range of Ambrosia trifida is in North America. The original distribution of the
species is thought to be in east-central USA and southern Canada and is currently observed
in 48 US states, 10 Canadian states and regions, and northern Mexico [6,7]. Ambrosia trifida
is already distributed in more than 30 counties from Western to Central Europe and East
Asia (China, Mongolia, South Korea, and Japan) [4,6,7]. The species may be introduced as a
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contaminant of fodder and crop grains, such as maize (Zea mays), wheat (Triticum aestivum),
and soybean (Glycine max) [8,9].

Emergence

Flowering Achene

Figure 1. Ambrosia trifida. Photos were provided by the Japan Association for Advancement of
Phyto-Regulators (JAPR).

Native plant communities that consist of large species diversity including similar
biotypes of the invasive plant species can be more resistant to invasive plant species than
plant communities that consist of less species diversity [10]. However, plant diversity does
not protect against the infestation of Ambrosia trifida [11]. In addition, the interspecific
competitive ability of Ambrosia trifida is stronger than that of other plant species in agri-
culture fields, grasslands, riverbanks, floodplains, and roadsides [3,12]. The infestation of
Ambrosia trifida is reported to cause a significant reduction in crop production in agricultural
fields and in biodiversity in natural ecosystems [3,4,6]. However, there has been no review
article focusing on the invasive characteristics of Ambrosia trifida. This review provides
an overview of the invasive characteristics and impact of Ambrosia trifida on agricultural
production and natural ecosystems. The literature was searched for using a combination of
the predominant online search engines Scopus, ScienceDirect, and Google Scholar, using all
possible combinations of Ambrosia trifida with the following words: invasion, agriculture,
adaptation, botany, habitat, plasticity, reproduction, impact, natural enemy, allelopathy,
allelochemical, secondary metabolite, herbicide, and management.

2. Invasive Characteristics

Ambrosia trifida shows great variation in its morphology for seed and plant size, growth
patterns, nutrient allocation, and the phenology for germination under different growth
conditions [3,4,6], which suggests that Ambrosia trifida may have high plasticity in response
to environmental conditions. Genetic variation in Ambrosia trifida was also reported to
be high in the populations of native and introduced ranges [13,14]. Different expressions
of specific groups of genes, such as those for germination, growth phase change, and
phenology, were detected in the populations of Ambrosia trifida in native ranges, although
the individual genes for these functions were not determined [15].

2.1. Habitat and Climate

Ambrosia trifida grows well in humid and sunny environments, such as roadsides,
railroads, abandoned land, agriculture fields, riverbanks, floodplains, grasslands, and
forest margins [16-19]. Ambrosia trifida often infests summer annual crop fields, such as
for maize, soybean, wheat, sorghum (Sorghum bicolor), sunflower (Helianthus annuus), and
cotton (Gossypium spp.) [6,20-24].
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Suitable climate conditions for Ambrosia trifida range from 430 mm to 860 mm for
annual precipitation, from 15 °C to 30 °C for the mean maximum temperature of the
hottest month, and from —10 °C to 2 °C for the mean minimum temperature of the coldest
month. A cold winter is also necessary for breaking seed dormancy [6,7]. Low summer
participation and temperature and low solar emission intensity are limiting factors for
the distribution of Ambrosia trifida [19,25,26]. The species is not well adapted to areas that
have long summer droughts [7,8,19]. However, some populations of Ambrosia trifida were
reported to grow and produce seeds in places with an annual participation of 280 mm [12].
In addition, the drought stress tolerance of Ambrosia trifida populations in agriculture fields
was greater than those in non-crop areas [27].

Ambrosia trifida can grow in a wide range of soil types and conditions [28]. The shoot
length and total dry weight of Ambrosia trifida under more fertile soil conditions are greater
than those under less fertile soil conditions. Flooding conditions increase the below-ground
dry mass and the adventitious root formation of the species [29]. After plant death as
an annual plant species, 85% of the organic matter accumulated in Ambrosia trifida plants
decomposes within 22 months, and 69-98% of nitrogen, phosphorus, potassium, and
calcium in these plants returns to the soil [30]. Therefore, nutrient cycles through the
decomposition process may contribute to the growth of the next generation of Ambrosia
trifida. In addition, the populations of Ambrosia trifida in the introduced ranges increase
adaptability to the respective habitats over time [31]. These observations suggest that the
adaptive ability of Ambrosia trifida in response to climate and soil conditions is high, and it
may also be capable of continuous adaptation to new habitats.

As a plant species of disturbed environments, such as roadsides, railroads, abandoned
land, and agricultural fields, the distribution of Ambrosia trifida has expanded with the
increase in disturbed areas by human activity in both native ranges (USA and Canada)
and introduced ranges (Europe and East Asia) [3,4,6,7]. Burning management in riverside
vegetation also facilitates the growth and invasion of Ambrosia trifida [32]. Global climate
change with increasing emission intensity could facilitate the geographic distribution of
the species [33,34].

2.2. Seed and Germination

The male flowers of Ambrosia trifida appear after the formation of 9-11 pairs of leaves.
The female flowers occur several days after the male flowers [35]. Flowering occurs
from mid-June to early September in native ranges. The species is wind-pollinating and
outcrossing [3,4,6]. Ambrosia trifida was recorded to produce 2000 seeds per plant [36] and
5000 seeds per m? [37]. More than 60% of the seeds remained on the mother plants by the
end of October. In total, 50-80% of the seeds were viable [21,38].

The variations in the seeds in terms of weight, size, color, and dormancy are high.
The size of the seeds is 3 mm-15 mm in length, 2 mm-10 mm in width, and 15 mg-50 mg
in weight, and the color ranges from gray to brown [39—41]. The seeds are dispersed
around the mother plants by wind, over several km by water streams, and to the nearest
agricultural fields by attaching to crop cultivation equipment [6]. The seeds of Ambrosia
trifida in agricultural fields often contaminate agricultural products, such as crop grains and
forage, and are carried a long distance between regions, countries, and continents [3,6,8].
The seeds are also carried a short distance by earthworms, Lumbricus terrestris [42], and
a longer distance by rodents and birds [43-45]. Ambrosia trifida establishes seed banks
lasting up to 21 years at a depth of less than 20 cm in the soil [7,46]. Lumbricus terrestris was
reported to bury a large number of the seeds into the soil at depths of 0.5-22 cm [46,47],
which may contribute to its seed bank establishment and to the protection of seeds from
seed predators.

The germination rate of relatively large seeds (larger than 6.6 mm in diameter) was
49% and that of relatively small seeds (smaller than 4.8 mm in diameter) was 19%. Most of
the large seeds germinated during the four years after seed burial treatments, and most of
the small seeds germinated during the five years after the treatments [47]. Seed viability
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was proportional to the seed size and the burial in soil at a depth of up to 20 cm. Seeds in
deep soil and large seeds maintained variability longer than those in shallow soil and small
seeds. Some seeds were viable after 9 years of burial in soil at a depth of 20 cm [47,48].
Therefore, seed size may contribute to the viability of Ambrosia trifida seeds in the seed bank.

Ambrosia trifida germinates at a wide range of temperatures between 5 °C and 40 °C,
with an optimum temperature at 10 °C-25 °C. Soil moisture for germination is suitable
between 15% and 55%, with optimum moisture at 20-30% [37,48]. The seeds remain
dormant when they are dispersed after maturity. Seed dormancy is primary broken by
cool temperatures (less than 5 °C) for three months [3,49,50]. However, seed dormancy
levels vary, and the variation in dormancy contributes to the phenology of seed germi-
nation [51,52]. Early germination of Ambrosia trifida occurs from the beginning of spring
before the emergence of most other annual plant species, including crop plants [47,52,53],
which allows Ambrosia trifida to use nutrients in the soil before other competitive annual
plant species. Some other seeds showed a prolonged germination period between March
and August [51,52]. Different germination behavior may reflect the adaptation to different
environmental conditions.

2.3. Growth

Ambrosia trifida grows fast and often forms strong clustering stands [3,28,54]. Under
optimal conditions, Ambrosia trifida reaches 6 m in height, weighs 325 g in dry weight per
plant, and weighs 3000 g in dry weight per m? [55]. The species shows a strong clustering
distribution characteristic at the ratio of 386 plants per m? [56].

The morphology and biomass allocation of Ambrosia trifida vary under environmental
conditions. The plant formation of Ambrosia trifida was reported to be greatly influenced by
the density of the population. A low-density population of Ambrosia trifida (10 plants/m?)
had 15-fold greater biomass per plant and 30-fold greater leaf area per plant than the
high-density population (50 plants/m?). The low-density population of Ambrosia trifida
branched well, and the high-density population seldom branched. The high-density
population of Ambrosia trifida allocated more biomass to stem growth than the low-density
population [57], and most of the leaves of the high-density population were concentrated
at the top of the stems [58,59]. High-density populations of Ambrosia trifida may receive
lower light irradiation intensity compared to low-density populations. The species also
tends to shed unproductive leaves located near the bottom of the stems [55,56].

Shading light conditions increased the stem height, crown width, leaf areas, and leaf
biomass per total biomass of Ambrosia trifida and decreased the total biomass and the ratio
of root biomass to shoot biomass compared to plants in non-shaded conditions [56,57,59].
Therefore, differences in the plant formation of Ambrosia trifida were thought to be caused
by different light irradiation intensities [3,57]. Ambrosia trifida may receive more light as
the stems grow taller. In dense populations, the species allocates more biomass to above-
ground plant parts, maximizing light precipitation and photosynthesis by increasing its
height [56,57,60]. High biomass allocation for stem growth may be an important strategy
to cope with adverse conditions in terms of light perception. The density and height of Am-
brosia trifida may also lead to strong shading effects on neighboring plant species, resulting
in significant alterations to the growth conditions of competitive plant species [21,56,57,61].
These accompanying species decrease in number, and their coverage also lessens [56]. In
addition, Ambrosia trifida was observed to increase in plant size over time in introduced
ranges [31].

Intraspecific variation in Ambrosia trifida was observed across Ohio (central distri-
bution) to Minnesota (front distribution). The Ambrosia trifida population in Minnesota
was about four times more prolific and allocated 50% more biomass to reproduction pro-
cesses compared to the population of Ohio. The increase in fecundity from the Ohio to
Minnesota population was thought to be the result of a propagule pressure gradient that
increased from the central distribution to the front distribution of Ambrosia trifida [62]. The
high fecundity of Ambrosia trifida might have contributed to the increasing population in
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the front distribution. Propagule pressure is known to be one of the drivers of invasion
success [63,64].

2.4. Natural Enemy

Specific pathogens and herbivores for certain invasive plant species may be limited in
introduced ranges because of the lack of a co-evolutional history between these enemies
and the invasive plant species [65]. No natural enemy for Ambrosia trifida was reported in
countries in Europe where this species was introduced [7]. A North American-originating
beetle, Ophraella communa, was found in Japan, and it was also observed to feed on Ambrosia
trifida [66]. However, the beetle does not feed on Ambrosia trifida in native ranges [66,67],
and its effectiveness in the control of Ambrosia trifida as a natural enemy has not yet
been evaluated.

Pathogenic fungi, Cercospora spp., which causes leafspots, and Protomyces gravidus,
which causes swelling on the stems and leaves of Ambrosia trifida, are common in agricul-
tural fields in USA. However, these pathogenic fungi rarely cause significant damage to
the growth of Ambrosia trifida [6]. An aphid (Uroleucon ambrosiae) found in eastern North
America specifically feeds on Ambrosia trifida, but the aphid in Southwestern America feeds
on a variety of other species of the Asteraceae family [68]. The effectiveness of the aphid on
the survival of Ambrosia trifida has not been reported.

More than 90% of Ambrosia trifida seeds are eaten by rodents and birds within the
year after seed dispersal in the native ranges of Ambrosia trifida [43,45]. The larvae of fruit
flies (Euaresta festival), moths (Chionodes mediofuscella), and two kinds of weevils (Smicronyx
flavicans and Conotrachelus geminatus) cause seed damage ranging up to 20% [43,69]. A
few seeds are considered to be sufficient to keep and increase the population for the next
generation of Ambrosia trifida, although a large number of Ambrosia trifida seeds are eaten by
rodents, birds, and insects [3,43,45]. Therefore, any natural enemies, including herbivores
and pathogenic fungi, do not cause significant damage to reduce the population and
interrupt the regeneration process of Ambrosia trifida in native ranges. In the introduced
ranges, no apparent natural enemy has been reported.

2.5. Allelopathy

Many invasive plant species have been reported to be allelopathic and contain several
allelochemicals [70-73]. Allelopathy is the chemical interaction between donor plants
and receiver plants through secondary metabolites defined as allelochemicals. Allelo-
pathic plants release certain allelochemicals into neighboring environments. Released
allelochemicals suppress the germination, growth, establishment, and/or regeneration
process of neighboring plants, and they increase the competitive ability of the donor plant
species [74-77]. These allelochemicals are synthesized and stored in a given plant tissue
until the releasing of allelochemicals through the volatilization, root exudation, and de-
composition processes of plant residues in rhizosphere soil [78-82]. Therefore, several
allelochemicals have been identified in the extracts of plant parts (shoots, leaves, stems,
and/or roots), essential oil, volatiles, root exudates, and rhizosphere soil of an invasive
plant species [83-85].

Aqueous extracts of Ambrosia trifida shoots inhibit the development of the root hairs
of the seedlings of wheat and garlic chives (Allium tuberosum) [86]. Aqueous extracts of
Ambrosia trifida shoots also inhibit the germination and growth of soybean, maize, wheat,
and rice (Oryza sativa). Four monoterpenes, a-pinene, 3-pinene, camphene, and cineole,
have been identified in extracts as allelochemicals [87]. These observations suggest that
Ambrosia trifida may be allelopathic and contain allelochemicals.

The rhizosphere soil of Ambrosia trifida suppressed growth at the seedling, flowering,
and mature stages of wheat. When the plant residues of Ambrosia trifida mixed with the cul-
tivation soil, the soil suppressed the growth of wheat. Two sesquiterpenes, 1x-angeloyloxy-
carotol and 1o-(2-methylbutyroyloxy)-carotol, were identified as allelochemicals in the soil
mixed with plant residues and the rhizosphere soil of Ambrosia trifida [88]. These observa-
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tions suggest that these allelochemicals may be released into rhizosphere soil during the
decomposition process of the residues of Ambrosia trifida.

The infestation of Ambrosia trifida affected the populations of the microbes Proteobac-
teria, such as Acinetobacter spp. and Enterobacter spp., in rhizosphere soil. Three sesquiter-
penes, (1E,4E)-germacrdiene-6[3,15-diol, (E)-43,5x-epoxy-7aH-germacr-1(10)-ene-23,63-
diol, and (2R)-6-cadin-4-ene-2,10-diol, were identified in the root exudates of Ambrosia
trifida. These compounds decreased the population of Acinetobacter spp. and increased
the population of Enterobacter spp. The increased Enterobacter spp. population stimulated
the growth of Ambrosia trifida [89]. This observation suggests that Ambrosia trifida may
release these compounds through root exudation, and these compounds may control the
population of microbes in rhizosphere soil.

Chlorogenic acid, caffeic acid, p-coumaric acid, and vanillin are known to act as
allelochemicals for several other plant species, and they inhibit the germination and growth
of their neighboring plant species [90-94]. These compounds have also been identified
in the aqueous extracts of whole Ambrosia trifida plants. The high concentration of these
compounds inhibited the germination of Ambrosia trifida itself [95]. The high concentration
of these compounds was thought to be attained when Ambrosia trifida grew in a high-density
manner. High-density populations of Ambrosia trifida could suppress germination through
the high concentration of these compounds, resulting in contributions to the maintenance
of plant density and to the avoidance of intraspecies competition [95]. However, it is not
clear how these compounds reached the seeds of Ambrosia trifida and caused germination
inhibition because these compounds were obtained by the extraction of Ambrosia trifida,
and no information was provided for the concentration of these compounds surrounding
the seeds.

The essential oil of Ambrosia trifida inhibited the growth of maize and wheat and
showed anti-bacterial activity against Staphylococcus aureus and Klebsiella pneumoniae and
anti-fungal activity against Asperigillus niger and Candida albicans. The main constituents of
the essential oil were bornyl acetate (15.5%), borneol (8.5%), caryophyllene oxide (8.3%),
a-pinene (8.0%), germacrene D (6.3%), and B-caryophyllene (4.6%) [96,97]. Another essen-
tial oil obtained from Ambrosia trifida also inhibited the germination and seedling growth
of lettuce (Lactuca sativa), watermelon (Citrullus lanatus), cacumber (Cucumis sativus), and
tomato (Solanum lycopersicum). The main constituents of this essential oil were limonene
(20.7%), bornyl acetate (15.0%), borneol (14.7%), and germacrene D (11.6%) [98]. These
essential oils are very volatile [96-98]. Therefore, Ambrosia trifida may release these com-
pounds through volatilization, and these volatile compounds may suppress the germination
and growth of crop plant species. These compounds also have anti-bacterial activity and
anti-fungal activity.

These observations suggest that Ambrosia trifida is allelopathic and releases certain
allelochemicals through the volatilization, root exudation, and decomposition process of
plant residues in rhizosphere soil. These allelochemicals may suppress the germination and
growth of several crop species and affect microbe density in rhizosphere soil. Therefore,
allelopathy may contribute to increasing the competitive ability of Ambrosia trifida, resulting
in an increase in species invasiveness.

Global climate change, with increasing temperatures, could affect the cellular metabolism
activity of Ambrosia trifida and increase the root exudation of several allelochemicals, such
as chlorogenic acid and caffeic acid [99]. Therefore, global climate change may increase
the allelopathic potential of Ambrosia trifida by increasing the root exudation of certain
allelochemicals, which may enhance the species’ invasiveness even more. The chemical
structures of the possible allelochemicals of Ambrosia trifida are summarized in Figure 2.
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Figure 2. Allelochemicals of Ambrosia trifida. 1: «-pinene, 2: -pinene, 3: camphene, 4: cineole, 5: 1x-
angeloyloxy-carotol; 6: 1«-(2-methylbutyroyloxy)-carotol; 7: (1E,4E)-germacrdiene-6(3,15-diol; 8: (E)-
43,5x-epoxy-7oH-germacr-1(10)-ene-23,63-diol; 9: (2R)-3-cadin-4-ene-2,10-diol; 10: chlorogenic acid;
11: caffeic acid; 12: p-coumaric acid; 13: vanillin; 14: bornyl acetate; 15: borneol; 16: caryophyllene
oxide; 17: germacrene D; 18: B-caryophyllene; 19: limonene.

Under oxidative stress conditions, a significant increase in malondialdehyde (MDA)
content and the induction of catalase and superoxide dismutase (SOD) were observed
in many plant cells [100]. Oxidative stress causes damage to plant cellular components
and physiological processes. High MDA content indicates that plants are undergoing
stress. Catalase and SOD convert reactive oxygen species (ROS) to hydrogen peroxide and
molecular oxygen, which reduces stress [101-103]. Thus, the oxidative stress is alleviated
by the antioxidant defense system, such as catalase and SOD [104,105]. It is also known that
certain allelochemicals increase MDA content but suppress the induction of catalase and
SOD. Thus, these allelochemicals induce oxidative stress in receiver plants and interrupt
their antioxidant defense system [106-108]. When Ambrosia trifida and sunflower, maize,
or soybean were grown together, the activity of catalase and SOD decreased in sunflower
seedlings after 7 days of incubation, which suggests that Ambrosia trifida may interrupt
the antioxidant defense system of sunflowers. However, MDA content in the sunflower
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seedlings was not affected significantly. Ambrosia trifida also did not significantly change
the activities of the catalase and SOD, nor did it change the MDA content in maize and
soybean seedlings [109]. Therefore, it is not clear whether Ambrosia trifida interrupts the
antioxidant defense systems in sunflower, maize, and soybean.

3. Impacts of Ambrosia trifida Infestation
3.1. Impact on Agricultural Production and Control

Ambrosia trifida had already been listed as one of the top twenty worst weed species
in the USA at the end of the 19th century [110]. Ambrosia trifida has a relatively strong
interspecific competitive ability against annual crop plant species, such as maize, soybean,
sunflower, and cotton [20-24,111-115]. Ambrosia trifida caused yield losses of 14% and 90%
in maize at a density of 1.7 and 14 plants per 10 m?, respectively [21], and it caused a dry
mass loss of 25% in sunflower at two plants per m? [4]. The species also caused a yield loss
of 50% in cotton at 0.26 plants per 1 m cotton row [22], and it caused a yield loss of 46-50%
in soybean at two plants per 9 m soybean row [112]. The density of Ambrosia trifida was
220,000 and 360,000 plants per ha in the years 1988 and 1989, respectively, in Missouri, USA,
which resulted in complete soybean yield loss [112]. Ambrosia trifida is also known to act as
the host of soybean stem borers (Dectes texanus), maize stalk borers (Papaipema nebris), and
plant-feeding stink bugs or southern green stink bugs (Nzara viridula) [6]. Ambrosia trifida
transfers these insects to the respective crops and causes a reduction in crop production.

The emergence phenology of Ambrosia trifida populations in the agricultural fields in the
U.S. Corn Belt were different from that of non-agricultural populations [28,38,51,111-114].
The non-agricultural populations of Ambrosia trifida in Ohio showed an early and brief
emergence period, whereas the agricultural populations showed an early and prolonged
emergence period (more than 100 days), which allows the species to establish themselves
again after early seasonal weed control practices [51,52]. However, both agricultural and
non-agricultural populations of Ambrosia trifida in lowa and Nebraska were reported to
have an early and brief emergence period [51,113,114]. Genetic variation in emergence phe-
nology was also observed in these populations [51]. Therefore, the emergence phenology
of Ambrosia trifida in certain local populations may depend on selection factors and the
available genetic variations in the populations.

A parasite vine, Cuscuta japonica [115], a beetle, Ophraella communa [66,67], and a
rust pathogenic fungus, Puccinia xanthii [116], were previously selected as the potential
biological control agents for Ambrosia trifida. However, their practical effectiveness to
control Ambrosia trifida has not been evaluated sufficiently in agricultural fields. Therefore,
Ambrosia trifida is currently controlled by chemical and mechanical practices [8,28].

Spring tillage is an effective mechanical control practice for Ambrosia trifida in cases
of high seed densities in the soil. The abundance of Ambrosia trifida decreases as the
tillage intensity increases, although the tillage cannot eradicate the weeds from agricultural
fields [117]. Repeatedly hand weeding and mowing Ambrosia trifida at an early stage of
growth are also effective control practices, but these practices only work effectively in
small fields and during a given year [118-120]. Diversified crop rotation systems, including
annual and perennial crops, may be one of the options to reduce the density of Ambrosia
trifida in agricultural fields [28,54,121,122].

Ambrosia trifida is a cross-fertilizing and genetically variable species, and it is capable
of rapid evolution against herbicide pressure [123,124]. Populations of Ambrosia trifida
resistant to glyphosate (an inhibitor for enolpyruvyl shikimate phosphate synthase) were
reported in soybean and cotton fields in 13 U.S. states and in one Canadian province [125].
In addition, two distinct glyphosate resistant biotypes have been found: (1) a rapid-response
biotype, which causes cell death within hours after glyphosate treatment but resumes
growth in several days [126,127], and (2) a non-rapid response biotype, which shows
chlorosis at apical parts but resumes growth in two weeks [127-129]. The rapid-response
biotype to glyphosate was not associated with mutations in the sequence of the enolpyruvyl
shikimate phosphate synthase [130,131]. Therefore, this glyphosate-resistant biotype may
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evolve a non-target-site resistant mechanism. These observations suggest that two different
resistant mechanisms may have evolved in Ambrosia trifida against glyphosate pressure.

Soil microorganisms are known to play an important role in herbicidal activity and
plant tolerance to glyphosate [132-134]. When a glyphosate-susceptible population of
Ambrosia trifida was grown in unsterile and sterile field soil, the susceptible population
in the unsterile soil showed an 8.6-fold greater tolerance to glyphosate application than
that grown in sterile soil [134]. The colonization of Ambrosia trifida with soil microbe
Oomycetes increased their rates of survival against glyphosate application [135,136]. There-
fore, the colonization of Ambrosia trifida with Oomycetes may increase their tolerance to
glyphosate application.

Resistant populations of Ambrosia trifida to acetolactate synthase (ALS)-inhibiting
herbicides were found in soybean and maize fields in five U.S. states. These ALS-resistant
populations showed tolerance to at least two different chemical families of ALS-inhibiting
herbicides, such as cloransulam-methyl, imazamox, imazaquin, primisulfuron-methyl,
and prosulfuron [125,137,138]. Cross-resistant populations against different herbicide
sites of actions (glyphosate and ALS-inhibiting herbicides) were also found in soybean
and maize fields in four U.S. states [125]. A population of Ambrosia trifida resistant to
protoporphyrinogen oxidase (PPO)-inhibiting herbicides was recently found in agricultural
fields that were cultivated by maize and soybean rotation with non-GMO soybeans in
Wisconsin, USA [131]. Therefore, many types of herbicide-resistant populations have
already appeared in agricultural fields. However, it is not clear that these herbicide-resistant
populations have appeared simultaneously across the U.S. Corn Belt [139] nor have they
followed a westward trajectory from the eastern part of the U.S. Corn Belt [140-142].

These observations suggest that Ambrosia trifida causes significant yield loss in annual
crop production. Ambrosia trifida is capable of rapid evolution against herbicide pressure,
and this characteristic of Ambrosia trifida makes it difficult to consistently control with a
single application of pre-emergence or post-emergence herbicides or multiple applications
of herbicides with the same mode of action. The most effective herbicide program can
combine pre-emergence and post-emergence herbicide treatments, and two or more her-
bicide sites of action [28,125,131]. An integrated weed management with a more diverse
combination of herbicide sites of action and other practices, such as tillage, different crop
species, crop rotation, smart decision tools, and innovative equipment, would be essen-
tial to mitigate herbicide-dependent weed control practices, and this may be one of the
sustainable systems for Ambrosia trifida management [143-150].

3.2. Impact on Natural Environments

Ambrosia trifida can establish strong clustering stands in grasslands, riverbanks, and
floodplains [3,6,12,16-19,56]. Ambrosia trifida produces most of the plant biomass and sup-
presses the growth of all other plant species in its dominant community [18,28,55]. Ambrosia
trifida was reported to produce a greater biomass than other annual plant species, such as
Bilderdykia convolvulus, Chenopodium album, Echinochloa crus-galli, Polygonum aviculare, Setaria
viridis, and Sorghum halepense [4]. The average height, total coverage, and plant number of
the indigenous plant species were significantly lower in the Ambrosia trifida-infested plots
than in the non-infested plots in riparian ecosystems [151]. Plant diversity in the riverbanks
decreased as Ambrosia trifida density increased [152]. The aboveground coverage of Ambrosia
trifida reached 84% of the entire grassland after four years’ infestation of Ambrosia trifida in
the grasslands. Ambrosia trifida also changed the seed bank composition of the grassland
community in a short time, which affected the regeneration process [153]. Ambrosia trifida
was reported to reduce species diversity in abandoned farmlands [61]. These observations
suggest that Ambrosia trifida may significantly reduce plant abundance and species diversity
in a native plant community. However, information on the impact of Ambrosia trifida on
natural environments is limited, and effective management practices in natural ecosystems,
such as grasslands, floodplains, and riverbanks, has not yet been suggested.



Agronomy 2024, 14, 2868

10 of 16

Invasiveness

4. Conclusions

Based on the literature review conducted in this study, this work identified that
Ambrosia trifida has a strong adaptive ability to various environmental conditions, such as
temperature, participation, and soil type. Ambrosia trifida also shows variations in seed
germination phenology, such as brief and prolonged germination periods, and variations
in plant morphology, such as seed size, plant height, branching, leaf formation, and
nutrient allocation under different environmental conditions. Effective natural enemies of
Ambrosia trifida have not been reported in introduced ranges. Several natural enemies, such
as pathogenic fungi, herbivore vertebrates, and invertebrates, have been found in native
ranges. However, these enemies do not cause significant damage to the regeneration process
of Ambrosia trifida. Ambrosia trifida is allelopathic and contains several allelochemicals.
These allelochemicals suppress the germination and growth of neighboring plant species.
Therefore, the characteristics of Ambrosia trifida described in this article may contribute
to their competitive ability and invasiveness, resulting in the expansion of its habitats
(Figure 3).

> A strong adaptive ability: temperature, participation, soil type

> Variations in germination phenology: early and brief, prolonged germination

» Variations in plant morphology: seed size, plant height, branching, leaf formation, and
nutrient allocation

» No effective natural enemy

» Allelopathy: Release several allelochemicals

Impact

» Reduction in species diversity and plant abundance

» Significant yield loss in summer crop production

» Rapid evolution against herbicide pressure: Resistant; glyphosate, ALS-inhibiting herbicides
with different chemical families, PPO-inhibiting herbicides, cross resistance with different
cites of herbicide action

Figure 3. Invasive characteristics and impacts of Ambrosia trifida.

Ambrosia trifida often infests agricultural fields and causes significant yield loss in
annual crop production in the summer, such as maize, soybean, sunflower, and cotton
production in agricultural fields. The species is currently controlled chemically and me-
chanically. Mechanical management, such as tillage and hand weeding, are effective in
small fields and/or within a given year. However, this management cannot eradicate
Ambrosia trifida from agricultural fields. Ambrosia trifida is capable of rapid evolution against
herbicide pressure. Populations of Ambrosia trifida resistant to glyphosate, ALS-inhibiting
herbicides with different chemical families, PPO-inhibiting herbicides, and cross-resistant
populations against different sites of herbicide action have already appeared in agricultural
fields. The characteristics of Ambrosia trifida against herbicides make it difficult to consis-
tently control with a single application of pre-emergence or post-emergence herbicides or
multiple applications of herbicides with the same mode of action.

Ambrosia trifida forms strong clustering stands in sunny and humid environments, such
as grasslands, floodplains, riverbanks, and abandoned lands. The species was reported to
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significantly reduce species diversity and the abundance of native plant species. However,
information on the impact of Ambrosia trifida on natural ecosystems is limited. Therefore,
further investigations into biological and ecological aspects are still required to understand
the species in more detail. It is also necessary to develop sustainable systems for Ambrosia
trifida management in agricultural fields and natural ecosystems.
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