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Abstract

:

Alopecurus myosuroides Huds. is an important pinoxaden-resistant grass weed in many countries of Europe. Recently, the low efficacy of pinoxaden was reported in winter cereals in Croatia, but a preliminary dose–response trial showed no herbicide resistance for the investigated weed population. Therefore, a two-year experiment was conducted under greenhouse conditions to determine the efficacy of various pinoxaden doses (20, 40 and 80 g a.i. ha−1) on weed visual injuries and biomass reduction after herbicide application at different growth stages. As expected, the maximum weed biomass reduction (97.3%) was achieved by applying the highest dose (80 g a.i. ha−1) at the earliest growth stage (ZCK 12–14). A pinoxaden dose of 20 g a.i. ha−1 resulted in satisfactory weed biomass reduction (88.9%) only when applied at ZCK 12–14. The recommended dose (40 g a.i. ha−1) also provided sufficient weed control up to the growth stage ZCK 21–25. Slightly delayed (ZCK 31–32) application of the recommended dose brought about a low weed biomass reduction (60.1%). Double than the recommended dose also failed to provide satisfactory weed control at the advanced weed growth stages (ZCK 31–32 and ZCK 37–39). Thus, reported low efficacy of pinoxaden is most likely because of delayed herbicide application when A. myosuroides is overgrown.
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1. Introduction


Alopecurus myosuroides Huds. (black–grass) is a common annual grass weed in winter cereal crops in north-western Europe [1]. It is widespread in regions with climates influenced by the Atlantic [2], but it is also locally found in other north-western European countries on wet loam and clay soils [3]. Black-grass is a highly competitive species that causes significant yield losses in winter cereals [4]. It has been found that the economic threshold for A. myosuroides is 5.5 to 15 plants per m2 [5,6,7], and in most cases, more than 10 plants per m2 will cause significant yields losses [8]. Additionally, the high reproduction rate [9] and high seed vitality under the high-density conditions require efficient weed control methods [10]. The predicted percentage control of A. myosuroides required to maintain a static population in the continuous winter cereals is >90% to achieve its long-term control [11]. The low base temperature (0–1 °C) for germination [1,12], combined with a short primary dormancy, gives this weed species a broad emergence spectrum, which further increases its competitiveness [13]. As a weed species whose life cycle reveals a wide range of adaptation to conventional cropping systems [14], A. myosuroides peak emergence occurs in early autumn, coinciding with the sowing time and early development stage of winter cereals. Weed emergence is most commonly observed between October and December (80% of the population), and usually hibernates in two developed leaves or in the tillering phase. Plants appearing in autumn are more advanced compared to those emerging in spring, mainly because A. myosuroides can undergo a vernalization period during the cold winter months. Vernalization allows plants to enter the reproductive stage earlier, compared to spring individuals that do not go through the vernalization period and, therefore, enter the reproductive stage later. In addition, spring individuals develop fewer shoots compared to individuals developed in autumn [1]. However, this annual weed may produce seeds in both winter and spring crops under a wide range of growing degree days [10]. Therefore, controlling A. myosuroides has always been a major challenge, even though several different herbicide groups are approved for use in winter cereals.



Pinoxaden [15] (Axial® 50 EC, Syngenta Crop Protection AG, Basel, Switzerland) is a selective herbicide for the control of annual grass weeds in winter cereals [16]. It belongs to the phenylpyrazoline chemical class, and its mode of action is based on the inhibition of acetyl-CoA carboxylase (ACCase) [17]. The first symptoms of inhibition appear within the first week, such as initial chlorosis, followed by necrosis and death of rapidly growing meristematic tissue. A time period of two to three weeks is usually required for complete control of susceptible species [16]. The repeated use of ACCase inhibitors since the late 1980s has led to resistance issues in different crops. Resistance to pinoxaden has been identified in more than 15 countries, and the most prominent species is A. myosuroides, whose resistant biotypes have so far been identified in Germany, Italy, Poland, Spain and the United Kingdom [18].



In Croatia, Apera spica-venti is the most common, and A. myosuroides the second most common grass weed in winter cereals [19] as well as the most wide-spread on heavy and clayey soils [20] in the area around Slavonski Brod (45°9′14″ N, 18°1′24″ E). Cereal producers in this area regularly use herbicide pinoxaden to control A. myosuroides. The official recommendation in Croatia is that pinoxaden is to be applied between the 3-leaf (ZCK 13) and first node (ZCK 31) stage of the grass weeds with the dose of 40 g a.i. ha−1 [15]. However, in recent years, producers of winter cereals have complained about the poor or no efficacy of this herbicide, which was also discussed at the annual Croatian Crop Protection Seminar in 2020 [21].



There is no herbicide monitoring program in Croatia, as is the case in many European countries [18]. Consequently, we conducted a bioassay to evaluate the potential resistance of A. myosuroides to pinoxaden [22] and results showed that the investigated population was susceptible to pinoxaden (Figure S1). Therefore, a low efficacy of pinoxaden reported by Croatian farmers is to be attributed to other factors.



The main objective of this research was to determine the efficacy of various pinoxaden doses on visual injuries and biomass reduction of A. myosuroides after herbicide application at different growth stages.




2. Results


2.1. Visual Injuries at 7, 14 and 21 Days after Treatment


The symptoms of visual injuries were affected by the application doses of pinoxaden and the growth stage of A. myosuroides. The progression of injury symptoms was observed with increasing days after treatment (DAT) with pinoxaden for all growth stages of A. myosuroides. At 7 DAT, visual injuries were observed on plants treated at ZCK 12–14 and ZCK 21–25, with a maximum of 48.8% and 25.0%, respectively, on plants treated with the double dose (80 g a.i. ha−1) of pinoxaden (Figure 1a). Sensitivity of A. myosuroides to pinoxaden was significantly reduced when plants were treated at ZCK 31–32 and ZCK 37–39; only about 15% of plants were injured when the double dose of pinoxaden was applied.



At 14 DAT, plant injuries also increased with increasing doses of pinoxaden. These visual injuries were significantly lower on plants treated at more developed growth stages (ZCK 31–32 and ZCK 37–39) compared to the plants treated before (ZCK 12–14) or during (ZCK 21–25) tillering (Figure 1b). Plants treated at ZCK 12–14 showed the highest sensitivity to all applied doses of pinoxaden; injury symptoms ranged from 62.5% after applying pinoxaden at 20 g a.i. ha−1 to 77.5% following herbicide application of 80 g a.i. ha−1. Plants treated at ZCK 21–25 also showed injury symptoms, with a maximum of 62.5% after the application of double dose of pinoxaden. In contrast, only 42.5% and 35.0% of plants treated at ZCK 31–32 and ZCK 37–39, respectively, were visually injured after application of the double dose of pinoxaden.



The highest visual injuries were determined at 21 DAT (Figure 1c) and were the most visible on plants treated at ZCK 12–14. At this earliest weed growth stage, plants were damaged 90.5, 96.0 and 97.3% after pinoxaden application at 20, 40 and 80 g a.i. ha−1, respectively. When pinoxaden was applied at ZCK 21–25, injury symptoms higher than 90% were determined only when the recommended or double dose were applied. When plants were treated at the more advanced growth stages (ZCK 31–32 and ZCK 37–39), visual injuries were less than 80% even when applying the double dose.




2.2. Biomass Reduction at 21 Days after Treatment


A significant interaction between herbicide dose and growth stage (data not shown) indicated that weed biomass responses to various pinoxaden doses were influenced by growth stages. Biomass of A. myosuroides was greatly reduced following the application of increasing pinoxaden doses at all weed growth stages (Figure 2). Moreover, biomass reduction was lower at advanced weed growth stages. When plants were treated with the reduced (20 g a.i. ha−1), recommended (40 g a.i. ha−1) or double (80 g a.i. ha−1) dose of pinoxaden at ZCK 12–14, the biomass reductions were 88.9, 92.5 and 97.4%, respectively. Applications of recommended and double dose at ZCK 21–25 also reduced weed biomass by approximately 90%. In contrast, when plants were treated at ZCK 31–32 and ZCK 37–39, even the double dose of pinoxaden resulted in a relatively low biomass reduction.





3. Discussion


It is well-known that the timing of herbicide application is critical as younger weeds are often more sensitive than those in more advanced stages [23]. This is also demonstrated in our study, which showed a strong potential of pinoxaden to control young A. myosuroides plants (before tillering stage). The maximum weed biomass reduction (97.3%) was achieved by applying the double dose (80 g a.i. ha−1) at the earliest growth stage (ZCK 12–14). Previous studies also reported differential sensitivity of weeds to herbicides at different growth stages [24,25,26,27]. For example, mesotrion activity was found to be reduced on Poa annua L. multitiller plants (five to seven tillers) compared to pretiller plants (three to five leaves) or one-tiller plants [28]. Similarly, Echinochloa crus-galli L. P. Beauv. showed the highest sensitivity (89–98%) to all tested herbicides at the four-leaf stage, while application at the six-leaf stage significantly reduced herbicide efficacy (53–64%) [27].



The lowest applied pinoxaden dose (20 g a.i. ha−1) in our study brought about a satisfactory control of A. myosuroides (Figure 2) only when applied early (ZCK 12–14). However, the recommended dose (40 g a.i. ha−1) was required to control weeds sufficiently at full tillering (ZCK 21–25), and this weed growth stage is commonly observed in spring for cereal crops sown in autumn. Despite knowing that pinoxaden is most effective once grass weeds have emerged [29], a spring application of pinoxaden is justified [30] to control plants that have emerged in autumn and spring. Furthermore, unlike other ACCase herbicides in wheat and other cereals, pinoxaden is not antagonized by broadleaf herbicides [31], which makes it attractive for spring application in winter cereals. Previous research showed that A. myosuroides is characterized by high seed viability [9] and weed control strategies that prevent flowering and seed production may decrease the soil seed bank contributing to less weed problems in the future.



Our findings clearly demonstrated that pinoxaden is effective for A. myosuroides control if applied at the recommended dose up to the full tillering stage. In Great Britain, pinoxaden is recommended to be applied up to the 7 tiller weed growth stage [32]. In contrast, the official recommendation in Croatia is to apply pinoxaden at the dose of 40 g a.i. ha−1 between the 3-leaf (ZCK 13) and first node (ZCK 31) stage of the grass weed [15]. Our results showed that the application of recommended pinoxaden dose (40 g a.i. ha−1) at slightly delayed weed growth stage (ZCK 31–32) resulted in low weed biomass reduction (60.1%). The morphological and physiological properties of the plant, which determine the absorption, translocation and metabolism of the herbicide, may be a reason for the lower sensitivity of plants at the more advanced growth stages [25,33]. In addition, the process of herbicide degradation is faster in older plants [34]. For example, Poa annua and Poa pratensis L. multitiller plants metabolized twice as much herbicide mesotrione as pretiller and one-tiller plants [28]. The results of the current study do not allow us to establish a general relationship between leaf structure and herbicide performance, but the lower efficacy of pinoxaden at the advanced growth stage of A. myosuroides might be related to epicuticular wax, the content of which increases with the growth stage of the plant [35] and prevents leaf wetting [25].



In Poland, it was found that 60 g a.i. ha−1 controlled A. myosuroides better than 45 g a.i. ha−1 [36]. However, in our research, using the double than recommended dose (80 g a.i. ha−1) also failed to provide satisfactory weed control at advanced weed growth stages (ZCK 31–32 and ZCK 37–39). Thus, it appears that the growth stage of A. myosuroides determines the efficacy of pinoxaden application. Our findings are consistent with an earlier study in which pinoxaden provided high weed control only when applied no later than the three-tiller stage [29]. Consequently, the low efficacy of pinoxaden against A. myosuroides reported recently by Croatian farmers was most likely due to mismanagement issues, i.e., the delayed herbicide application when A. myosuroides is overgrown.



In Croatia, pinoxaden is registered for use up to the winter cereal growth stage of ZCK 39 [15]. In applying herbicides, farmers often base their decisions on the development stage of the crop rather than on the weeds [37]. In addition, the most widespread grass weed in winter cereals in Croatia is A. spica-venti [19], as also found in Poland [36]. Consequently, decision making process for spring pinoxaden application timing in Croatia is often based on A. spica-venti phenology. Previous research [38] indicates that A. myosuroides requires the shortest thermal time to reach stem elongation (ZCK 31 and higher) compared to other grass weeds such as A. spica-venti and Lolium multiflorum. Thermal time from sowing to ZCK 31 averaged 654, 741 and 872 °C for A. myosuroides, L. multiflorum and A. spica-venti. Thus, when A. spica-venti is at full tillering, it is expected that A. myosuroides is in more advanced growth stages. Croatian farmers typical apply pinoxaden mid-March when average daily temperatures are around 6 °C. Based on the difference in growing degree days requirements, it is evident that A. myosuroides may reach ZCK 31 at least 2 weeks earlier than A. spica-venti. Therefore, Croatian farmers should avoid focusing on phenology of A. spica-venti, which is the most dominant weed in winter cereals. In addition to differences in phenology between A. spica-venti and A. myosuroides, previous research also found that pinoxaden applied at 45 and 60 g a.i. ha−1 controlled A. myosuroides slightly weaker compared to A. spica-venti [36]. Differences in susceptibility to pinoxaden among other grass weed species was reported in a greenhouse study [39]. Our findings showed that the ability of pinoxaden to control A. myosuroides was strongly dependent on whether or not the A. myosuroides stem was elongating at the time of application, and consequently, the importance of adjusting the application time based on the growth stage of the weed is highlighted.




4. Materials and Methods


4.1. Plant Material


The seeds of A. myosuroides were collected in July 2019 from the single winter wheat field in Brod-Posavina county, Gornji Andrijevci (45°10′52″ N, 17°52′55″ E), where unsatisfactory control of A. myosuroides was reported. The seeds were collected from plants that escaped pinoxaden control, at physiological maturity just before crop harvest. The seeds were cleaned, packed in paper bags and stored in a refrigerator at 4 °C until the beginning of the experiment. In early September 2019, a preliminary trial was conducted to promote germination of A. myosuroides by removing chaff and removing chaff +0.2% KNO3 to break primary dormancy [40]. Higher germination (90%) was achieved when the chaff from A. myosuroides seeds was removed manually.




4.2. Experimental Set-Up


The experiment was conducted in the greenhouse at the University of Zagreb Faculty of Agriculture. It was arranged as a randomized complete block design with four replicates and was caried out during two years (2019 and 2020). Seeds of A. myosuroides were planted in polystyrene containers (the diameter at the top: 72 mm, the diameter at the bottom: 54 mm, depth: 60 mm) containing humus substrate (Potgraund H, Klasmann, Germany) and placed in a growth chamber (HCP 108, Memmert, Germany) at a constant temperature of 17/11 °C with 70% air moisture and a photoperiod of 14 h of day and 10 h of night [41]. Once the seedlings fully developed true leaf (ZCK 11), 10 seedlings were transplanted in plastic pots (20 × 20 cm) filled with a mixture of humus substrate and sterilized soil. The soil was sampled from the Experimental station of University of Zagreb, Šašinovečki Lug (45°51′00″ N, 16°10′01″ E) and sterilized at 100 °C/30 min to eliminate the germination of all weed seeds [42]. The soil was silty clay loam, with 4.2% humus, 2.9% calcium carbonate and pH 7.7 (H2O). The plants grown in pots were regularly watered with an irrigation system (GARDENA MASTER, Australia). The temperatures and photoperiods in the greenhouse were natural, with a minimum temperature of 10 °C during experimentation.



Pinoxaden (AXIAL® 50 EC, Syngenta) was applied with a CO2 backpack sprayer, which delivered 200 L ha−1 at three different doses: 20, 40 and 80 g a.i. ha−1. Pinoxaden applications were performed at four growth stages of A. myosuroides: two- to four-leaf stage (ZCK 12–14), one- to five-tiller stage (ZCK 21–25), first to second node stage (ZCK 31–32) and flag-leaf stage (ZCK 37–39). An untreated control for each growth stage was included. A. myosuroides plants were visually assessed for the percentage of injuries at 7, 14 and 21 DAT using a scale from 0 (no injury) to 100% (plant death) [43]. Above-ground biomass of A. myosuroides was harvested from each pot at 21 DAT, and then dried in an oven (UF 260, Memmert, Germany) at 70 °C for 72 h. At harvest time, untreated plants were at the three- to five-tiller stage (ZCK 23–25), first to third node stage (ZCK 31–33), beginning of heading stage (ZCK 51–53) and full flowering stage (ZCK 65–68) for pinoxaden treatments applied at ZCK 12–14, ZCK 21–25, ZCK 31–32 and ZCK 37–39, respectively.




4.3. Statistical Analysis


The statistical analysis was performed with SAS version 8.0 using a Mixed Model Procedure (SAS Institute, Cary, NC, USA). Block and its interaction with the year, growth stage and herbicide dose were random effects. Fixed effects were year, growth stage and herbicide dose. Year effect was nonsignificant so that data were pooled across years. After the significant F-test, the Least Significant Difference (LSD) test for p < 0.05 was used to compare the mean values.





5. Conclusions


Pinoxaden dose of 20 g a.i. ha−1 was effective against A. myosuroides only when applied at early growth stage (ZCK 12–14). The recommended (40 g a.i. ha−1) dose provided satisfactory weed control up to growth stage ZCK 21–25. The ability of pinoxaden to control A. myosuroides decreased rapidly during weed stem elongation despite the use of double than recommended dose. Croatian farmers are advised to adjust the timing of pinoxaden application based on the growth stage of A. myosuroides.
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Author Contributions


Conceptualization, A.P. and M.Š.; methodology, A.P. and M.Š.; software, Z.S.; A.P. and V.Š.; formal analysis, A.P.; investigation, A.P., J.L. and D.B.; resources, M.Š.; data curation, A.P.; writing—original draft preparation, A.P.; writing—review and editing, A.P., K.B.; M.Š. and Z.S. visualization, A.P. and V.Š.; supervision, M.Š.; project administration, D.B.; funding acquisition, M.Š. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by Croatian Ministry of Agriculture within the framework of the project “Monitoring of pest resistance to plant protection products in the Republic of Croatia (2018-2020)” and SYNGENTA AGRO d.o.o., grant number 3/2019.




Acknowledgments


Publication was supported by the Open Access Publication Fund of the University of Zagreb Faculty of Agriculture.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Chauvel, B.; Munier-Jolain, N.M.; Grandgirard, D.; Gueritaine, G. Effect of vernalization on the development and growth of Alopecurus myosuroides. Weed Res. 2002, 42, 166–175. [Google Scholar] [CrossRef]

	



Kemmer, A.; Rauber, R.; Röttele, M.; Schuler, B. Bemerkungen zum Ackerfuchsschwanz (Alopecurus myosuroides Huds.); Berichte aus dem Fachgebiet Herbologie der Universität Hohenheim: Stuttgart, Germany, 1980. [Google Scholar]

	



Colbach, N.; Dürr, C. Effects of seed production and storage conditions on blackgrass (Alopecurus myosuroides) germination and shoot elongation. Weed Sci. 2003, 51, 708–717. [Google Scholar] [CrossRef]

	



Vizantinopoulos, S.; Katranis, N. Management of blackgrass (Alopecurus myosuroides) in Winter wheat in Greece. Weed Technol. 1998, 12, 484–490. [Google Scholar] [CrossRef]

	



Doyle, C.; Cousens, R.; Moss, S.R. A model of the economic of controlling Alopecurus myosuroides Huds. in winter wheat. Crop Prot. 1986, 5, 143–150. [Google Scholar] [CrossRef]

	



Kees, H.; Beer, E.; Bötger, H.; Garburg, W.; Meiner, G.; Meyer, E. Unkrautbekämpfung im Integrierten Pflanzenschutz: Ackerbau, Feldgemüse, Grünland 5. Aufl.; DLG-Verlag: Frankfurt, Germany, 1993. [Google Scholar]

	



Moss, S.R. Black-grass (Alopecurus myosuroides): Everything You Really Wanted to Know about Black-Grass but Didn’t Know Who to Ask; A Rothamsted Technical Publication: Harpenden, Hertfordshire, UK, 2013; p. 4. [Google Scholar]

	



Ingle, S.; Blair, A.M.; Cussans, J.W. The use of weed density to predict winter wheat yield. Asp. Appl. Biol. 1997, 50, 393–400. [Google Scholar]

	



Maréchal, P.Y.; Henriet, F.; Vancutsem, F.; Bodson, B. Ecological review of black-grass (Alopecurus myosuroides Huds.) propagation abilities in relationship with herbicide resistance. Biotechnol. Agron. Soc. Environ. 2012, 16, 103–113. [Google Scholar]

	



Chauvel, B.; Guillemin, J.P.; Letouzé, A. Effect of intra-specific competition on development and growth of Alopecurus myosuroides Hudson. Eur. J. Agron. 2005, 22, 301–308. [Google Scholar] [CrossRef]

	



Moss, S.R. The Seed Cycle of Alopecurus Myosuroides in Winter Cereals: A quantitative analysis. In Proceedings of the EWRS Symposium, Symposium on Integrated Weed Management in Cereals, Helsinki, Finland, 4–6 June 1990; European Weed Research Society: Wageningen, The Netherlands, 1990. [Google Scholar]

	



Colbach, N.; Dürr, C.; Chauvel, B.; Richard, G. Effect of environmental conditions on Alopecurus myosuroides germination. II. Effect moisture conditions and storage length. Weed Res. 2002, 42, 222–230. [Google Scholar] [CrossRef]

	



Menegat, A.; Milberg, P.; Nilsson, A.T.N.; Andersson, L.; Vico, G. Soil water potential and temperature sum during reproductive growth control seed dormancy in Alopecurus myosuroides Huds. Ecol. Evol. 2018, 8, 7186–7194. [Google Scholar] [CrossRef]

	



Menegat, A.; Nilsson, A.T.N. Interaction of Preventive, Cultural, and Direct Methods for Integrated Weed Management in Winter Wheat. Agronomy 2019, 9, 564. [Google Scholar] [CrossRef]

	



Anonymous. Axial 50 EC Herbicide Label. Available online: File:///C:/Users/Korisnik/Downloads/Axial%2050%20EC.pdf (accessed on 22 March 2021).

	



Hofer, U. Pinoxaden: For broad spectrum grass weed management in cereal crops. J. Plant Dis. Prot. 2006, 20, 989–995. [Google Scholar]

	



Bitarafan, Z.; Andreasen, C. Seed production and retention at maturity of blackgrass (Alopecurus myosuroides) and silky windgrass (Apera spica-venti) at wheat harvest. Weed Sci. 2020, 68, 1–25. [Google Scholar] [CrossRef]

	



Heap, I.M. International Survey of Herbicide Resistant Weeds. Available online: www.weedscience.org (accessed on 10 November 2020).

	



Dejanović, R. Problems of weed control in cereals and new herbicides for their control: Alister New and Atlantis Star, Experimental results 2015–2018. In Proceedings of the 63rd Plant Protection Seminar, Opatija, Croatia, 5–8 February 2019. [Google Scholar]

	



Balgheim, R. Herbizidresistenz vermeiden, Wirkstoffe erhalten-Eine Gemeinschaftsaufgabe von Beratung, Forschung und Praxis am Beispiel des Ackerfuchsschwanz (Alopecurus myosuroides Huds.). J. Plant Dis. Prot. 2006, 20, 49–56. [Google Scholar]

	



Šćepanović, M.; Pintar, A.; Lakić, J.; Brijačak, E. Variations in the effect of pinoxaden on black-grass—resistance or wrong time of application? In Proceedings of the 64th Conference on Plant Protection, Opatija, Croatia, 4–7 February 2020. [Google Scholar]

	



Panozzo, S.; Scarabel, L.; Collavo, A.; Sattin, M. Protocols for Robust Herbicide Resistance Testing in Different Weed Species. J. Vis. Exp. 2015, 101, 52923. [Google Scholar] [CrossRef] [PubMed]

	



Kudsk, P. Optimising herbicide performance. In Weed Research: Expanding Horizons, 1st ed.; Hatcher, P.E., Froud-Williams, R.J., Eds.; Wiley: Oxford, UK, 2017; pp. 149–179. [Google Scholar]

	



Chauhan, B.S.; Abugho, S.B. Effect of Growth Stage on the Efficacy of Postemergence Herbicides on Four Weed Species of Direct-Seeded Rice. Sci. World J. 2012, 2012, 123701. [Google Scholar] [CrossRef]

	



Šoštarčić, V.; Collavo, A.; Masin, R.; Barić, K.; Šćepanović, M. Barnyardgrass Shows Sensitivity to Reduced Doses of Topramezone at Different Growth Stages. Int. J. Agric. Biol. 2019, 21, 486–490. [Google Scholar]

	



Bellinder, R.R.; Arsenovic, M.; Shah, D.A.; Rauch, B.J. Effect of weed growth stage and adjuvant on the efficacy of fomesafen and bentazon. Weed Sci. 2003, 51, 1016–1021. [Google Scholar] [CrossRef]

	



Cauwer, B.D.; Rombaut, R.; Bulcke, R.; Reheul, D. Differential sensitivity of Echinochloa muricata and Echinochloa crus-galli to 4- hydroxyphenyl pyruvate dioxygenase and acetolactate synthaseinhibiting herbicides in maize. Weed Res. 2012, 52, 500–509. [Google Scholar] [CrossRef]

	



Yu, J.; McCullough, P.E. Growth Stage Influences Mesotrione Efficacy and Fate in Two Bluegrass (Poa) Species. Weed Technol. 2016, 30, 524–532. [Google Scholar] [CrossRef]

	



Rasool, R.; Bhullar, M.S.; Gill, G.S. Growth stage of Phalaris minor Retz. and wheat determines weed control and crop tolerance of four post-emergence herbicides. Span. J. Agric. Res. 2017, 15, e1001. [Google Scholar] [CrossRef]

	



Kieloch, R.; Domaradzki, K. The role of the growth stage of weeds in their response to reduced herbicide doses. Acta Agrobot. 2011, 64, 259–266. [Google Scholar] [CrossRef]

	



Bararpour, T.; Korres, N.E.; Burgos, N.R.; Hale, R.R.; Tseng, T.M. Performance of Pinoxaden on the Control of Diclofop-Resistant Italian Ryegrass (Lolium perenne L. ssp. multiflorum) in Winter Wheat. Agriculture 2018, 8, 114. [Google Scholar] [CrossRef]

	



Anonymous. Axial® Pro Herbicide Label. Available online: https://www.syngenta.co.uk/sites/g/files/zhg151/f/media/2020/07/02/axial_pro.pdf?token=159369 (accessed on 22 March 2021).

	



Wang, C.J.; Liu, Z.Q. Foliar uptake of pesticides—Present status and future challenge. Pestic. Biochem. Physiol. 2007, 87, 1–8. [Google Scholar] [CrossRef]

	



Singh, S.; Singh, M. Effect of growth stage on trifloxysulfuron and glyphosate efficacy in twelve weed species of citrus groves. Weed Technol. 2004, 18, 1031–1036. [Google Scholar] [CrossRef]

	



McWhorter, C.G. Epicuticular Wax on Johnsongrass (Sorghum halepense) Leaves. Weed Sci. 1993, 41, 475–482. [Google Scholar] [CrossRef]

	



Kieloch, R.; Domaradzki, K.; Górniak, J. Pinoxaden—A new active ingredient for grass weed control in cereals of South-West Poland. J. Plant Dis. Prot. 2006, 1, 1067–1072. [Google Scholar]

	



Hartzler, B. Managing Weeds to Protect Crop Yields. Available online: https://crops.extension.iastate.edu/encyclopedia/managing-weeds-protect-crop-yields (accessed on 22 March 2021).

	



Akhter, J.M.; Melander, B.; Kathiassen, S.K.; Labouriau, R.; Nielsen, S.V.; Kudsk, P. Growth and Phenology of Vulpia Myuros in Comparison with Apera Spica-Venti, Alopecurus Myosuroides and Lolium Multiflorum in Monoculture and in Winter Wheat. Plants 2020, 9, 1495. [Google Scholar] [CrossRef]

	



Peppers, J.M.; Harris, J.; McElroy, J.S. Response of St. Augustinegrass cultivars to pinoxaden alone and in combination with select fungicides. Crop Forage Turfgrass Manag. 2020, 6, e20022. [Google Scholar] [CrossRef]

	



Buhler, D.D.; Hoffman, M.L. Andersen’s Guide to Practical Methods of Propagating Weeds and Other Plants; Allen Press, Inc.: Lawrence, Kansas, 1999; p. 4. [Google Scholar]

	



Cook, S.K.; Ginsburg, D. Dormancy in Grass Weeds; Project Report No. 498; ADAS Boxworth: Boxworh, Cambridgeshire, UK, 2012. [Google Scholar]

	



Dahlquist, R.M.; Prather, T.S.; Stapleton, J.J. Time and Temperature Requirements for Weed Seed Thermal Death. Weed Sci. 2007, 55, 619–625. [Google Scholar] [CrossRef]

	



European and Mediterranean Plant Protection Organization. PP 1/135 (4) Phytotoxicity assessment. Bull. OEPP/EPPO Bull. 2014, 44, 265–273. [Google Scholar] [CrossRef]








[image: Plants 10 00732 g001a 550][image: Plants 10 00732 g001b 550] 





Figure 1. Visual injuries (% of untreated control) of A. myosuroides at 7 (a), 14 (b) and 21 (c) days after treatment (DAT) with various pinoxaden doses at different growth stages. Vertical lines indicate a statistical difference according to Fisher’s Least Significant Difference (LSD) test at p < 0.05. LSD (a) = 3.02; LSD (b) = 4.45; LSD (c) = 5.14. Greenhouse experiment had four replicates with 10 plants in each pot and was conducted over two years with data pooled across years. 
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Figure 2. Biomass reduction (% of untreated control) of A. myosuroides plants treated with the various pinoxaden doses at ZCK 12–14 (a), ZCK 21–25 (b), ZCK 31–32 (c) and ZCK 37–39 (d). Vertical lines indicate a statistical difference according to Fisher’s Least Significant Difference (LSD) test at p < 0.05. LSD (a) = 2.68; LSD (b) = 2.23; LSD (c) = 8.93; LSD (d) = 8.18. 
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