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Ambrosia artemisiifolia L. (Asteraceae) has become a major threat to agriculture in many parts of the world. Global agricul-
ture relies on the use of herbicides against 4. artemisiifolia in the crops most at risk — sunflower, maize and soybean. This
paper aims to provide an overview of the chemical control of A. artemisiifolia and to summarize the latest knowledge in
this field. The sunflower is the crop most threatened by A. artemisiifolia, as both plants belong to the same family. The best
control level was achieved after the preemergence application of flurochloridone and the combination of dimethenamid-P
+ pendimethalin. The introduction of the non-GM Clearfield and ExpressSun technologies allowed effective control with
postemergence herbicides in sunflower varieties tolerant to imidazolinone and tribenuron-methyl herbicides. In soybean, the
highest efficacy was observed in trials with imazamox and bentazone alone and in combination. The combination of ima-
zamox with bentazone had a positive effect on yield compared to untreated stands. The introduction of transgenic soybeans
tolerant to glyphosate led to increased glyphosate use and the predictable emergence of weed resistance in America in 1996.
Preplant followed by postemergence herbicides were critical for the effective control of glyphosate-resistant 4. artemisiifolia
in glufosinate tolerant soybean. In maize, the highest efficacy was obtained after the application of glufosinate, bromoxynil
and mesotrione + atrazine. Of the above substances for the control of 4. artemisiifolia in maize, only mesotrione is currently
registered in the EU.
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The introduction of 4. artemisiifolia into Europe
from North America was accidental in the 19" cen-
tury (Defila & Clot 2001; Clot 2003). The species
is the most outstanding invader in European agri-
culture (Kazinczi & Novak 2014). The expansion
of A. artemisiifolia in agriculture of Eastern Eu-

rope could be linked to the political transitions after
1990s when many lands ceased to be used and were
quickly colonised by 4. artemisiifolia (Makra et al.
2005). A. artemisiifolia is most frequent in arable
fields, along roads, and railroads (Essl et al. 2009;
Milakovi€ et al. 2014), construction sites, and with-
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in dumping grounds, but it is found rarely in natural
habitats (Skjeth et al. 2010; Bullock et al. 2012).
The majority of A. artemisiifolia seeds germinate
from the upper soil layers (2.6—3 cm) and can lose
their viability after four years. Seeds from deeper
soil layers (35—45 cm), can keep their viability for
30—40 years (Kazinczi et al. 2008). Data on sub-
stantial yield losses caused by A. artemisiifolia are
abundant (Kukorelli ef al. 2011; Hall ef al. 2021).
These losses are caused by its best competition, and
ability to create dense and extensive stands (Béres
et al. 2002). Soybean yield loss accounted for 84%
compared to the weed-free control, on average (Hall
etal 2021). A. artemisiifolia control is difficult from
an agronomic point of view due to its biological
characteristics, especially the time of emergence in
relation to the crop [sunflower, soybean and maize,
e.g., Bertrand & Maupas (1996)], and therefore
preemergent active substances are not as effective
as post-emergent ones, as described below.

Ambrosia artemisiifolia control options

There are different strategies to control A. arte-
misiifolia — cultural, mechanical, biological, che-
mical, and integrated weed management. Mowing
along roads and ditches in combination with the use
of herbicides is a cost-effective strategy to control
A. artemisiifolia and prevent the spread of its se-
eds into cultivated fields (Peters & Carlson 2014).
It destroys the plants and reduces the amount of
A. artemisiifolia seeds in the soil. Mowing should
be done as low as possible to reduce the regrowth
as much as possible (Odero et al. 2018), because
mown A. artemisiifolia can form new shoots and
flowers only 10 days later than non-mown plants
(Peters & Carlson 2014). When plants with mature
seeds are mown, A. artemisiifolia spreads via the se-
eds (Odero ef al. 2018). The powerful techniques of
integrated weed management are harvest weed seed
control (HWSC), winter cover, and late planting
(Beam et al. 2021) or the use herbicide-tolerant va-
rieties e.g., in cultivated sunflower fields (Reising-
er et al. 2013; Fried et al. 2022), soybean, maize
(Burke et al. 2008; Nandula 2019) or in rice (Chen
et al. 2021). HWSC is an evolving method to catch,
destroy or remove weed seeds during or after crop
harvest (Borger et al. 2021). Under field conditions,
chemical control is the commonly used method to

control A. artemisiifolia. Herbicides can kill plants
quickly and effectively and reduce seed production
(Bae et al. 2017). However, overuse of herbicides
with the same site of action can lead to the deve-
lopment of resistant populations (Tranel & Wright
2002; Powles 2008; Jugulam & Shyam 2019). 4. ar-
temisiifolia is an excellent target for biological con-
trol. It has been successfully controlled with insects
in Australia (Palmer ef al. 2010) and China (Zhou et
al. 2010). The attempt to regulate 4. artemisiifolia
by insects has failed in Eastern Europe. Worldwi-
de, about fifty different insect species and two mites
have been identified in association with 4. artemisii-
folia (Gerber et al. 2011). Most of them are genera-
lists and cause limited damage, except for the very
voracious oligophagous A. artemisiifolia leaf beetle,
Ophraella communa (Coleoptera: Chrysomelidae)
(Kim & Lee 2018). The potential mycoherbicide
candidate Phoma sp. was used in Canada and the
USA, but the fungus lost its virulence (Teshler et
al. 2002). Another management tool is weed control
through competition in cereal fields (Zimdahl 2008)
or sowing competitive species to reduce 4. artemi-
siifolia germination (Milakovi¢ & Karrer 2009).

Herbicide control in sunflower

Plants sown in spring are most frequently infested
by A. artemisiifolia (Pinke et al. 2013). Sunflower is
one of the crops most affected by 4. artemisiifolia,
especially in the early growth stages, as both plants
belong to the Asteraceae family (Bertrand & Maupas
1996). About 70% of the world‘s sunflower produ-
ction comes from the European Union, Russia, and
Ukraine, and A. artemisiifolia is known to spread
rapidly in these countries (Streit 2012). The study
from Romania published by Stef (2017) indicates
several herbicides tested for 4. artemisiifolia control
in sunflowers. In all cases, these were preemergent
herbicides with the active substances s-metolachlor,
terbuthylazine, dimethenamid-P, and pendimetha-
lin. Among them, s-metolachlor and dimethena-
mid-P were less effective. Pendimethalin increased
the sunflower seed yield by 146—164% compared
to untreated plots (Jursik et al. 2020, Pacanoski &
Mehmeti 2021). Significant yield reductions (120—
128%) were observed in plots treated with dimeth-
enamid-P and s-metolachlor (Jursik et al. 2020),
however s-metolachlor (and pendimethalin) showed
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the lowest phytotoxicity to sunflower (Jursik ez al.
2020; Pacanoski & Mehmeti 2021). The combina-
tion of dimethenamid-P + pendimethalin resulted in
98.4% weed control efficiency. Efficiency of s-me-
tolachlor in combination with terbuthylazine was
92.0%. Preemergent application of s-metolachlor
and dimethenamid-P alone was insufficient against
A. artemisiifolia (Stef 2017). Since terbuthylazine is
only approved for use in maize and sorghum in Slo-
vakia, it cannot be applied in sunflowers (UKSUP
2022). The best treatment, therefore, remains the
preparation with the active substances dimethena-
mid-P + pendimethalin (Kurent 2022). The effica-
cy of preemergence herbicides in the combination
dimethenamid-P + pendimethalin + oxyfluorfen
was evaluated in sunflower stands in Hungary. The
effectiveness of this combination proved to be in-
sufficient, moreover, in the case of a lack of rainfall
two weeks after application, 4. artemisiifolia will
be able to cover the whole sown area. This herbicide
combination was not sufficient even with the poste-
mergence application of flumioxazin (Kukorelli et
al. 2011). Flumioxazin and oxyfluorfen may not be
used in Slovakia. They are authorised in some coun-
tries of the European Union (Lewis et al. 2016). Al-
though bifenox is listed as a postemergence herbi-
cide for A. artemisiifolia control (Kurent 2022), its
effectiveness was questioned by Hodisan and Mo-
rar (2008). Their research showed that 14 days af-
ter application, A. artemisiifolia plants regenerated
so rapidly that by the time the sunflower flowered,
the A. artemisiifolia plants had overtaken the crop.
Another preemergent herbicide used to control A.
artemisiifolia is flurochloridone. It was described as
excellent in efficacy against 4. artemisiifolia (Pilor-
gé & Mircovich 1998; Kurent 2022). Preemergence
application of flurochloridone + s-metolachlor was
unsatisfactory (Simic et al. 2011). In addition to the-
se methods, mention should be made of Clearfield
technology in sunflowers, which allows the use of
imidazolinone herbicides as an option for postemer-
gence weed control. This technology is non-GMO.
For the Clearfield production system, imazamox has
become the cornerstone of imidazoline herbicides in
Europe (Pfenning et al. 2008). A remarkably similar
ExpressSun technology has been developed in which
sunflower varieties are tolerant to tribenuron-methyl
(Zollinger 2004). The postemergence application of
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imazamox and tribenuron-methyl resulted in good
efficacy to 4. artemisiifolia. The efficacy of tribe-
nuron on A. artemisiifolia, was lower compared to
imidazolinone herbicides. Therefore, it is necessary
to use tribenuron-methyl at early growth stages or in
a split application (Tuemmler & Schroeder 2013).
Komives et al. (2016) showed comparable results in
sunflowers with tribenuron-methyl and imazamox.
Tribenuron and imazamox have been marketed for
control of weeds, including 4. artemisiifolia in con-
ventional sunflower crops (Sala et al. 2012). Their
effect weakened in highly infested areas (Yu &
Powles 2014). Herbicide resistance was described
by Délye et al. (2013) and Gaines et al. (2020). Re-
cently the occurrence of resistant populations has
been confirmed in France (Loubet ef al. 2021; Meyer
et al. 2022) and Serbia (Heap 2023). The new aux-
in herbicide halauxifen-methyl (or Arylex™ active)
(Epp et al. 2016; Busi et al. 2018; Morderer et al.
2018; Xu et al. 2022) is very effective against A. ar-
temisiifolia and other quarantine weeds in sunflower
(Maienfisch & Mangelinckx 2021) alone (93%) or
in mixture with dicamba; 2,4 D + dicamba or gly-
phosate and dicamba (97%) (Zimmer et al. 2018).

Herbicide control in soybean

A. artemisiifolia has become an important weed
in European soybean stands (Stef 2017). In Slova-
kia, insufficiently effective or ineffective herbicides
based on the active substances prosulfocarb, clo-
mazone, s-metolachlor, and dimethenamid-P are
used in soybean fields (Kurent 2022). Four weeks
after application s-metolachlor and dimethenamid-P
provided up to 9 and 24% control of A. artemisii-
folia, respectively (Taziar et al. 2016). These two
active substances provided a similar level of con-
trol in glyphosate-resistant (GR) A. artemisiifolia
populations (Soltani et al. 2018a). In glufosinate
tolerant soybean, herbicide programmes containing
glufosinate, paraquat, 2,4-D, imazethapyr, cloran-
sulam-methyl, and flumioxazin provided 90—99%
control of GR A. artemisiifolia 21 days after pre-
plant application. Herbicides incorporated preplant
followed by postemergence herbicides were criti-
cal and provided effective and economical control
of GR A. artemisiifolia (Barnes et al. 2017). Tay-
lor-Lovell et al. (2002) reported that a high-rate
mixture of flumioxazin and pendimethalin provided
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60% control of A. artemisiifolia in soybeans. Ac-
cording to Niekamp et al. (1999), the control rate
of A. artemisiifolia seven weeks after sowing in no
tillage soybean reached 92% by flumioxazin alone.
The combination of flumioxazin with s-metolachlor
had a negative effect on soybean yield due to higher
phytotoxicity (Salomao et al. 2021). In the last ten
years, the problem with A. artemisiifolia in soybean
stands has also been observed in the western part of
Romania (Europe). In this area, a very good level
of A. artemisiifolia regulation was achieved by ima-
zamox (71.5%) and thifensulfuron-methyl (85%)
(Stef et al. 2019). According to Kurent (2022) the
effectiveness of imazamox is excellent, but the
effectiveness of the thifensulfuron-methyl is listed
as weak. In Nebraska (USA), thifensulfuron-methyl
was not effective in controlling GR and GS (glypho-
sate susceptible) 4. artemisiifolia biotypes, resul-
ting in 26 and 18% control, respectively (Ganie &
Jhala 2017). The most obvious reason for the lower
efficacy of all tested acetolactate synthase (ALS)
inhibiting herbicides (thifensulfuron-methyl, chlori-
muron-ethyl, imazethapyr, and imazamox) was the
emergence of resistant A. artemisiifolia populations
in the USA and Canada (Heap 2023). Recently, ALS
resistant plants were found in a very low frequen-
cies in France (Loubet et al. 2021). In Slovakia, the
best option is still the use of imazamox, imazamox
+ pendimethalin, or flufenacet in combination with
metribuzin (Kurent 2022). Metribuzin (786 g a.i./ha)
reduced the density of GR A. artemisiifolia by 95%.
Some of the ragweed plants were still able to reach
reproductive maturity and produce seeds (Byker et
al. 2018). Higher rates will provide longer residual
weed control at high costs unprofitable for farmers
and may result in soybean injury (Askew et al. 1999).
Flufenacet and metribuzin at a dose of 670 g a.i./ha
(54.4+13.6% a.i.) were sufficient to control 4. arte-
misiifolia throughout the season. The visual damage
to soybean after application was minimal with no
negative impact on yield (Soltani et al. 2005). Ho-
disan & Morar (2008), and Béres et al. (2005) found
imazamox as highly effective against A. artemisiifo-
lia in peas, soybean, and sunflower when applied in
the optimal growth stage. The highest efficacy was
observed in experiments with bentazone 93.25%
(Stef et al. 2019), 95-97% (Hager & Renner 1994;
Béres et al. 2005) and 99% (Ganie & Jhala 2017).

Bentazon in combination with imazamox achieved
the efficiency of 90.5% (Stef ez al. 2019). Bentazone
alone was not effective against GR A. artemisiifolia
in soybean (Ganie & Jhala 2017). In Slovakia, there
is only one herbicide with the active substance ben-
tazone approved for use in soybean crops (UKSUP
2022). Soybeans treated with thifensulfuron-methyl
showed the lowest yield. The combination of imaza-
mox with bentazone brought a significant increase
in production compared to untreated stands (Stef et
al. 2019). In America, transgenic soybeans tolerant
to glyphosate was launched by Monsanto in 1996.
In 2007, 91% of transgenic soybeans were planted
in the USA. Initially, this biotechnology-based weed
control strategy led to a simplification of weed con-
trol and a reduction in the use of herbicides. From
2002, the total amount of herbicides used in soy-
beans started to increase and thus the efficiency of
this weed management strategy decreased (Bonny
2008). The high increase in the use of glyphosate
has led to the predictable appearance of weed resis-
tance, multiple herbicide-resistant weeds appeared
(Hugh & Hall 2014) and biodiversity continues to
decline rapidly (Tscharntke ef al. 2021).

Herbicide control in maize

Glyphosate tolerant (GT) maize was marketed
for the first time in America by Monsanto in 1998
(Green 2009; Green & Castle 2010). The frequent
use of glyphosate in America has led to the devel-
opment of GR weed populations (Ganie et al. 2017,
Barnes et al. 2018). Glyphosate-resistant 4. artemi-
siifolia was recorded for the first time in Ontario in
2011 (Sanders et al. 2017). The art of farmers is to
find a combination of approved herbicides that can
effectively control weeds with tolerance to glypho-
sate (Barnes et al. 2018). In Slovakia, there are many
herbicides active substances and their combinations
that are approved for use in maize. The active sub-
stances s-metolachlor, fluroxypyr, and nicosulfuron
+ rimosulfuron suppress the weeds only insuffi-
ciently or they are not effective at all. The best effi-
cacy was shown by the herbicides with the indepen-
dently acting active substances foramsulfuron, clo-
pyralid, dicamba, sulcotrione, and mesotrione (Ku-
rent 2022). Very good efficacy (90%) of clopyralid
and mesotrione was confirmed by Hodisan & Morar
(2008). Williams et al. (2014) evaluated the effec-
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tiveness of dicamba, which reduced the number of
A. artemisiifolia from 20.1 plants/m? to 0 plants/ m?
in GT maize. Ganie & Jhala (2017) evaluated the
response of GS A. artemisiifolia to postemergen-
ce herbicides three weeks after treatment in a gre-
enhouse study conducted at the University of Ne-
braska—Lincoln. The efficacy of individual active
substances application to 4. artemisiifolia were as
follows: primisulfuron-methyl reduced 4. artemi-
siifolia by 18%, reduction by glufosinate was 99%,
topramezone 96%, carfentrazone 32%, bromoxynil
99%, diflufenzopyr-methyl + dicamba 95%, halo-
sulfuron-methyl + dicamba 91%, mesotrione 78%,
mesotrione + atrazine 99%, fluthiacet-methyl +
mesotrione 87%. The estimated low dose 45 g/ha
of mesotrione to achieve a 90% reduction in bio-
mass in Canada was probably influenced by low
population density of A. artemisiifolia (Nurse et al.
2010). Of all the substances mentioned above, only
mesotrione and dicamba are currently authorized in
the EU. Approval expiration date of mesotrione is
31/05/2032) (Reg. (EU) 2017/725) (2017), approval
period of dicamba was extended until 31/12/2023
(Reg. (EU) 2022/1480) (2022). Very good control
level was achieved by the active substances tem-
botrione 98%, 2,4 D 98% and dicamba 94%. The ef-
ficacy of thiencarbazone + tembotrione in the same
study was 99% (Ganie & Jhala 2017). Tembotrione
+ thiencarbazone-methyl are listed in Slovakia with
excellent efficacy against A. artemisiifolia. Dicam-
ba and prosulfuron + dicamba were equally good in
efficacy, and the active substance 2,4 D had slightly
lower efficacy (Kurent 2022). The best regulation
of GR A. artemisiifolia in GT maize was achieved
after application of postemergence herbicides with
active substances glufosinate, bromoxynil, diflufen-
zopyr + dicamba, mesotrione + atrazine (99%) and
2,4 D (92%) three weeks after treatment. These ac-
tive substances were equally effective in controlling
GS and GR A. artemisiifolia in Nebraska (Ganie
& Jhala 2017). Lower postemergence herbicide
efficacy against GR A. artemisiifolia in GT maize
was reported from Ontario (USA) four weeks after
application — dicamba 85%, glufosinate 71%, 2,4 D
ester — 58%, mesotrione + atrazine 38% (Soltani et
al. 2018a). The control level GR A. artemisiifolia
was higher in trials with preemergence application
of dicamba and mesotrione + atrazine, 100% and
949% respectively (Soltani et al. 2018b).
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CONCLUSIONS

In the EU, there is instant pressure to reduce
the use of pesticides in agriculture. The European
Union’s Pesticides Regulation (EC) 1107/2009 rec-
ognizes that pesticides have adverse effects on hu-
man and animal health and the environment. For
this reason, the authorization of several pesticides
including herbicides has not been renewed. At the
same time, the discovery and development of new
active substances are progressing slowly, creating
a gap in the availability of herbicides to meet the
current needs of conventional agriculture. Despite
the above facts, this report discusses a range of her-
bicides that can be used to control 4. artemisiifolia
in sunflower, soybean and maize. Sunflowers are the
most threatened crops as both plants belong to the
Asteraceae family. Therefore, only pre-emergence
herbicides have been used to control 4. artemisii-
folia, unless Clearfield and ExpressSun technology
has been introduced. Preemergence application of
flurochloridone alone and the combination of di-
methenamid-P + pendimethalin resulted in excel-
lent weed control efficacy. However, dimethenam-
id-P and s-metolachlor alone and the combination
of flurochloridone + s-metolachlor, did not provide
a satisfactory control level. Excellent weed con-
trol efficacy was achieved by the preplant appli-
cation of new auxin herbicide halauxifen-methyl
in the following combinations: halauxifen-methyl
+ dicamba, halauxifen-methyl + 2,4 D + dicamba,
halauxifen-methyl + glyphosate + dicamba. The
introduction of Clearfield and ExpressSun technol-
ogies enabled the postemergence herbicides appli-
cation in sunflower varieties tolerant to imidazoli-
none and tribenuron-methyl. Since imazamox and
tribenunon were marketed earlier for weed control
in conventional sunflower crops, the ALS-resistant
A. artemisiifolia populations emerged. Their spread
is likely to be accelerated by human activities. In
soybean, the highest efficacy was observed in trials
with imazamox and bentazone alone and in combi-
nation. The combination of imazamox + bentazone
had a positive effect on yield. The introduction of
transgenic soybeans tolerant to glyphosate led to
the emergence of weed resistance. Metribuzin re-
duced the density of GR A. artemisiifolia by 95%,
bentazone was not effective. In the USA, thifensul-
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furon-methyl did not provide satisfactory control
either in GR or GS populations of A. artemisiifo-
lia. This indicates that further research on multiple
herbicide resistance is needed. Preplant followed by
postemergence herbicides were critical for effec-
tive control of GR A. artemisiifolia in glufosinate
tolerant soybean. In maize, the highest efficacy
was obtained after the postemergence application
of dicamba, glufosinate, bromoxynil, tembotrione,
thiencarbazone + tembotrione, and mesotrione + at-
razine. The best regulation of GR A. artemisiifolia
in GT maize was achieved with the postemergence
herbicides glufosinate, bromoxynil, diflufenzopyr
+ dicamba, mesotrione + atrazine, 2,4 D, and the
preemergence application of dicamba. These active
substances were equally effective in controlling GS
and GR A. artemisiifolia in Nebraska (USA). In On-
tario (USA) lower postemergence herbicide effica-
cy was reported against GR A. artemisiifolia in GT
maize. In the future, it will be necessary to ensure
progress when resistance occurs and to adapt to an
ever-decreasing range of available herbicides. The
art for farmers is therefore to find a combination of
approved herbicides that can effectively control sus-
ceptible and resistant weed populations.
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