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Summary

Perennial weeds such as Cirsium arvense (L.) Scop. and Sonchus arvensis L. pose major challenges
in weed management for both conventional and organic agricultural systems. Due to the negative
impacts on the environment and human health, reducing the use of synthetic herbicides has become
essential. Consequently, regulatory restrictions are implemented by governments in many countries,
including those within the European Union. Considering the central role of herbicides like glyphosate
in controlling perennial weeds, identifying and developing ecologically sustainable alternatives, such as
bio-herbicides derived from natural compounds, has become a priority in weed management strategies.
Pelargonic acid (PA), a naturally occurring fatty acid, has gained attention as a potential bio-herbicide
for controlling weeds in arable cropping systems. The primary aim of this thesis was to evaluate
strategies to enhance PA efficacy and explore its potential in managing both perennial weeds and cover
crops. Given the limited information available on bio-herbicides for cover crop termination, another
objective of this study was to fill this knowledge gap by evaluating the herbicidal efficacy of PA for
cover crop desiccation. In this context, the study focused on leveraging PA's benefits, addressing its
limitations, and assessing its effectiveness in suppressing perennial weeds and serving as a desiccation
tool for terminating cover crops.

Furthermore, the variability in herbicide efficacy, short-term efficacy, weed regrowth, and
requirements for multiple applications or higher dosages were considered the main challenges in PA
application as a bio-herbicide. Therefore, the following sub-objectives were defined. The first one was
to investigate whether considering the following technical aspects: (1) carrier volume increase, (2)
adding adjuvant, and (3) application at a specific growth stage C. arvense, affects PA efficacy. The
second aim was to evaluate the effectiveness of twice PA application over two consecutive years to the
same pots—where each large pot contained a patch of C. arvense and S. arvensis, grown from a single
ramet, considering their initial ramet sizes. Therefore, the study aimed to assess if the initial ramet size
affects the PA efficacy and the regrowth of these two species following PA application and whether
there are differences between these species concerning PA efficacy and regrowth patterns.

The experimental setups of the current thesis include greenhouse, semi-field, and field trials. To
address the first sub-objective, PA efficacy on C. arvense was assessed under semi-field and greenhouse
conditions in 2020 and 2021. The semi-field experiment evaluated various PA application volumes—
specifically 16 L/ha in 200 L and 400 L carrier volume—across five phenological growth stages of C.
arvense. The greenhouse experiment examined the effect of paraffin oil as an adjuvant to enhance PA’s
herbicidal efficacy. Results indicated that applying 16 L/ha of PA in 400 L of carrier volume
significantly improved its efficacy, and adding paraffin oil enhanced this effect further. The highest
control was achieved during the early elongation and seven-to-ten leaf stages of C. arvense.

To evaluate the long-term efficacy of PA on perennial weeds, a semi-field experiment was conducted
from spring 2020 to autumn 2021. PA was tested on C. arvense and S. arvensis with initial ramet sizes
of 5 cm, 10 cm, and 15 cm, and its effects were compared to those of glyphosate. Results showed that
PA applied twice over consecutive growing seasons reduced plant coverage, above and belowground
biomass, and flower production, especially for plants with smaller initial ramet sizes (5 cm). PA was
more effective on C. arvense than S. arvensis but did not prevent regrowth, while glyphosate
demonstrated superior efficacy.

To address the cover crop management, the study compared PA with two other synthetic herbicides
for cover crop desiccation. This experiment was conducted in 2019 and repeated in 2021 in northeast
Germany, employing a completely randomized block design. Various herbicide treatments were tested,
including PA at 16, 8, and 5 L/ha, glyphosate, and pyraflufen. Assessment methods included visual
estimates of crop vitality and drone-based vegetation indices (RGB and NIR). PA, especially at 16 L/ha
or as a double application of 8 L/ha, effectively desiccated cover crops within a week, though its efficacy
decreased over time due to cover crop regrowth. Glyphosate showed the most consistent effectiveness,
resulting in the lowest crop vitality by the end of the experiment. Drone-based vegetation indices,



particularly RGB indices like EXG, provided detailed and accurate assessments, demonstrating their
potential for cost-effective crop and weed infestation monitoring.

In summary, the efficacy of PA as a contact herbicide was improved when all relevant technical
factors, such as carrier volume, weed growth stage, and adjuvant, were considered simultaneously. This
means that when these factors were combined, efficacy increased significantly. This indicates that
optimizing the PA application requires considering coverage, water solubility, timing of application
relative to weather and weed growth stages, and the biological characteristics of the target weed species.
PA can be used alongside other tools to lower perennial weed infestations. It also has shown potential
for cover crop desiccation. Although, it is still not registered for broader management in arable crops.
Currently, PA is approved in Europe as a plant desiccant for potatoes, for killing suckers and weed
control in non-cultivated areas. Given the urge to reduce the use of synthetic herbicides in farming,
further research into the technical aspects of the PA application as well as economic features are crucial
to support its use in integrated weed and crop management.



Zusammenfassung

Mehrjahrige Wurzelunkrduter wie Cirsium arvense (L.) Scop. und Sonchus arvensis L. stellen
sowohl in konventionellen als auch in biologischen Landwirtschaftssystemen gro3e Herausforderungen
bei der Unkrautbekdmpfung dar. Aufgrund der negativen Auswirkungen auf die Umwelt und die
menschliche Gesundheit ist die Reduktion chemisch-synthetischer Herbizide unumginglich.
Infolgedessen werden von den Regierungen in vielen Landern, auch innerhalb der Europdischen Union,
gesetzliche Beschriankungen eingefiihrt. Angesichts der zentralen Rolle von Herbiziden wie Glyphosat
bei der Kontrolle mehrjéhriger Wurzelunkréuter ist die Identifizierung und Entwicklung 6kologisch
nachhaltiger Alternativen, wie etwa aus natiirlichen Verbindungen gewonnener Bioherbizide, zu einer
Prioritdt bei der Unkrautbekdmpfungsstrategie geworden. Pelargonsdure (PA), eine natiirlich
vorkommende Fettsdure, hat als potenzielles Bioherbizid zur Unkrautbekdmpfung in
landwirtschaftlichen Anbausystemen an Aufmerksamkeit gewonnen. Das Hauptziel der vorliegenden
Dissertation war die Bewertung von Strategien zur Verbesserung der Wirksamkeit von PA sowie die
Erforschung ihres Potenzials bei der Kontrolle von mehrjéhrigen Wurzelunkrdutern und der Sikkation
von Zwischenfriichten. Angesichts der begrenzten verfiigbaren Informationen zu Bioherbiziden fiir die
Sikkation von Zwischenfriichten bestand ein weiteres Ziel dieser Studie darin, diese Wissensliicke zu
schlieflen, indem die herbizide Wirksamkeit von PA fiir die Sikkation von Zwischenfriichten bewertet
wurde. In diesem Zusammenhang konzentrierte sich diese Dissertation darauf, die positiven
Eigenschaften der PA zu nutzen, ihre Grenzen zu beriicksichtigen und ihre Wirksamkeit bei der
Unterdriickung von mehrjahrigen Wurzelunkridutern sowie als Sikkationsmittel fiir die Sikkation von
Zwischenfriichten zu bewerten.

Dariiber hinaus wurden die Variabilitidt der Herbizidwirksamkeit, die kurzfristige Effizienz, der
Wiederaustrieb von Unkraut sowie die Notwendigkeit mehrmaliger Applikationen oder hoéherer
Dosierungen als die groBiten Herausforderungen bei der Anwendung von PA als Bioherbizid
identifiziert. Folglich wurden die folgenden Teilziele festgelegt. Erstens sollte untersucht werden, ob
die Beriicksichtigung der folgenden technischen Aspekte — (1) Erhohung des Triagervolumens
(Wasseraufwandmenge), (2) Zugabe von Additiven und (3) Anwendung in einem bestimmten
Wachstumsstadium von C. arvense — die Wirksamkeit von PA beeinflusst. Das zweite Ziel bestand
darin, die Wirksamkeit einer zweimaligen PA-Applikation in zwei aufeinanderfolgenden Jahren in
denselben Topfen zu bewerten, wobei jeder Topf ein Nest von C. arvense und S. arvensis enthielt, das
aus einem einzelnen "Ramet" (Klonindividuum) gewachsen war. Dabei wurde die Anfangsgrofie der
Rameten berticksichtigt. Ziel der Studie war es daher, zu untersuchen, ob die Anfangsgrofle der Rameten
die PA-Wirksamkeit sowie den Wiederaustrieb dieser beiden mehrjéhrigen Wurzelunkrauter nach der
PA-Applikation beeinflusst und ob Unterschiede zwischen den beiden Pflanzenarten hinsichtlich der
PA-Wirksamkeit und des Wiederaustriebs bestehen.

Die experimentellen Ansétze der vorliegenden Dissertation umfassen Gewéchshaus-, Halbfreiland-
und Feldversuche. Zur Erreichung des ersten Teilziels wurde die Wirksamkeit von PA auf C. arvense
unter Halbfreiland- und Gewéchshausbedingungen in den Jahren 2020 und 2021 untersucht. Im
Halbfreilandversuch wurden verschiedene PA- Applikationsvolumen - insbesondere 16 1/ha in 200 1 und
400 1 Tragervolumen - iiber fiinf phinologische Wachstumsstadien von C. arvense bewertet. Im
Gewichshausexperiment wurde die Wirkung von Paraffinél als Additiv zur Verbesserung der
herbiziden Wirksamkeit von PA untersucht. Die Ergebnisse zeigten, dass die Anwendung von 16 I/ha
PA in 400 | Tragervolumen (Wasser) die Wirksamkeit signifikant verbesserte und dass die Zugabe von
Paraffin6l diesen Effekt weiter verstirkte. Die hochste Kontrolle wurde im frithen Lingenwachstum des
Haupttriebs und im Stadium der sieben bis zehn Blétter von C. arvense erzielt.

Um die langfristige Wirksamkeit von PA gegen mehrjéhrige Wurzelunkréuter zu bewerten, wurde
von Friihjahr 2020 bis Herbst 2021 ein Halbfreilandversuch durchgefiihrt. PA wurde an C. arvense und
S. arvensis mit einer anfinglichen RametgroBe von 5 cm, 10 cmund 15 cm appliziert, und seine Wirkung
wurde mit der von Glyphosat verglichen. Die Ergebnisse zeigten, dass die zweimalige Applikation von
PA in aufeinanderfolgenden Wachstumssaisons zu einer Reduktion der Pflanzenbedeckung, der ober-
und unterirdischen Biomasse sowie der Bliitenproduktion fiihrte, insbesondere bei Pflanzen mit einer
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kleineren Anfangsgrofe der Rameten (5 cm). PA war gegen C. arvense wirksamer als gegen S. arvensis,
verhinderte jedoch nicht das Wiederaustreiben. Im Gegensatz dazu zeigte Glyphosat eine hohere
Wirksamkeit.

Um das Management von Zwischenfriichten zu untersuchen, wurde PA in der Studie mit zwei
anderen synthetischen Herbiziden zur Sikkation von Zwischenfriichten verglichen. Der Versuch wurde
in den Jahren 2019 und 2021 im Nordosten Deutschlands in einem vollstindig randomisierten
Blockdesign durchgefiihrt. Es wurden verschiedene Herbizidbehandlungen getestet, darunter PA in
Mengen von 16, 8 und 5 I/ha, Glyphosat und Pyraflufen. Zu den Bewertungsmethoden gehorten visuelle
Schétzungen der Vitalitit der Pflanzen und drohnengestiitzte Vegetationsindizes (RGB und NIR). PA,
insbesondere in einer Aufwandmenge von 16 l/ha oder als Doppelapplikation von 8 l/ha, fiihrte
innerhalb einer Woche zur Sikkation der Zwischenfriichte; jedoch nahm seine Wirksamkeit im Verlauf
aufgrund des Wiederaustriebs der Zwischenfriichte ab. Glyphosat zeigte die bestandigste Wirksamkeit
und filhrte am Ende des Versuchs zur geringsten Vitalitit der Zwischenfriichte. Drohnengestiitzte
Vegetationsindizes, insbesondere RGB-Indizes wie EXG, lieferten detaillierte und genaue
Bewertungen, was ihr Potenzial fiir eine kosteneffiziente Uberwachung von Kulturpflanzen und
Unkrautbefall unterstreicht.

Zusammenfassend konnte die Wirksamkeit von PA als Kontaktherbizid verbessert werden, wenn
alle relevanten technischen Faktoren, wie Tridgervolumen, Unkrautwachstumsstadium und Additiv,
simultan beriicksichtigt wurden. Dies zeigt, dass die Wirksamkeit durch die Kombination dieser
Faktoren signifikant gesteigert werden kann. Daraus lasst sich schlieBen, dass bei der Optimierung der
PA-Applikation Aspekte wie die Abdeckung, die Wasserloslichkeit, der Applikationszeitpunkt in
Abhingigkeit von Witterungsbedingungen und Wachstumsstadien der Unkrduter sowie die
biologischen Eigenschaften der Zielunkrautarten beriicksichtigt werden miissen. Die Applikation von
PA kann in Kombination mit anderen Mallnahmen eingesetzt werden, um den Befall von mehrjahrigen
Wurzelunkrdutern zu reduzieren. Es hat sich zudem als potenziell geeignet fiir die Sikkation von
Zwischenfriichten erwiesen. Allerdings ist PA derzeit noch nicht fiir eine breitere Anwendung in der
Landwirtschaft zugelassen. Aktuell ist PA in Europa als Sikkationsmittel fiir Kartoffeln, zur Entfernung
von Stockaustrieben (z.B. im Weinbau) sowie zur Unkrautbekdmpfung auf nicht landwirtschaftlich
genutzten Flachen zugelassen. Angesichts der zunehmenden Forderung, den Einsatz synthetischer
Herbizide in der Landwirtschaft zu reduzieren, sind weitere Forschungen sowohl zu den technischen
Aspekten der PA-Applikation als auch zu den 6konomischen Aspekten entscheidend, um den Einsatz
von PA im integrierten Unkraut- und Pflanzenmanagement zu fordern.
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Chapter 1: General Introduction

1.1 Perennial weeds

Perennial weeds are species that live for several years with vegetative reproduction ability (Hartzler
and Bubhler, 2007; Terresen et al., 2017) and are considered as important species in all cropping systems
from a global point of view (Hakansson, 2003; Hatcher, 2017). Due to the ability to develop vegetative
organs, they can withstand unfavorable conditions such as winter and water-deficient growing phases
(Hakansson, 1982). While various classifications for perennial weeds can be found in scientific
literature, such as those outlined by Hékansson (1982) and Korsmo (1930, 1954), this study specifically
adopts the classification presented in Hatcher (2017). According to Hatcher (2017), they are classified
as simple and creeping herbaceous perennials. The usual mode of reproduction for simple herbaceous
perennials is through seeds, except when they are subjected to cut, but creeping herbaceous perennials
propagate through both seeds and vegetative organs (Hatcher, 2017). Their vegetative reproduction
modes are diverse, including creeping stems (stolons and runners) (Hatcher, 2017) and creeping root
system (thickened plagiotropic roots) with buds capable of generating new shoots (Hakansson, 1982;
Hatcher, 2017). The root system structure is referred to as a “clonal fragment” (Bittebiere et al., 2020).
This structure can be broken into smaller pieces by various soil mechanical practices, such as tillage
(Hakansson, 1982; Hékansson, 2003). These smaller pieces are known as “ramets” (Bittebiere et al.,
2020; Terresen and Gerowitt, 2022). A ramet is an individual plant unit that has the potential to survive
independently and generate new plants (Hatcher, 2017; Bittebiere et al., 2020). Ramets derived from the
same clonal fragment are genetically identical to the original mother plant (Bittebiere et al., 2020;
Torresen and Gerowitt, 2022).

Perennial weeds pose substantial challenges to agricultural productivity particularly in organic
agriculture (Melander et al., 2012). They are capable of enduring, continuously expanding, and
competing with crops for essential resources (Ramesh et al., 2017). Within the category of perennials
with creeping root systems, C. arvense L. Scop. and S. arvensis L. are considered the most troublesome
weeds in temperate regions (Lemna and Messersmith, 1990; Tiley, 2010; Liew et al., 2013). These
species are widely present in various types of agricultural crops (Terresen et al., 2010; Brandsater et
al., 2017). For effectively controlling these perennial weeds, it is crucial to understand their biology
(Favreli¢re et al., 2020).

1.1.1 Biological attributes of Cirsium arvense

C. arvense, known as Canada thistle or creeping thistle, belongs to the Asteraceae family (Moore,
1975). Apart from rapidly spreading by horizontal creeping roots, C. arvense also produces numerous
flowers and seeds (Moore, 1975; Donald, 1994). This species is dioecious, meaning that female flowers
grow on separate plants from male flowers (Moore, 1975; Tiley, 2010). It is distributed globally and has
been identified in various regions, including Canada, the USA, Europe, Asia (Tiley, 2010), Africa, New
Zealand, and Australia (Moore, 1975; Amor and Harris, 1975; Bourdot et al., 2015). The habitat of the
species is characterized by moderate temperatures and a rainfall range of 400-750 mm (Detmers, 1927).
This species exhibits adaptability to a wide variety of soils (Reed, 1970); however, silt loams offer an
optimal environment for C. arvense growth (Hodgson, 1968). Well-drained fertile soil facilitates robust
growth, whereas poorly aerated soils or water-saturated soils can limit the growth (Hodgson, 1968;
Tiley, 2010). Areas with higher humidity are favorable for C. arvense (Moore, 1975; Hakansson 2003).
This species is commonly located near roads, railroad slopes, lawns, gardens, unused areas and disturbed
fields (Moore, 1975; Liew et al., 2013).

The plants persist continuously through their root system in wintertime (Liew et al., 2013). While
the aboveground shoots are destroyed by severe frost, the roots, which store plenty of nutrient reserve
(e.g., carbohydrates), endure the winter conditions, leading to the formation of numerous aboveground
shoots and the establishment of new, independent plants in the growing season each year (Moore, 1975;
Magnusson et al., 1987). In one season, the roots can extend up to 6 to 12 meters long (Hayden, 1934;
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Hamdoun, 1972). Approximately 54% of the roots are situated at depths ranging from 7 to 22 cm beneath
the soil surface, while 30% extend between 22 and 37 cm and 16% between 37 to 52 cm; however, root
penetration can reach depths of 2-3 meters (Hodgson, 1968). The amount of root extension is contingent
upon soil texture, fertility, moisture, and vegetative cover (Hayden, 1934). Individual roots have a
lifespan of approximately 2 years (Fykse, 1977), after which the new roots that originate from the
existing ones replace them (Moore, 1975; Fykse, 1977). The root fragments, aged between 6 weeks and
2 years, give rise to visible aboveground shoots (Moore, 1975). The quantity of accessible nutrient
reserves in the underground parts of C. arvense changes over the course of the year (McAllister and
Haderlie, 1985). Seely (1952) discovered that after cultivation, the nutrient reserve in the roots remains
fairly stable for about 30 days but then starts to increase. The lowest point in nutrient reserve in the root
system occurs in early June, coinciding with the onset of flowering (Welton et al., 1929; Weigel, 2024).
Bakker (1960) noted a decline in water-soluble sugars in the roots from spring until June, with a
consistent level during flowering (June-August), followed by a rapid increase to a high level in
September and October. Hodgson (1968) found similar patterns in his research in Montana. It was
observed that 5 out of 36 root fragments, with a thickness of 3-6 mm and a length of § mm, were capable
of producing shoots (Moore, 1975). Additionally, all root fragments with a length of 10 to 13 mm could
potentially contribute to shoot production (Hamdoun, 1972; Moore, 1975; Nadeau and Vanden Born,
1989).

Detmers (1927) reported that a single robust shoot of C. arvense has the potential to produce 100
heads in a season, while Bakker (1960) discovered a range of 32 to 69 heads per shoot under favorable
growth conditions. In this species, the flowers require insects for pollination (Moor, 1975; Tiley, 2010;
Leathwick and Bourdét, 2012). The quantity of seeds generated is contingent on the effectiveness of the
pollination process (Bakker, 1960). Hayden (1934) noted that substantial quantities of seeds were
produced when male and female plants were within 33 meters of each other. However, only 2-3 seeds
per head were formed when they were separated by distances ranging from 160 to 200 meters. Hodgson
(1968) observed significant seed production when the male and female plants were growing within 16.5
meters. A single plant exhibits the potential to generate up to 5300 seeds, but an average production of
1530 seeds is more commonly observed (Moore, 1975). Seedlings can establish themselves in disturbed
soil but will not survive in conditions of strong competition and low light intensity (Hodgson, 1968;
Bakker, 1960). If the seedling survives, it initially forms a tap-fibrous root, which thickens within a few
months and gives rise to lateral roots spreading horizontally (Tiley, 2010). After reaching a length of 6-
12 cm, the horizontal roots develop, and aerial shoots emerge from the buds on them (Moore, 1975;
Tiley, 2010). One seedling has the potential to generate a large patch of aboveground shoots, and the
clone's expansion can persist continuously, with clusters of shoots, gaining independence when the root
system is fragmented (Tiley, 2010). The introduction of a single plant can lead to a large infestation, but
no seed production occurs in such instances (Moore, 1975). For seed production to happen, both male
and female plants are necessary (Moore, 1975; Tiley, 2010), implying the need for multiple
introductions in an area (Moore, 1975).

1.1.2 Biological attributes of Sonchus arvensis

S. arvensis, known as perennial sow thistle, is a member of the Asteraceae (Compositae) family
(Lemna and Messersmith, 1990; Zollinger and Kells, 1991) and described in the literature as a robust,
deep-rooted perennial herb (Lemna and Messersmith, 1990). Similar to C. arvense, this species can be
propagated both vegetative and by seeds (Zollinger, 1989; Anbari et al., 2016). Geographically, S.
arvensis is present across Europe, western Asia, and Iceland (Lemna and Messersmith, 1990). Although
distributed throughout Europe, it is most common in northwestern Europe and temperate zones of the
world (Liew et al., 2013; Brandsater et al., 2020), occurring less frequently in central Europe, and it is
considered rare in southern Europe (Lemna and Messersmith, 1990). It can be found in Canada, North
America, South America, New Zealand, and Australia (Peschken et al., 1983; Lemna and Messersmith,
1990). S. arvensis is compatible with various soil types but tends to occur more frequently in loam soils,
with a preference for moist fine-textured soils over dry, coarse-textured sand (Zollinger and Kells,
1993). It is sensitive to soil compaction (Anbari, 2015). Another research indicated that the infestation
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of this species in uncompact cultivated moist soils was higher compared to artificially compact moist
soils (Njoes, 1982; Lemna and Messersmith, 1990). Due to soil compaction caused by prolonged use of
minimal cultivation, the creeping roots of S. arvensis are restricted to spreading near the soil surface
(Mokshin, 1978). Typically, this species thrives in temperate regions with higher precipitation levels
and sunny conditions (Lemna and Messersmith, 1990). S. arvensis is prevalent along roadsides,
riverbanks, lakeshores, and in waste areas and cultivated fields (Surat et al., 2008; Liew et al., 2013;
Anbari, 2015). The plants are susceptible to light frosts, and frost conditions have the potential to kill
leaves and stems (Lemna and Messersmith, 1990).

The creeping roots of S. arvensis play a crucial role in the rapid colonization of new areas and
ensuring persistence despite cultivation and disturbances (Surat et al., 2008; Anbari, 2015). These roots
are located at soil depths of 5 to 12 cm (Arny, 1932), originating from branched, shortened spindle-
shaped primary roots (Korsmo, 1954) and are typically 0.25 to 0.5 cm in diameter (hardly reaching 1
cm) (Amy, 1932). New root branches may emerge from either existing roots or adventitious roots
forming in the subterranean parts of aerial stems (Lemna and Messersmith, 1990). Vertical roots can
penetrate into depths of 2 meters (Arny, 1932). The buds, which survive the winter on either vertical or
spreading roots or on the basal segments of aerial stems, can give rise to new shoots (Hékansson 1982).
Additionally, the weed can also persist through the winter in the form of seeds (Lemna and Messersmith,
1990).

When the soil temperature increases sufficiently, new shoots and roots begin to grow in an
established patch of S. arvensis in late April (Hakansson, 1969; Anbari, 2015). According to Hakansson
(1969), most shoots emerge from the top 10 cm of the soil, although it is plausible for some shoots to
emerge from a deeper part. The roots close to the soil surface produce small purplish leaves about a
week after the initial growth (Lemna and Messersmith, 1990), and adventitious root development begins
3 to 4 weeks later (Hakansson, 1969). At the 5-7 leaf stage, the initial thickening of new roots begins
(Hakansson and Wallgren, 1972; Taab, et al., 2018). By 3 months after the initial growth, creeping roots
have a diameter of 4 mm and can exceed 200 cm in length (Lemna and Messersmith, 1990; Anbari,
2015). By the middle of summer, the thickening of new roots stops, but new shoots continue to develop
from roots of 2-3 mm in diameter until the end of summer (Lemna and Messersmith, 1990). A root
fragment of 2.5 cm or smaller can produce plants if well-developed buds are present, and root fragments
with a length of 1 cm can generate a flowering plant in less than a year (Hakansson and Wallgren, 1972).

The amount of nutrient reserve in the underground storage tissue varies throughout the growing
period (Arny, 1932; Guncan, 1973). When the aboveground shoots of S. arvensis are in the 5-7 leaf
stage, the minimum belowground dry matter occurs (Hékansson, 1969; Hakansson and Wallgren, 1972),
which is the period before the new roots thicken. This condition represents the stage with the lowest
regenerative capacity following soil disturbance (Hakansson and Wallgren, 1972). During stem
elongation, when the flowers are developing, another period of reduced regenerative ability occurs in S.
arvensis. The new shoot emergence does not occur at the end of summer, and vegetative growth is
inhibited in autumn (Hakansson, 1969). Previous studies have suggested that S. arvensis has an innate
dormancy, restricting the formation of new shoots and roots from both new and old roots by the
beginning of autumn, even when roots are fragmented (Hékansson, 1982; Hékansson and Wallgren,
1972a). The dormancy period may develop due to decreasing temperatures, the senescence of top
growth, or decreasing day length (Lemna and Messersmith, 1990).

One S. arvensis plant has the ability to create a patch by propagation through its creeping root system
(Anbari, 2015), as explained before. Isolated patches cannot produce seeds, likely due to self-
incompatibility (Lemna and Messersmith, 1990). The exact maximum lifespan of roots is uncertain but
is at least 2 years (Hékansson, 1969). Vertical roots seldom survive beyond their second year (Lemna
and Messersmith, 1990). The formation of flowering stems starts at the 12-15 leaf stage (Hakansson,
1969). Typically, in the first days of July, flowering begins and continues until the end of the growing
season in late summer. Seeds will mature approximately 10 days after the onset of flowering (Anbari,
2015). Seeds do not germinate until the soil reaches a suitable temperature, and the majority of seedlings
typically emerge in the middle to late part of May (Lemna and Messersmith, 1990). S. arvensis flowers
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are self-incompatible and rely on insect pollination (Derscheid and Schultz, 1960; Tavaziva, 2012). S.
arvensis can produce between 150 and 240 fertile flowers, but the quantity of produced achenes differs
significantly among heads, plants, and locations because of various factors, including environmental
conditions and the presence of appropriate pollinators (Lemna and Messersmith, 1990). S. arvensis
usually bears an average of 30 achenes per head, with the potential to produce up to 50,000 achenes per
0.9 m? (Lemna and Messersmith, 1990). Depending on the environmental conditions each year, in wild
populations around 20 to 40 or 60 to 80 achenes per head can be produced (Derscheid and Schultz,
1960).

1.1.3 Economic importance of C. arvense and S. arvensis

The creeping thistle infestation is observed in various crops like wheat (Hodgson, 1968; Hodgson,
1977; Mamolos and Kalburtji, 2001), maize (Liska et al., 2007), legume crops (Golubinova and Ilieva,
2015), potatoes (Tyr, 2008), and Forage crops (Gabruck et al., 2013) as well as in pastures and ranges
(Bourdoét et al., 2011), where it competes with the crops for essential resources such as light, water, and
nutrients (Moore, 1975; Tavaziva, 2012). This competition decreases crop yield (Moore, 1975;
Favreliére et al., 2020). The range of crop yield decrease caused by C. arvense can be from 30% to 50%
when there are 15 to 20 shoots per m?, respectively (O'Sullivan et al., 1982, 1985; Favreliére et al., 2020;
Lacroix et al., 2021). Previous studies indicate that as the density of C. arvense extends further than ten
shoots per m?, the yield loss continues to rise, potentially reaching up to 70% in certain circumstances
(Tiley, 2010). The creeping thistle has been observed to decrease wheat density, subsequently
influencing wheat yield (Donald and Khan, 1996). Allelopathic effects could be the cause of yield loss
in some crops (Evans, 1984; Pilipavicius and Romaneckas, 2014; Golubinova and Ilieva, 2015;
Favreliére et al., 2020). Studies by Hodgson (1968, 1977) showed that in the USA, the creeping thistle
had a significant negative impact on spring wheat yield.

Perennial sow-thistle infestations lead to economic losses due to decreased crop yield (Zollinger,
1989; Tavaziva, 2012), higher costs for cultivation and herbicide application (Lemna and Messersmith,
1990; Tavaziva, 2012), and a decline in the value of the affected land (Lemna and Messersmith, 1990).
S. arvensis is frequently found in numerous cereal and oilseed crops in the northern area of Canada and
the USA (Peschken et al., 1983). It is also a significant problem in countries like Hungary, Norway,
Poland, east Europe and Russia (Lemna and Messersmith, 1990). In one instance, a patch of this plant
reduced oat yield by 69% (Zollinger, 1989). Another study showed that having 70 shoots of this plant
per m? decreased oat yield by 25% (Friesen and Shebeski, 1960). S. arvensis densities of 3 to 15 plants
per m? caused a 4.5 to 21% reduction in spring wheat yield (Shashkov et al., 1977; Zollinger, 1989).

1.1.4 Control methods

Due to the importance of creeping thistle and perennial sow thistle, numerous studies have
investigated control methods (Lemna and Messersmith, 1990; Hakansson, 2003; Vanhala et al., 2006;
Knudson, 2009; Juneau, 2013; Anbari, 2015; Favreliere et al., 2020). The challenges in controlling them
arise from their perennial nature and their capacity to propagate through both spreading roots and seeds
(Moore, 1975; Lemna and Messersmith, 1990; Donald, 1994; Leathwick and Bourdét, 2012). The
response of both species to control measures is influenced by various factors such as climate conditions,
habitat, soil type, clonal structure, and the timing and the growth stage at which the control measures
are applied (Zollinger and Kells, 1991; Tworkoski, 1992; Donald, 1994; Krueger-Mangold et al., 2002;
Wilson and Michiels, 2003; Knudson, 2009; Anbari, 2015). Since the early 1900s, various management
strategies have been developed (Hodgson, 1968; Knudson, 2009) and can be categorized into three major
groups: cultural and preventive methods, physical or mechanical methods, and chemical methods
(Vidme, 1961; Vanhala et al., 2006; Knudson, 2009; Chhokar et al., 2012; Juneau, 2013; Favreli¢re et
al., 2020). Examples of preventive methods include using uncontaminated seeds (Chhokar et al., 2012)
and fertilizers (Hékansson, 2003; Knudson, 2009; Chhokar et al., 2012). Cultural methods encompass
practices such as crop rotation and planting competitive crops (Hakansson, 2003; Knudson, 2009).
Tillage, mowing, and mulching are also exemplars of mechanical methods, (Hakansson, 2003; Vanhala
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et al., 2006; Anbari, 2015). Moreover, the utilization of bioherbicide is another defoliation strategy
(Ringselle et al., 2020) that has been increasingly investigated in recent years (Cordeau et al., 2016).

Effective management of C. arvense and S. arvensis typically demands contributions from all three
management categories (Vanhala et al 2006; Melander et al., 2012). To balance the cropping system and
minimize the risk of perennials proliferating uncontrollably, preventive and cultural methods are
essential. However, cropping systems often need to accommodate various interests, leading to situations
that may favor perennials. In such cases, direct control methods become necessary to manage the weeds
(Melander et al., 2012). Some of these measures will be described in detail in the following sections.

1.1.4.1 Cultural methods
Crop rotation

Crop selection and rotation are key factors in an effective weed management strategy (Cook et al.,
2018; Ofosu et al., 2023). Before the introduction of chemical weed control methods, rotations played a
crucial role in establishing good farming practices (Cook et al., 2018), reducing pest and disease
occurrence while enhancing soil fertility (Baral, 2012; Cook et al., 2018). According to Cook et al.
(2018), to manage perennial weeds such as creeping thistle and sow thistle in potato fields, it is advisable
to suppress them in previous crops in the rotation cycle, as there are limited effective weed control
methods available for potatoes against these particular weeds. As noted by Vanhala et al. (2006), a red
clover-timothy ley rotation with spring barley reduced S. arvensis biomass but not density.

Competitive crops (main and subsidiary crops)

Numerous studies have investigated the use of competitive plant species to control creeping thistle
(Moor, 1975; Knudson, 2009; Sciegienka, 2009; Tiley, 2010; Favreliére et al., 2020) and sow thistle
(Sjursen et al., 2012; Anbari, 2015). The photosynthetic capacity and development of weeds become
restricted in competition for light, which can be achieved by various means such as sowing crops that
provide substantial soil cover, planting tall crops, and reducing row space (Favreliére et al., 2020).
Competition for water and nutrients is influenced by root system characteristics (Dunbabin, 2007;
Favrelicre et al., 2020). C. arvense and S. arvensis have deep root systems, reaching depths of several
meters, affording them a competitive advantage relative to numerous cultivated species (Hayden, 1934;
Moore, 1975; Lemna and Messersmith, 1990; Eckersten et al., 2010; Anbari, 2015). Since C. arvense
roots can penetrate deep into the soil, competing with it requires a deep-rooted crop like alfalfa, which
allows the crop to absorb nutrients and water from the same depth, thereby increasing its ability to
compete more effectively. (Donald, 1990; Nadeau and Vanden Born, 1989; Favreliére et al., 2020).
Competitive “smother” crops have been suggested in various studies as a control method for creeping
thistle, as it was observed that this weed could not tolerate shade (Donald, 1990). Another research
testing artificial shade reported biomass reduction in S. arvensis (Putri et al., 2018). Significant
reductions in C. arvense have been observed with the use of cover crops, such as sudangrass (Bicksler
etal., 2012; Wedryk and Cardina, 2012). Preparing the soil early in summer and establishing a crop with
a dense autumn canopy, such as a fast-growing or tall cash crop or cover crop, is an effective strategy
to suppress late-autumn sprouting of C. arvense (Bicksler et al., 2012; Wedryk and Cardina, 2012;
Terresen and Gerowitt, 2022).

1.1.4.2 Mechanical methods
Tillage (plowing, harrowing and stubble cultivation)

Since the introduction of tools like the hoe, harrow, and plow, tillage has remained the most important
technique for weed management (Ringselle et al., 2020). Several factors influence the response of weeds
to tillage, including the weed regenerative traits, the employed tillage method (such as depth and extent
of injury), environmental conditions and soil conditions (such as composition, temperature, and moisture
levels) (Hakansson, 2003). Generally, the use of a moldboard plow relocates weed propagules, such as
seeds, to deeper soil layers, thereby reducing their germination and emergence (Gruber and Claupein,
2008). In the case of perennial weeds, besides relocation, tillage treatments fragment subterranean plant
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structures, promoting the emergence of new shoots (Liew et al., 2012). This process aims to exhaust the
creeping roots and diminish their nutrient reserves, thereby inhibiting plant growth (Hakansson, 2003;
Liew et al., 2012). The control method can be conducted at or just before the compensation point, when
nutrient reserves in creeping roots are at their lowest level, there is no immediate new supply from
photosynthesis and therefore these weeds are at their most vulnerable stage and their resprouting is
reduced (Gustavsson, 1997; Nkurunziza and Streibig, 2011; Weigel, 2024). Several studies have focused
on the influence of tillage on controlling C. arvense and S. arvensis with regard to the aforementioned
aspects (Graglia et al., 2006; Lukashyk et al., 2008; Brandsater et al., 2010; Brandsater et al., 2011;
Thomsen et al., 2011; Melander et al., 2012; Brandsater et al., 2017).

By definition, according to KTBL (2020), stubble cultivation entails shallow tillage that brings
sprouted weeds and dispersed seeds to the surface and buries them, along with the stubble from unused
land or residue of the previous crop. Earlier research suggests that the most effective way to manage
perennial weeds is through stubble cultivation using shallow plowing prior to autumn harrowing
(Brandsater et al., 2012; Brandsater et al., 2017). However, comparable control to shallow plowing
followed by harrowing can be obtained through rotary tillage for stubble cultivation (Brandsater et al.,
2012). In the management of C. arvense, shallow plowing, coupled with a second round in late autumn,
has proven to be effective (Gruber and Claupein, 2009; Brandseter et al., 2012). Additionally, Melander
et al. (2012) concluded that intensive post-harvest cultivation combined with deep inverting tillage
effectively controls perennial weeds on sandy soils, though the degree of efficacy can vary among weed
species.

Mowing and hoeing

Mowing and hoeing have the potential to effectively control S. arvensis and C. arvense (Vanhala et
al., 2002; Anbari et al 2016; Melander et al., 2012). Frequent defoliation caused by mowing reduces
root assimilates, eventually depleting food reserves in the roots through repeated sprouting (Graglia et
al. 2006; Lukashyk et al. 2008; Brandszter et al. 2012; Anbari et al., 2016). Mowing is more sustainable
than tillage operations, as it causes less erosion and nutrient leaching and consumes less energy
(Brandsaeter et al., 2012).

Mowing of C. arvense at various growth stages, particularly during the eight-to-ten-leaf stage, has
been evaluated in several studies, which found significant decreases in C. arvense aboveground biomass,
biomass per shoot (Tavaziva et al., 2019), shoot density (Verwijst et al., 2017; Tavaziva et al., 2019),
and consequently seed production (Verwijst et al., 2018). S. arvensis is also quite vulnerable to
defoliation and burial if the control measures are applied before the six-to-seven-leaf stage when it can
be eradicated with only a few repetitions (Hékansson, 1969; Liew, 2013). Additionally, the timing of
mowing may play a crucial role in managing both species due to the plant stage, the root reserve and
dormancy in the root (Detmers, 1927; Donald, 1990; Teasdale et al., 2007; Andersson et al., 2013).
According to the literature, repeated mowing as a single treatment often fails to control C. arvense
effectively (Teasdale et al., 2007; Favreliere et al., 2020).

Repeated hoeing can also stimulate regrowth of aerial parts, though its effectiveness in controlling
C. arvense is limited (Favreliére et al., 2020). Inter-row hoeing, when done repeatedly, may offer some
degree of control over S. arvensis and C. arvense (Graglia et al., 2006; Vanhala et al., 2006; Melander
et al., 2012; Brandsaeter et al., 2020). However, tools like weed harrows and finger weeders generally
fail to be effective (Melander et al., 2012 In barley cultivation with a row spacing of 24 cm, five to six
consecutive hoeing were performed, resulting in a reduction of C. arvense biomass; however, this
reduction was not statistically significant (Graglia et al., 2006). While the destruction of aerial parts only
offers limited control of C. arvense, it can be considered as part of a broader control strategy that
combines multiple practices (Favrelicre et al., 2020).

Other defoliation alternatives

Beyond mowing and cutting, there are several other methods to eliminate aboveground part of
perennial weeds without directly affecting belowground creeping roots (Ringselle et al., 2020; Peerzada
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and Chauhan, 2018). These include mechanical destructive treatments (e.g., air-propelled grit)
(Ringselle et al., 2020) and thermal control methods such as hot foam, flaming and hot water (Ringselle
et al., 2020; Antonopoulos et al., 2023). These alternatives are less researched compared to mowing,
particularly with regard to C. arvense and S. arvensis (Knudson, 2009; Pergher et al., 2019; Martelloni
et al., 2020: Antonopoulos et al., 2023). Flaming has had limited success in controlling creeping thistle,
with effectiveness depending on the season and soil moisture (Knudson, 2009). The results of one study
indicated that applying steam twice per growing season across the experimental plots was the most
effective method for controlling weeds such as S. arvensis and C. arvense in onion fields (Vasinauskiené
et al., 2019). The significant disadvantages of these methods are the regrowth of perennial weeds, and
the high energy and time requirements (Pergher et al., 2019; Ringselle et al., 2020; Martelloni et al.,
2020; Peerzada and Chauhan, 2018). However, they could be used selectively, between rows, or during
the period between crops (Pergher et al., 2019; Ringselle et al., 2020).

1.1.4.3 Chemical control

Starting from the 1940s, synthetic herbicides, including systemic ones, were introduced for weed
control (Hakansson, 2003). For many years, herbicides were applied to control both C. arvense and S.
arvensis (Brandsater et al., 2017); however, their efficacies varied from low to highly effective (Moor,
1975; Lemna and Messersmith, 1990; Juneau, 2013; Knudson, 2009; Fogelfors and Lundkvist, 2008).

Traditional herbicides for treating C. arvense and S. arvensis encompass a broad range of various
active ingredients. Among the commonly utilized ones are picloram, clopyralid, chlorsulfuron, mixture
of triclopyr and clopyralid, 2,4-D, and glyphosate (Devine and Born, 1985; Lemna and Messersmith,
1990; Fogelfors and Lundkvist, 2008; Knudson, 2009; Juneau, 2013). The effectiveness of herbicides
on C. arvense and S. arvensis varies, influenced by factors such as timing, frequency, application
method, year, growth stage, and even the specific plant ecotypes (Vidme, 1961; Lemna and
Messersmith, 1990; Knudson, 2009; Fogelfors and Lundkvist, 2008; Cripps et al., 2019). Frank and
Tworkoski (1994) found substantial variation in how different clones of C. arvense responded to various
herbicide treatments. They suggested that the diverse effects of chlorsulfuron, glyphosate, and clopyralid
on these clones might be attributed to genetic differences, potentially explaining why herbicides failed
to consistently suppress these plants. According to previous research, S. arvensis showed great tolerance
to many broadleaf herbicides (Lemna and Messersmith, 1990; Fogelfors and Lundkvist, 2008). Among
the abovementioned traditional herbicides, glyphosate has been effective as a pre-harvest treatment on
S. arvensis in Britain; however, application in the fall was reported to be less effective on S. arvensis
(Lemna and Messersmith, 1990).

Glyphosate, introduced in 1974, is a non-selective herbicide known for its unique mode of action
(Beckie et al., 2020; Kanatas et al., 2021). It is extensively utilized in agriculture for controlling weeds
(Duke and Powles, 2008; Benbrook, 2016). Glyphosate's success is attributed to several factors: its
effectiveness as a broad-spectrum herbicide, its excellent translocation properties, and its unique
mechanism of inhibiting the EPSPS enzyme, with no competing analogs and low cost (Duke and Powles,
2008; Kanatas et al., 2021). The increasing use of glyphosate highlights concerns related to potential
risks. Growing dependence on this broad-spectrum herbicide has led to the global spread of tolerant and
resistant weeds (Powles, 2008; Heap, 2014; Owen et al., 2014; Benbrook, 2016). Farmers often increase
glyphosate application rates and spray more frequently to manage these tolerant weeds (Benbrook,
2016). Furthermore, due to environmental and health concerns about glyphosate addressed by some
studies in recent years (Van Bruggen et al., 2018; Paganelli et al., 2010), European governments decided
to impose restrictions on glyphosate use (Antier et al., 2020). In November 2022, the European Weed
Research Society (EWRS) evaluated the available alternatives to glyphosate and identified four essential
uses of glyphosate in EU cropping systems: managing perennial weeds, weed control in conservation
agriculture, vegetation management in tree and vine crops, and managing herbicide resistance (Neve et
al., 2024). Additionally, according to the EU Farm to Fork strategy, pesticide utilization should be
decreased by 50% by 2030 (Wesseler, 2022). Therefore, identifying and developing effective
alternatives is crucial, particularly given glyphosate's central role in managing perennial weeds and
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supporting conservation agriculture. Without viable substitutes, achieving the EU's pesticide reduction
goals will be challenging (Neve et al., 2024).

1.1.4.4 Biological solutions for weed control

There are various products, tools and strategies as biological solutions for weed problems under the
term “biocontrol”. According to Amichot et al. (2024), these biological solutions are classified into three
categories:

(1) Macroorganisms: Includes insects, nematodes, or mites, which can be either native or non-native
species.

(2) Microorganisms: Encompasses viruses, bacteria, oomycetes, or fungi.

(3) Natural active substances: Refers to natural substances derived from plants, animals, microbes,
or minerals, either naturally sourced or synthetically produced to mimic the natural versions.

In the EU, thirteen natural products have been authorized for use. Nine are formulated with bacterial
microorganisms, three with fungal microorganisms, and only one contains a natural plant extract as its
active ingredient (Torres-Pagén et al., 2024).

1.1.4.4.1 Biological weed control

Biological weed control is a technique used to reduce the population density, germination, and
growth of weeds to economically manageable levels by employing living organisms (natural enemies
or biotic agents) (Kremer, 2005). Therefore, this method of weed control belongs to the aforementioned
categories 1 and 2 (Amichot et al., 2024).

The biological control of C. arvense has been studied in numerous research efforts, whereas
investigations into S. arvensis in this regard have been less extensive (Berestetskiy et al., 2008).
Controlling the creeping thistle using organisms started in the 1950s due to concerns over herbicide use,
initially in North America and later in New Zealand (Tiley, 2010). Reviews by various researchers (e.g.,
Nuzzo, 1997; Cripps, et al., 2011; Miiller and Nentwig, 2011) indicated that existing biological control
methods for C. arvense are not sufficiently effective when applied as a single treatment. In another
investigation, efforts were made to introduce insects as biological control agents for Sonchus spp. in
Canada, but these efforts failed because the agents could not establish themselves (Lemna and
Messermith, 1990; Anbari, 2015). Nuzzo (1997) suggested combining biocontrol agents with other
herbicides for better results. It should be mentioned that the presence of a root damaging agent is
required since the most current available agents target the aerial parts of the plant (Ang et al., 1995;
Tiley, 2010). Due to the presence of a creeping root system with nutrient reserves, it is necessary to
deplete these reserves to weaken the perennial weeds and achieve effective control (Hakansson, 2003).
A root-feeding agent could damage the creeping roots and deplete these reserves (Ang et al., 1995).

1.1.4.4.2 Bio-herbicides

Some literature define bio-herbicides as plant pathogens, phytotoxins derived from pathogens or
other microorganisms, insects, or plant extracts that are applied to control weeds (Hoagland, 1996;
Hoagland et al., 2007; Hasan et al., 2021). In the current study, natural active substances or biochemicals
are considered as bio-herbicides and the definition of bio-herbicide is according to the aforementioned
category 3 of biological solutions by Amichot et al. (2024).

Bio-herbicides offer benefits over synthetic chemicals due to their short lifespan and the absence of
toxic residues in the environment (Saxena and Pandey, 2001). Recently, bio-herbicides have been
considered as an important component of weed control, serving as an alternative rather than a complete
replacement for chemical herbicides (Hasan et al., 2021). Many plant pathogens, particularly
necrotrophic and hemibiotrophic fungi, produce phytotoxins that cause disease, making them potential
sources of these valuable metabolites (Berestetskiy et al., 2008; Evidente et al., 2011). Microbial
phytotoxins or their synthetic equivalents could be developed into new herbicidal compounds (Evidente
and Motta, 2001; Berestetskiy et al., 2008). Metabolites derived from plants can also be an alternative
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for developing bio-herbicides in sustainable agriculture. These compounds have shown good potential
for weed control (Hasan et al., 2021; Acheuk et al., 2022). In nature, certain plants produce
allelochemicals such as alcohols, fatty acids, phenolics, flavonoids, terpenoids, and steroids that
suppress the growth and development of weeds (Hasan et al., 2021). Natural volatile compounds, known
as essential oils, obtained from various plant parts, including leaves, seeds, and flowers, have shown
phytotoxic effects (Acheuk et al., 2022). The development of natural herbicides based on organic acids
or essential oils represents a significant advancement in reducing adverse environmental impacts. Their
low persistence in the environment and reduced likelihood of inducing herbicide resistance are attributed
to the diverse modes of action of these natural products (Mufioz et al., 2022; Travlos et al., 2020).

Several microbial phytotoxins have shown potential as new agrochemicals for controlling S.
arvensis. Results of a study using fungal pathogen metabolites demonstrated the high toxicity of a
phytotoxin produced by Phoma exigua var. exigua on S. arvensis leaves (Anbari, 2015). Despite the
discovery of many metabolites with bio-herbicidal potential, most of them are not aggressive enough to
overcome weed defense mechanisms and provide effective weed control (Hoagland, 1996; Cripps, et
al., 2011; Miiller and Nentwig, 2011).

1.1.4.4.3 Pelargonic acid as bio-herbicide

Pelargonic acid (PA), also known as n-nonanoic acid (chemical formula: CH3(CH2)7CO2H), is a
saturated fatty acid found in various fruits and vegetables such as oranges and potatoes, as well as in
dairy products like milk (Ciriminna et al., 2019; Muifioz et al., 2022). It appears as a clear, oily liquid
with a faint yellow color at room temperature, characterized by a fatty odor, a hint of coconut flavor and
low solubility in water (Ciriminna et al., 2019). Widely recognized as a safe substance with respect to
toxicity parameters, PA is approved in multiple countries for various applications. (Johnson et al., 2011;
Ciriminna et al., 2019). It functions as a flavoring agent in food and is frequently employed in
commercial solutions for peeling fruits and vegetables. Additionally, it acts as a sanitizing or
antimicrobial agent in food products at concentrations of up to 1% (Ciriminna et al., 2019; White et al.,
2021). The US Environmental Protection Agency approved the first pesticide products containing
ammonium salt of PA as a bio-herbicide in 1992 (Campos Cuevas, 2023). This was the first generation
of natural herbicide products utilizing PA as the active ingredient (Ciriminna et al., 2019), which later
have been developed and authorized as blossom thinner (Fallahi, 1997; Ciriminna et al., 2019), sucker
killer in grapevine production (Bari¢ et al., 2018) and tobacco (Short et al., 2020), as desiccant in potato
(Coleman and Penner, 2006; Kardasz et al., 2019), dry bean, seed crops such as alfalfa, clovers and
cotton (Coleman and Penner, 2006). PA is widely employed globally for managing annual and perennial
broadleaf and grass weeds, as well as controlling mosses and other cryptogams in walkways, roads,
railways, parks, urban and residential areas, golf courses, gardens, and indoor environments (Ciriminna
et al., 2019). In the EU, according to the list of products published by the German Federal Office of
Consumer Protection and Food Safety (BVL) in July 2024, PA is primarily approved for use as a
herbicide in both professional and non-professional settings. Its applications include managing vine
shoots and suckers in vineyards, desiccating potato haulm, hop trimming, kill of root suckers in stone
fruit production, killing stolon in strawberry production and weed control in non-cultivated areas such
as paths, places with woody plants, and open areas. It is also approved for use on ornamental shrubs,
decorative lawns, and home gardens. Additionally, it is used to control weeds in ornamental shrubs and
turf.

PA functions as a non-selective, contact and burn-down herbicide, exerting its effect through cuticle
destabilization, similar to other short-chain fatty acids, resulting in rapid dehydration of plant tissues
(Coleman and Penner, 2006). To explain more precisely, PA induces two sequential processes during
its phytotoxic action: (i) it causes cellular membrane leakage by intercalating with the acid, and (ii) it
triggers light-driven peroxidative activity through singlet oxygen, resulting in necrosis of plant tissues
(Loddo et al., 2023). Obvious damage is perceived between 15 to 60 minutes following the application
(Kanatas et al., 2022) and the effect becomes more apparent within a few hours of application (Mufioz
et al., 2020; Travlos et al., 2020; Kanatas et al., 2022). However, since PA functions as a contact
herbicide and does not translocate within plants, only the plant parts directly exposed to spray droplets
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are affected and exhibit necrosis (Kanatas et al., 2022; Pannacci et al., 2022; Loddo et al., 2023). To my
knowledge, the use of PA as a bio-herbicide has not yet been tested on C. arvense and S. arvensis and
will be addressed in the upcoming chapters of this study.

1.2 Cover crop management

As mentioned in section 1.1.4.1, competitive plant species such as subsidiary crops are utilized as
control methods for perennial weeds e.g., creeping thistle and sow thistle (Teasdale et al., 2007; Sjursen
et al., 2012; Favreliere et al., 2020; Neve et al., 2024). The term "subsidiary crops" refers to crops that
are primarily grown for the various agroecological advantages they offer, rather than for economic yield
(Reimer et al., 2019; Lizarazo et al., 2020). Therefore, subsidiary crops encompass a wide range of crop
types, each serving different objectives, one of which is cover crops (Reimer et al., 2019). Cover crops
are extensively studied for their role in preventing soil erosion by improving soil health and minimizing
nutrient loss (Vukicevich et al., 2016; Wick et al., 2017; Banik et al., 2020; Tataridas et al., 2022). They
are beneficial in both conventional and organic farming (Masilionyte et al., 2017; Tataridas et al., 2022).
In perennial weed management, cover crops are one of the important non-chemical strategic methods
(Neve et al., 2024). Cover crops occupy an ecological niche comparable to that of weeds (Liebman and
Davis, 2000; Barberi, 2002) and therefore, they can compete with them for light, water, space, and
nutrients (Cook et al., 2018). Additionally, they may release allelopathic substances that suppress weed
development (Teasdale et al., 2007; Almoussawi et al., 2020). During fallow times, utilization of cover
cropping can effectively suppress perennial weeds (Blackshaw et al., 2001; Teasdale et al., 2007).
Blackshaw et al. (2001) observed that yellow sweet clover successfully controlled S. arvensis.
Additionally, a combination of cultivation and competitive cover crops in cereal-based rotations has
proven effective in managing significant perennial weeds, such as S. arvensis and C. arvense
(Hékansson, 2003). Cover cropping is likely to be most effective when competition occurs at the
perennial weeds’ compensation point (Teasdale et al., 2007).

In farming systems with reduced or no tillage, or with limited herbicide use, cover cropping plays a
crucial role in controlling perennial weeds (Teasdale et al., 2007). Managing cover crops involves
balancing their benefits and drawbacks (Lu et al., 2000). Key decisions, especially when using them for
weed control, include selecting the cover crop species, determining the sowing and termination times,
choosing the termination method, and deciding on the intensity of tillage (Lu et al., 2000; Salonen and
Ketoja, 2019). According to Salonen and Ketoja (2019), in northern latitudes where there is a limited
timespan for effective management, the integration of cover crops with other weed control methods and
consideration of an appropriate termination time are essential. It is important to effectively terminate the
cover crop (Kornecki and Kichler, 2022) to prevent it from becoming a problem for subsequent crops
and to avoid yield loss (Whalen et al., 2020). Cover crops can be terminated through frost in wintertime,
and by mowing, tillage, or herbicide application (Legleiter et al., 2012; Whalen et al., 2020; Kornecki
and Kichler, 2022). Non-selective herbicides like glyphosate are commonly used for termination due to
their effectiveness at any plant growth stage (Balkcom et al., 2020; Pittman et al., 2020). Winter cover
crops are often terminated in early to late spring with a non-selective herbicide, which also controls the
weeds (Rosario-Lebron et al., 2019). The timing of termination influences weed populations, cover crop
biomass, and soil residue (Rosario-Lebron et al., 2019; Balkcom et al., 2020). Early termination prevents
nitrogen depletion and speeds up residue decomposition, benefiting the next crop (Rosario-Lebron et
al., 2019), while late termination enhances weed suppression through greater biomass but can deplete
soil moisture, affecting the next crop (Rosario-Lebron et al., 2019; Pittman et al., 2020).

To mitigate the abovementioned risks when weed suppression is the target, herbicide application can
be utilized due to its rapid effect when the termination window is short and should be for instance closer
to the next crop's sowing time (Balkcom et al., 2020; Kornecki and Balkcom, 2020). However, concerns
over the environmental and health impacts of synthetic herbicides, particularly glyphosate, have led
European governments, such as Germany, to consider severe restrictions (Antier et al., 2020). In
response, for cover crop termination, alternative options like bio-herbicides can be explored due to their
rapid degradation and perceived advantages over synthetic chemicals (Hasan et al., 2021; Amichot et
al., 2024).
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1.3 Objectives of the study

The main objective of this thesis was to evaluate the herbicidal effect of PA on C. arvense and S.
arvensis, focusing on various application parameters. The efficacy of PA as a bio-herbicide for perennial
weed management, considering their creeping roots, was investigated.

From one perspective, cover crops suppress weeds and could therefore be used as an alternative
method to the utilization of synthetic herbicides, such as glyphosate, for controlling perennial weeds.
However, herbicide application is also a common method for terminating cover crops. Integrating cover
crop management into weed control strategies is essential for maximizing the suppression of perennial
weeds and preventing cover crops from becoming problematic in subsequent crops, thereby contributing
to sustainable agricultural practices. In this regard, the potential of pelargonic acid (PA) as a bioherbicide
for cover crop termination was investigated as a secondary aim.

The specific objectives include:

i.  Application parameters:
e Evaluating the impact of increasing the application volume on the efficacy of PA
e Assessing how the growth stage of C. arvense at the time of application influences the
herbicidal effectiveness of PA.
o Investigating the potential enhancement of PA efficacy on C. arvense by adding paraffin oil
as an adjuvant.

ii. Long-term efficacy and regrowth:

o Investigating the long-term impact of repeated PA applications over two consecutive years on
the same pots containing C. arvense and S. arvensis—where each large pot had a patch of one
species from a single ramet—while considering the initial size of the ramets.

e Comparing the herbicidal efficacy of PA with untreated control and glyphosate (GLY) to
comprehensively analyze PA’s effectiveness in perennial weed management.

iii.  Species-specific responses:
e Determining whether the initial ramet size influences PA efficacy and regrowth of C. arvense
and S. arvensis.
e Evaluating the differences in PA efficacy and regrowth between these perennial weeds,
focusing on the hypothesis that S. arvensis might be more susceptible to PA than C. arvense
due to seasonal variations in sprouting abilities.

iv.  Herbicide mixtures:

Exploring the efficacy of reduced PA dosage in combination with pyraflufen (PYR), a post-
emergence contact herbicide used to control broadleaf weed species, to determine if a reduced
dosage of PA can still achieve effective control.

v. Vegetation Indices (VIs) for assessing herbicide effectiveness in cover crop termination:

Evaluating the credibility and effectiveness of using RGB- and NIR-based vegetation indices,
derived from drone imagery, to measure herbicide effects on cover crop desiccation at different
assessment times post-application.

1.4 Chapter outline

In Chapter 2, the effects of different timings, application volumes, and adjuvant addition on PA
efficacy utilized for controlling C. arvense were investigated. Two application volumes and five plant
growth stages were tested in a semi-field experiment and a greenhouse experiment where paraffin oil
was added as an adjuvant to both PA application volumes to evaluate the potential increase in PA
herbicidal efficacy.
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In Chapter 3, the feasibility of repeated PA applications over two consecutive years on the same pots
of C. arvense and S. arvensis was examined. Each large pot contained a patch of either C. arvense or S.
arvensis from a single ramet, and the discussion considers the ramets’ initial size. PA's herbicidal impact
on the entire life cycle of these perennial weed species and their regrowth, which might not be captured
in shorter-term studies, were assessed. Additionally, the efficacy of PA as a bio-herbicide treatment was
compared to that of glyphosate. The study specifically focused on evaluating the influence of the initial
ramet size on PA efficacy after two applications over consecutive years to determine whether this factor
affects the efficacy and regrowth, and whether these two perennial species also differ from each other
in this regard.

In Chapter 4, the herbicidal potential of PA on cover crops compared with other chemical herbicides
was presented to narrow the knowledge gap in cover crop termination using bio-herbicides and
providing alternatives for synthetic herbicides. Additionally, the research verified the credibility of
RGB- and NIR-based vegetation indices derived from drone images to measure the effect of herbicides
on cover crop desiccation at different assessment times.
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2.1 Abstract

Pelargonic Acid (PA) is a naturally occurring fatty acid that is used as a bio-herbicide to control both
annual and perennial weeds. In this particular study, we investigated the effects of influencing factors
on the efficacy of PA on Cirsium arvense (L.) Scop. under semi-field and greenhouse conditions. For
this purpose, we examined the effects of different timings, application volumes, and adjuvants of PA to
control C. arvense. Two application volumes (10.9 kg PA at 200 L and 400 L water/ha), and five plant
growth stages were tested in a semi-field experiment. In a greenhouse experiment, Paraffin oil, as an
adjuvant, was added to both PA application volumes to evaluate the possible increase in PA herbicidal
efficacy. Our results showed that 10.9 kg PA in the volume of 400 L water/ha improved the PA efficacy.
Paraffin oil, as an adjuvant, can enhance PA efficacy. The most effective times to control using PA were
early-elongation and the seven-to-ten leaf stages for C. arvense. We conclude that 10.9 kg PA with an
application volume of 400 L/ha and added adjuvant is a mixture with a herbicidal potential when applied
at an earlier stage of C. arvense.

Keywords: bio-herbicide, Cirsium arvense, pelargonic acid, perennial weed

2.2 Introduction

Cirsium arvense known as creeping thistle is a perennial weed with a creeping root system that is
difficult to control in all kinds of farming systems with reduced or no reliance on herbicides (Bicksler
and Masiunas, 2009). In recent years, there has been a growing interest in implementing more
environmental-friendly practices towards weed management. Bio-herbicides are alternatives for weed
control (Abouziena and Hagaag, 2016). Since 2015, following the authorization of the active ingredient
pelargonic acid, one bio-herbicide (Beloukha®) is registered within the EU for defoliation (Cordeau et
al., 2016). Pelargonic Acid (PA) is a non-selective and broad-spectrum contact herbicide. Its herbicidal
activity is a rapid membrane dysfunction resulting from an intracellular pH-reduction that causes loss
of membrane integrity and, finally, cell death. The phytotoxic effects and necrotic lesions are visible
within a short time after treatment (Travlos et al., 2020). Yet, it has so far not been tested on controlling
perennials.

Previous studies on herbicidal effects of PA recommend further investigation on the improvement of
PA efficacy (Muioz et al., 2020; Travlos et al., 2020). Various factors such as growth stage of weeds at
the time of herbicide application, carrier volume and, adjuvants affect herbicide efficacy (Knoche, 1994;
Kieloch and Domaradzki, 2011). Depending on the type of herbicide, increasing carrier volume leads to
improved herbicide efficacy (Knoche, 1994; Bolat et al., 2018). Adding adjuvant, e.g., paraffin oil, is
commonly used to improve the herbicide performance (Burroughs et al., 1999). According to Mcwhorter
et al. (1992), droplets of herbicide applied with paraffin oil spread 100 times greater than when the
herbicide is applied alone. As PA is an emulsifiable contact herbicide with a hydrophobic characteristic
(Kegley et al., 2010), a potential exists for paraffin oil to enhance the PA performance by reducing
surface tension and spreading droplets on the leaf surface.
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The specific objectives of this study are to determine whether (1) the efficacy of PA on C. arvense
enhances by increasing the application volume, (2) the growth stage of C. arvense at application time
affects PA efficacy and (3) paraffin oil increases the PA efficacy on this weed.

2.3 Materials and Methods
Experimental setup

This study contains two experiments that were carried out at the University of Rostock. In December
2019, creeping roots of C. arvense were collected from Rostock university field, planted, and kept in
culture by propagation in pots at the greenhouse. For both experiments, roots of >3 mm in diameter were
cut into pieces of 5 cm length and were planted directly at 5 cm soil depth, one piece each pot. Pot size
in the first experiment was 12 L and in the second 4 L. The selection of various pot sizes was due to the
final plant size, plant growth, and experiment duration. The soil mixture was % field soil, ¥4 potting soil,
and % compost. In this research, Beloukha® (680 g/L of pelargonic acid) was used as PA and Promanal
HP® (830 g/L. of paraffin oil) used as Paraffin oil. Promanal HP® is registered as plant protection
product in Germany (Register of Plant Protection Products, 2021). We used Promanal HP® due to the
high content of paraffin oil per liter.

Experiment 1

In spring 2020, a factorial pot experiment with four replicates was set up under semi-field conditions
to examine the effects of application volume and growth stage on PA efficacy. Roots of C. arvense were
planted at five different dates with ten-day intervals to have five growth stages at the application date.
Treatments were applied using a plot-spraying device with a pressure of 2.1 bar and speed of 4
kilometers per hour. Flat jet nozzles size 02 and 04, respectively, were used for 200 L and 400 L
application volume. The treatments are given in Table 1.

Table 1. Treatments in Experiments 1 and 2.

Experiment 1 Experiment 2

Growth stage Adjuvant

Early-development = 17 < BBCH PR = 6.2 kg/ha Paraftfin oil

Seven-to-ten-leaf = 17 < BBCH < 21 PA2 =10.9 kg/ha Pelargonic Acid in 2001 Water
Side-shoot-formation =21 < BBCH < 30 PA4 =10.9 kg/ha Pelargonic Acid in 4001 Water
Early-elongation =30 < BBCH <38 PA2 PR=PA2+PR

Late-elongation =38 < BBCH <45 PA4 PR =PA4 +PR

Ctrl = Untreated Control
Application volume
Untreated control
PA200 =10.9 kg PA in 200 1/ha water
PA400 =10.9 kg PA in 400 1/ha water

Experiment 2

To test the improvement of PA efficacy on the best growth stage by increasing the application volume
and adding an adjuvant, the second experiment was designed as a completely randomized pot
experiment with six replicates. This experiment was conducted in November 2020 and repeated in
February 2021 under greenhouse conditions. Plants were at the seven-to-ten leaf stage at the application
date. Treatments were applied using a stationary application system with a speed of 0.675 km/h at a
pressure of 1.8 bar. The treatments are given in Table 1.

Assessments

Above and belowground dry biomass were measured. Percent reduction of dry weight compared to
the untreated control plants was defined as the efficacy of the treatments, and the calculation was as
follow (Javaid and Tanveer, 2013):

dry biomass of untreated control — dry biomass of treated plant
X

100
dry biomass of untreated control

Herbicide Ef ficacy(%) =

In experiment 2, the growth parameters such as shoot height were measured at 1, 3, 7, 14 and 21 days
after treatment (DAT).
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Statistical analysis

Linear mixed models were used in experiment 1 analysis with two factors (application volume,
growth stage). In this analysis, two factors (Growth-stage with five levels and Application volume with
two levels) and their interaction were fixed effects. Replicates were random effects. To analyze
Experiment 2, LMMs were fitted, considering herbicide treatments as fixed effects and replicates of
each treatment and repetition of the whole experiment as random effects. We performed all statistical
analysis in R version 4.0.4 (R Core Team, 2021). R-package lme4 was used to run the Linear Mixed
Model analysis (LMMs).

2.4 Results and Discussion

Experiment 1

Linear Mixed Model analysis on the efficacy of PA with different application volumes showed that
the fixed effect of application volume on both shoot and root biomass was significant (Tab. 2). The
highest efficacy on the root biomass (72%) and shoot biomass (65%) was obtained from PA400 at the
early-elongation stage. For the late-elongation and seven-to-ten-leaf stages, the PA400 efficacy on shoot
biomass was respectively 56% and 58%. It was 61% on root biomass for both growth stages. There was
a significant difference between growth stages for PA400 efficacy on shoot and root biomass (p<0.05).
The PA200 efficacy on roots was 17% to 46% (early-elongation stage) and 14% to 47% on shoots (early-
elongation stage). However, the growth stages were not significantly different from each other in the
PA200 efficacy on root biomass (Table 2).

Results of Experiment 1 showed that increasing the water volume improved the PA efficacy on C.
arvense. In the seven-to-ten leaf stage, PA with higher application volume caused approximately 15%
more reduction on both shoot and root biomass. It enhanced the PA efficacy up to 30% and 40% on root
and shoot biomass, respectively, for early- and late-elongation stages. According to our research, early-
elongation stage exhibited the most constant and highest efficacy of herbicides. This means that C.
arvense is vulnerable at early-elongation stage. This confirms findings of other studies on the C. arvense.
Hodgson (1968) found that the carbohydrate root reserves in C. arvense declined from early spring to a
minimum in June before the appearance of flower buds. Other studies by Bakker (1960), Sagar and
Rawson (1964) and Wilson et al. (2006) showed the same results. Another report mentioned that
mowing in the time before the opening of flower buds, compared to other times could more effectively
suppress C. arvense (Gustavsson, 1997).

Table 2. Linear Mixed Models’: Efficacy of PA400 and PA200 on the root and shoot biomass of five growth
stages of Cirsium arvense

Efficacy on root biomass (%) Efficacy shoot biomass (%)
Growth stage Mean Pr(>|t)) Mean Pr(>|t|)

= Late-elongation 36.8 9.55e-05 *** 15.6 9.82e-03 **
% g § Early-elongation 425 6.19¢-01 46.8 6.50e-04 ***
2 29 Side-shoot-formation 25.6 3.34e-01 16.7 9.38e-01
> E) Seven-to-ten-leaf 46.4 4.06e-01 43.4 1.75e-03 **
< Early-development 17.4 1.006e-01 14.1 8.49-01
= Late-elongation 61.5 3.87e-02%* 56.1 1.26e-05 ***
ug g g Early-elongation 71.8 3.70e-01 64.8 2.87e-01
2 =2 25" Side-shoot-formation 29.6 9.30e-03 ** 22.5 4.26e-02 *
& ° &  Seven-to-ten-leaf 61.1 9.73¢-01 58.5 7.76e-01
<« Early-development 15.0 3.56e-04 *** 17.9 1.57e-04 ***

Significance codes: *P < 0.05, **P < 0.01 and ***P < 0.001.
For both application volumes, the p values for each growth stage were compared to the growth stage Late-Elongation
(intercept of LMMs)

In our research, the seven-to-ten leaf stage occurred before the stem elongation. Applications at this
growth stage showed a high efficacy on both root and shoot biomass for both application volumes. These
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results were in line with previous studies on aboveground disturbance of C. arvense. According to
Verwijst et al. (2018), applying aboveground disturbance at the minimum regenerative capacity of C.
arvense reduces the carbohydrate reserve of the roots. It prevents root extension and leads to an
aboveground biomass reduction. The eight-to-ten-leaf stage is the growth stage in which this plant is
most vulnerable to aboveground disturbance (Gustavsson, 1997). Tavaziva et al. (2019) reported the
high efficacy of herbicide on C. arvense at the four-to-ten leaf stage.

Experiment 2

According to the Linear Mixed Model, the two repetitions of the experiment 2 had the same trend in
all evaluated traits and were not significantly different from each other (Figure 1 and 2).

The day before application (DAT-0), the plant's height in all treatments was 6 to 8§ cm. After applying
the treatments, in the PA and PA_ PR treatments the C. arvense growth stopped (Figure 1). C. arvense
height declined or did not change until DAT-7. The difference between the untreated control and PR
with PA4 and PA4_ PR treatments was significant at DAT-3 (P<0.05) and continued to be the same until
DAT-21. The regrowth started at DAT-7. Plants began to regrow from the underground parts or
aboveground broken parts. The regrowth was significantly slower for PA4 PR compared to all the
others (p<0.001). At DAT-21, the height for untreated control and PR were 40 cm while it was around
9 cm for PA4 PR (p <0.001).

The results on the efficacy of PA with paraffin oil (Figure 2) showed that the highest efficacy on
shoot and root biomass caused by PA4 PR was 79% and 80%, respectively. These efficacies were
significantly higher than the PR and PA2 PR. Efficacy on root biomass was 10 to 20% higher than PA2
(69%) and PA2 PR (61%). PA4 showed 78% efficacy on C. arvense shoot and root biomass. Both were
significantly higher than PR and PR2_PR treatments.
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Figure 1. Linear Mixed Model: Effects of Pelargonic acid (PA) with different application volume after adding Paraffin oil
as adjuvant on shoot height of Cirsium arvense. Treatments: see Table 1. DAT-0 = the day before application of the treatments.

Overall, PA resulted in better C. arvense control when applied with paraffin oil. According to
previous studies, adding an adjuvant to PA could improve its efficacy in reducing the biomass of weed
species. Coleman and Penner (2008) reported the increase of PA efficacy after adding organic acids on
C. arvense and some other weed species. In another research on Lolium rigidum Gaud., Avena sterilis
L. and Galium aparine L., pelargonic acid formulations including maleic hydrazide and manuka oil as
adjuvants showed higher efficacy compared to the formulation without adjuvant (Travlos et al., 2020).
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Figure 2. Efficacy of PA with different application volume after adding Paraffin oil as adjuvant. A: Efficacy on root
biomass, B: Efficacy on shoot biomass. Treatments: see Table 1. Linear Mixed Model analysis. Different letters denote
significant differences (p<0.05) according to the pairwise comparison of means by Tukey contrast.

Increasing the application volume to 400 L and adding 6.2 kg/ha Paraffin oil caused 10% to 20%
more reduction in root and shoot biomass of C. arvense compared to PA with lower application volume
and without adjuvant.

We conclude that PA with an application volume of 400 L/ha and added adjuvant is a mixture with
a herbicidal potential on C. arvense. However, our recommendation is to test it in field conditions.
According to our results, there are two growth stages of C. arvense at which the efficacy of PA is
promising: (1) the early-elongation stage before the appearance of flower buds. At this stage, the plant
uses the assimilates to develop aboveground parts, and less assimilates are stored in the roots. In the
case of herbicide application at this stage, compensating the damage by the plant leads to reduced root
extension and overall biomass reduction. (2) The seven-to-ten leaf stage at which the plant is at its
minimum regenerative capacity. Application of herbicide at this stage will postpone the plant
development and reduces both above and belowground biomass.

Beloukha® is registered for grapevine to destroy suckers and control weeds, and for desiccation of
potatoes (German Register of Plant Protection Products, 2021). Bio-herbicides like PA could in addition
assist in agro-ecological management by terminating the shoots of perennial weeds without ploughing.
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3.1 Abstract

Synthetic herbicides are used for perennial weed management, but owing to environmental and
health concerns they face increasing regulatory restrictions. Consequently, there is growing interest in
ecologically friendly alternatives including bio-herbicides based on natural compounds such as the
active ingredient pelargonic acid (PA). PA acts as a broad-spectrum non-selective contact herbicide.
However, when used as a contact herbicide, regrowth of the aboveground parts of plants still presents a
challenge. The aim of this study was to investigate the control effect of a two-year application of PA on
perennial weeds. The study was conducted between spring 2020 and autumn 2021 as a semi-field
experiment. The factors were two levels of weed species (Cirsium arvense and Sonchus arvensis), three
levels of herbicide treatment (untreated control, PA, and glyphosate), and three levels of initial ramet
size (5, 10, and 15 cm). The results showed that a two-year application of PA increased its efficacy on
C. arvense and S. arvensis when combined with the smaller initial ramet size (5 cm), but did not prevent
regrowth in either species. PA efficacy was greater on C. arvense than on S. arvensis. The plant coverage
decreased by 24% when the initial ramet size was 5 cm for C. arvense, while for S. arvensis with the
same initial ramet size it was reduced by just 4%. For PA-treated C. arvense with an initial ramet size
of 5 cm, aboveground biomass and belowground biomass were reduced by 43% and 22% respectively.
In S. arvensis, the reductions in aboveground and belowground biomass for an initial ramet size of 5 cm
were 13% and 12% respectively. In general, PA efficacy was not as high as glyphosate efficacy for both
species. In conclusion, the results revealed that after PA application the regrowth of shoots from the
creeping roots in C. arvense and S. arvensis decreased when the initial ramet size was 5 cm. This
reduction suggests that PA efficacy on these plants increases when it is applied repeatedly on the same
patches with smaller initial root fragments.

Keywords: perennial weeds, bio-herbicide, ramet, creeping thistle, sow-thistle

3.2 Introduction

As perennial weeds, Cirsium arvense (L.) Scop. and Sonchus arvensis L. represent significant threats
to agricultural productivity due to their ability to persist and spread over time and compete with crops
for resources (Ramesh et al., 2017). C. arvense (creeping thistle) and S. arvensis (sow thistle) are found
in various crops and are considered highly problematic in temperate regions (Liew et al., 2013; Terresen
and Gerowitt, 2022; Andert et al., 2023). Both weeds form patches and mainly have rapid vegetative
reproduction through their subterranean reproductive organs (horizontal creeping roots) and abundant
seed production (Terresen and Gerowitt, 2022). Their allelopathic effects on some crops, especially the
prevention of seed germination or seedling growth have been reported in previous studies (Szabd and
Halbritter, 2015; Bashir et al., 2018; Egushova and Anokhina, 2022).

There are various control methods for these weeds, including chemical, mechanical, and cultural
methods (Melander et al., 2012). The common chemical control method for perennial weeds is the use
of systemic herbicides, e.g., the non-selective active ingredient glyphosate in the intercropping period
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(Beckie et al., 2020). Furthermore, certain systemic herbicides are registered for application during the
cropping period, e.g., the active ingredient metsulfuron-methyl can be used in cereals, effectively
controlling a broad spectrum of weeds including C. arvense (Bhullar et al., 2013; Zargar et al., 2019).
For decades, synthetic herbicides have been crucial for perennial weed control owing to their practical
and financial advantages (Loddo et al., 2023). However, for herbicides such as glyphosate, stricter
regulations concerning their registration and usage have been implemented in numerous countries due
to concerns about herbicide resistance and their adverse effects on the environment and human health
(Antier et al., 2020; Beckie et al., 2020). The ‘Farm to Fork’ strategy is one of the key components of
the European Green Deal that reflects the growing interest in sustainable and ecologically friendly weed
control solutions, including synthetic herbicide substitutions (European Commission, 2020; Radicetti
and Mancinelli, 2021). Alternative approaches include mechanical methods, cultural tools, and
alternative herbicides, which are non-chemical, natural, or less toxic (Synowiec et al., 2017; Ibafiez and
Blazquez, 2018; Beckie et al., 2020).

Bio-herbicides are products of natural origin for weed control that are either microorganisms or
products derived from living organisms, including the natural metabolites produced by these organisms
(Cordeau et al., 2016). The herbicidal effects of natural substances, such as plant essential oils and
organic acids, have been the subject of many studies in recent years. (Barton et al., 2014; Synowiec et
al., 2017; Casella et al., 2023; Kouki et al., 2023). Among tested natural active ingredients, pelargonic
acid (PA) is the sole ingredient available on the market (Loddo et al., 2023). PA is a naturally occurring
fatty acid found in foods such as vegetables and fruits and has been approved as a safe food agent in
numerous countries (Ciriminna et al., 2019). PA degrades quickly in the environment and does not cause
long-term runoff contamination in rainy seasons (European Food Safety Authority, 2021). Bio-
herbicides that contain the active ingredient PA are known as burn down herbicides and are increasingly
used for weed control, e.g. on gardens, lawns, and walkways (Ciriminna et al., 2019).

In light of PA’s potential as a bio-herbicide and its ability to contribute to the reduction of synthetic
herbicides, researchers have been exploring its efficacy, and have shown that PA is the most successful
bio-herbicide available (Webber et al., 2014a; Carroll et al., 2022; Mufioz et al., 2022; Pannacci et al.,
2022). However, its effectiveness varies between weed species (Webber et al., 2014a, 2014Db).
Monocotyledon weeds such as Alopecurus myosuroides Huds. and Lolium rigidum Gaud. are less
sensitive to PA, and may display reduced and transient symptoms at higher doses (Travlos et al., 2020;
Loddo et al., 2023). Dicotyledon weeds also exhibit considerable differences in sensitivity to PA
(Webber et al., 2014a, 2014b; Loddo et al., 2023). Furthermore, there is evidence of regrowth after the
application of PA for most weeds (Ciriminna et al., 2019; Mufioz et al., 2020; Travlos et al., 2020;
Muiioz et al., 2022; Loddo et al., 2023). Due to the occurrence of regrowth, previous studies have
suggested sequential applications of PA with short intervals within a growing season (Barker and
Prostak, 2009; Webber et al., 2014a, 2014b). Earlier investigations mainly concentrated on annual
weeds, particularly examining the impact of PA with a focus on the aboveground parts of plants (Webber
etal., 2014a, 2014b; Ciriminna et al., 2019; Mufoz et al., 2020; Travlos et al., 2020; Mufioz et al., 2022;
Pannacci et al., 2022; Loddo et al., 2023). The presence of creeping roots in C. arvense and S. arvensis
negatively affects the success of control methods (Liew et al., 2013). Adventitious buds are formed on
the horizontal creeping roots, from which new shoots can emerge (Brandsater et al., 2010; Liew et al.,
2013). The activities of adventitious buds and the emergence of shoots differ from species to species
(Brandseter et al., 2010). Furthermore, the ability of creeping roots to sprout varies significantly during
the season (Brandseter et al., 2010; Liew et al., 2013). For S. arvensis, the sprouting capacity appears
to decrease in late summer to early autumn (Hékansson, 1969; Hékansson and Wallgren, 1972;
Brandsater et al., 2010), while sprouting for C. arvense does not decrease as long as environmental
conditions allow it (Brandseter et al., 2010). The root fragment of the creeping perennial is called a
ramet, which is genetically identical to the mother plant (Terresen and Gerowitt, 2022), and it is often
induced by mechanical soil disturbance (Hakansson, 2003). Large ramets can rapidly produce new C.
arvense plants, while smaller ramets often do not survive to produce vegetative offspring due to their
low carbohydrate reserves (Hamdoun, 1972). Similar to C. arvense, the emergence and number of
sprouts in S. arvensis depend on the dry matter content of the roots (Lemna and Messersmith, 1990;
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Vanhala et al., 2006). When the creeping roots are fragmented by tillage, the resulting smaller ramets
are less viable and have less dry matter, making them more likely to die (Vanhala et al., 2006).
Furthermore, there is a phenological stage at which belowground biomass reaches its minimum dry
weight before it begins to increase again (Tavaziva, 2012). In both species, this stage occurs when they
have between four and seven leaves (Hikansson, 2003). Depleting the belowground carbohydrate
reserves through fragmentation of the regenerative structures and applying treatments to the lowest
belowground biomass have been suggested by previous research as offering better control (Hakansson,
1969; Gustavsson, 1997; Brandseter et al., 2010). To achieve successful control, it is essential to apply
control methods to these perennial weeds when they are most sensitive to disturbance (Verwijst et al.,
2018).

An earlier study investigated the effects of plant growth stage, application volume and the addition
of adjuvant on PA efficacy to control C. arvense. The results demonstrated that PA efficacy is greater
when applied on a 4-8 leaf-stage plant using an increased application volume, and also by adding an
adjuvant (Ganji et al., 2022). The present study investigated the feasibility of repeated PA application
over two consecutive years on the same spot (patch of C. arvense and S. arvensis) considering their
initial ramet size. Its aim was to determine the PA herbicidal impact on the entire life cycle of the
perennial weed species and their regrowth patterns that might not be identified in shorter-term studies.
Moreover, the efficacy of PA as a potential herbicidal treatment was compared with that of the
commonly used active ingredient glyphosate (GLY). This design facilitated a comprehensive
comparison of the effects of PA treatment and two reference conditions: the untreated control (UC),
representing the baseline or natural state, and GLY treatment, which serves as a standard for effective
perennial weed control (Hudek et al., 2021; Kanatas et al., 2021).

The present study focused on perennial weeds with creeping roots and examined the influence of
initial ramet size on PA efficacy after two applications within two consecutive years on the same spot
(patch of C. arvense and S. arvensis), with the aim of improving knowledge about the control of
perennial weeds with creeping roots using PA. Considering the regenerative capacity of the creeping
roots, the objectives of this study were to determine (i) whether the initial ramet size influences PA
efficacy and regrowth of C. arvense and S. arvensis after PA application and (ii) whether there are any
differences between these perennial weeds in terms of PA efficacy and regrowth patterns after repeated
application.

It was hypothesized that repeated application of PA over two consecutive years reduces growth
parameters, aboveground and belowground biomass, and flower numbers in both species. It was
expected that S. arvensis would be more susceptible to PA than C. arvense due to seasonal variations
that impact the sprouting abilities of S. arvensis by demonstrating reduced capacity in late summer to
early autumn (Hékansson, 1969; Hakansson and Wallgren, 1972; Brandsater et al., 2010). For this
reason, it was assumed that regrowth after herbicide application would differ between these species.
Finally, it was also assumed that smaller C. arvense and S. arvensis ramets have a lower regenerative
capacity, which reduces regrowth and increases PA efficacy.

3.3 Materials and Methods

A two-year pot experiment (from spring 2020 to autumn 2021) under semi-field conditions was
conducted in the experimental field of Rostock University in northeast Germany (location Rostock: 54°
4'6.726" N, 12° 4' 54.0876" E).

Figure 3 provides a concise overview of the experimental workflow used in this semi-field
experiment. The process included (1) the preparation of the semi-field experiment by planting ramets in
pots, (2) the application of the herbicide treatments in each experimental year, and (3) visual assessments
to measure the control efficacy of the herbicides compared with the untreated control.

The experiment was a factorial, completely randomized block design with four replications. The
factors were plant species with two levels, treatments with three levels, and ramets with three levels of
initial size: 5, 10, and 15 cm (Table 3). For this research, Beloukha® (680 g/L pelargonic acid) and
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Roundup Powerflex® (480 g/L glyphosate and 393.6 g/L acid equivalent) were used as the PA and GLY
treatments, respectively.

First experimental year (2020) second experi tal year (2021)
Propogation of plant species in
greenhouse Repeat of Destructive assessment
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Figure 3. Experimental set up, assessments, and activities over the two years of the experiment.

Table 3. Overview of factorial experiment design with plant species, herbicide treatments, and initial ramet size
as factors

Factors Levels of factor Abb.! Description of herbicides
Used amount Active ingredient content (g/L)
Treatments Untreateq cogtrol uc - - _
(Herbicides) Pelargonic acid PA 16 L/ha 680 g/L pelargonic acid
Glyphosate GLY 3 L/ha 480 g/L glyphosate
Plant Species Cirsium arvense
Sonchus arvensis
5cm
Ramet initial size 10 cm
15 cm

! Abbreviation for treatment names

Ramet planting in pots

In December 2019, creeping roots of C. arvense were collected from the University of Rostock’s
experimental field and those of S. arvensis from a field near Giistrow (53°46°14.6"N, 12°09°59.3"E).
The collected roots were stored by propagation in pots in the greenhouse. In February 2020, the pots
were buried in the soil and filled with a mixture of %% field soil, ¥4 potting soil, and ¥4 compost. The pot
size was 200 L with a diameter of 80 cm (pot surface area 0.503 m?). The distance between pots was
one meter. The creeping roots obtained from propagated greenhouse pots (cleaned and washed to
eliminate the remaining soil) were used for the semi-field experiment. Roots that were more than 3 mm
in diameter were fragmented into ramets 5, 10, and 15 cm in length, and weighed. The term ramet is
used in the text instead of root fragment because the root fragments used in this experiment were derived
from one progenitor of each plant species, and shared the same genotypes as the parent plants (Terresen
and Gerowitt, 2022). Finally, one single ramet was planted directly at a 5 cm soil depth in each pot. The
pots were irrigated immediately after the ramets were planted and again when there was a need for
irrigation on warm days during the growing seasons in both experimental years. After the establishment
of the pots in the soil and until the end of the experiment in the second year, other weeds were removed
from the pots by hand. Before herbicide application in both experimental years, fertilization was
undertaken to achieve nutrient conditions comparable with spring cereal fields. Hakaphos Blau® as an
NPK fertilizer (15% N, 10% P, and 15% K) was applied to the soil at the amount of 16.65 g per pot as
a balanced nutrient solution. These rates correspond to 50 kg of nitrogen per hectare, which is less
fertilization than regular spring cereal fields as there was no crop in the pots to compete for the nutrients.
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Application of herbicide treatments

At the end of May 2020, herbicide treatments were applied to the S. arvensis pots. Owing to the late
emergence of C. arvense sprouts, the herbicide application for this species was performed two weeks
later. The plant growth stage at the time of herbicide applications for both plant species was the four-to-
eight-leaf-stage considering the compensation point according to Hékansson (2003) and BBCH 14-18
according to Meier (2018), and each pot had one or two plants (shoots from the same ramet).

At the beginning of May 2021, the herbicide treatments were applied again. Each pot was treated
with the same herbicide treatment as the previous year. The plant growth stage at herbicide application
time was four-to-eight-leaf, but each pot had many shoots emerged from the same ramet which was
recorded. In both years, a plot-spraying device with a pressure of 2.1 bar and a speed of 4 kilometers
per hour was utilized for the herbicide applications. The application volume for the treatments was 200
L/ha. The operated flat jet nozzle was size 02.

Assessments

The herbicide treatments were assessed by visually estimating the percentage of necrotization. The
assessments were conducted at 1, 7, 14, and 21 days after treatment (DAT) of the herbicides. A value of
0% necrotization was equivalent to completely vital vegetation, while a value of 100% represented
completely dead vegetation. The level of necrotization was interpreted as herbicide efficacy. The pots
were evaluated for regrowth from the ramets starting 28 days after herbicide treatment (28th DAT). To
be able to monitor the regrowth pattern and effect of the treatments over the long-term experimental
period and identify the possible variability in regrowth pattern, data on plant height, shoot density per
m?, and BBCH stage (Meier, 2018) were collected monthly until the end of the growing season. The
monthly evaluations were performed from July to October 2020 and from April to September 2021. To
obtain information on how the weed species population was established and regrew after herbicide
application during the growing season, in August of each year before the withering of the plants, the
shoot density per m?, the percentage coverage of the soil surface by the plant, and the number of flowers
were assessed. All emerged shoots were counted and then shoot density per m? was calculated according
to a pot surface area of 0.503 m? Counting of the flowers indicates the reproductive capacity of the
weed species, and helps to understand the potential for seed production after application of the
treatments. By undertaking this assessment in August, the weed’s reproductive success was estimated,
before it completed its life cycle. Aboveground and belowground biomass was measured per pot using
the destructive method at the end of the experiment in 2021, which determined the effectiveness of the
herbicide treatment at controlling weed growth. For this, the collected plant materials were placed in an
oven at 60 °C for at least 24 hours, and the dried biomass was then measured. As mentioned in the
experimental setup, ramets were weighed before being planted in the pots and this was used as a
covariate in the statistical analysis. Figure 3 gives an overview of the above-mentioned experimental
setup and assessments.

Weather conditions

Figure 4 shows the weather conditions for the entire experimental period. The average air
temperature for the growing season (March to September) was 13.2 °C in 2020 and 13.1 °C in 2021. In
the 2020 growing season, the minimum average soil temperatures were 5.9 °C and 5.6 °C respectively
at 5 cm and 20 cm belowground level in March. In August, the maximum average temperatures at 5 cm
and 20 cm belowground level were 19.6 °C and 18.8 °C respectively. In 2021, the minimum soil
temperature at these belowground levels averaged 2.3 °C and 2.1 °C, respectively, and the maximum
was 20.7 °C in 5 cm and 19.8 °C in 20 cm soil depth in July. The total amount of precipitation in 2020
was 428 mm. Of this amount, 321 mm occurred in the growing season. The precipitation amount from
January until the end of September 2021 was 500 mm, of which 376 mm occurred in the growing season
(Figure 4).
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Figure 4. Air temperature (°C), soil temperatures at 5 cm and 20 cm belowground level, and precipitation (mm) during the
experimental period in 2020 and 2021. Information for both years was obtained from the research weather station of the
University of Rostock’s Department of Hydrology and Applied Meteorology.

Statistical analysis

Data on herbicide efficacy (necrotization percentage) were analyzed using linear mixed model
analysis (LMM), with weed species, herbicide treatments, initial ramet size, DATs and their interaction
as fixed effects, and replicates as random effects. In this analysis, the following model (Equation 1) was
fitted for two consecutive years, 2020 and 2021. For each year, the same model structure with shared
fixed effects was used, but allowed for separate random intercepts (bm) to capture year-specific
variability:

Herbicide efficacy(%)ijxm = # + S; X Hj X RS X Dy + by + €jjgevvvvnnncnnnnniiin (D)

where [ is the overall mean; S;, H;, RSk and D; represent the fixed effects for “weed species”, “herbicide
treatment”, “initial ramet size”, and “DATs” respectively; bn represents the random intercepts for the
grouping variable “block”, and € is the error term that accounts for unexplained variability in the

model.

The long-term effectiveness of PA was revealed through a separate analysis at 213 DAT for each
experimental year, providing information to understand the sustained impact of weed control over the
course of the experiment. The same model structure (Equation 2) with shared fixed effects was utilized
to analyze the herbicide efficacy in the final assessment at 21 DAT as follows:

Herbicide efficacy at 215 _DAT(%)ijq = 1 + S; X Hy X RS) + by + €13, (2)

13

where p is the overall mean; S;, Hj and RSk are the fixed effects for “weed species”, “herbicide
treatment”, “initial ramet size”, and “DATSs” respectively; b represents the random intercepts for the

grouping variable “block”, and €;jx is the error term.

As the experimental years were not independent of each other, in order to examine the effect of
factors on the measured variables after regrowth, which were shoot density per m?, the percentage
coverage of the soil surface by the plant, and the number of flowers, the data from the measurements at
the end of the experiment were utilized for statistical analysis using LMM (Equation 3-7). Three factors
(weed species, herbicide treatment, and initial ramet size) and their interaction were fixed effects in this
analysis. The random effects were replicates (blocks) and the initial weight of ramets (as covariates). It
was assumed that the association between the initial weight of ramets and measured variables depended
on the magnitude of weight, thus the heterogeneity of weight was modeled as a random effect in the
data analysis of this research. The model equations are as follows:
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Aboveground biomass;j, = P+ S; X H; X RS;j + by + €jjgevvvvvviiiiiiiiiiiiiiinn, 3)

Belowground biomass;j, = W+ S; X Hj X RS;j + by + €jjiccerncvemmmininiiriiciseinnan, 4)
Shoot density;j, = W+ S; X Hj X RSjj 4 Dy + €jjicvrerrrruvmmmrnnisiieimmis s ®)]
Soil coverage (%);jx = U+ S; X Hj X RS;j + b + €jjjcvvnnencmmmmiiiiiiiiscicincirenni, (6)
Flower head;j, = W+ S; X Hj X RS;; + b & €jjjonrvsrnemmmmiieieinsiciiciesiciicisci e @)

where p is the overall mean; S; is the effect of species; H; is the effect of herbicide treatment; RS;; is the
effect of ramet size; bx represents the random intercept for block and initial weight of ramets; €k is the
random error term.

For the analysis of the monthly evaluation of plant height, in addition to the fixed effects of weed
species, herbicide treatments, initial ramet size, and their interactions, the fixed effect of the
experimental year and its interaction with the fixed effects of these three factors were included in the
model (Equation 8). To account for variability within different levels of block and month, random
intercepts were included. This allowed the model to capture random variations in plant height within
these nested grouping variables. In addition, the model assumed a first-order autoregressive correlation
structure (AR1) within each combination of block and month. This choice of correlation structure
accounted for potential temporal autocorrelation in plant height measurements within the same block
and month combinations. The model equation is as follows:

Heighti]’kl =u + Si X H] X RSk X Yl + bm + Eijkl ....................................... (8)

where L is the overall mean; S; is the effect of species; H; is the effect of herbicide treatment; RSy is the
effect of ramet size; Y is the effect of year; by, represents the random intercept for block and month in
which the subscript “m” represents different levels of the month nested within block, and e is the
random error term.

All the models were fitted using the restricted maximum likelihood (REML) method. To evaluate
the goodness of fit of the linear mixed models (LMMs), the variance decomposition method was
employed to calculate conditional R-squared values for all models. The variance decomposition method
was chosen because it has the ability to dissect the total variance in the response variable into
components related to fixed effects, random effects, and residual error. The same method was used to
calculate marginal R-squared values for all models except the model for plant height. The log-likelihood
method was utilized due to the unique characteristics of this particular model, which required a different
approach for evaluating goodness of fit. The log-likelihood method was more appropriate in this specific
case, as it was able to capture the subtle details of the data better, resulting in a more precise evaluation
of the model’s performance.

For all the data, pairwise comparisons were conducted using Tukey’s HSD tests on the results of
LMMs to identify significant differences between treatments by including all the interactions of fixed
effects. R version 4.3.0 (R Core Team, 2023) was used to conduct all statistical analyses, and the
packages “nlme” (Pinheiro and Bates, 2023), “lme4” (Bates et. al, 2015), “ImerTest” (Kuznetsova et al.,
2017), and “emmeans” (Lenth et al., 2018) were used for the LMMs and pairwise comparisons.

3.4 Results

Herbicide efficacy

The results of herbicide efficacy at all DATs showed that the main effect of herbicide treatment on
herbicide efficacy was statistically significant, which means that the relationship between herbicide
treatment and herbicide efficacy varied at different DATs. The results did not express a significant
difference between initial ramet sizes or between the weed species C. arvense and S. arvensis
(Supplementary Table 1). However, ramet sizes and species will be presented separately in the text due
to biological concerns.
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Herbicide efficacy across multiple assessment days in both years showed that the PA treatment had
highest efficacy on both weed species at 1% DAT in 2020, which decreased over the experimental
period. PA treatment efficacy for both species was significantly higher than the GLY treatment and UC
for all ramet sizes at 1°* and 7" DAT in 2020. The PA treatment showed a statistically significantly
higher efficacy on the 5 cm ramet size in C. arvense compared with all UC treatments until 21 DAT
in 2020 (Supplementary Table 1). The PA treatment efficacy between various ramet sizes was not
significant. For both weed species in 2020, the differences between 13 DAT and 14%/21% DAT were
significant for PA treatment efficacy on all ramet sizes. PA treatment efficacy at 7" DAT was
significantly different from 21 DAT for C. arvense, ramet sizes 10 cm and 15 cm, and for all ramet
sizes of S. arvensis (Supplementary Table 1 and Figure 5).

After repeated application in 2021, the effect of the PA treatment showed a similar trend and efficacy
on both weed species. The GLY treatment in this experiment showed 90 -100% efficacy for all ramet
sizes in both species starting at 7" DAT in 2020 and on a day between 7" and 14" DAT in 2021. The
plants with the smallest ramet size treated with GLY in 2020 did not regrow in 2021. The C. arvense
plants with initial ramet sizes of 10 cm and 15 cm treated with GLY did not regrow in the second year
of the experiment either. Therefore, GLY treatment efficacies for all ramet sizes of C. arvense and the
5 cm ramet size in S. arvensis are not displayed on the graph in the second year (Figure 5).

Year 2020 Il Year 2021
100 I —Y
— & GLY - ramet 5cm
90 @ GLY - ramet 10cm
& GLY - ramet 15cm
& PA - ramet S5cm
80 L] ® PA -ramet 10cm
N\ & PA-ramet 15cm
70 \.\\ € UC - ramet S5em -
\ = UC - ramet 10cm |9
B \k_ (_\) UC - ramet 15cm %‘
AN 3
50 \‘\t g
Y \) i
40 \ ‘\:. z
§ % N e 3 - a b
2 AN b R
2 20 \ \. N\
e \g TT——a N\
2 10 ‘. —y
30 & ® o o @ o @ ®
H]
& 100 A= L]
& 7
F % /
g 80
o o
i) :\ s
N\,

SISUBAIE STIYILOS

o & \b-&’ f:,"‘} i K A Gl

Days after treatment (DAT)
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year of experiment. PA: Pelargonic acid; GLY: glyphosate; UC: untreated control.

For the evaluation of herbicide efficacy at 21%* DAT in both 2020 and 2021, individual effects of
weed species and ramet size were found to be non-significant (Supplementary Figure 1). At 21 DAT
in both years, the PA treatment exhibited an effect that was not statistically significant, whereas the
GLY treatment demonstrated a statistically significant impact. In 2020, the interaction effects between
S. arvensis and the PA treatment as well as between the 5 cm ramet size and the PA treatment did not
exhibit a statistical significance. In 2021, the interaction effects between the GLY treatment and the
initial ramet size of 10 cm showed a significant positive influence. There was a statistically significant
positive association between the 5 cm ramet size and herbicide efficacy when the PA treatment was
applied (Supplementary Figure 1 and Figure 5).
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Regrowth after herbicide application

i. Nondestructive regrowth evaluation

For shoot density per m?, the main effects of weed species and the interaction between weed species
with the GLY treatment were significant, while other fixed effects and their interactions did not have a
significant effect (Figure 6). According to these results, the difference between species was statistically
significant. With the untreated control and considering the same initial ramet size, the shoot density of
S. arvensis was on average 249.8 shoots per m? greater than C. arvense. With the PA treatment, after
regrowth the shoot density of C. arvense for all initial ramet sizes was significantly lower than for S.
arvensis. There was no statistically significant difference between the PA and UC treatments in all initial
ramet sizes for both weed species. However, when not accounting for initial ramet size, application of
PA compared with untreated control led to a maximum 9% reduction in shoot density of C. arvense per
m?. Shoot density in the GLY treatments was significantly lower than in all the other treatments. (Figure
0).

The results showed significant differences in soil coverage between the two plant species and
between the three levels of herbicide (Figure 7). The average soil coverage of S. arvensis was 27.8%
higher than C. arvense when S. arvensis with the same initial ramet size was exposed to the UC
treatment. The average soil coverage by plants treated with GLY was 65.4% lower than that of UC
plants in the same weed species and with the same initial ramet size. This difference was also statistically
significant. Although PA-treated C. arvense plants covered an average lower percentage of the soil
surface on average than PA-treated S. arvensis plants, the difference between the two species was not
significant for any ramet size. In C. arvense, the initial ramet size of 5 cm treated with PA covered
around 50% of the soil surface, while for the same ramet size under UC around 70% of the soil surface
was covered. S. arvensis with an initial ramet size of 10 cm also showed the lowest soil coverage
compared with UC with the same initial ramet size. However, the differences in both cases were not
statistically significant (Figure 7).
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Figure 6. Results of the LMM analysis followed by Tukey’s HSD on shoot density per m? at the end of the experiment.
Significance codes obtained from the LMM analysis for main effects shown in this graph are as follows: * p < 0.05, ** p <
0.01, *** p <0.001. Groups with different letters are significantly different at p < 0.05 level based on Tukey’s HSD test. PA:
Pelargonic acid; GLY: glyphosate; UC: untreated control; Cirsium: Cirsium arvense; Sonchus: Sonchus arvensis. 5 cm, 10 cm
and 15 cm represent the initial size of ramets.

45



66.6 *** Effect relative
(Intercept)  Cirsium UC 15cm be . —— to intercept (%)
Cirsium UC 10cm bc i [ Conditional R? 0.97 -856
Cirsium UC 5cm be i Marginal R 0.87 -96.3
20
Cirsium PA 15cm be —_—— -96.9
-5.0
Cirsium PA 10cm+ bc —_— -107.6
-17.2
Cirsium PA S5cm b —— -125.9
654 **
Cirsium GLY 15¢cm a —_— -198.1
-14.3
Cirsium GLY 10cm a ——— -121.5
3.1
Cirsium GLY 5cm a e -105.6
v
Sonchus UC 15cm c —— -58.3
-15.3
Sonchus UC 10cm bc —_—— -123.03
-4.4
Sonchus UC 5cm c g -106.7
-14.0
Sonchus PA 15cm be el -121.1
3.9
Sonchus PA 10cm bc —_— =791
255
Sonchus PA 5¢cm bc —_— -61.7
Sonchus GLY 15cm{  a o -136.1
18.9
Sonchus GLY 10cm a ———— -715
2
Sonchus GLY Scm | a —— -104.1
-200 -100 0 100 200
Estimate

( for soil coverage [%] )

Figure 7. Results of the LMM analysis followed by Tukey’s HSD on soil surface coverage (%) at the end of the experiment.
Significance codes obtained from the LMM analysis for main effects shown in this graph are as follows: * p < 0.05, ** p <
0.01, *** p < 0.001. Groups with different letters are significantly different at p < 0.05 level based on Tukey’s HSD test. PA:
Pelargonic acid; GLY: glyphosate; UC: untreated control; Cirsium: Cirsium arvense; Sonchus: Sonchus arvensis. 5 cm, 10 cm
and 15 cm represent the initial size of ramets.

The main effect of herbicide treatments on the number of flowers was significant (Figure 8). When
comparing untreated plants with the same initial ramet size, S. arvensis produced approximately 10
flowers more than C. arvense on average. PA-treated plants of S. arvensis in 5 cm and 15 cm ramet sizes
produced a smaller number of flowers compared with UC of the same ramet sizes, while a smaller
number of flowers were produced by C. arvense with initial ramet sizes of 5 cm and 10 cm, but these
differences were not statistically significant (Figure 8).
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Figure 8. Results of the LMM analysis followed by Tukey’s HSD on the number of produced flowers at the end of the
experiment. Significance codes obtained from the LMM analysis for main effects shown in this graph are as follows: * p <
0.05, ** p <0.01, *** p < 0.001. Groups with different letters are significantly different at p < 0.05 level based on Tukey’s
HSD test. PA: Pelargonic acid; GLY: glyphosate; UC: untreated control; Cirsium: Cirsium arvense; Sonchus: Sonchus arvensis.
5 cm, 10 cm and 15 cm represent the initial size of ramets.
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ii. Destructive evaluation of biomass

The results for aboveground and belowground biomass demonstrated no evidence of differences
between the two weed species after regrowth (Figure 9, Supplementary Tables 2 and 3). The fixed effect
of herbicide treatments was significant. No significant difference was found in aboveground or
belowground biomass between the PA treatments and UC treatments. The effect of initial ramet size on
both biomass categories was not significant either. However, the results showed a significant interaction
effect between PA treatment and ramet size of 5 cm in the case of aboveground biomass. The results
also suggested that there might be an interaction effect on aboveground biomass between species, PA
treatment, and ramet size of 5 cm, but this was not strong enough to be considered statistically
significant. In the case of belowground biomass, there was a statistically significant interaction effect
between species and ramet size of 10 cm (Supplementary Tables 2 and 3). The results showed no
significant differences in aboveground and belowground biomass between PA-treated plants and UC
treatments for any ramet size (Figure 9). Nevertheless, when comparing the UC treatments with PA
treatments in S. arvensis, the lowest aboveground biomass of 236.7 g and belowground biomass of 85.4
g belonged to PA-treated plants with an initial ramet size of Scm, which corresponds to reduction of
13% and 12% in aboveground and belowground biomass respectively. The lowest aboveground biomass
for C. arvense was 181.9 g obtained from PA-treated plants with an initial ramet size of 5 cm, but the
lowest belowground dry biomass was 68.2 g obtained from an initial ramet size of 15 cm treated with
PA. When comparing untreated control and PA-treated plants in C. arvense, the application of PA
decreased the belowground biomass of C. arvense by 22% with a 5 cm initial ramet size and by 16%
when the ramet sizes were larger. The aboveground biomass of C. arvense with a 5 cm initial ramet size
was reduced by 43%, while for the larger ramet sizes, it was just 2% (Figure 9).
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Figure 9. Aboveground and belowground biomass of C. arvense and S. arvensis after regrowth. Different letters show
significant differences between treatments at p < 0.05 using Tukey’s HSD test separately for aboveground biomass and
belowground biomass. PA: Pelargonic acid; GLY: glyphosate; UC: untreated control; 5 cm, 10 cm and 15 cm represent the
initial size of ramets.

Plant height during the experimental period

The main effects of experimental year, weed species, and herbicide treatments on plant height were
statistically significant (Figure 10, Supplementary Table 4). Other significant interaction effects on plant
height were found between species and the year 2021, and between herbicide treatments and the year
2021. Specifically, S. arvensis had almost the same height in 2021 compared with 2020, while C.
arvense was taller in 2021 than in 2020. Generally, C. arvense tended to be significantly taller than S.
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arvensis. In the case of herbicide treatments, the PA treatment had a more negative effect on plant height
in 2020 than in 2021. The application of the PA and GLY treatments resulted in significantly shorter
plants compared with the UC, while initial ramet size did not have a significant effect on height
(Supplementary Table 4). In 2021, PA-treated plants of C. arvense with an initial ramet size of 10 cm
were significantly shorter than C. arvense plants with the same initial ramet size in the UC treatment.
For S. arvensis, there were no significant differences between the PA and UC treatments (Figure 10,
Supplementary Table 4).
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Figure 10. Monthly measured plant heights (cm) of regrown C. arvense and S. arvensis after herbicide applications during
the experimental period. PA: Pelargonic acid; GLY: glyphosate; UC: untreated control.
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3.5 Discussion

The aim of this study was to investigate the effects of twice application of PA on C. arvense and S.
arvensis in two consecutive growing seasons. Their regrowth after PA applications was evaluated by
combining two approaches: targeting the aboveground parts of weed species with twice application of
PA, and addressing the belowground root systems using three different initial ramet sizes. By adopting
different initial ramet sizes, the objective was to obtain insights into the effects of fragmenting the
creeping root system of perennials, as it would be affected by mechanical disturbance (e.g., tillage
practices) in real on-farm situations. However, the use of initial ramet sizes and their effect on PA
efficacy did not represent mechanical control, rather, offered a valuable perspective and understanding
of the fragmentation effects of creeping roots.

This study provided evidence that PA application reduces the aboveground and belowground
biomass, as well as flower production in C. arvense and S. arvensis. This was remarkable when the
initial ramet size was smaller, suggesting that PA exhibits an enhanced efficacy on these plants when
applied on the same patches repeatedly in combination with smaller initial root fragments. However, the
quantity and persistence of these effects were lower than those produced by the GLY treatment. After
application of GLY in the first experimental year, C. arvense did not regrow regardless of ramet size,
and S. arvensis demonstrated regrowth only for ramet sizes of 10 cm and 15 cm. In November 2023, the
European Commission announced the extension of the glyphosate license for another decade after
months of debate. However, this renewed license would be accompanied by new limitations and rules.
The statement also highlighted that governments retained the authority to restrict the use of glyphosate
in their own countries if they deemed the risks too high (Casassus, 2023), particularly concerning the
preservation of biodiversity (Sullivan and Sullivan, 2003; Andert et al. 2022; El Jaouhari et al., 2023).
Given the strong criticism regarding the use of glyphosate, as well as the new limitations and rules
imposed by the commission, it is still crucial to find sustainable alternatives for it (Antier et al., 2020;
Beckie et al., 2020; Casassus, 2023). Glyphosate is a non-selective systemic herbicide. Its effect is not
visible in the early days after application because the plant takes some days to absorb and distribute
glyphosate inside its tissues, which varies depending on the plant type (annual, perennial), growth stage,
and environmental conditions (Sprankle et al., 1975; Satchivi et al., 2000; Fadin et al., 2018). PA causes
necrotic lesions on plant aerial parts by attacking and destroying cell membranes of the plant epidermis,
and causing rapid tissue dehydration (Ciriminna et al., 2019; Campos et al., 2022b). The PA mode of
action implies that as a burndown herbicide, it could be a fast but temporary solution for controlling
weeds, especially when there are work bottlenecks such as weather conditions or time constraints
(Webber et al., 2014c; Pannacci et al., 2022; Campos et al., 2022a). Although PA may offer various
advantages, it is occasionally misinterpreted as being similar to glyphosate and other pre-emergence
herbicides, creating misleading expectations about its effectiveness and thus improper use (Campos et
al., 2022b). A single application of PA does not provide lasting weed control (Patton et al., 2019; Loddo
et al., 2023). Nevertheless, the present results show that it has the potential to be used in combination
with other approaches, and thus offers an alternative to glyphosate against perennial weeds. Its
combination with the smallest ramet size reduced growth parameters compared with the untreated
control, even though there was no second fragmentation or soil mechanical treatments during the two-
year experimental period. This finding is similar to the findings previously reported by Kanatas et al.
(2020) that the use of a stale seedbed method integrated with the application of PA decreases perennial
weeds. Other studies using PA as a weed control tool suggest the use of PA as a valuable tool for weed
management approaches that use multiple tactics (Kanatas et al., 2022; Pannacci et al., 2022; Loddo et
al., 2023). Due to its rapid burn-down effect, PA has a wide range of practical applications in weed
management (Crmaric et al., 2018; Krauss et al., 2020), such as precision spot weeding (Webber and
Webber, 2011; European Food Safety Authority, 2021), crop desiccation, and sucker control in plants (
Coleman and Penner, 2008; Short et al., 2020). Given its effectiveness on many annual herbaceous
weeds, it could potentially be used to manage weed growth in stubble and for pre-sowing herbicide
applications (Andert and Gerowitt, 2020). The use of soil cultivation tools on a farm infested with
perennial weeds such as S. arvensis leads to root fragmentation and buries the fragmented roots deep in
the soil (Brandsater et al., 2017), or brings them to the soil surface and enhances the decay of root
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fragments (Vanhala et al., 2006). It is likely that small perennial weed plants remain in the field after
harvest, and if stubble cultivation does not control these small plants, they will accumulate nutrient
reserves in their creeping roots for the next growing season (Hékansson, 2003; Vanhala et al., 2006).
During this period, PA application might help achieve successful perennial weed control because PA
can be applied on the 4-8-leaf-stage plants (Ganji et al., 2022) that are not only at their sensitive
aboveground stage (Hakansson, 2003; Tavaziva, 2012), but also face a lack of nutrient reserves due to
fragmentation by soil cultivation tools (Brandsater et al., 2010). In this study, enhancement in PA
efficacy was observed when applied on plants at the 4-8-leaf-stage that grew from initial smaller ramet
sizes, proving the sensitivity of plants because of their smaller amount of nutrient reserves according to
the abovementioned research findings.

It was anticipated that S. arvensis would probably be more susceptible to PA than C. arvense due to
seasonal variations affecting its sprouting ability. As anticipated, the regrowth of weed species after
herbicide did differ, but contrary to expectations, C. arvense seemed to be more susceptible to PA than
S. arvensis (Figures 9 and 10). The assessments of plant growth parameters after regrowth suggested
that shoot density per m? and soil coverage varied based on the weed species (Figures 6 and 7). When
comparing weed species considering the same initial ramet size, S. arvensis has a higher shoot density
per m>. When comparing the effects of PA treatment on shoot density between the two species, C.
arvense has a lower shoot density than S. arvensis. According to the investigation carried out by Liew
et al. (2013), the higher shoot density in S. arvensis compared with C. arvense is due to the presence of
a higher bud density on adventitious roots of S. arvensis. In S. arvensis, there was an observable effect
of 5 cm ramet size on PA efficacy. There was a lower shoot density per m? in PA-treated S. arvensis
with 5 cm initial ramet compared with the untreated control. Previous studies have confirmed that a
longer root fragment of S. arvensis produces more shoots than a shorter one (Anbari et al. 2011). In the
untreated conditions of the current study, S. arvensis generally exhibited greater soil coverage than C.
arvense. PA application resulted in a lower percentage of coverage for both species, although it was
lower for C. arvense plants, particularly with smaller initial ramets, than for S. arvensis plants. These
results are in agreement with the findings of Ward and Mervosh (2012) whose application of a PA
treatment for two consecutive years on the same plot effectively reduced the coverage of Microstegium
vimineum.

In general, PA-treated plants produced a smaller number of flowers than untreated control plants
(Figure 8). Among PA-treated plants in both species, the smaller ramet size exhibited a smaller number
of flowers. In a semi-field experiment using boxes, Anbari et al. (2011) tested the sprouting and shoot
development of S. arvensis in relation to initial ramet size. They reported a positive correlation between
the flower number and ramet length in S. arvensis and proved that the fragmentation of creeping roots
delayed growth and reduced flower production (Anbari et al., 2011). These results are in agreement with
the results of the present study.

The 5 cm initial ramet size enhanced PA efficacy, and a reduction in the aboveground and
belowground biomass of both species under the mentioned treatments was observed, although it was not
statistically significant (Figure 9). In previous studies conducted by Gustavsson (1997) on C. arvense
and by Anbari et al. (2011) on S. arvensis, a smaller aboveground biomass was produced by a shorter
ramet size than by a longer ramet size. The results of the present study in relation to aboveground
biomass ae in agreement with these findings. For C. arvense, the lowest belowground biomass was
found for the 15 cm initial ramet size when comparing PA treatments with each other. Additionally,
among untreated C. arvense plants, the biomass for the initial ramet size of 15 cm was the lowest. One
reason for this could be environmental conditions. C. arvense biomass increases when more water is
available (Sciegienka et al., 2011). When the temperature is lower and the photoperiod is shorter, then
the root biomass of C. arvense is higher than shoot biomass. With an increase in temperature, the shoot
growth increases and results in taller and more robust plants, which rapidly form flower heads (Hunter
and Smith, 1972). In the present study, the aboveground biomass produced by plants with the initial
ramet size of 15 cm was high due to favorable temperatures and high precipitation in both experimental
years (particularly the high precipitation one month before biomass measurements). Moreover, PA-
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treated C. arvense with an initial ramet size of 15 cm produced a larger number of flowers than untreated
C. arvense with the same initial ramet size. Furthermore, the produced aboveground biomass was almost
similar between these two treatments, while the belowground biomass in PA-treated C. arvense was
smaller than that of the untreated plants. It can thus be inferred that PA-treated C. arvense with the initial
ramet size of 15 cm attempted to ensure its survival by producing more flowers, which leads to more
aboveground biomass production and more belowground depletion. Additionally, it should be
considered that there can be an effect of root longevity, and the creeping roots of C. arvense cannot live
longer than one to two years (Moore, 1975; Bourdot et al., 2000; Leathwick and Bourdét, 2012).

Plant height is a direct indicator of herbicide impact, providing detailed information on how the
herbicide influences the physical structure of plants. Therefore, the dynamic changes in monthly plant
height after herbicide application provided insights into the regrowth patterns of both weed species in
both experimental years (Figure 10). The average height of S. arvensis was similar in both years, while
the height of C. arvense was greater in 2021. PA application reduced plant height compared with
untreated plants in both years. However, this plant height reduction in 2020 was greater than in 2021.
The results showed that the effects of species and herbicides varied depending on the year. This could
be due to the variations in weather conditions between 2020 and 2021, and unexpected environmental
effects, as discussed by Hunter and Smith (1972) and Sciegienka et al. (2011). The effect of PA on the
height of weed species in the present study is in line with earlier studies on Lolium rigidum Gaud. and
Avena sterilis L., which reported a lower height in PA-treated plants compared with untreated plants
(Travlos et al., 2020). Overall, the ramet size of 5 cm produced shorter plants in all treatments. This
supports the findings of Sciegienka et al. (2011) on C. arvense that a smaller root fragment size produces
shorter plants.

The herbicide efficacy analysis determined the high efficacy of PA compared with the untreated
control and revealed the negative relationship of PA efficacy with days after applications in both years
(Figure 5). Due to its rapid effect, PA efficacy was higher compared with other treatments at the
beginning and until 7" day after application, but then declined over time due to the occurrence of
regrowth. The findings of previous research on both annual and perennial species have demonstrated
that PA reaches its maximum efficacy within several hours of application and remains effective for up
to one week, although the plant regrowth subsequently reduces its efficacy (Mufioz et al., 2020; Travlos
et al., 2020; Mufoz et al., 2022; Pannacci et al., 2022; Ganji et al., 2022 and 2023; Loddo et al., 2023).

3.6 Conclusions

It is concluded that a two-year application of PA on the same specific spot in combination with a
smaller ramet size facilitates the development of integrated weed management (IWM) strategies. To
reduce the infestation level of perennial weeds, PA application could be combined with mechanical
fragmentation of creeping roots in the intercropping period. From today’s perspective, however, PA is
registered on the European market for use as a plant desiccant in potatoes and to kill suckers in perennial
crops, such as hops and grapevine. It is currently not registered for other applications in arable crops.
Since current policies towards restricting the use of synthetic herbicides in arable farming enforce the
use of alternatives such as bio-herbicides, efforts at economic and political levels are required. To ensure
the proper use of this active substance, it is crucial to educate farmers about integrated weed
management, conduct field applications at recommended times, and adhere to label instructions. This
would help a suitable niche market for this active ingredient to be established.

On the market, bio-herbicides based on PA are costly, and their application rate per hectare is higher
compared with synthetic herbicides, and may not be cost-effective for large-scale applications in arable
farming. Therefore, expanding the application time from multiple repeated applications in one year to a
two-year repeated applications on the same spot might assist with financially balancing PA application
costs and achieving acceptable weed control. Further research studies should be undertaken to perform
financial comparisons of PA applications and synthetic herbicides. Additional studies regarding
enhancements in the technical aspects of PA application, such as the incorporation of adjuvants or the
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adjustment of water volume to achieve more comprehensive plant coverage, are essential for more
successful weed control.
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3.8 Supplementary tables and figures

Supplementary Table 1. Results of the LMM analysis followed by Tukey’s HSD on herbicide efficacy at all days after
applications (DATS) in both years

Year 2020 Year 2021
Fixed effects Estimat P(t) Tukey's HSD Estimate P(t) Tukey's HSD'
Cirsium UC 15cm — 1st DAT (Intercept) 4.9e-13 1 a -4.7e-13 1 a
Sonchus UC 15¢m — 1st DAT 5.5e-13 1 a 7.6e-13 1 a
Cirsium PA 15cm — 1st DAT 83.7 2e-16 *** f 78.75 3.36e-12 *** fg
Cirsium GLY 15¢m — 1st DAT 2.5 0.716 a 100 2e-16 *** g
Cirsium UC 10cm — 1st DAT -4.6e-13 1 a 6.8e-13 1 a
Cirsium UC 5c¢cm — 1st DAT -3.1e-13 1 a 6.2¢-13 1 a
Cirsium UC 15¢cm — 14th DAT -4.1e-13 1 a 5.03e-13 1 a
Cirsium UC 15¢m — 21st DAT -5.1e-13 1 a 5.4e-13 1 a
Cirsium UC 15¢cm — 7th DAT -4.4e-13 1 a 4.3e-13 1 a
Sonchus PA 15cm — 1st DAT 8.5 0.381 f -4.1 0.784658 efg
Sonchus GLY 15c¢m — 1st DAT -1.5 0.877 a -74.2 1.69e-06 *** abed
Sonchus UC 10cm — 1st DAT -5.6e-13 1 a 0.2 0.986786 a
Sonchus UC Scm — 1st DAT -6.9e-13 1 a -9.6e-13 1 a
Cirsium PA 10cm — 1st DAT -1.8 0.847 ef -4.5 0.765635 efg
Cirsium GLY 10cm — 1st DAT 0.5 0.959 a -3e-13 1 g
Cirsium PA 5¢cm — 1st DAT 3.2 0.738 f -5.5 0.715624 efg
Cirsium GLY 5cm — 1st DAT -3.9¢-14 1 a -2.4e-13 1 g
Sonchus UC 15¢m — 14th DAT -6.8e-13 1 a -8.3e-13 1 a
Sonchus UC 15¢m — 21st DAT -5.1e-13 1 a -9.9¢-13 1 a
Sonchus UC 15¢m — 7th DAT -6.3e-13 1 a -7.2e-13 1 a
Cirsium PA 15cm — 14th DAT -66.2 8.39e-11 *** abc -70.2 5.58e-06 *** abc
Cirsium GLY 15cm — 14th DAT 97.5 2e-16 *** f -3.5e-14 1 g
Cirsium PA 15cm — 21st DAT -70.7 5.58¢-12 *** ab -71 4.48e-06 *** abc
Cirsium GLY 15¢m — 21st DAT 96.2 2e-16 *** f -8.3e-14 1 g
Cirsium PA 15cm — 7th DAT -41.2 3.11e-5 *** cd -38.2 0.011897 * abcdef
Cirsium GLY 15¢m — 7th DAT 95.7 2e-16 *** f 9.2¢-14 1 g
Cirsium UC 10cm — 14th DAT 4.2¢-13 1 a -7.5e-13 1 a
Cirsium UC 5cm — 14th DAT 2.2e-13 1 a -7e-13 1 a
Cirsium UC 10cm — 21st DAT 5.3e-13 1 a -7.5e-13 1 a
Cirsium UC 5¢cm - 21st DAT 3.9e-13 1 a -7.4e-13 1 a
Cirsium UC 10cm — 7th DAT 4.02¢-13 1 a -6.3e-13 1 a
Cirsium UC 5cm — 7th DAT 2.6e-13 1 a -6e-13 1 a
Sonchus PA 10cm — 1st DAT 4.3 0.75 f 2.2 0.917917 efg
Sonchus GLY 10cm —1st DAT 8.7e-13 1 a 245 0.251822 cdef
Sonchus PA 5cm —1st DAT -1 0.942 f -3.3 0.87438 defg
Sonchus GLY 5c¢m —1st DAT 1.2 0.927 a 742 0.000603 *** g
Sonchus PA 15c¢cm — 14th DAT 11.6 0.396 bed 0.1 0.995328 ab
sonchus GLY 15¢m — 14th DAT 0.5 0.971 f 74.2 0.000603 *** g
sonchus PA 15¢cm — 21st DAT -21.4 0.118 a -3.3 0.87438 a
Sonchus GLY 15¢m — 21st DAT 2.2 0.87 f 74.2 0.000603 *** g
Sonchus PA 15¢cm — 7th DAT -7.2 0.597 cd 0.1 0.995328 abcdef
Sonchus GLY 15¢cm — 7th DAT -9.8 0.472 f 41 0.055825 defg
Sonchus UC 10cm — 14th DAT 6.7e-13 1 a -0.2 0.990656 a
Sonchus UC Sem — 14th DAT 8.5e-13 1 a 1.09e-12 1 a
Sonchus UC 10cm_—21st DAT 4.5e-13 1 a -0.2 0.990656 a
Sonchus UC Sem —21st DAT 5.5e-13 1 a 1.3e-12 1 a
Sonchus UC 10cm —7th DAT 6.9e-13 1 a -0.2 0.990656 a
Sonchus UC Sem — 7th DAT 8.02¢-13 1 a 9.4e-13 1 a
Cirsium PA 10cm — 14th DAT -8.1 0.554 a 4 0.851368 abc
Cirsium GLY 10cm — 14th DAT -1 0.942 f 3.3e-13 1 g
Cirsium PA 5¢cm — 14th DAT 6.5 0.636 abed 27.5 0.198534 abcde
Cirsium GLY 5cm — 14th DAT 2.1e-13 1 f 2.7e-13 1 g
Cirsium PA 10cm — 21st DAT -6.8 0.616 a 3.2 0.878996 abc
Cirsium GLY 10cm - 21st DAT 0.7 0.956 f 3.2¢-13 1 g
Cirsium PA 5cm —21st DAT 11.7 0.392 abed 28.7 0.178968 abcde
Cirsium GLY 5cm — 21st DAT 1.2 0.927 f 3.1e-13 1 g
Cirsium PA 10cm — 7th DAT 2 0.884 cd -0.6 0.974308 abcdef
Cirsium GLY 10cm — 7th DAT -11.2 0.413 f 1.2e-13 1 g
Cirsium PA 5cm — 7th DAT 8.7 0.524 de 11.6 0.584166 bedef
Cirsium GLY 5cm_— 7th DAT -4. 0.743 f 9.6e-14 1 g
Sonchus PA 10cm — 14th DAT 16.7 0.39 d -1.7 0.955094 ab
Sonchus GLY 10cm — 14th DAT 1.5 0.938 f -24.5 0.417409 g
Sonchus PA 5cm — 14th DAT -0.4 0.983 cd -18.1 0.548421 ab
Sonchus GLY 5cm — 14th DAT -0.2 0.99 f -74.2 0.014595 * g
Sonchus PA 10cm — 21st DAT 43 0.822 a -1.2 0.968293 a
Sonchus GLY 10cm — 21st DAT -0.7 0.969 f -24.5 0.417409 g
Sonchus PA 5cm — 21st DAT -14 0.471 a -19.8 0.510528 a
Sonchus GLY 5¢cm — 21st DAT -2 0.918 f -74.2 0.014595 * g
Sonchus PA 10cm — 7th DAT 3 0.877 d 5.9 0.842792 abcdef
Sonchus GLY 10cm — 7th DAT 18.8 0.331 f -20.5 0.497337 defg
Sonchus PA 5cm — 7th DAT -1.2 0.709 d 1.1 0.968623 abcdef
Sonchus GLY 5¢cm _— 7th DAT 5.1 0.792 f -41 0.175362 I
Fitting quality of LMM Conditional R’ 0.9507225 0.8899877
models Marginal R’ 0.9485036 0.8890006

Significance codes for P(t): * p < 0.05, ** p < 0.01, *** p < 0.001
!Groups with different letters are significantly different at p < 0.05 level based on Tukey’s HSD test.
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Supplementary Table 2. Results of the LMM analysis followed by Tukey’s HSD on the aboveground biomass at the end of

experiment
Fixed effects Estimate P(t) Effect Relative to Intercept (%) Tukey's HSD'
Cirsium L[] 15cm (Intercept) 321.1 2.04e-14 *** b
Sonchus uc 15cm -5.1 0.9066 -101.6 b
Cirsium PA 15cm -3.1 0.9417 -101.0 b
Cirsium GLY 15cm -321.1 1.28e-09 *** -200.0 a
Cirsium uc 10cm -20.9 0.6314 -106.5 b
Cirsium ucC Scm -3.4 0.9372 -101.1 b
Sonchus PA 15cm -48.8 0.4298 -115.2 b
Sonchus GLY 15cm 14.5 0.8137 -95.5 a
Sonchus uc 10cm -19.6 0.7483 -106.1 b
Sonchus ucC Sem -37.5 0.5433 -111.7 b
Cirsium PA 10cm 29.7 0.6329 -90.7 b
Cirsium GLY 10cm 20.9 0.7360 -93.5 a
Cirsium PA Scm -132.3 0.0349 * -141.2 b
Cirsium GLY Scm 3.4 0.9556 -98.9 a
Sonchus PA 10cm 17.6 0.8401 -94.5 b
Sonchus GLY 10cm 21.4 0.8056 -933 a
Sonchus PA Sem 146.1 0.0972 -54.5 b
Sonchus GLY Sem 28.1 0.7458 91.2 a
Fitting quality of LMM models Conditional R* 0.90
Marginal R’ 0.77

Significance codes for P(t): * p <0.05, ** p < 0.01, *** p <0.001
!Groups with different letters are significantly different at p < 0.05 level based on Tukey’s HSD test.

Supplementary Table 3. Results of the LMM analysis followed by Tukey’s HSD on the belowground biomass at the end of

experiment
Fixed effects E P(t) Effect Relative to Intercept (%) Tukey's HSD'
Cirsium ucC 15cm (Intercept) 76.1 2.99e-05%*** abc
Sonchus ucC 15¢m 33.1 0.12504 -56.56 c
Cirsium PA 15cm -1.9 0.71912 -110.29 abc
Cirsium GLY 15cm -76.1 0.00099%** -197.91 a
Cirsium uc 10cm 493 0.02768* -35.13 c
Cirsium uc Scm 21.5 0.31668 -71.75 c
Sonchus PA 15cm 4.7 0.8786 -93.75 c
Sonchus GLY 15cm -31.1 0.31883 -143.00 a
Sonchus uc 10cm -61.8 0.03838* -181.11 c
Sonchus uc Sem -32.4 0.29392 -142.55 c
Cirsium PA 10cm -8.3 0.79843 -111.01 c
Cirsium GLY 10cm -47.5 0.14351 -164.66 a
Cirsium PA Scm -17.5 0.54626 -123.01 abc
Cirsium GLY Sem -21.5 0.4914 -130.32 a
Sonchus PA 10cm 21.6 0.62106 -71.73 c
Sonchus GLY 10cm 52.1 0.23309 -29.51 a
Sonchus PA Sem 7.8 0.85489 -89.72 be
Sonchus GLY Scm 35.1 0.41657 -51.76 a
Fitting quality of LMM models Conditional R? 0.97
Marginal R* 0.68

Significance codes for P(t): * p < 0.05, ** p < 0.01, *** p <0.001
!Groups with different letters are significantly different at p < 0.05 level based on Tukey’s HSD test.

Supplementary Table 4. Results of the LMM analysis followed by Tukey’s HSD on monthly measured plant heights over

2020 and 2021

Fixed effects Estimate P(t) Effect Relative to Intercept (%) Tukley's
HSD

Cirsium UC 15¢m in year 2020 (Intercept) 34.4 Q *kk ghij
Sonchus UC 15¢m in year 2020 -18.1 0.001 ** -152.6 defg
Cirsium UC 10cm in year 2020 -3.7 0.4932 -111.0 fghi
Cirsium UC 5cm in year 2020 -5.7 0.2653 -116.6 fghi
Cirsium GLY 15cm in year 2020 -39.4 Q *k -214.3 abed
Cirsium PA 15cm in year 2020 -14.8 0.0115* -142.9 efg
Cirsium UC 15c¢m in year 2021 49.9 Q *kk 44.8 kl
Sonchus UC 10cm in year 2020 -3.05 0.6793 -108.9 cdef
Sonchus UC 5c¢m in year 2020 9.7 0.1649 -128.4 bede
Sonchus GLY 15cm in year 2020 -7.8 0.3428 -122.9 a
Sonchus PA 15c¢m in year 2020 3.6 0.6366 -89.5 cde
Cirsium GLY 10cm in year 2020 -0.9 0.9166 -102.9 abc
Cirsium GLY 5cm in year 2020 6.1 0.4497 -82.1 abcde
Cirsium PA 10cm in year 2020 0.3 0.9683 -99.1 defg
Cirsium PA 5cm in year 2020 6.3 0.4233 -81.5 efg
Sonchus UC 15c¢m in year 2021 -12.5 0.0701 -136.5 j
Cirsium UC 10cm in year 2021 7.05 0.3024 -79.5 1
Cirsium UC 5cm in year 2021 1.1 0.8573 -96.6 kl
Cirsium GLY 15c¢m in year 2021 -28.5 0.0013 ** -182.9 cdefg
Cirsium PA 15cm in year 2021 13.7 0.0566 -60.1 kl
Sonchus GLY 10cm in year 2020 4.6 0.7042 -86.5 a
Sonchus GLY 5cm in year 2020 17.7 0.1212 -48.4 ab
Sonchus PA 10cm in year 2020 1.5 0.8876 -95.6 bede
Sonchus PA 5cm in year 2020 4.06 0.7011 -88.2 bede
Sonchus UC 10cm in year 2021 -4.6 0.6198 -113.4 ij
Sonchus UC 5¢m in year 2021 10.6 0.2394 -69.1 ij
Sonchus GLY 15c¢m in year 2021 28.3 0.0196 * -17.8 bedefg
Sonchus PA 15¢m in year 2021 -11.3 0.2438 -132.8 hij
Cirsium GLY 10cm in year 2021 -7.4 0.5696 -121.6 cdefg
Cirsium GLY 5cm in year 2021 2.6 0.8153 -92.2 cdefg
Cirsium PA 10cm in year 2021 -15.9 0.1144 -146.3 k
Cirsium PA 5cm in year 2021 9.3 0.3426 -127.2 kl
Sonchus GLY 10cm in year 2021 23.6 0.1767 -31.4 defgh
Sonchus GLY 5cm in year 2021 -18.1 0.27 -152.8 cdefg
Sonchus PA 10cm in year 2021 25.4 0.0583 -26.1 j
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Sonchus PA 5cm in year 2021 3.5 0.7926 -89.7 hij
Fitting quality of LMM models Conditional R* 0.5389057
Marginal R? 0.8706745
Significance codes for P(t): * p < 0.05, ** p <0.01, *** p <0.001
'Groups with different letters are significantly different at p < 0.05 level based on Tukey’s HSD test.
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Supplementary Figure 1. Results of the LMM analysis followed by Tukey’s HSD on herbicide efficacy at 21 DAT in both years.
Significance codes obtained from the LMM analysis for main effects shown in this graph are as follows: * p <0.05, ** p<0.01, *** p <0.001.
Within each year, groups with different letters are significantly different at p < 0.05 level based on Tukey’s HSD. PA: Pelargonic acid; GLY:
glyphosate; UC: untreated control; Cirsium: Cirsium arvense; Sonchus: Sonchus arvensis. 5 cm, 10 cm and 15 cm represent the initial size of
ramets.
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4.1 Abstract

Cultivation of cover crops is a valuable practice in sustainable agriculture. In cover crop
management, the method of desiccation is an important consideration, and one widely used method for
this is the application of glyphosate. With use of glyphosate likely to be banned soon in Europe, the
purpose of this study was to evaluate the herbicidal effect of pelargonic acid (PA) as a bio-based
substitute for glyphosate. This study presents the results of a two-year field experiment (2019 and 2021)
conducted in northeast Germany. The experimental setup included an untreated control, three different
dosages (16, 8, and 5 L/ha) of PA, and the active ingredients glyphosate and pyraflufen. A completely
randomised block design was established. The effect of the herbicide treatments was assessed by a visual
estimate of the percentage of crop vitality and a comparison assessment provided by an Ebee+ drone.
Four vegetation indices (VIs) calculated from the drone images were used to verify the credibility of
colour (RGB)-based and near-infrared (NIR)-based vegetation indices. The results of both types of
assessment indicated that pelargonic acid was reasonably effective in controlling cover crops within a
week of application. In both experimental years, the PA (16 L/ha) and PA 2T (double application of 8
L/ha) treatments demonstrated their highest herbicidal effect for up to seven days after application. PA
(16 L/ha) vitality loss decreased over time, while PA 2T (double application of 8 L/ha) continued to
exhibit an almost constant effect for longer due to the second application one week later. The PA dosage
of 5 L/ha, pyraflufen, and a mixture of the two exhibited a smaller vitality loss than the other treatments.
However, except for glyphosate, the herbicidal effect of all the other treatments decreased over time. At
the end of the experiment, the glyphosate treatment (3 L/ha) demonstrated the lowest estimated vitality.
The results of the drone assessments indicated that vegetation indices (VIs) can provide detailed
information regarding crop vitality following herbicide application and that RGB-based indices, such as
EXG, have the potential to be applied efficiently and cost-effectively utilising drone imagery. The results
of this study demonstrate that pelargonic acid has considerable potential for use as an additional tool in
integrated crop management.

Keywords: bioherbicide; desiccation; RGB indices; NIR indices; vegetation indices

4.2 Introduction

Cultivation of cover crops is a valuable and sustainable agricultural practice that offers
agroecosystems numerous benefits. However, several factors need to be considered in the management
of cover crops, including the method used to desiccate them (Legleiter et al., 2012; Ulcuango et al.,
2021). While being desirable in agroecosystems, many cover crops have the potential to become
troublesome weeds, and thus may reduce the yields of subsequent crops if consideration is not given to
their proper desiccation (Legleiter et al., 2012; Ulcuango et al., 2021). Moreover, in climate-smart
conservation tillage systems, cover crop desiccation is a tool used to prepare a weed-free seedbed
(Rosario-Lebron et al., 2019, Tataridas et al., 2022).
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Cover crops are either damaged or killed by frost in winter (frost-sensitive cover crops) or actively
desiccated by mowing, tillage or application of chemical herbicides. The application of a non-selective
herbicide (e.g., the active ingredient glyphosate) is a common method for desiccating cover crops
because, compared with other desiccation methods, it can offer suitable levels of control at almost any
time or plant growth stage (Tataridas et al., 2022; Balkcom et al., 2020; Pittman et al., 2020). However,
a delay in desiccating the cover crop carries risks associated with the next crop emergence, such as water
moisture depletion (Schmitt et al., 2021; Eash et al., 2021; Rosario-Lebron et al., 2019) and nitrogen
immobilization (Eash et al., 2021). Therefore, in the event of delayed desiccation (e.g., closer to the
sowing time of the next crop), herbicide application is the method most commonly used due to its rapid
effects (Balkcom et al., 2020; Kornecki and Balkcom, 2020). The results of previous studies reveal that
using the non-selective active ingredient glyphosate for cover crop desiccation provides the best control
of grass cover crop species (Cornelius and Bradley, 2017; Palhano et al., 2018; Whalen et al 2020), but
studies have also shown that glyphosate does not provide an adequate level of effectiveness for the
desiccation of broadleaf cover crop species (Cornelius and Bradley, 2017; Palhano et al., 2018; Whalen
et al., 2020).

Furthermore, in recent years, the use of synthetic herbicides, especially glyphosate, has raised several
environmental and health concerns (Van Bruggen et al., 2018; Paganelli et al., 2010), such that European
governments, especially the German government, have announced that use of this active ingredient
should be very limited or even prohibited by the end of 2023 (Antier et al., 2015). A severe glyphosate
restriction or ban means that alternatives need to be identified (Beckie et al., 2020). One of the substitutes
for glyphosate is the application of bioherbicides (Beckie et al., 2020) since they offer advantages such
as rapid degradation (Cordeau et al., 2016). Pelargonic acid (PA) is a bio-based non-selective contact
herbicide that is rapidly degraded in the soil (DT50 < 2 days) (Savage and Zorner, 1996; Krauss et al.,
2020) and exhibits damage on the green tissue after 15-60 minutes at temperatures above 15 °C on a
sunny day (Savage and Zorner, 1996; Ciriminna et al., 2019). Its mode of action is to move through the
cuticle and cell membrane, reduce intra-cellular pH and ultimately cause rapid membrane dysfunction,
leading to the loss of membrane integrity and cell death (Ciriminna et al., 2019; Travlos et al., 2020).
Owing to this mode of action, PA is recognised as an extremely rapid burndown herbicide, with plants
starting to collapse between one and three hours after application (Savage and Zorner, 1996). Most
bioherbicides are unable to provide adequate control because of a lack of aggressiveness; therefore,
efficacy can be improved by mixing a bioherbicide and a chemical herbicide (Hoagland, 1996). There
is potential for enhancing PA efficacy with the addition of another active ingredient (Coleman and
Penner, 2008). Therefore, this study investigated a mixture of pyraflufen and reduced PA dosage.
Pyraflufen is a post-emergence contact herbicide used to control broadleaf weed species (Moretti et al.,
2014).

One approach for evaluating the effect of bio-based and chemical herbicides for cover crop
desiccation is to undertake a visual evaluation (Duddu et al., 2019). Another assessment method is to
use an unmanned aerial vehicle (UAV), which is a relatively new technology and a useful tool for
evaluating the effectiveness of various types of crop management (Rodene et al., 2022; Marino and
Alvino, 2019) e.g., herbicide effectiveness (Duddu et al., 2019, Streibig et al., 2014). The advantages of
this method are its accuracy, flexibility and cost-effectiveness (Duddu et al., 2019; Rodene et al., 2022;
Marino and Alvino, 2019). Aerial images obtained by UAV can detect differences in levels of plant
health that may not be possible by visual observation (Duddu et al., 2019; Rodene et al., 2022). Spectral
data collected by UAVs are normally evaluated in the form of vegetation indices (VIs) (Rodene et al.,
2022). Evaluation of vegetation can be conducted precisely using various VlIs, but this greatly depends
on the experimental questions (Mink et al., 2020) because each index has its own unique characteristics
and usage purposes (Rodene et al., 2022). Near infrared (NIR) and red-edge-based indices are used to
measure plant health and biotic and abiotic stresses because they are better at showing plant reaction to
stress within these bands (Meena et al., 2020). RGB-based indices, which are calculated using visible
reflectance bands (Guo et al., 2021), are the simplest and most commonly used UAV method for
monitoring vegetation because they do not require a special, expensive multispectral camera. Commonly
derived parameters are plant cover and stress (Guo et al., 2021; Rasmussen et al., 2016). The important
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aspect regarding an assessment of plant stress or herbicide effectiveness is that the drones are equipped
with multispectral sensors, which are capable of measuring different characteristics, including detailed
plant vigour (Mink et al., 2020). The introduction of a stress factor, such as herbicide application,
influences sensor measurements because sensor systems analyse the plant canopy’s green colour rather
than herbicide injuries on the plants (Streibig et al., 2014). Therefore, VIs calculated from these data
can provide reliable information on monitored plant vitality (Mink et al., 2020). In the present study,
cover crop vitality was estimated visually by the greenness of the plants, as in the drone assessments.

There are different variables in the environment that need to be considered when using different Vs,
such as limiting factors (Xue et al., 2017). The NIR and red-based indices can be affected by low
vegetation coverage due to the presence of soil in the background (Thenkabail et al., 2000). It should be
noted that beside the effects of soil, some indices are sensitive to atmospheric effects (Xue et al., 2017).

Given the unique properties of various VIs, the normalised difference vegetation index (NDVI) and
leaf chlorophyll index (LCI) were chosen as NIR/red-edge-based indices, and the visible
atmospherically resistant index (VARI) and excess green index (EXG) were selected as RGB-based
indices to evaluate herbicide treatments in this study.

Thus far, little is known about cover crop desiccation by bioherbicides. By focusing on cover crop
management in the European context, this study aimed to close this knowledge gap by evaluating the
herbicidal potential of pelargonic acid for cover crop desiccation compared with other chemical
herbicides, using ‘Rostock’ (northeast Germany) as a case study site. Owing to its rapid degradation
effect, it is anticipated that PA will be used as a bio-based alternative for cover crop desiccation
purposes. This study site was chosen because of its moderate maritime climate in which cover crops are
not usually damaged by frost in winter.

A further objective of this research was to verify the credibility of RGB and NIR-based vegetation
indices derived from drone images to measure the effect of herbicides in cover crop desiccation at
different assessment times after application. It was hypothesised that VIs derived from drone imagery
can provide detailed information about crop vitality at different assessment times after application of
herbicides and can be used as an alternative to the visual rating method.

4.3 Materials and Methods
Study site

The experiment was conducted under field conditions in the summer of 2019 and repeated in the
summer of 2021 in northeast Germany (location ‘Rostock’: 54°3°39.76 N, 12°4°58.14” E) (Figure 11).
In both years, the soil type in the fields was loamy sand. Local weather conditions in ‘Rostock’ are
favourable for arable crop production due to its moderate maritime climate. Winter cover crops are
commonly used in crop rotations that include summer crops (e.g., maize, legumes, summer cereals or
root and tubers). The average air temperature for the growing season was 13.3 °C (minimum 2.4 °C and
maximum 24.3 °C) in 2019 and 12.3 °C (minimum 0 °C and maximum 26.5 °C) in 2021. The total
amount of precipitation in the growing season until application of the treatments was 186 mm in 2019
and 241 mm in 2021. After the experiment started, the field received a further 24 mm and 33.8 mm more
rain respectively in 2019 and 2021 (Figure 12).

For the experiment in 2019, clover grass (DSV COUNTRY field grass 2055) was sown in April at a
rate of 20 kg/ha in 10 rows per plot with a 15 cm row space, using a System Hege 34. “DSV COUNTRY
field grass 2055 contains 20% perennial ryegrass (Lolium perenne), 30% red clover (Trifolium
pratense), 20% timothy grass (Phleum pratense) and 30% meadow fescue (Festuca pratensis). For the
experiment in 2021, the same clover grass was sown using the same method in autumn 2020 and was
cut once in June 2021 (before the start of experiment) to maintain similar plant sizes and conditions as
in 2019.
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Figure 11. Study area of Rostock, northeast Germany.
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Figure 12. Air temperature (°C) and precipitation during the growing season (mm) in (a) 2019 and (b) 2021. Information

for both years was obtained from the research weather station of the Department of Hydrology and Applied Meteorology of

the University of Rostock.

Experimental setup

The experimental design for both experimental years consisted of a randomised complete block
design with four replications. The size of the experimental area was around 460 m? and included 28

plots of 6 m? in four columns (blocks) and seven rows. The plant growth stage at the time of herbicide
application in both years ranged from BBCH 45 to 49. The herbicide treatments applied in this

experiment are given in Table 4. The treatments included three different dosages (16, 8 and 5 I/ha) of

pelargonic acid, with the 8 l/ha dosage applied twice (the second time within a week of the first

application). The commercial product Beloukha® was used for treatments containing pelargonic acid.
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For the treatments including the active ingredient pyraflufen, Quickdown® was used. Roundup Ultra®
and Roundup Powerflex® were used as glyphosate in 2019 and 2021 respectively. Treatments were
applied by means of a plot-spraying device with a pressure of 2.1 bar and speed of 4 kilometers per hour.
The application volume for the treatments including Quickdown® was 300 1/ha and for the rest was 200
1/ha. Flat jet nozzles size 02 and 03 were used for 200 1/ha and 300 I/ha application volumes respectively.

Table 4. Herbicide treatments used in the experiments in 2019 and 2021

Treatment Amount used (L /ha) Active ingredient content (g/L)

ucC - Untreated control

PA 16 1/ha 680 g/l pelargonic acid

PA R 5 I/ha 680 g/l pelargonic acid

PA _2T! 8 1/ha! 680 g/l pelargonic acid

PYR 0.8 1/ha 24.2 g/l pyraflufen

PYR+PA R 0.8 1/ha PYR + 5 /ha PA 24.2 g/l pyraflufen + 680 g/l pelargonic acid
GLY 3 1/ha 480 /1 glyphosate

ISecond application within a week of the first application

Assessments

The effect of the herbicide treatments was assessed by estimating the percentage of crop vitality.
This assessment was conducted before application and at 1, 7, 14 and 21 days after application (DAT)
of the herbicide treatments by visual observation. The “Goéttinger Schitzrahmen (Bartels et al., 1983)”
was placed three times randomly on each plot as a non-destructive sampling method and the percentage
of the vitality of all plant species inside the frame was evaluated. A value of 0% vitality represented
completely dead vegetation and a value of 100% was equivalent to completely vital vegetation. In
addition to the visual observation, an assessment of the herbicide treatments was conducted using drone
surveys on all the above-mentioned DATSs except 21%*_DAT in 2021.

An Ebee+ drone from the company Sensefly was used for the recordings. The drone has an RTK
system, which in principle allows highly accurate ground control-free georeferencing. The fixed-wing
aircraft weighs about 1,100 g and can carry only one payload at a time, i.e. either a colour digital camera
(S.0.D.A.) with 20 MPix or a Sequoia multi-spectral camera manufactured by the company Parrot.
Thus, two flights were made on each flight date: The first with the multispectral camera, followed
immediately by a second with the RGB camera. Planned with a longitudinal and transversal overlap of
80% each, one flight flew over the whole of the University of Rostock’s test field, which was
approximately 8 ha. The speed of the fixed wing drone Ebee+ is set to 14 m/s by default, relative to the
surrounding air. Depending on the wind speed and wind direction, the ground speed may vary from 11-
18 m/s. Thus, the forward lap differs by between 60 and 80%. Due to the 80% side lap, there will always
be enough overlap to ensure high-quality 3D-data and near-nadir viewing perspectives throughout the
image blocks. The flight altitude for both flights was about 70 m, resulting in a ground resolution of 2
cm for the RGB images and 7 cm for the multispectral images. During postprocessing, the image data
were photogrammetrically processed. The RGB data were processed using Metashape 1.5.2 software
from Agisoft, while the multispectral data were processed using Pix4DMapper 4.5.2 software, in order
to obtain absolute reflectance values. Several permanent control points were included in the bundle
block adjusment to ensure the accuracy of the georeferencing. The positional and vertical accuracy at
the control points was between 1 and 2 cm. Sunlight and cloud conditions during the drone flights,
collected by the authors, are given in Table 5. The image surveys were acquired within two hours around
solar noon (11:00-14:30 CEST). The sun elevation above the horizon was around 50-60 °.

Table 5. Sunlight and cloud conditions during the drone flights, collected by the authors

Date 2019 2021

Before application Completely cloudy Completely cloudy
It DAT Partly cloudy Partly cloudy

7h DAT Completely cloudy Partly cloudy

14" DAT Completely cloudy Partly cloudy

21% DAT Sunny -
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Vegetation indices

The vegetation indices used to evaluate crop vitality after application of the treatments in these
experiments were as follows:

NDVI (normalised difference vegetation index) (Xue et al., 2017), calculated as:

npyr = VIR —R 1
" NIR+R M

where NIR is the near-infrared band reflectance and R is the red band reflectance;

VARI (visible atmospherically resistant index) (Gitelson et al., 2002), calculated as:

vari = 2R 2
“G+R-B @)

where R, G, and B are the normalised red, green and blue bands of the image respectively;
EXG (excess green index) (Woebbecke et al., 2017), obtained from the following formula:

ExG=2%xG —R —-B 3

In this formula, to make the index more reliable and normalise the differences in image acquisition
or in illumination and exposure conditions, G ,R and B were used as the transformed values of the
R (red), G (green) and B (blue) bands. These values were calculated as follows:

G R B
R

G = ) = ) =
GMax RMax BMax

(4
where R, G, and B are the average light intensity of red, green and blue, and Rmax, Gmax, and Buax
represent the maximum values of R, G and B respectively (Yang, 2018; Gil and Pacheco, 2020);

LCI (leaf chlorophyll index) (Narmilan et al., 2022), calculated using the following formula:

Ll = NIR — RedEdge 5
~ NIR+R )
where RedEdge is the red-edge reflectance, and NIR and R represent the near-infrared band reflectance

and red band reflectance respectively.

The values obtained from the above formulae were considered absolute values for VIs. The relative
values of each VI were then calculated using two different approaches: the relative VI values for each
plot on each assessment day were calculated relative to the absolute VI values calculated before the
drone flights, and then the relative VI values were calculated relative to the absolute VI values obtained
from the untreated control plots on the same assessment day.

Statistical analysis

The statistical analyses were performed using the Statistic program R version 4.2.2 (R Core Team,
2022). The distribution of visually estimated vitality data analysed by the Shapiro-Wilk normality test
(Shapiro et al., 1968) showed that the data deviated significantly from a normal distribution (p<0.01).
Therefore, the Kruskal-Wallis test (R package ‘agricolae’ (de Mendiburu and Yaseen, 2020)) was used
to compare the herbicide treatments on each assessment day. The data distribution for all calculated VIs
proved to be the same (p<0.01). Therefore, to check differences between treatments using Vls, a
Kruskal-Wallis analysis was conducted on absolute VI values. These results can be found at Appendix
A.

Linear and polynomial regressions were fitted to the data to investigate the relationships between all
the VIs and between the VIs and estimated vitality on each DAT. The vitality loss of the treatments was
considered to be 0% for all plots on the day before application. Due to singularities in the dataset, the
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Visually estimated vitality (%)

coefficient of determination (R?) could not be determined to explain the relationship between VIs and
estimated vitality before the application of the treatments in either year.

4.4 Results

Visually estimated reduction in cover crop vitality

At 1% DAT in 2019, all the herbicide treatments except GLY caused vitality losses. The lowest
visually estimated vitality was 68%, which was from PA (full dosage). The effect of this herbicide
treatment increased over time and reached an estimated vitality of 38% at 7" DAT, before starting to
decrease until the end of the experiment (Figure 13).

The estimated vitality of the PYR+PA R treatment showed a decremental trend from 90% to 70%
until 14" DAT. After that time, however, the trend became incremental. PA_ 2T exhibited the same
trend as PYR+PA R, although the vitality loss caused by PA 2T was 10%, which was significantly
higher than PYR+PA_R on 14" DAT. The estimated vitality was extremely high for the GLY and PYR
treatments at 1% DAT in 2019. The herbicidal effect of the PYR treatment increased slightly up to
14" DAT, but vitality loss was =10% at 21 DAT (Figure 13).

At the end of the experiment, GLY showed the lowest estimated vitality (= 30%), while among other
herbicide treatments, the lowest vitality (=84%) was obtained by PA_ 2T. Nevertheless, during the first
week following application, the vitality loss obtained by PA proved to be 40%, which was significantly
higher than that obtained by GLY (Figure 13). PA_R showed the lowest vitality loss among the herbicide
treatments of 2% to 5%.

The repetition of the experiment in 2021 revealed similar results. A greater vitality loss was obtained
by treatments containing pelargonic acid at 1 DAT. Except for PA_R, this herbicidal effect was visible
until 14" DAT. GLY was the only treatment that did not exhibit a significant vitality loss compared
with the untreated control at 1** DAT. The herbicidal effect of PA decreased from a loss of vitality of
83% (1** DAT) to 58% (7™ DAT), and then to 25% at the end of experiment. The lowest vitality for
PYR was 7" DAT at 60%, which was significant. The effect of this treatment slowly decreased after
that time. PA_2T displayed over 50% vitality loss during the first week following application and later
declined gradually over time. PYR+PA R showed a similar decline during the experiment. One week
after application, GLY started to exhibit a significant loss in crop vitality. The minimum vitality obtained
by GLY was 2% at the end of the experiment (Figure 13).
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Figure 13. Visually estimated crop vitality after application of herbicides on the cover crop in both years. Small letters
show significant differences between treatments within each day in 2019 and capital letters show significant differences
between treatments within each day in 2021 at p<0.05 using the Kruskal-Wallis test. Error bars indicate the standard deviation
for each treatment within each assessment day.
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Vegetative indices calculated from drone images

To be able to compare visual observations with VIs, relative VI values compared with the untreated
control plot were used. These are shown in Figures 14 and 15. To make the visualisation
comprehensible, the estimated vitality values were converted into decimal numbers and then used in the
figures for illustration purposes. Furthermore, as these figures show, the estimated vitality obtained from
visual observations and the drone-based approach (VIs) was very similar. The estimated vitality graph
(Figures 14a, 15a) shows that the effect of the treatments containing PA wore off over time, depending
on the application rate and time of observation. In comparison, the onset of vitality loss caused by GLY
came after a delay. Both experimental years showed similar results for PA and GLY. However, in 2021,
PA showed a more satisfactory herbicidal effect and the herbicidal effect of PA_ 2T was more constant
during the experiment (Figure 14a). EXG exhibited a trend closer to the estimated vitality in both years
(Figures 14, 15) while the trends for NDVI and VARI were closer to the estimated vitality in 2021

(Figure 15).
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Figure 14. (a) Estimated crop vitality obtained by visual observation in 2019; (b), (c), (d), (e): calculated VIs relative to
the untreated control obtained by a drone in 2019.
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Figure 16 illustrates changes in plant vitality within the experimental plots before and after herbicide
application in 2021, expressed by RGB imagery. Figure 17 shows the NDVI map of the experimental
plots before and after herbicide application in 2021. In both figures, the effect of PA applied on four
plots at 1®* DAT can be seen. These two figures also show the start of vitality loss in the plot treated
with GLY from 7" DAT up to the end of the experiment.
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Figure 17. Changes in plant vitality due to different herbicides during the experiment in 2021, expressed by NDVIL.

Relationship between vegetative indices and visually estimated plant vitality

The results of the regression analysis showed that in both years there were significant positive
relationships (p<0.05) between NDVI and estimated visual plant vitality on all assessment days. In 2019,
R? at 21 DAT was significantly higher than all other DATs (R?>= 0.93, p<0.05). Coefficients of
determination (R?) were 0.64 and 0.54 for 7" DAT and 14™ DAT respectively. The smallest correlation
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Figure 18. Relationship between VIs (relative values compared with before application) and visually estimated vitality in
2019. Linear and polynomial regression analysis (p<0.05).
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Figure 19. Relationship between VIs (relative values compared with before application) and visually estimated vitality in
2021. Linear and polynomial regression analysis (p<0.05).

The relationship between VARI and estimated vitality was also positive in both years. The weakest
relationship between these two variables occurred on 1% DAT in 2019 (R?* = 0.35, p<0.05). This
correlation slightly improved to its strongest level at 7" DAT (R*=0.68, p<0.05) (Figure 18b). The
results for 2021 showed a different relationship between VARI and estimated vitality. The strongest
correlation occurred on 1% DAT (R?=0.84, p<0.05) and declined over time (Figure 19b). For 1%, 7" and
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14" DAT, coefficient determination values for the correlation between LCI and estimated vitality were
very low, with an incremental trend and change to a high correlation with R? 0of 0.61 at 215 DAT (Figure
18¢). In 2021, their relationship was significantly positive (p<0.05) at 1. DAT, 7" DAT and 14™ DAT
with R? of 0.89, 0.67 and 0.94 respectively (Figure 19¢). Regression analysis revealed a significant
relationship (p<0.05) between EXG and estimated vitality in 2019 for all assessment days (Figure 18d).
In 2021, the EXG index exhibited a significantly high correlation at 15 DAT and 14" DAT. R? for
7% DAT was 0.46 (Figure 19d).

Relationship between vegetative indices

The results of the regression analysis showed that there were significant (p<0.05) and strongly
positive relationships between NDVI, VARI and EXG on almost all assessment days in both years
(Figures 20 and 21). In 2019, the correlation between NDVI and VARI was higher than that between
NDVI and EXG (Figure 20a, c). LCI displayed a strong correlation with NDVI on all DATs in 2019
(Figure 20e). Its relationship with VARI was not as strong as that with NDVI. At 1*tand 7" DAT, LCI
exhibited a low correlation, which improved at 14" DAT and reached its highest level (R>= 0.65) at
21% DAT (Figure 20d).

In 2021, the results of the regression analysis showed that LCI had a significant positive relationship
(P<0.05) with NDVI on all assessment days (Figure 21¢). The relationship was similar between LCI and
VARI (Figure 21f). The relationship between EXG and LCI was significantly positive, but R? for
1** DAT was 0.43 (Figure 21b). In general, LCI displayed a higher correlation with NDVI and VARI
than with EXG.
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Figure 20. Relationship between VIs (absolute values) in 2019. Linear and polynomial regression analysis (p<0.05)
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Figure 21. Relationship between VIs (absolute values) in 2021. Linear regression analysis (p<0.05).

4.5 Discussion

The aim of this study was to test the effectiveness of pelargonic acid as a desiccation tool on the
cover crop in comparison with other treatments. The results indicated that pelargonic acid was
reasonably effective at controlling cover crop growth within a week of application. In both experimental
years, PA (16 l/ha) and PA 2T (double application of 8 1/ha) showed their highest herbicidal effect up
to 7" DAT. PA vitality loss decreased over time while PA_ 2T continued to exhibit an almost constant
effect for longer because of the second application one week later. Weber et al. (2014) report that
repeated application of pelargonic acid could result in a high level of herbicidal control (Webber et al.,
2014). Due to the previously mentioned fact that glyphosate-based products will be severely restricted
and probably banned in Europe in the near future (Antier et al., 2020), this study compared PA as a bio-
based alternative with glyphosate (GLY). In contrast to PA, both in visual observations and using the
drone-based approach (VIs), the herbicidal effect of GLY was not visible in the first few days of
application because GLY absorption by the plant and subsequent translocation inside the plant take some
days to exhibit significant effects, which is dependent on the type of plant (annual, perennial,
developmental stage) and environmental factors (Fadin et al., 2018; Satchivi et al., 2000; Sprankle et
al., 1975). This means that PA as a non-selective contact herbicide could potentially be a short-term but
rapid destruction alternative to glyphosate, especially in volatile weather conditions or when there are
work bottlenecks (lack of labour and/or machinery).

The results demonstrated an initial rise and subsequent fall in the efficacy of PYR and its mixture
with PA R in both assessment methods. This decrease in PYR efficacy could be explained by cover
crop regrowth on 7" DAT. However, pyraflufen efficacy has been proven to be relatively dependent on
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plant growth stage at the time of spraying (Moretti et al., 2014; Murata et al., 2002), which might explain
the lower efficacy of PYR in the present study. The results obtained from the PYR+PA R treatment in
this experiment also demonstrated that mixing pyraflufen with other post-emergence herbicides
increases herbicidal efficacy (Moretti et al., 2014). However, the efficacy enhancement caused by
mixing pyraflufen with pelargonic acid was around 5% greater than the single PYR treatment and 17%
higher than the single PA R treatment.

Since visual assessments of herbicidal effects are subject to human error and require a lot of time and
effort (Duddu et al., 2019), the applicability of VIs for assessing herbicide effectiveness on cover crops
was investigated. The VIs “NDVI, VARI, LCI and EXG” were individually compared with the visual
vitality estimation and with each other.

This research showed that EXG’s correlation with estimated vitality proved to be better than the
correlation of other VIs with estimated vitality. The reason for this is that EXG reacts more to leaf
discoloration (Yun et al., 2016), i.e., plant vitality (Streibig et al., 2014). Yun et al. (2016) report that
EXG values derived from UAV low-flight altitude RGB images for experimental plots without herbicide
application were higher than those with herbicide application (Yun et al., 2016). Their study proves that
EXG values can be used to ascertain the impact of herbicide use on plant growth (Yun et al., 2016).
According to Streibig et al. (2014) and Rasmussen et al. (2016), this index can be used to quantify crop
injury from herbicide use. It is an efficient VI because it can be obtained using consumer-grade cameras
mounted on UAVs (Rasmussen et al., 2016). Based on research by Yang (2018), EXG can distinguish
vegetation from the surrounding environment precisely. Torres-Sanchez et al. (2014) have also reported
that the EXG index obtained from RGB images can be used to visualise the vegetation fraction and
vegetation growth accurately. At the start of the experiment in 2019, there was a large number of
flowering weeds in the experimental plots. Furthermore, before application in the same year, the field
received less precipitation and was exposed to higher temperatures, which may explain cover crop
coverage in the experimental field being less, revealing more of the soil background after application of
the herbicide treatments. These results demonstrate that the presence of flowering weeds and soil
background in this study did not negatively affect the EXG index.

Other than EXG, according to Henry et al. (2004) and Lewis et al. (2014), one of the common
vegetative indices for detecting injury symptoms on plants caused by herbicides is NDVI (Travlos et al.,
2021). In this experiment, on 1 DAT in 2019, the application of PA treatments showed significantly
more vitality loss in the visual observation (estimated vitality) than in the NDVI index. In addition, the
correlation between estimated vitality and both NDVI and VARI was low on 1** DAT in 2019. NDVI
is calculated by mathematically comparing the amount of red light (which vegetation absorbs) and
reflected near infrared light (which vegetation reflects) (Weier and Herring, 2000). This index is
sensitive to plant chlorophyll content; therefore, plant vitality and biomass are often detectable using
this vegetative index (Gotze et al., 2010). The chlorophyll pigments in a healthy plant absorb most of
the visible red light, while the cell of the plant reflects most of the near infrared light. This means that
when a plant is very photosynthetically active, less NIR will be reflected (Travlos et al., 2021). Two
factors might have affected NDVI in this experiment: the presence of weeds (mostly at flowering stage)
and the fact that the plants were damaged because of herbicide application. However, in some plots the
plant cells were not permanently destroyed, just damaged, which had a small effect on reflected NIR,
and therefore NDVI did not show as much as damage as the visual observation suggested. In contrast to
NDVI, VARI has a low sensitivity to atmospheric effects (Gitelson et al., 2002), but the reason for the
low correlation with estimated vitality on 1% DAT for this index was due to the fact that a high weed
population negatively impacts VARI and produce lower values (Erunova et al., 2021). VARI can also
be greatly affected by the background colour and a change in leaf colour. Its value increases with the
development of vegetation coverage in the background during the vegetative stages unless inflorescence
appears in the field (Sakamoto et al., 2011). Therefore, both NDVI and VARI showed a higher
correlation with estimated vitality at 7" DAT, when weed density was reduced following herbicide
applications and the cover crop started to regrow and produce a vegetative coverage. In previous studies,
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NDVI has been found to be more effective than VARI in evaluations of crop health in fields (Rodene et
al., 2022).

With regard to the leaf chlorophyll index (LCI), previous studies have shown that this index has a
high correlation with plant chlorophyll content (Datt et al., 2003). Changes in a plant’s physical and
biochemical structure caused by a stress factor could influence chlorophyll as an important pigment in
photosynthesis (Meena et al., 2020), therefore the LCI value will decrease due to the reduction in this
pigment content (Datt et al., 2003). Nonetheless, in the present study, LCI showed heterogeneity in both
experimental years. This may be due to the scale at which this index was tested for its correlation with
estimated vitality and other vegetative indices. The correlation between VIs and plant parameters might
reflect variability on different scales, meaning that those that are strongly correlated with a plant
parameter on a certain scale may exhibit a very weak correlation on another scale. In the case of LCI,
when the amount of foliage in the plant canopy is low, LCI has a low correlation with a plant’s
chlorophyll on a canopy scale, while it shows a high correlation with chlorophyll content on a leaf scale
(Xue et al., 2017; Xiao et al., 2013). In this study, the soil was not completely covered by the cover crop
in 2019 due to less precipitation and higher temperatures in the growing season and also to the existence
of a high weed infestation. Therefore, during the period of 1 to 14" DAT, LCI was heavily influenced
and exhibited weak correlations with estimated vitality. After cover crop regrowth, LCI showed a higher
correlation with estimated vitality on 21 DAT. Previous studies have demonstrated the negative effects
of low vegetation coverage and the presence of soil background on NIR and red-based indices
(Thenkabail et al., 2000).

The relationship analysis of VIs in the current study revealed that NDVI and VARI were highly
correlated on all assessment days in both years. NDVI and VARI also correlated linearly with EXG on
all assessment days in both years. The high correlation between EXG and VARI indices is in line with
the findings of Zhang et al. (2019) in an assessment of turf grass performance (Zhang et al., 2019) and
another study estimating the aboveground biomass of wheat (Lu et al., 2019).

4.6 Conclusions

The cover crop’s high susceptibility to the PA and PA 2T treatments in the early days after
application was proven by both the visual and drone-based assessments. The results confirmed that
pelargonic acid has the potential to be a more sustainable alternative to synthetic herbicides. The possible
ban of glyphosate in Europe requires further research to be undertaken on bio-herbicides. Pelargonic
acid has been registered on the European market for use as a plant desiccant in potatoes and to kill
suckers in perennial crops such as hop and grapevine. However, it is currently not registered for other
management purposes in arable crops. The results of this study demonstrate that pelargonic acid has
considerable potential to be an additional tool in integrated crop management. Future use registrations,
e.g., for cover crop desiccation or the control of monocotyl and dicotyl weeds in arable crops, would
allow the use of pelargonic acid as a substitute for glyphosate. Moreover, details on its technical
application (water temperature, adjuvants and the effect of weather conditions during/after application)
require further investigations to ensure its suitability for on-farm use.

With regard to the drone assessment, it was concluded that VIs obtained by drone imagery can be
used to monitor the effectiveness of herbicide desiccation methods in cover crops. Furthermore, the
EXG index demonstrated its ability to visualise the effect of herbicides with a high degree of accuracy
on all assessment days. As an RGB-based index obtainable with customer-grade cameras, EXG presents
a more cost-effective option than NIR-based indices and offers an alternative to visual observation. LCI
is the most sensitive and least robust VI to bi-directional reflectance distribution function (BRDF), shade
and other irregularities such as flowering weeds in the crop cover. However, if the vegetation cover is
homogeneous, it is a very good VI for determining plant stress and changes in leaf chlorophyl.
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4.8 Appendix A

Supplementary Table 5. Results of a comparison of treatments using absolute values of vegetation indices at different DAT

in 2019
VI Treatment Mean Mean rank
Before Ist DAT 7th_DAT 14th_DAT 21st DAT 1st DAT 7th_DAT 14th DAT 21st DAT
ucC 0.847 0.790 0.757 0.776 0.771 a 24.75 a 25 a 24.25 a
PA 0.851 0.721 0.614 0.656 0.723 9.25 a 11 be 11.75 b 13 b
PA_R 0.859 0.796 0.746 0.770 0.771 20 a 24 a 24 a 24.75 a
PA_2T 0.838 0.727 0.610 0.641 0.712 8.5 a 9.25 be 10 b 11.25 b
PYR 0.833 0.758 0.649 0.676 0.714 14 a 12.5 be 1375 b 12.75 b
= PYR+PA_R 0.848 0.760 0.649 0.679 0.729 14.5 a 14 b 145 b 13 b
% GLY 0.844 0.779 0.575 0.542 0.472 17.25 a 6 c 2.5 c 2.5 c
ucC 0.384 0.317 0.230 0.224 0.332 19 ab 25.25 a 245 a 21.25 ab
PA 0.368 0.116 -0.027 0.014 0.247 7.75 b 8.5 cd 11.75 b 16.75 abc
PA_R 0.436 0.304 0.172 0.191 0.326 19.75 a 23.75 a 245 a 24.25 a
PA_2T 0.348 0.129 -0.031 0.001 0.201 8.5 ab 6.75 d 9.75 b 12.25 c
PYR 0.317 0.225 0.057 0.050 0.182 14 ab 17 b 14 b 10.25 c
= PYR+PA_R 0.428 0.198 0.031 0.052 0.230 14 ab 14 be 145 b 14.25 be
;: GLY 0.342 0.312 -0.043 -0.091 -0.057 18.5 ab 6.25 d 2.5 c 2.5 d
ucC 0.309 0.325 0.260 0.281 0.270 21 a 26.25 a 26 a 25.75 a
PA 0307 0211 0.138 0.176 0220 3 c 5.25 d 875 ¢ 11.5 be
PA_R 0.315 0.312 0.230 0.261 0.253 19.25 a 22.25 a 2275 a 23.25 a
PA_2T 0.308 0.241 0.135 0.177 0.216 8 be 4.75 d 925 ¢ 8.75 c
PYR 0.295 0.296 0.202 0.219 0.227 15.75  ab 17 b 17 b 15 b
o PYR+PA_R 0.323 0.277 0.174 0.208 0.227 14.25  ab 11.75 c 1475 b 14.75 b
Ej GLY 0.307 0327 0.185 0.134 0108 2025 a 14.25 be 3 d 2.5 d
ucC 0.290 0.215 0.195 0.169 0.147 1475 a 18.25 ab 21 ab 22 a
PA 0.292 0.217 0.192 0.164 0.123 16 a 17.75 ab 18 b 10 be
PA_R 0.301 0.229 0.204 0.174 0.146 19 a 22 a 2475 a 20.75 a
PA_2T 0.291 0.208 0.186 0.160 0.135 1225 a 15.75 ab 155  be 15.25 ab
PYR 0.288 0.206 0.171 0.149 0.133 1225 a 11 be 8.75  de 13.25 ab
_ PYR+PA_R 0.290 0.211 0.183 0.155 0.140 12.5 a 14.25 ab 11 cd 17.5 ab
3 GLY 0.289 0.214 0.125 0.115 0.085 1475 a 2.5 c 2.5 e 2.75 c

Letters show significant differences between treatments within each day at P<0.05 using the Kruskal-Wallis test.

Supplementary Table 6. Results of a comparison of treatments using absolute values of vegetation indices at different DAT

in 2021
VI Treatment Mean Mean rank
Before Ist DAT 7th DAT 14th DAT Ist DAT 7th DAT 14th DAT
uc 0.626 0.732 0.769 0.770 21.75 a 23.5 a 22 a
PA 0.633 0.570 0.688 0.715 2.5 d 10.25 c 12 b
PA_R 0.660 0.701 0.763 0.764 16 ab 21 ab 19 ab
PA_ 2T 0.635 0.640 0.662 0.703 7.25 cd 7.25 cd 10.75  be
PYR 0.631 0.717 0.730 0.735 18.75  ab 17 b 1575  ab
= PYR+PA R 0.665 0.682 0.750 0.761 1275 be 20 ab 19.5 ab
% GLY 0.642 0.744 0.419 0.405 22.5 a 2.5 d 2.5 c
uc 0.056 0.067 0.146 0.054 23.5 a 23.75 a 21 a
PA 0.059 -0.067 0.061 0.024 2.5 d 12.75 be 1475 ab
PA_ R 0.083 0.014 0.111 0.046 1375 ¢ 19.75 a 18.5 ab
PA 2T 0.058 -0.025 0.015 0.010 6.5 d 6.5 cd 10.5 be
PYR 0.050 0.037 0.101 0.025 18.5 b 18.25 ab 15.25 ab
I~ PYR+PA R 0.085 0.009 0.092 0.049 12.25 c 18 ab 19 ab
§ GLY 0.070 0.068 -0.094 -0.098 24.5 a 2.5 d 2.5 c
ucC 0.071 0.064 0.124 0.049 2175 b 26.5 a 26.5 a
PA 0.072 0.026 0.094 0.041 2.5 f 10.5 d 11 d
PA R 0.078 0.052 0.110 0.045 1425 ¢ 20.75 b 1725 ¢
PA_2T 0.072 0.039 0.085 0.037 6.5 e 6.5 e 7 d
PYR 0.071 0.061 0.108 0.046 19.5 b 20.25 b 21.5 b
o PYR+PA R 0.079 0.045 0.100 0.043 10.75 d 14.5 c 15.75 c
ﬁ GLY 0.072 0.073 0.067 0.004 2625 a 2.5 f 2.5 e
uc 0.315 0.402 0.394 0.447 1925 a 20 a 20 a
PA 0.318 0.344 0.366 0.417 2.5 c 12 ab 13 a
PA_R 0.330 0.398 0.403 0.452 17 ab 20.25 a 18.5 a
PA_2T 0.320 0.371 0.360 0.413 9.5 be 11 be 12 ab
PYR 0.319 0.397 0.376 0.425 18.5 ab 15.25 ab 15.25 a
—_ PYR+PA R 0.332 0.393 0.397 0.450 16.5 ab 20.5 a 2025 a
g GLY 0.326 0.399 0.233 0.270 1825 ab 2.5 c 2.5 b

]
For each VI letters show significant differences between treatments within each day at P<0.05 using the Kruskal-Wallis test.
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Chapter 5: General Discussion

In this chapter, the findings from Chapters 2 to 4 are discussed from a broader perspective. First, the
results from Chapter 2 on the influence of application timing, volume, and the addition of adjuvants on
the herbicidal potential of PA are addressed. Next, as explained in Chapter 3, the effects of applying PA
over two consecutive years to the same pots—where each large pot contained a patch of the evaluated
weed species grown from a single ramet—are discussed, considering the initial size of the ramets.
Afterward, the discussion proceeds to apply PA on cover crops as a desiccant, utilizing drone techniques
to evaluate the effect of herbicide application, as presented in Chapter 4. To conclude, the benefits and
drawbacks of PA as a bio-herbicide and the limitations in containing perennial weeds are addressed.

5.1 The influence of application timing, volume, and the addition of
adjuvants on the herbicidal potential of PA

In this study, we focused on different aspects of increasing the efficacy of PA on perennials. Since
PA, as a non-selective contact herbicide, is an emulsifiable liquid and has an oily nature, its solubility
in water is not high (European Food Safety Authority, 2021). Therefore, as shown in Chapter 2, we
examined the technical aspects, such as increasing the surface contact of PA with the leaf by increasing
the carrier volume and adding an adjuvant. For the carrier volume, we tested double the amount of water
recommended by the PA product label (Beloukha®), while using a different nozzle to maintain the same
concentration (16 L/ha) of PA sprayed on the plant. This approach ensured greater surface coverage.
The results demonstrated that increasing the carrier volume to 400 L/ha significantly improved the
efficacy of PA on C. arvense, specifically on root and shoot biomass at the early elongation stage. As
noted by Creech et al. (2015), and Ogbangwor and Sochting (2022), there are significant differences
between contact herbicides and systemic herbicides regarding increasing the carrier volume. With
systemic herbicides, increasing the concentration by reducing carrier volume typically improves weed
control due to reduced surface tension and enhanced cuticular penetration, especially for glyphosate
(Knoche, 1994). On the other hand, some studies indicate that reducing spray volume often decreases
the effectiveness of contact herbicides. Adequate coverage is essential for effective weed control with
PA-based herbicides (Campos et al., 2022b). This is aligned with the results of Ogbangwor and S6chting
(2022), who found that carrier volumes of 375 L/ha and 500 L/ha for PA demonstrated the highest
effectiveness on certain weeds, indicating that efficacy is heavily influenced by spray retention and leaf
physical characteristics.

A common practice to enhance the effectiveness of a herbicide is adding an adjuvant, which improves
its ability to spread and penetrate the surface of plant leaves (Pacanoski, 2015). This is particularly
beneficial under challenging conditions, such as with plants that have hairy or waxy surfaces that resist
herbicide absorption (Congreve and Cameron, 2019). Since C. arvense has a hairy surface with fine,
bristly hairs, it creates a barrier to contact herbicide. This makes the use of adjuvants, such as surfactants,
crucial for improving herbicide performance against this weed. Paraffin oil, as an emulsifiable mineral
oil, was an effective adjuvant that, in our study was used to decrease the PA surface tension and enhance
its coverage. In this study, paraffin oil improved the coverage of PA significantly, resulting in an
additional 10%-20% reduction in root and shoot biomass compared to treatments with lower volumes
or no adjuvant. Our findings corroborate those of Coleman and Penner (2008) and Travlos et al. (2020),
who demonstrated that adjuvants could significantly enhance the efficacy of PA on various weed
species.

Because the weed growth stage at the herbicide application time plays a crucial role in increasing or
decreasing the herbicide efficacy (Kieloch and Domaradzki, 2011), we tested the application of PA on
different stages of C. arvense. Our research indicated that at the early elongation stage, the vulnerability
of C. arvense to PA is higher. Based on the biological attributes of C. arvense, the increased vulnerability
was expected before the flowering period due to the utilization of nutrient reserves for producing
aboveground shoots and allocating resources to flowering parts. However, the so-called compensation
point, which occurs at the seven-to-ten-leaf stage, was also a vulnerable stage in this study. Therefore,
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any aboveground disturbance applied at these two stages might show higher effectiveness than other
phenological developmental stages. Previous research focusing on nutrient reserves at different
developmental stages has tested the effects of aboveground disturbances and competition, demonstrating
higher efficacy of their methods at these stages (Hodgson, 1968; Gustavsson, 1997; Verwijst et al., 2018;
Tavaziva et al., 2019). This indicates the importance of using appropriate concentrations of PA while
applying it when target weeds are at earlier growth stages. In the case of perennial weeds with creeping
roots, timing the application to coincide with periods of minimal nutrient reserves in the root is crucial
to prevent above- or belowground expansion. Moreover, this phenomenon has been confirmed by
studies on annual weed species. Applying PA at early developmental stages, even at the lowest
concentration, achieved excellent weed control, while delaying the application by just one week,
significantly reduced weed control efficacy at lower concentrations (Webber and Shrefler, 2007).

Overall, when all relevant technical factors were considered, the PA effectiveness as a contact
herbicide improved. Focusing on a single factor proved insufficient; however, when multiple factors
were combined, the efficacy increased significantly. This indicates that to optimize the use of PA as a
contact herbicide, it is important to consider various aspects, including coverage, water solubility, the
timing of application relative to weather conditions and weed developmental stages, as well as the
biological characteristics of the weed species.

5.2 Effects of PA application over two consecutive years on the same spot

The impact of applying PA twice to C. arvense and S. arvensis over two consecutive growing seasons
in the same pot—where each large pot contained a patch of either C. arvense or S. arvensis from a single
ramet—was assessed. Furthermore, the regrowth of these weeds after PA application was also
investigated. In this context, two outlined strategies in the discussion section of Chapter 3, were
evaluated.

As described in the Materials and Methods section of Chapter 3, 200-liter pots with a diameter of 80
cm (surface area of 0.503 m?), with a single ramet planted in each pot were utilized. The ramet produced
aboveground shoots and expanded belowground roots, all interconnected, which can be inferred as a
small patch. The soil remained undisturbed throughout the entire two-year experimental period, meaning
the extended creeping roots from the initial ramet were not fragmented during this time. Various ramet
sizes were utilized in this study to represent an initial root fragmentation and to assess the effects of
fragment size on the efficacy of the PA as the control method. However, this setup was not intended to
mimic mechanical control in real on-farm conditions. In practice, root fragment sizes can vary
significantly, and encountering fragments as small as 5 cm or smaller seems relatively low. Additionally,
root fragmentation may occur multiple times due to the use of various machineries such as plows,
harrows, or cultivators, either intentionally or unintentionally affecting the creeping roots. Despite the
absence of further root fragmentation during the experimental period, PA was still able to reduce both
aboveground and belowground biomass, as well as flower production and shoot density, in pots with
smaller initial ramet sizes. From these findings, it can be assumed that farm activities that fragment
roots, when combined with PA application, could be more effective in perennial weed management. In
real farm situations, the soil is frequently disturbed, which induces regrowth from these fragments as
well as seed germination. Given this, the optimal timing for PA application is after these root
fragmentation practices and before crop emergence. PA should be applied when the regrown perennials
and new annual weeds are in their early developmental stages and before the crop has germinated. This
strategy ensures that PA can effectively suppress the weeds at their vulnerable stages while avoiding
damage to crops.

The effectiveness of PA in this study was affected by the biological characteristics of both species
and the variations in environmental conditions across the two experimental years. For example, the
increased precipitation in the second year benefited C. arvense, while other unforeseen factors, such as
root longevity and interspecies competition, likely impacted both species' responses to the treatments.
Our research showed that PA effectiveness differs between these species, with C. arvense being more
vulnerable to PA. This difference highlights the significance of biological traits, as noted by Liew et al.
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(2013), who found that root fragments of the same size in these species do not yield the same number
of shoots. Specifically, C. arvense produces fewer buds on equivalent root sizes compared to S. arvensis
(Liew et al., 2013), which affects factors like shoot density, aboveground biomass, and ultimately,
treatment effectiveness. These findings are consistent with prior research indicating that various weed
species display different levels of susceptibility to PA (Rowley et al., 2011; Kanatas et al., 2021;
Cabrera-Pérez et al., 2022; Loddo et al., 2023). The results confirm that PA may not be sufficiently
effective for controlling all weed species and emphasize the need to consider several critical factors to
make PA a viable alternative to non-selective, synthetic contact herbicides, especially for managing
perennial weeds. These key factors include economically realistic repeated treatments of PA, and
optimal integration with other tools, tailored to the specific biological attributes of each perennial weed
species.

5.3 Application of PA on cover crops as a desiccant

In one respect, substituting synthetic herbicides for controlling weeds, especially perennials, can be
effectively achieved through the use of cover crops (Neve et al., 2024). However, properly terminating
cover crops is essential for both suppressing perennial weeds and preventing water and nutrient loss,
which could adversely affect subsequent crops (Kornecki and Kichler, 2022). Since herbicides are
commonly employed for terminating cover crops to enhance their weed suppression benefits, this study
explored the use of PA as a desiccant for cover crops, comparing its effectiveness to that of synthetic
herbicides. It's important to clarify that cover crops were not directly used as a control method for C.
arvense and S. arvensis in this research. Rather, the study aimed to investigate how alternative
termination methods, like bioherbicides, could effectively replace synthetic herbicides when managing
perennial weeds with cover crops. Additionally, the need for a late termination to maximize weed
suppression before the next crop emergence is sought. In this study, PA demonstrated potential as a
desiccant tool for cover crop management, particularly at a lower dosage of 8 L/ha, with two applications
repeated at a one-week interval. Regrowth was consistently observed following PA application, but with
two repeated applications at the half-recommended dosage (8 L/ha) at a one-week interval, the effect
was more sustained. However, the regrowth of cover crops reduced the long-term efficacy of PA.

The selection of herbicide with the purpose of terminating cover crops is significantly influenced by
the region and the species being cultivated (Legleiter et al., 2012; Pittman et al., 2020). Additionally,
previous research on PA has shown that it is more effective on annuals and dicotyledons than the
monocotyledons and perennials (Travlos et al., 2020; Ogbangwor and Sochting, 2022; Loddo et al.,
2023). In this study, the cover crop mixture includes both dicotyledonous and monocotyledonous
species. This mixture was selected for several reasons: first, to observe the PA effects on a combination
of both species types as cover crop; and second, to evaluate the performance of PA in comparison to
other commonly used herbicides. The experiment was conducted in a moderate maritime climate with
minimal winter frost. PA's efficacy was tested both alone and in a mixture with another contact herbicide
at low doses in this particular region. Since winter frost is one of the methods to terminate cover crops
(Legleiter et al., 2012), the results of this study are particularly useful in regions without winter frost,
introducing PA as an alternative to synthetic herbicides for cover crop termination. PA has the advantage
of terminating cover crops without leaving residual effects on the next crops. PA can ensure timely cover
crop termination during bottleneck situations, allowing more time for biomass production and effective
weed suppression. PA's burndown effect also allows for quick termination before the next crop is sown,
preventing competition with the next crop for nutrients and water. For instance, termination should be
timed early enough before heavy rainfall to preserve soil moisture for the subsequent crop (Balkcom et
al., 2016). Given that PA is rainfast and rain does not impact its efficacy, it is an option for managing
cover crop termination in such bottleneck situations. Termination may occur also earlier during dry
periods to conserve moisture (Allison, 2024). PA application could also be combined with techniques
like roller-crimping to prevent seed production or the regrowth of cover crop. Moreover, termination
should occur before cover crop seed maturity, ideally during the early flowering stage (Allison, 2024).
In this study, PA was applied around flowering time, but its efficacy is better at earlier developmental
stages as also proved by other experiments on perennial plants in this study. Therefore, farming practices
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should align with PA’s optimal application timing, potentially involving repeated applications or
adjusting cover crop sowing and termination schedules specifically for each region.

The use of a lower dosage of PA could potentially provide a more cost-effective solution for real
farm situations. Although, combining PA at a lower dosage with pyraflufen, was not sufficiently
effective, likely due to cover crop regrowth and the low PA dosage (5 L/ha) used in the mixture.
However, this outcome cannot be generalized, as other active ingredients or higher dosages of PA were
not tested in this research, leaving potential combinations to be explored in future studies.

5.4 UAYV Imaging for herbicide efficacy monitoring

From the drone assessment in this study, it can be inferred that vegetation indices (VIs) from drone
imagery can precisely monitor herbicide desiccation effectiveness in cover crops. This research
demonstrates that the Excess Green (EXG) index, which is RGB-based, accurately visualizes herbicide
effects on all assessment days. It could serve as an alternative to visual observation and a cost-effective
option compared to near-infrared (NIR) and red-edge-based indices, as RGB cameras are less expensive
and more budget-friendly than multispectral cameras.

Drones with advanced sensors provide reliable, high-resolution, and quick data collection across
large areas, reducing human error and identifying subtle changes in crop or weed infestations that are
invisible to the naked eye (Duddu et al., 2019; Rodene et al., 2022; Marino and Alvino, 2019). Using
them allows efficient, scalable monitoring, enabling timely data-driven decisions (Emimi et al., 2023).
Vegetation indices (VIs) derived from drone images can detect early signs of herbicide efficacy and the
effectiveness of other management practices (Marino and Alvino, 2019). Early detection of
effectiveness allows farmers to adjust herbicide application rates or timings and minimize crop damage
(Singh et al., 2020; Emimi et al., 2023). The data obtained from drones and VIs can guide precision
herbicide application, targeting only the affected areas and thereby reducing the overall use of
herbicides. This approach is both cost-effective and environmentally sustainable, particularly when
using PA. When applied in a targeted manner (e.g., spot application), PA could be a more cost-effective
solution for weed management and crop desiccation, allowing farmers to treat specific areas without
impacting the entire field. This method enables the customization of PA applications based on the
specific needs of different field areas and under various weather conditions while reducing
environmental impact and application costs.

5.5 Benefits and drawbacks of PA as a bio-herbicide

Despite numerous studies conducted over the past decade, findings on the effectiveness of PA still
vary widely and are often specific to individual cases. In this regard, some advantages, diverse
functionalities, utilization purposes, problems, and drawbacks have been mentioned in previous chapters
and will be explained in more detail in the forthcoming paragraphs.

As a naturally occurring substance present in both plants and animals, PA is biodegradable and
decomposes into non-toxic byproducts in the environment (European Food Safety Authority, 2021;
Syguda et al., 2023). Furthermore, it does not remain in the soil for long durations, minimizing residual
impacts (European Food Safety Authority, 2021; Poiger et al., 2024). This reduces concerns about
prolonged adverse effects on environment when compared to synthetic herbicides (Ciriminna et al.,
2019). It also indicates that PA is suitable for use in terrestrial ecosystems (Webber et al., 2014). With
the advantage of having extremely rapid action and being rainfast, PA acts upon contact with plant
tissues, causing desiccation and necrosis (Campos et al., 2022a). This makes it a rapid, temporary
solution, particularly useful during unpredictable weather conditions and when facing time limitations,
workforce, or equipment which is advantageous in agricultural practices. Being non-selective, PA
exhibits a broad spectrum of activity against various plant species meaning it can influence both weeds
and crop plants and so far no resistant plant species have been reported (Ciriminna et al.,2019; Campos
et al., 2022a). Its mode of action gives PA numerous practical applications. It also allows for effective
use in non-crop areas and before crop planting (Barker and Prostak, 2009; Kanatas et al., 2020). It can
be applied for seedbed cleaning or stale seedbed technique for spring-summer or autumn sown crops
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(Kanatas et al., 2020; Loddo et al., 2023). It can be employed for spot weeding, edging, lining (Savage
and Zorner, 1996; Ciriminna et al.,2019), blossom thinning (Fallahi,1997; Byers, 1999), crop
desiccation (Kardasz et al., 2019; Klauk et al., 2023) and sucker control (Short et al., 2020). It effectively
eliminates weeds in container-grown woody ornamentals, under greenhouse benches, and in areas where
systemic herbicides might inadvertently harm desired plants (Savage and Zorner, 1996; Poiger et al.,
2024). This versatility makes it a suitable tool for integrated weed management strategies (Loddo et al.,
2023).

When considering the drawbacks of PA, several critical issues are revealed. One significant concern
is the occurrence of temporary phytotoxic effects and a risk of regrowth following treatment, indicating
that PA may not provide a lasting effect. It does not translocate within the plant, requiring a higher rate
or frequent reapplication in some cases (Campos et al., 2022a, 2022b). The timing of application and
weather conditions are critical factors that require meticulous planning, as improper conditions can
diminish herbicidal efficacy. Its efficacy is reduced against well-established weeds, posing a challenge
for comprehensive weed management. It also exhibited inconsistent herbicidal efficacy across tested
weed species, with grass weeds demonstrating higher tolerance, no mortality, and minimal biomass
reduction even at high application rates (Jagarapu, 2022; Loddo et al., 2023). Among dicot weeds, some
species were able to withstand PA application, influenced by leaf characteristics such as angle, hairiness,
and the presence of cuticle wax (Jagarapu, 2022). Weather conditions such as light, temperature, and
humidity significantly influence the success of weed control (Jagarapu, 2022; Krauss et al., 2020;
Campos et al., 2022b; Loddo et al., 2023). High relative humidity improves the efficacy of herbicides
by enhancing spray deposit hydration and penetration across the cuticle (Campos et al., 2022b). Despite
the label suggestions for applying PA herbicides on sunny days, another research indicates that PA
action is not light-dependent (Lederer et al., 2004). However, light might still play a role through
transpiration, as higher transpiration rates with open stomata contribute to the mode of action for PA
(Campos et al., 2022b; Jagarapu, 2022). It was also reported by Jagarapu (2022) and Loddo et al., (2023)
that hot and dry conditions can enhance weed leaf traits that reduce sensitivity to the herbicide and
decrease spray droplet persistence on leaf surfaces, thereby limiting its penetration and efficacy.
Technical aspects of the application like carrier volume, boom height, and water temperature can also
affect the PA efficacy, for instance raising the water temperature used for application from 5°C to 25°C
led to a threefold increase in the initial penetration of PA (Loddo et al., 2023). One of the most important
concerns about PA is that the production cost and application tend to be higher compared to synthetic
herbicides, which greatly impacts its economic feasibility for farmers, potentially limiting its widespread
adoption (Crmaric et al., 2018; Ciriminna et al., 2024).

The current research aimed to leverage the beneficial aspects of PA application while addressing the
drawbacks mentioned above. Our goal was to identify potential solutions to enhance PA efficacy and
demonstrate its full potential. This research advances the current knowledge base by illustrating how its
rapid burndown effect, non-selective contact herbicidal action, minimal residual activity, and lack of
detrimental effects on subsequent crops can be leveraged for crop desiccation and introduces a novel
application in cover crop termination.

For the first time, to our knowledge, PA was tested in these studies for its effectiveness against two
challenging perennial weed species, which are typically difficult to control even with more aggressive
and intensive methods. The outcomes indicated the potential of PA to be integrated with other
management tools, as discussed in detail in Section 5.2. Notably, certain characteristics of PA, such as
its moderate and non-persistent phytotoxic effects, can be considered benefits rather than drawbacks.
These characteristics may make PA a suitable supplement to other moderate, environmentally friendly
control methods, such as mechanical techniques, in perennial weeds management.

This research reaffirmed the factors that influence the efficacy of PA, particularly in the context of
perennial weed management. It highlighted the impact of biological variability among species regarding
their susceptibility to herbicides, and the importance of application timing and weed growth stage on
the PA efficacy.
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The study also explored the feasibility of PA application by investigating repeated applications on
the same patch over two consecutive years, taking into account the initial ramet size. In this research,
PA was applied once in the spring at the four-to-eight-leaf stage, always targeting the same patch. This
highlights the importance of spot application on specific patches rather than treating the entire field.
This method could be particularly useful during or even after crop establishment and for the management
of the weed population in the field edges in combination with hoeing or mowing before the flowering
time of the weed species. While these results provide valuable insights into cost reduction strategies—
such as increasing carrier volume or decreasing the frequency of applications through combination with
other methods—they also highlight the need for evaluating the economic aspects of these approaches to
determine their cost-effectiveness for farmers. Additionally, this research addressed another drawback
of PA through technical improvements that considered its low solubility and emulsifiable nature. By
incorporating a mineral oil adjuvant and testing increased carrier volumes while adjusting nozzle size
to maintain the desired concentration, the study identified methods to enhance the efficacy of PA
application.

Overall, the findings of this study not only addressed existing knowledge gaps but also identified
new approaches for future research, providing valuable insights for possible optimizing PA application
in weed management.

5.6 The limitations of containing perennial weeds

There are certain limitations in containing perennial weeds such as C. arvense and S. arvensis despite
various management options available, primarily due to their capability to propagate from a vast network
of adventitious buds on an extensive creeping root system (Moore, 1975; Donald, 1990; Vanhala et al.,
2006). Research has shown that different ecotypes of C. arvense can reduce the effectiveness of control
methods, especially herbicides (Frank and Tworkoski, 1994; Cripps et al., 2019). In this study, the
ramets of both species were obtained from a single plant to exclude the effect of various colons or
genotypes. However, in real farm situations, another influencing factor on control method efficacy (e.g.,
PA efficacy) could be the variation in genotypes of these weed species. The dormancy of S. arvensis at
the end of summer or the beginning of autumn inhibits sprouting and consequently preserves its nutrient
reserves in the creeping roots (Hékansson, 1982; Hakansson and Wallgren, 1972). Therefore,
mechanical control in autumn has been deemed less effective (Brandsater et al., 2010; Terresen et al.,
2010). These factors bring difficulties and complications in control of these perennials. Thus, a
combination of various methods is necessary because relying on a single approach often results in less
than optimal control (Vanhala et al., 2006; Leathwick and Bourd6t, 2012; Thomsen et al, 2011). Several
of these approaches are not feasible or economically viable (Leathwick and Bourddt, 2012). Considering
the diversity of agricultural systems, no single control strategy proves effective in all systems (Vanhala
et al., 2006). Therefore, it is crucial to continually improve the current control methods and enhance
their efficacy. For instance, to manage perennial weeds, it is recommended that disturbance occur during
the developmental stage when the plant is most vulnerable, typically coinciding with its minimum
belowground nutrient reserve (Graglia et al., 2006; Tavaziva, 2012). It is a complex matter because the
time required to reach the minimum dry weight depends on environmental factors such as seasonality,
temperature, and competition from other plants (Tavaziva, 2012; Leathwick and Bourdot, 2012).
Another challenge in perennial weed control arises from the EU's Farm to Fork strategy, which aims to
reduce pesticide reliance by 50%. Compounding this issue is the uncertainty surrounding glyphosate's
future regulatory status in Europe, necessitating the exploration of alternative tools. In this regard,
current research using PA on creeping perennial weeds provides information on how PA can be
integrated as a bio-herbicide into control strategies considering the biological attributes of perennial
weed species with creeping root systems. As outlined in previous sections, PA can be incorporated at
various stages of crop production for weed management. For instance, prior to sowing, PA may be
applied in conjunction with agronomic practices that fragment weed root systems, such as tillage or
stubble cultivation. Additionally, PA can be employed during or post-crop establishment or for
managing weed populations along field margins, particularly when combined with mechanical methods
such as hoeing or mowing as post-regrowth treatment. Additionally, PA is effective for targeted spot
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weeding when paired with drone technology and mechanical disturbance techniques. It is crucial to
consider both technical and environmental factors in all these approaches. The strategy should be
optimized based on the specific crop, weed species, annual weather conditions, and the conditions of
the region.

5.7 Further research

To reduce perennial weed infestations, combining PA application with mechanical root
fragmentation during intercropping could be an option that was not included in this research. Therefore,
field testing is recommended to validate the findings for practical farming situations.

Bio-herbicides containing PA are currently costly in the market and require higher application rates
per hectare than synthetic herbicides, which may limit their cost-effectiveness in large-scale arable
farming. Currently, PA is approved in Europe for weed control in non-cultivated areas, desiccating
plants in potatoes, and controlling suckers in perennial crops like hops and grapevines. Further research
is required to compare the financial aspects of PA versus synthetic herbicides and evaluate the economic
implications of various scenarios. Furthermore, to explore cost-effective application methods, field trials
should investigate the efficacy of over-the-top application of PA or spot weeding and precision
agriculture techniques. Spot weeding involves targeting weed infestations in specific, small areas of a
field. This approach reduces herbicide usage and minimizes the impact on surrounding crops and the
environment. By utilizing precision agriculture techniques like Variable Rate Application (VRA) and
remote sensing, the timing and dosage of PA application can be optimized, improving efficacy and
reducing costs. According to He (2023), VRA allows inputs, such as herbicides, to be applied at varying
rates across the field based on location-specific data. This precision method leverages real-time data
collection and advanced mapping techniques (He, 2023). Adhering to label instructions is essential for
maintaining effective PA application while establishing a sustainable market share over time. VRA can
be integrated with label guidelines by adjusting application rates according to the label-specified
maximum. Labels may also outline specific conditions, such as weather or infestation levels, that dictate
when and where to apply herbicides. VRA enables precise applications by targeting areas that meet
these conditions, preventing over-application in other zones. When labels provide a range of rates, The
VRA can implement a lower rate in areas with reduced demand and a higher rate in areas exhibiting
greater need.

The research setup used in this study for drone assessments can be further enhanced by integrating
emerging technologies like Al and machine learning to predict plant responses to herbicides under
varying conditions, thereby improving the precision and efficiency of agricultural practices. In this
regard, drones can gather real-time data on weed distribution, and Al and machine learning can analyze
the collected data to identify weed growth patterns, density, and species. This information can then be
used to guide variable-rate sprayers or autonomous drones to apply herbicides only in affected areas.
The system can continuously evolve through feedback loops, where post-application evaluations refine
the Al models, optimizing future weed detection and herbicide applications for greater efficiency and
sustainability.

Supplementary research is also essential to enhance technical aspects such as the use of adjuvants
and the adjustment of carrier volumes to achieve better plant coverage and improve weed control
effectiveness. Given the potential of adjuvants to enhance the herbicidal activity of PA, additional
adjuvants should be evaluated by conducting further trials across various locations and time periods.
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