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Changes in the timing and intensity of spring rainfall have led to a significant increase in
late-season weed emergence in Turkiye. These newly emerging weeds tend to grow more
vigorously due to the absence of competition with crops and other weeds during their
development. Under favorable conditions, they produce more seeds than those that
emerge during the regular cropping season and contribute to the enrichment of the soil
weed seed bank. Two field experiments were conducted over four years (2020-2023) in
Tarkiye. The first was to determine the impact of post-harvest herbicide (PHH) on the
critical time for weed removal (CTWR) in winter wheat, and the latter was to evaluate the
effects of PHH combined with various weed control treatments on weed populations, the
soil seed bank, and crop yield. The experiment followed a split-plot design, with the PHH
regime and weed removal timing or weed control treatments serving as the main and sub-
plots, respectively. The herbicide regime included no PHH and post-harvest glyphosate

(PHG) applied at 2.646 kg ai ha™. Weed removal timings were set at 10-day intervals, from
0 to 110 days after wheat emergence (DAE). Weedy and weed-free controls were included
for comparison. Weed control treatments involved post-emergence tribenuron-methyl at
11.25 g ai ha=! and hand weeding. The application of PHG delayed the CTWR from 416
growing degree days (GDD) to 516.5 GDD in 2022, and from 465.6 GDD to 661.2 GDD in
2023, effectively preventing yield loss. The combined use of PHG with post-emergence
tribenuron-methyl or hand weeding maximized wheat yield while minimizing the soil seed
bank.
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Abstract

Changes in the timing and intensity of spring rainfall have led to a significant increase in late-
season weed emergence in Tiirkiye. These newly emerging weeds tend to grow more vigorously
due to the absence of competition with crops and other weeds during their development. Under
favorable conditions, they produce more seeds than those that emerge during the regular cropping
season and contribute to the enrichment of the soil weed seed bank. Two field experiments were
conducted over four years (2020-2023) in Tiirkiye. The first was to determine the impact of post-
harvest herbicide (PHH) on the critical time for weed removal (CTWR) in winter wheat, and the
latter was to evaluate the effects of PHH combined with various weed control treatments on weed
populations, the soil seed bank, and crop yield. The experiment followed a split-plot design, with
the PHH regime and weed removal timing or weed control treatments serving as the main and sub-
plots, respectively. The herbicide regime included no PHH and post-harvest glyphosate (PHG)
applied at 2.646 kg ai ha'!l. Weed removal timings were set at 10-day intervals, from 0 to 110 days
after wheat emergence (DAE). Weedy and weed-free controls were included for comparison.
Weed control treatments involved post-emergence tribenuron-methyl at 11.25 g ai ha™ and hand
weeding. The application of PHG delayed the CTWR from 416 growing degree days (GDD) to
516.5 GDD in 2022, and from 465.6 GDD to 661.2 GDD in 2023, effectively preventing yield
loss. The combined use of PHG with post-emergence tribenuron-methyl or hand weeding
maximized wheat yield while minimizing the soil seed bank.

Key words: Critical time of weed removal, winter wheat, post-harvest herbicide, glyphosate,
tribenuron-methyl, Growth degree day, soil seed bank

Introduction

Wheat is a valuable staple crop for humanity because it provides the main dietary energy and
protein for one in five people in the world (Erestein et al., 2022). Its prominence is mainly rooted
in some comprehensible reasons, such as adaptability to diverse climates, easy husbandry
practices, and flexibility to adverse conditions. Contrary to these superiorities to other crops,
extreme weather events, pests, diseases, and weeds often prevent high grain yield expectations
(Moa et al., 2023). Weeds are generally considered strong competitors to wheat, and they result in
severe yield losses depending on weed species, density, and competition timing (Peairs et al.,
2005). To mitigate these undesirable impacts, many weed control treatments, including biological,
cultural, mechanical, physical, and chemical techniques are commonly used by farmers.

To address these challenges, cultural weed control is successfully employed in many fields (Beres
et al., 2010; Peairs et al., 2005), but the widespread use of this technique is often constrained by
low rainfall or the inability to provide workers. Chemical weed control by herbicides, on the other
hand, may allow growers to control them easily and cost-effectively (Coleman et al., 2019) and
therefore make themselves an indispensable tool for many growers. Herbicide use was launched
in wheat fields (Coleman et al., 2019; Peairs et al., 2005) and has never lost its popularity among
wheat growers until the last decades.
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The incessant use of herbicides has led to some adverse side effects such as carryover, runoff, drift,
biodiversity loss, and herbicide-resistant weeds, especially in many wheat-producing regions
(Wang et al., 2022; Tiirkseven et al., 2022). For example, there have been 533 documented cases
of herbicide-resistant weeds worldwide, more than half of them in wheat fields (Heap, 2024). In
Turkey, they are also becoming widespread in wheat fields, with five species reported to be
resistant to ALS and/or ACCase inhibitor herbicides (Heap, 2024). Herbicide-resistant weeds and
side effects of wheat herbicides threaten the sustainability of wheat production and therefore force
researchers to find new alternatives. Growers often apply herbicides in a mixture, overrate, or
repeat them to control herbicide-resistant weeds, but this approach raises the cost. At this point,
pre-sowing and post-harvest herbicide applications might increase weed control efficacy while
decreasing the risk related to the appearance of new herbicide-resistant weeds in crops.

Total herbicide use at pre-sowing or pre-emergence is a powerful approach to control weeds
presented in the fields due to reducing weed pressure during the early growth stage. Dogan et al.
(2009) demonstrated improved weed control and cotton yield with glyphosate compared to
conventional pre-emergence herbicides. Similarly, pre-sowing, pre-emergence, and post-harvest
glyphosate applications are commonly used to control weeds and volunteers in annual cropping
systems such as cereals, maize, legumes, and sugar beet, in many European countries (Antier et
al., 2020). However, some weeds may continue to grow in stubble after harvest and disperse their
seeds. Post-harvest glyphosate application suppresses the growth of these weeds and reduces seed
production (Crow et al., 2015).

Because of its protective structure, soil acts as a natural vault for weed seeds and influences the
makeup of weeds in succeeding crops. The weed seed bank is affected by several factors such as
crop rotation, soil characteristics, and weed management techniques (Jabran and Chauhan, 2015;
Osipitan et al., 2018; Skuodiene et al., 2024; Schwartz-Lazaro and Copes, 2019). For instance,
Michelson et al. (2004) indicated that post-harvest glyphosate application reduced Kochia seed
production by up to 99%. However, the impact of post-harvest glyphosate, alone or in combination
with post-emergence herbicide on the weed seed bank in wheat production has not been thoroughly
investigated in the literature.

Critical time for weed removal (CTWR) is the beginning of the critical period of weed control,
which is a useful tool in integrated weed management strategies. CTWR provides valuable
knowledge to the growers about when weed control efforts should be implemented to prevent yield
losses. Indeed, previous studies showed that CTWR in wheat typically spans the first 4 weeks after
crop emergence (Jabran et al., 2015). Pre-sowing glyphosate application in no-till maize
effectively eliminates weeds and postpones CTWR for up to 17 days (Adami¢ Zamljen and
Leskovsek, 2023). Similar findings were also reported by Roncatto et al. (2023) in soybean,
Ulusoy et al. (2020) in corn, Knezevic et al. (2013) in sunflower, and Barnes et al. (2019) in
popcorn. Although post-harvest herbicide applications control weeds and weed seed production in
stubble, the impact of them on the CTWR has not been studied.

Spring rainfall patterns in Anatolia have changed weed emergence and growth in recent years.
This change resulted in getting out of some weeds from post-emergence herbicides, and continued
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weed seed production. For instance, cumulative rainfall in June increased by 44-78% during 2021-
2023 compared to the long-term records of Kazova, Tokat, Turkey (Table 1). Some weeds could
not complete their life cycle when wheat reaches harvest time. Therefore, these wheat fields are
abandoned in many areas. A comprehensive weed management approach, such as involving post-
harvest glyphosate applications, followed by post-emergence herbicide or hand weeding, may be
necessary to effectively manage the dynamic weed flora in wheat production systems. This study
aimed to determine the effectiveness of post-harvest glyphosate application on weeds, wheat grain
yield, the weed seed bank, and the CTWR in wheat.

Material and Methods
Experimental field and environmental conditions

Field experiments were conducted at the Middle Black Sea Transaction Zone Agricultural
Research Institute (40.1928N; 36.2656E), Tokat, Turkey, from 2000 to 2023. The soil was clay
loam with 1.5% organic matter and a pH of 7.9. The 'Flamura-85' wheat variety was sown at a
seeding rate of 500 seeds m during October-November. This variety is widely cultivated in the
central Anatolian region and is known to be resistant to cold and lodging. The weed flora of the
experimental field was determined when the weeds reached the flowering stage each year.
Kazova has a continental climate with distinct seasonal variations. The coldest month is January
at -1.6°C, while the warmest month is August at 29.9°C. The first frost was typically recorded in
October or November, and the last frost was in May. The annual average number of rainy days
was 103.8, with 431.7 mm. April, May, and June were generally the wettest months, whereas the
least rainfall was recorded in July and August. Specific climate data collected during the
experiment are shown in Table 1.

Research Design and Treatments:
Impact of herbicide programs on weed flora and wheat yield

The study was designed as a split-plot experiment with four replications. The main plots were
assigned to herbicide regime post-harvest glyphosate (PHG) treatment and no PHG, and the
subplots were allocated to the weed control treatments. Each plot was 3m x 3.5m. A 2 m alley was
left between blocks, and a 1 m alley was left between parcels (Figure 1A). The treatments were:
T1: PHG + Post-emergence tribenuron-methyl, T2: PHG + Weedy check, T3: No PHG + Post-
emergence tribenuron-methyl, T4: No PHG + Weedy check, PHG + Hand weeding (T5), and No
PHG + Hand weeding (T6). Hand weeding was employed 3 times with 10 days’ intervals after the
tillering began.

Glyphosate potassium salt and tribenuron-methyl were applied using a field sprayer and motorized
backpack sprayer adjusted to deliver 200 1 ha! at 200 kPa pressure, respectively (Figure 1B and
1C). Glyphosate was applied at 2.646 kg ai ha-! one week after wheat harvest as a post-harvest
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treatment to control grass and broadleaf weeds in the stubble. Tribenuron-methyl was applied at a
rate of 11.25 g ai ha'! at the 3-4 leaf stage of the wheat crop to control broadleaf weeds.

Weed flora was determined at the end of April when winter wheat reached the tillering stage.
Weeds in each plot were recorded from 1 m? and identified according to the Flora of Turkey and
the North Aegean Islands (Davis, 1965-1985). During the harvest time, ears in a 1 m? area were
harvested from each plot. The harvested ears were placed in bags, brought to the laboratory, and
threshed. The grain yield was calculated on a per-hectare basis by converting the results from the
harvest area.

The collected data on wheat grain yield were subjected to variance analysis using the Agricolae
package (Mendiburu and Yaseen, 2020) in the R statistical software (RStudio Team. 2024). The
means were compared using the Least Significant Difference test at the 5% probability level.
Wheat yield data were separately subjected to ANOVA for each year because post-harvest
herbicide treatment by weed control treatment interactions were significantly different (P<0.05).

Impact of PHG with and without tribenuron-methyl application on weed seed bank

The weed seed bank was determined by separating all seeds from soil samples containing debris
and soil particles. Soil samples were collected from each plot using a soil borer (5 cm diameter) at
10 cm soil depth. The soil samples were first sieved (4 mm x 4 mm) to remove unwanted materials,
then sieved using a precise sieve (0.25 mm x 0.25 mm) to separate soil aggregates. Soil samples
were put in a plastic bucket filled with tap water and left for 24 hours (Figure 1D). The slurry was
gently mixed and washed using a sieve set under tap water. The seeds were dried using towel
papers, put in paper bags, and stored in a cooler at +4°C until classification. Weed species in the
seed bank were identified using the Flora of Turkey and the North Aegean Islands (Davis, 1965-
1985).

The impact of PHG and weed control treatments on AWSD data was subjected to variance analysis
using the Agricolae package (Mendiburu and Yaseen, 2020) in the R statistical software (RStudio
Team. 2024). The means were compared using the Least Significant Difference test at the 5%
probability level to determine the statistical significance of the differences among the treatments.
AWSD data were separately subjected to ANOVA for each year because year, PHG treatment by
weed control treatment interactions were significantly different (P<0.05).

Impact of PHG on CTWR

The CTWR in wheat was calculated by assessing the relationship between wheat grain yield and
the duration of weed presence during the growing season. In the weedy control treatment, weeds
were allowed to compete with the crop for the entire season, while in the weed-free control, weeds
were removed manually at 10-day intervals to prevent competition with the crop. Weed removal
times were adjusted at 10-day intervals, from 0 to 110 days after wheat emergence (DAE). The
grain yield obtained from the weed-free control treatment was considered the maximum yield, and
the percentage yield loss was calculated by comparing the grain yield from the weedy control
treatment to the weed-free control.
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The experiment was carried out for three consecutive years. The experimental design was a split-
block design with three replications, where the main plots were assigned to the PHG and No PHG,
and the subplots were allocated to the length of the weed-free period, weed-free, and weedy
season-long controls. Each subplot was 2 m x 3 m. A non-linear regression analysis was performed
on the yield loss data to model the relationship between weed presence duration and wheat grain
yield. The log-logistic model was then used to estimate the CTWR (Formula 1).

d-c
1 + exp (b(log (x) - log (GR50))) (1)
where Y is grain yield; C is the lower limit; D is the upper limit; X is weed removal timing

Y=c+

expressed in growing degree days (GDD) after wheat emergence, E is the GDD at the inflection

point (Isp), and B is the slope around the Iso. GDD was calculated according to the formula 2.
Tmax + Tmin

GDD = X[ - Thase (2)

Where GDD, Tyax, Timin, and Ty,se Were growing degree day, daily maximum temperature, daily
minimum temperature, and base temperature (>0°C) for wheat growth, respectively. The data are
presented separately for each year because the year and herbicide treatment interaction was not
significant.

Results and Discussion

Impact of herbicide program on weed flora and wheat yield

The experimental field consisted of 15 weed species, most of which were annual dicotyledonous
(Table 2). The most prevalent weeds were Veronica hederifolia L., Chenopodium album L., and
Amaranthus retroflexus L. in the experimental field. The composition and density of weed species
in the herbicide-treated and untreated plots varied over the field trials. Post-emergence tribenuron-
methyl killed many of V. hederifolia and A. retroflexus similar to other weed species, such as
Sinapis arvensis L., Galium aparine L., Fumaria officinalis L., Portulaca oleracea L., and Seteria
viridis L. Likewise, PHG application alone resulted in a considerable reduction in these weeds. In
parcels applied with post-emergence tribenuron-methyl or PHG, weed density showed a slight
decline over time, except in the PHG parcels in the third year. This unexpected increase might be
attributed to the heavy rainfall that occurred in April 2023 (Table 1). The most significant reduction
in weed densities was observed in parcels treated with a PHG + post-emergence tribenuron-methyl.
Specifically, the PHG + post-emergence tribenuron-methyl had a powerful impact on V.
hederifolia, and declined its density by 44%, 71%, and 90.9% in 2021, 2022, and 2023,
respectively. Similarly, A. retroflexus density was declined by PHG + post-emergence tribenuron-
methyl up to 76.2%. Additionally, this treatment controlled several other weed species such as
including F. officinalis, G. aparine, S. arvensis, Polygonum aviculare L., P. oleracea, L. serriola,
and S. viridis. On the other hand, herbicide treatments unexpectedly increased C. album
populations over the three years.

Previous studies have shown that weed control treatments such as tillage or herbicides might alter
weed flora in agricultural fields (Torrosen et al., 2003; Shahzad et al., 2016; Ball and Miller, 1993).
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The strong impact of herbicides on weed density and diversity in wheat fields was reported by
Culpepper (2006), Shahzad et al. (2021), Wilson et al. (2007), and Barnes et al. (2019). Young and
Thorne (2004) stated that the use of late-season herbicide in no-till caused a significant weed shift,
and Salsola iberica became the prevalent weed species in the field. Contrary, Reddy et al. (2015)
showed that there was no meaningful impact of post-harvest herbicide treatment
(Pendimethalin+Paraquat) on the weeds compared to no herbicide treatment. This discrepancy
might be caused by used herbicides, or weeds in the flora. Specifically, PHG application was
particularly effective in reducing the density of VERHE and AMARE, both of which were less
prevalent after the herbicide treatment. This application effectively suppressed the dominance of
these weeds, and provided favorable conditions for the proliferation of CHEAL, as the reduced
competition allowed CHEAL to become the primary weed, similar to the results of Wilson et al.
(2017).

The PHG + hand weeding treatment resulted in the highest wheat grain yield of 5.2-7.5 t ha’l,
which meant 37-41% higher than the weedy control (Figure 2). In comparison, PHG + tribenuron-
methyl treatment was as effective as at least PHG + hand weeding application with 5.1-7.2 t ha-!
grain yield. Furthermore, No PHG + hand weeding led to good weed control. However, No PHG
+ tribenuron-methyl application or PHG provided only moderate weed control and resulted in a
17-25% lower wheat yield than the PHG + hand-weeding treatment. Altogether, this result
indicated that using PHG was effective as a post-emergence herbicide to control weeds in the
winter wheat.

Across all treatments, yields tend to improve over the three years (2020 to 2022), suggesting that
most treatments are having a positive impact, even though the differences between them are
statistically significant. The effect of PHG + hand weeding or PHG + post-emergence tribenuron-
methyl on the wheat yield was limited over time compared to weedy check; however, this impact
was statistically noticeable in the post-harvest glyphosate applications or only post-emergence
tribenuron-methyl application. This indicates that PHG applications for 3 years provide a yield
increase depending on the time.

There is a strong negative relationship between weed abundance and crop yields, whereby an
increase in weed density directly impacts the productivity of crops. Weed-crop competition can
significantly hinder crop development, leading to lower yields. In other words, the higher the weed
pressure, the greater the yield loss. Consistent with this, former studies indicated that PHG was a
powerful tool for controlling many problematic weeds in crops during the late season (Young and
Gealy, 1986; Kumar and Jha, 2015). For example, Kumar et al. (2021) indicated that PHG
application at 1,260 g ae/ha controlled palmer amaranth at 93% 8 weeks after treatment. Similarly,
Young and Gealy (1986) found that post-harvest weed control not only reduces weed seeds and
ground-above biomass but also saves soil moisture for subsequent crops. This finding particularly
explained the yield increase in plots treated with PHG.

Even though post-harvest glyphosate application suppressed weed competition and increased
wheat yield, this impact was limited because of the non-residual impact of glyphosate. Maintaining
weed control impact of herbicides can be possible through herbicide application programs like
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post-harvest glyphosate followed by selective herbicides or tillage. Consistent with our findings,
Bae et al. (2022) reported that post-harvest herbicide (Diclobenil) along with post-emergence
herbicides (Clopyralid/ Mesotrione followed by Mesotrione + Sethoxydim) on Equisetum arvense
L. was 47-52% more effective than only post-emergence herbicide (Clopyralid/ Mesotrione
followed by Mesotrione + Sethoxydim). A similar study by Meyers et al. (2016) supports our
findings, demonstrating that an herbicide program incorporating post-harvest application of
flumioxazin achieved greater control of the problematic weeds compared to a program without
post-harvest treatment.

Impact of PHG with and without tribenuron-methyl application on weed seed bank

PHG + post-emergence tribenuron-methyl and PHG + hand weeding treatments significantly
reduced Average Weed Seed Density (AWSD) compared to the weedy control (Table 3). PHG +
post-emergence tribenuron-methyl declined AWSD by 77.9%, indicating highly effective long-
term weed suppression. This meant a considerable reduction compared to the seed number (9.8)
in 2021. Similarly, PHG + hand weeding resulted in a significant decline in AWSD from 13.7
seeds/soil sample in 2021 to 7.7 seeds/soil sample in 2023. This decline may be caused by the
synergistic impact of PHG and post-emergence weed control treatments (tribenuron-methyl or
hand weeding) due to preventing the life cycle of weeds. However, PHG, hand weeding, or
tribenuron-methyl applications could not prevent AWSD increase over the experiment. For
instance, AWSD in PHG plots increased 2.76 times in 2023 compared to 2021, whereas a 2.93
times higher increase was observed in conventional plots. This increase was an expected result
since glyphosate has no residual impact to cover a season.

Kumar et al. (2021) showed late-season total herbicide treatments such as glyphosate, dicamba,
paraquat, and glufosinate reduced palmer amaranth seed production by more than 90%. Similarly,
in another study, Mickelson et al. (2004) reported that PHG application at 631 g ha'! resulted in a
reduction in Kochia seed production by up to 99%. Furthermore, Kumar and Jha (2015) reported
that post-harvest herbicide application could reduce seed production of Kochia scoparia by 32-
100% depending on the herbicide and the combinations used. Additionally, Maity et al. (2022)
also showed that harvest weed seed control tactics followed 4 years declined Lolium perenne ssp.
multiflorum seeds similar to our results.

In our study, the effect of PHG, with or without post-emergence tribenuron-methyl, was lower
than reported in previous studies. This discrepancy is likely due to the fact that we evaluated the
impact on all weed species present, rather than focusing on a single species. Moreover, certain
weeds, such as CHEAL, were less affected by PHG compared to other species. This case provides
an advantage to it to continue growing and producing seeds despite PHG.

Impact of PHG on Critical time for weed removal

Experimental fields consisted of 15 weed species that were predominantly broadleaf weeds,
including Chenopodium album, Amaranthus retroflexus., Convolvulus arvensis, and Veronica
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hederifolia (Table 1). While grassy weeds, such as Alopecurus myosoroides and Seteria viridis
were also present, they occurred at relatively lower densities compared to the broadleaf weed.

Wheat yield loss

Wheat yield losses were affected by weed removal timing, PHG, and years (Figure 3). Wheat yield
declined with increasing duration of weed interference during 2021-2023. Grain yield in season-
long weed-free plots with PHG was 5.127 t ha-! in 2021, 7.668 t ha! in 2022, and 7.120 t ha! in
2023, respectively. Wheat yield in season-long weedy plots with PHG was 46.1, 75.5, and 71.2%
lower than in season-long weed-free plots. Similarly, the yield in season-long weed-free plots
without PHG was 5.211 tha'!, 6.510 t ha'!, and 6.635 t ha'! in the same period, respectively. Wheat
yield in season-long weedy plots without PHG was 51.3, 47.5, and 76.6% lower than in season-
long weed-free plots. Notably, the smallest yield decrease was observed in 2022 compared to 2021
and 2023, mainly due to weed presence and reduced rainfall (38.93% lower than the average).
Wheat yield loss due to weeds was reported as 2.9-34.4% in the USA, 2.9% in Canada, and 20-
32% in Pakistan (Flessner et al., 2021; Chhokar et al., 2012). These rates were lower than our
results, mainly caused by weed flora and rainfall. Under soil moisture deficiency like ours,
competition between weeds and wheat for limited resources is more destructive for wheat than
under favorable conditions (Ihsan et al., 2015). Webster et al. (1998) investigated the impact of
post-harvest herbicide application (Glyphosate+2,4-D) at three application times on corn yield and
weed biomass in the corn field grown in the winter wheat-corn cropping system. They found that
weed biomass was significantly reduced by post-harvest herbicide application without any
herbicide treatment as corn yield was 2.75 times higher than non-treated control similar to our
findings.

Critical time for weed removal

The CTWR was calculated using the log-logistic model described based on a 5% acceptable yield
loss by Ritz et al. (2015). In the first year of the study, the CTWR began at nearly the same point
in both No PHG and PHG treatment (Table 4, Figure 3). Specifically, the CTWR was initiated at
711.9 growth degree days (GDD) in the conventional system and 718.5 GDD in the PHG parcels,
showing minimal difference between the two treatments in terms of the onset of critical weed
pressure. In contrast, the apparent effect of PHG on CTWR was observed in the second year. In
2022, the CTWR started at 416 GDD, which corresponds to 16.6 DAE in the No PHG; meanwhile,
the CTWR was delayed until 516.5 GDD (22.3 DAE) in the PHG parcels. The PHG treatment
delayed the CTWR from 465.6 GDD (14.5 DAE) to 661.2 GDD, equivalent to 31.6 DAE in 2023.
This means a substantial delay of 17.1 days compared to the control.

Previous studies have shown that CTWR varied according to numerous factors, including growing
season, crop species, agronomic practice, and environmental factors (Contreras et al., 2022).
However, a few studies about CTWR in wheat were found in the literature. The CTWR started 2-
3 weeks after seed emergence or 28 or 30 days after sowing (Agostinetto et al., 2008; Morsy et al.,
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2020; Chaudhary et al., 2008). These times are in agreement with our results, which varied 16.6-
31.4 DAE in No PHG.

The relationship between weed abundance and CTWR has been reported in many crops (Charles
et al., 2019 and 2020; Williams et al., 2007). The results of nearly all are more or less the same as
weed density decreases, CTWR is delayed. To reduce weed density in crops, total herbicides might
be used at various times, such as pre-sowing, pre-emergence, or post-harvest. These treatments
improve weed suppression throughout stubble or the early growth stages and alter the CTWR. Pre-
emergence herbicide treatments delayed CTWR by 15-21 d in soybean (Roncatto et al., 2023), by
3-21 d in corn (Ulusoy et al., 2020), by 29 d in dry bean, by 6-12 d in sunflower (Knezevic et al.,
2013), by 22 d in dry bean (Beiermann et al., 2022), and by 25-32 d in popcorn (Barnes et al.,
2019). The impact of PHG treatment on CTWR in our study, 5.7-17.1 d, was aligned with these
studies.

Conclusions

This research showed that PHG application resulted in a gradual delay in the CTWR over the three
years, particularly in the second and third years. The 5.6-day delay in 2022 and the 17.1-day delay
in 2023 indicated how PHG can control weed growth and prolong the time before weed control
practices. This delay provided by PHG may offer farmers a longer period to manage weeds in
winter wheat. During this time frame, wheat crops continue to grow unless weed competition.
PHG is a powerful tool to control many weeds in winter wheat and has the potency to substitute
for post-emergence herbicides. This approach is particularly important in terms of preventing
herbicide drift when winter wheat is grown adjacent to sensitive crops such as sunflower, sugar
beet, legumes, and vegetables. Moreover, if PHG is combined with post-emergence herbicide or
hand weeding, it significantly improves grain yield while reducing weed density, and also weed
seed density in the soil compared to conventional treatment.

Integrated PHG into conventional weed control practice in winter wheat can be a good alternative
to control herbicide-resistant weeds without any extra effort or cost. Additionally, PHG + post-
emergence herbicide or hand-weeding can be a more efficient tool to control the soil seed bank
and decrease weed pressure in the next crop. PHG is therewithal a promising approach to keeping
moisture and nutrients in the soil for subsequent crops, especially in semi-arid and arid regions.
This treatment may reduce soil tillage for preparing seed beds because it kills stubble weeds.
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Figure 1

Figure 1. Experimental area, parcel locations, and treatments at Kazova

A: Experimental field, B: Post-harvest glyphosate treatment, C: Post-emergence tribenuron-

methyl application, D: Separation of weed seeds from
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Figure 2

Figure 2. Wheat yield response to treatments from 2020 to 2022

(T1: PHG+Post-em Tribenuron; T2: PHG+Weedy check; T3: No PHG+Post-em tribenuron; T4:

No PHG+Weedy check, T5: PHG+Hand weeding, T6: No: PHG+Hand weeding). ~ The letters
represent statistical significance, where different letters indicate significant differences

between years in the same treatment (p < 0.05).
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Figure 3

Figure 3. Winter wheat yield (kg ha™) in response to increasing duration of weed
interference as represented by growing degree days (GDD) after wheat emergence for
no PHG and PHG applications at Kazova in 2021-23.
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Table 1l(on next page)

Table 1. Climate data of experimental fields from 2020-23 and long-term (MGM, 2024)
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2 Table 1. Climate data of experimental fields from 2020-23 and long-term (MGM, 2024)

Average Temperature Cumulative Rainfall Long-term
O (mm) (1929-2023)
Hont 202 | 202 202 | T ture | Cumulative
2020 | 2021 | 2022 | 2023 | 7 | © 7 | 2022 | em?fg‘ Y€ rainfall
(mm)
January | 3.0 | 50 | 1 | 2.6 | 528|627 433 | 5.8 1.9 40.9
February | 4.0 | 52 | 47 | 22 | 662 | 8.7 | 259 |32.8 3.5 33.8
March 98 | 60 | 3 | 9.0 |329[71.2] 489 |35.0 74 408
April 111 | 137 | 145 | 122 [22.0 ] 142 332 |1145 12.5 542
May 170 | 185 | 152 | 15.4 | 35.9 | 54.6 | 32.6 | 61.0 16.5 58.9
June 20.7 | 20.0 | 20.7 | 20.0 | 81.6 | 55.5| 55.1 | 71.8 19.9 382
July 242 | 241 [ 207 | 217 | 14 [277] - |356 223 11.2
August | 223 | 23.6 | 249 | 24 | 1.1 [17.9] 47 | 43 224 5.6
September | 23.0 | 17.8 | 19.4 | 189 | 1.0 | 27.1| 274 | 143 18.8 17.7
October | 18.0 | 13.0 | 133 | 13.7 | 0.1 | 10.5| 353 | 4.1 13.7 39.3
November | 7.4 | 152 | 93 | - |I1L.1] 0.1 | 313 | - 7.9 44.0
December | 55 | 0.1 | 6.1 | - |172[13.0] 175 | - 3.8 47.1
Total/Average | 13.8 | 13.5 | 12.7 | 14.0 |646.6|726.4| 355.2 |379.2 12.6 431.7

Peer] reviewing PDF | (2024:11:109508:0:1:REVIEW 6 Dec 2024)



PeerJ

Table 2(on next page)

Table 2. Impact of post-harvest glyphosate with and without post emergence

tribenuron-methyl applied on weed density during 2021-2023 (Plant m?)

VERHE: Veronica hederifola L.; XANST: Xanthium strumarium L.; CIRAR: Cirsium arvense (L.)
Scop.; CONAR: Convolvulus arvensis L.; CHEAL: Chenopodium album L.; FUMOF: Fumaria
officinalis L.; GALAP: Galium aparine L.; SINAR: Sinapis arvensis L.; POLAV: Polygonum
aviculare L.; POROL: Portulaca oleracea L.; LACSE: Lactuca serriola L.; SOLNI: Solanum
nigrum L.; SETVI: Seteria viridis L.; AMARE: Amaranthus retroflexus L; ALOMY: Alopecurus
myosoroides Huds. T1: PHG+Post-em Tribenuron; T2: PHG+weedy control; T3: Post-em

tribenuron; T4: weedy control
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Table 3. Impact of post-harvest glyphosate with and without post emergence tribenuron-methyl
applied on weed density during 2021-2023 (Plant m-?)

Weed 2021 2022 2023

species T1 | T2 | T3 T4 | T1 | T2 | T3 | T4 | T1 T2 | T3 T4
VERHE 7.0 | 11.5 | 150|125 ] 2.5 | 9.5 | 123 | 8.5 1.3 103|150 | 143
XANST 20 | 05 | 2.5 1.0 | 35 | 25 | 35 |200| 1.5 | 0.5 | 3.5 | 3.8
CIRAR - 20 | 1.5 | 55 - 30 | 03 | 33 - 30 | 0.5 | 2.8
CONAR 40 | 43 | 63 | 55 | 30 | 15| 75 | 60 | 1.5 | 28 | 50 | 7.3
CHEAL 160 | 120 | 80 | 83 | 155|138 | 113 | 6.5 | 7.3 | 140 | 88 | 4.5
FUMOF - 1.5 ] 3.0 | 1.0 - 2.8 | 2.0 | 4.0 - 6.8 | 1.5 | 3.8
GALAP - 35 ] 1.0 - - 2.8 - 2.0 - 7.5 - 3.0
SINAR - - 1.5 | 2.5 - 1.5 1 03 | 3.0 - 25 | 1.3 | 43
POLAV - - - - - 1 - 2 - 2.0 - 3.0
POROL - - - - - 1.5 | 2.3 - - 1.00 | 3.0
LACSE - - - - - 2.3 - 1 - 3.5 1050 | 3.0
SOLNI - - - 0.5 - - - - - - - -
SETVI 1.5 | 0.5 - 3.0 - 1.0 | 1.0 | 3.0 - 3.8 | 0.8 1.5
AMARE 6.5 | 40 [ 103] 80 | 25 | 50 | 11.5]| 9.0 | 2.5 | 6.8 | 143 | 10.5
ALOMY - - - - 7.5 | 3.0 | 1.25]| 43 1.8 | 2.8 2 3.0
Total 37.0 | 39.8 | 49.1 | 47.8 | 345 | 49.7 | 52.5 | 56.9 | 159 | 66.3 | 54.2 | 67.8
Average
Weed
Density 62 | 44 | 55 | 48 | 58 | 38 | 48 | 41 | 2.7 | 51 | 45 | 438

VERHE: Veronica hederifola L.; XANST: Xanthium strumarium L.; CIRAR: Cirsium arvense
(L.) Scop.; CONAR: Convolvulus arvensis L., CHEAL: Chenopodium album L.; FUMOF:
Fumaria officinalis L.; GALAP: Galium aparine L.; SINAR: Sinapis arvensis L.; POLAV:
Polygonum aviculare L.; POROL: Portulaca oleracea L.; LACSE: Lactuca serriola L.; SOLNI:
Solanum nigrum L.; SETVI: Seteria viridis L.; AMARE: Amaranthus retroflexus L; ALOMY:
Alopecurus myosoroides Huds. T1: PHG+Post-em Tribenuron; T2: PHG+weedy control; T3: Post-
em tribenuron; T4: weedy control
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Table 3. Average weed seed density (Standard error) at 10 cm soil depth in herbicide
treated and control plots before sowing winter wheat

" The letters represent statistical significance, where different letters indicate significant

differences between years in the same treatment (p < 0.05).
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1 Table 3. Average weed seed density (Standard error) at 10 cm soil depth in herbicide treated and
2 control plots before sowing winter wheat

Treatment 2021 2022 2023
PHG+post-em tribenuron-methyl 9.8 (2.1)a" 12.9 (0.5) ab 53(1.2)b
PHG+ weedy check 54(0.8)a 7.8(2.1)b 14.9 (2.3) ab
PHG+ hand weeding 13.7(3.3)a 8.8(2.8)b 7.7(1.4)b
No PHG+Post-em tribenuron-methyl 13.3(2.7)a 17.4 (2.0) a 222 39)a
No PHG+weedy check 82(124)a 18.4 (2.0) a 24 (8.1)a
No PHG+hand weeding 125(1.3)a 17(23)a 247(4.5)a
3 " The letters represent statistical significance, where different letters indicate significant
4  differences between years in the same treatment (p < 0.05).

Peer] reviewing PDF | (2024:11:109508:0:1:REVIEW 6 Dec 2024)




PeerJ
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Table 4. Regression parameters (Standard error) and estimation of CTWR (xSE) for No
PHG and PHG applications at Kazova in 2021-23.

PHG: Post harvest glyphosate; B: Slope; C: lower limit; D: Upper limit; I,: the GDD at the

inflection point; GDD: growing degree days; DAE: Days after emergence
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1 Table 4. Regression parameters (Standard error) and estimation of CTWR (+SE) for No PHG and
2 PHG applications at Kazova in 2021-23.

Year | Treatment B C D Iso GDD DAE
2021 No PHG |7.2(2.7)]3.40(0.07) |5.02(0.13) |10.73(0.50) |711.9(131.8)|31.47 (7.1)
PHG 6.8 (1.1)3.48 (0.04) |5.05(0.06) 11.1 (0.26) |718.5(55.3) | 31.1(2.8)
2022 No PHG (4.5(1.3)|4.44 (0.06) |6.85(0.74) 7.99 (1.24) |416 (140.6) | 16.6 (3.0)
PHG 43(1.1)4.32(0.09) |6.47(0.25) |10.22(0.63) |516.5(112.9)| 22.3 (2.8)
2023 No PHG |[4.2(0.5)]3.82(0.14) |7.25(0.12) |13.38(0.33) |465.6(92.2) | 14.5(2.2)
PHG 4.4 (0.9)3.84(0.10) |7.30(0.48) 9.05(0.59) |661.2(55.8) | 31.6(2.8)

3 PHG: Post harvest glyphosate; B: Slope; C: lower limit; D: Upper limit; Iso: the GDD at the
4 inflection point; GDD: growing degree days; DAE: Days after emergence
5
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