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Abstract: A long-term, sustainable solution to weed infestation is extremely desirable because weeds
have the potential to reduce crop productivity and the aesthetic appeal of the environment. In this
study, the impacts of mowing and varying degrees of trampling pressure on the suppression of
weeds, alongside wound-induced changes in the allelopathic potential, of the rhizosphere soil and
the root exudates of southern crabgrass (Digitaria ciliaris) and Asian flatsedge (Cyperus microiria)
were evaluated under both field and greenhouse conditions. The field study results showed that
all trampling treatments induced the relative suppression of weed growth. Grass weeds showed
higher resistance to trampling than broad-leaved weeds. However, laboratory bioassays showed that
light trampling caused a significant increase in the growth-inhibitory effects of southern crabgrass
rhizosphere soil on lettuce. Moreover, mowing (9.11% of control) and trampling (16.4% of control)
resulted in a marginal increase in the growth-inhibitory effects of root exudates released from southern
crabgrass. Furthermore, the growth-inhibitory activities of the Asian flatsedge rhizosphere soil were
significantly reduced after heavy trampling pressure. Moreover, mowing and trampling resulted in
marginal reductions in the growth-inhibitory activities of root exudates released from Asian flatsedge
against lettuce (i.e., 18.7% and 28.5%, respectively). In general, mowing and varying degrees of
trampling induced contrasting and integrated impacts on weed suppression as well as the allelopathic
potential of both southern crabgrass and Asian flatsedge.
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1. Introduction

The application of herbicides and mowing to mitigate the challenges of weed in-
festation often leads to health and environmental problems in the long term [1,2]. For
instance, intense or prolonged mowing has been reported to further induce grass weed
infestation [3,4], along with severe accidental injury to mowing machine operators [5,6]. In
addition, mowing needs a long-standing, hardworking labor force [7]. Moreover, excessive
pesticide inputs harm both life on Earth and the whole environment [8]. When humans or
animals become directly or indirectly exposed to synthetic agrichemicals for a long period
of time, they commonly develop several health conditions, including both respiratory and
reproductive impairments, diabetes, neurological disorders, and cancer [9]. Furthermore,
the inappropriate use of pesticides pollutes water bodies, interferes with soil health, and
results in the development of pesticide-resistant weeds as well [10]. Hence, there is a strong
need for alternate weed control techniques to ensure sustainable weed management.

In previous studies, the potential use of allelopathic species has been explored in the
control of weeds. The extensive and effective implementation of bioherbicides released
directly from allelopathic plants or manufactured indirectly from allelopathic compounds
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could, in fact, be a better and more sustainable means of strengthening global crop produc-
tion, along with a reduction in the health and environmental hazards caused by synthetic
herbicides [10]. Furthermore, studies have been performed on how mechanical stimu-
lation, including trampling, rolling, and roll chopping, can sustainably suppress weeds’
growth [4,11]. Moreover, studies on the effects of human [12,13], animal [14], and ma-
chine trampling [11] on weed control, soil compaction, and vegetation composition have
indicated that light treading pressure possesses more desirable impacts on both weed
suppression and soil health than intense treading pressure [13,15]. This can be linked to
the fact that mechanical stimulation (i.e., touching, cutting, and pressuring), herbivory,
and some environmental factors (such as drought and nutrient availability) induce the
release of volatile organic compounds (VOCs), such as ethylene, which, depending on
its concentration, stimulates or suppresses both growth and senescence in plants [16-18].
It also induces transient increases in the root exudation of organic carbon, amino acids,
ammonium cations, phenolics, and proteins [19-21]. Thus, the desirable weed suppression
impacted by light trampling might not only be due to the outcome of the physical top-down
pressure on weeds but also a complex process involving the influence of allelochemicals
released from touched or wounded plants.

Root exudates are major sources for the direct input of plant chemicals into the
rhizosphere, making them one of the most important sources of allelochemicals released
into the rhizosphere soil [22]. Both mowing and trampling are long-established methods of
weeding that could (along with other mechanical stimulation) hypothetically influence the
allelopathic activity and subsequent suppression of weeds in the field. As an example of the
enhancement in allelopathic compound release through mechanical means, Yang et al. [23]
reported that the use of a mist system on the roots of sorghum (Sorghum bicolor) increased
sorgoleone exudation through the induction of abundant root hair production. Sorgoleone
is a strong allelochemical as well as a potent bioherbicide produced in the root hairs of
sorghum plants [24,25]. Allelochemicals are released into the environment through several
routes, including volatilization, leachates, exudation, and decomposition. Specific bioassays
have been designed to effectively evaluate the growth-inhibitory effects of compounds
released through these routes. These include plant-box [26] and rhizosphere soil [27]
methods for root exudates, the dish pack method [28] for volatiles, and the sandwich
method [29] for leachates. In this study, the plant-box and rhizosphere soil methods were
adopted to assess wound-induced variations in the allelopathic effects of candidate plants.

The objective of this study was to assess the impacts of mowing and varying degrees
of intensity of trampling on the suppression of weed growth, along with variations in
the allelopathic potential, of both the rhizosphere soil and the root exudates of southern
crabgrass (Digitaria ciliaris) and Asian flatsedge (Cyperus microiria). Both Southern crabgrass
(annual plant) and Asian flatsedge (perennial plant) are common, widespread, and noxious
weeds, and they all aggressively grow in open fields, soybean fields, and both upland and
paddy fields [30-32]. In addition, biochemical compounds (i.e., veratric acid, maltol, and
(—)-loliolide) released in the root exudates of crabgrass (Digitaria sanguinalis), which belongs
to the Digitaria family, were reported to inhibit the growth of wheat, maize, and soybean
alongside the growth of soil bacteria, actinobacteria, and fungi [33]. On the other hand,
several terpenes, including x-cyperone, 3-selinene, and c-humulene, were extracted from
the tubers and rhizomes of whitehead spikesedge (Cyperus kyllingia), which belongs to the
Cyperus family, and they all indicated growth inhibition effects against lettuce seedlings [34].
This study presents the outcome of preliminary research conducted on common weeds as
an initial stage of a large, ongoing research project.

2. Materials and Methods

All field and greenhouse experiments, along with laboratory bioassays, were con-
ducted at the Tokyo University of Agriculture and Technology, Saiwai-cho, Fuchu, Tokyo,
Japan (35°41' N, 139°28’ E). Southern crabgrass and Asian flatsedge were selected as can-
didate species for laboratory bioassays because the two weeds were the most dominant
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weeds within the field. They also possess stronger stems, which gave them more resistance
and allowed the more successful uprooting of their roots from the soil. All the other weeds
(i.e., oriental water willow (Justicia procumbens), horsenettle (Solanum carolinense), and giant
foxtail (Setaria faberi)) were difficult to pull out of the ground because they had become
extremely broken up, particularly after heavy trampling pressure.

In addition, a greenhouse study was carried out in order to evaluate the potential
allelopathic effects of the candidate species in a controlled environment. In the field,
rainfall (Appendix A) might interfere with the allelopathic potential in the soil by leaching
water-soluble allelochemicals into deeper soil profiles [35]. The greenhouse experiment
also ensured that the growth-inhibitory effects of only the root exudates from Southern
crabgrass and Asian flatsedge were evaluated, and not those from other organisms.

2.1. Planting Conditions and Treatments

This section describes how the weed species were grown in both the field and green-
house studies, along with how they were treated.

2.1.1. Field Study

Beginning in July 2018, the experimental field was established after mowing an un-
cultivated area of land consisting of 24 plots. The soil type was Andosol (also known as
Kuroboku soil), which is a common, humus-rich, light black soil in the Kanto Plain, Central
Japan, developed from volcanic ash, and which was texturally classified as clay loam, with
29.6% of sand, 33.4% of silt, and 23.4% of clay [36,37]. This study used a randomized
complete block design with four replications. The plot size was 1.05 m? (0.70 x 1.50 m), and
the distance between plots was 1.0 m. Treatments consisted of mowing, trampling 25 times
(T25), trampling 50 times (T50), trampling 100 times (T100), and trampling 200 times (T200).
The control plots were left undisturbed. Weed species grew naturally for around three
months before being treated. Mowing and trampling experiments were carried out once
after the weed survey. The weeds were trimmed to 2~5 cm using a shoulder-type lawn
mower (MBC231DWB, Makita Co., Ltd., Kagawa, Japan) and the leaf cuttings were imme-
diately removed from all mown plots. The trampling was conducted by rolling a 69.5 kg
grass roller (SL-003 International Trading Co., Ltd., Yangjiang, China) back and forth from
one end of the plot to the other.

2.1.2. Greenhouse Study

A greenhouse was used to grow southern crabgrass and Asian flatsedge plants both in
the soil (i.e., for assessing the allelopathic influences of the rhizosphere soil) and in the sand
(i.e., for assessing the allelopathic influences of the root exudates). Southern crabgrass was
grown with commercially available seeds (ESPEC MIC Corporation, Aichi, Japan), while
Asian flatsedge was grown with transplants collected from the field. Both species were
grown for around four months. The T15 treatment was included based on the outcome of
the field study, which suggested that light trampling pressure induced higher allelopathic
impacts than heavy trampling pressure.

Soil cultivation (for assessing allelopathic influences of the rhizosphere soil)

Between six and eight Southern crabgrass and Asian flatsedge plants were grown in
clay pots (21 cm dia. x 17 cm depth) using commercially available, pre-fertilized, and
granulated soil (JA Nippi No. 1, Ninon Hiryo Co., Ltd., Tokyo, Japan). Treatments consisted
of mowing, trampling 15 times (T15), trampling 25 times (T25), and trampling 50 times
(T50). The control pots were left undisturbed. All treatments, including the control pots,
were replicated three times. The weeds were trimmed down to 2~5 cm using a garden
shear, and the leaf cuttings were immediately removed from all the clipped pots. To ensure
that each pot received the same amount of trampling force per treatment, trampling was
strictly carried out on the same day by a single person (~50 kg), who evenly stamped on all
weeds with a boot-shod leg.
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Sand cultivation (for assessing allelopathic influences of the root exudates)

Between six and eight southern crabgrass and Asian flatsedge plants were grown in
clay pots (21 cm dia. x 17 cm depth) using commercially available 100% natural river sand
(Miyuki Shoko Co., Ltd., Saitama, Japan). The use of natural river sand allowed the easy
removal of plants from the clay pots without destroying the roots [26]. Treatments consisted
of mowing and trampling 15 times (T15). All control plants were left intact or untouched.

2.2. Field Experiments

This section describes all experiments carried out in the field, including the weed sur-
vey, and the calculation of the frequency percentages of all identified weeds, the calculation
of the multiplied dominance ratio (MDR) of the 5 most frequent weeds, the soil hardness
test, and the gathering of rainfall data as well.

2.2.1. Weed Survey and Calculation of the Frequency Percentage

The assessment of the suppression of weed growth began by documenting and com-
puting the frequency percentage of all spotted weeds within all 24 plots of the experimental
field (two days before treatment). Frequency (%) measurement is an easy, fast, and reliable
method because only the presence or absence of a species is recorded to calculate the
percentage of all sampling units (e.g., quadrants or plots) in which the target species is
found, and it is calculated as follows [38]:

Number of sampling units

Frequency (%) = Total number of sampling units

The number of sampling units referred to the number of all plots in which a given
weed was found, while the total number of sampling units was 24 (all 24 plots of the
field). In addition, the frequency percentages were used to select the candidate weeds for
multiplied dominance ratio (MDR) calculation and allelopathic activity bioassays.

2.2.2. Multiplied Dominance Ratio (MDR)

One day before treatment, which was considered zero weeks after treatment (0 WAT),
two weeks after treatment (2 WAT), and four weeks after treatment (4 WAT), the percentage
coverage and height of the 5 most frequent weeds were recorded within a 0.25 m? quadrant
(0.50 x 0.50 m) placed in the center of each plot. In each plot, the height of three mature
individuals per species was randomly measured using a ruler (from soil to shoot apex)
in three different places within the quadrant. The plants measured at 0 WAT were not
marked to ensure randomness; therefore, they could not be recognized at both 2 WAT
and 4 WAT. Afterwards, the MDR was calculated to express the impacts of mowing and
trampling on weed volume [39] for the 5 most frequent weeds. The MDR is a common
weed dominance index, calculated by multiplying the percentage coverage and height of
each target species [40].

MDR (m3 m_z) = coverage (rn2 m_z) x height (m)

2.2.3. Soil Hardness Test

Variations in the hardness of the soil are common indicators of changes in the levels
of soil compaction [41,42]. Therefore, at 3 WAT, 6 WAT, and 13 WAT, soil hardness was
recorded using a soil penetrometer (Hardness tester, Fujiwara Scientific Co., Ltd., Tokyo,
Japan) to quantify the impacts of trampling and mowing on soil compaction. Three
consecutive sunny days were awaited to record 10 samples per plot, because the soil
hardness test is conducted best on moist, but not too wet, soil.
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2.2.4. Gathering of the Rainfall Data

The data on daily rainfall in Fuchu, Tokyo, Japan, between 1 September 2018 and
31 December 2018 (Appendix A), were obtained using the Automated Meteorological Data
Acquisition System (AMeDAS) [43].

2.3. Laboratory Bioassays

This section describes the laboratory bioassays (i.e., the rhizosphere soil and plant-box
methods) used to assess the allelopathic potential of rhizosphere soil alongside the root
exudates of the target weed species.

2.3.1. Rhizosphere Soil Method

The allelopathic effects of rhizosphere soil from both field-collected and greenhouse-
grown weed species were investigated using the rhizosphere soil method described by
Fujii et al. [27]. In all field and greenhouse studies, rhizosphere soil was collected on the
fourth day after mowing and trampling. Rhizosphere soil is commonly defined as the soil
adhering to plant roots after being shaken thoroughly [44].

Fifteen mature plants per species per treatment were gently pulled out of the ground by
hand and subsequently taken into the laboratory for soil sampling, along with allelopathic
analyses. Afterwards, all surface soil was shaken off the plants, and the rhizosphere soil
was gently collected from the surface roots using a soft brush. Three grams of soil (sieved
with a 1.0-mm sieve) was placed into a 6-well multi-dish. Subsequently, 5.0 mL of 0.75%
agar was poured on top of the soil. After the gelatinization of the soil-agar mixture, an
additional 3.2 mL of agar was added to the mixture. Lettuce seeds (Lactuca sativa L. var.
Legacy; Takii Company, Kyoto, Japan) were planted on the gelatinized soil-agar mixture.
The six-well multi-dishes were closed and incubated in a dark incubator (NTS Model
MI-25S) at 25 °C for 3 days. Subsequently, the lengths of the lettuce radicles were measured.

The percentage of inhibition of rhizosphere soil growth before treatment (i.e., using
intact plants) was determined by considering the growth of lettuce seedlings grown in
the agar medium (gelling temperature 30-31 °C, Nacalai Tesque, Kyoto, Japan) as 100%.
Furthermore, changes in the allelopathic effects of rhizosphere soil after treatments were
determined by comparing the length of lettuce seedlings grown in the soil of mown and
trampled plants with the length of lettuce seedlings grown in the soil of intact plants.

2.3.2. Plant-Box Method

The allelopathic effect of root exudates was assessed using the plant-box method
described by Fujii et al. [26]. It was carried out in order to gain further insight into how the
wound-induced changes in root exudation processes influence the allelopathic potential of
the target weeds.

In this context, mature plants were mown or trampled and slowly pulled out of the
pots by hand. The plants were immediately taken into the laboratory for the allelopathic
assessment of root exudates. Afterwards, the roots of the plants were gently and thoroughly
washed with distilled water. Then, the plants were placed into the root zone separating
tubes and fixed in their positions in the plant boxes using cellophane tape. The agar solution
was slowly poured into the boxes (to avoid bubbles) up to the 6.5 cm level. The boxes were
cooled down immediately by dipping them in ice-chilled water (for approximately 30 min)
and leaving them to stand at room temperature for a few more minutes. Lettuce seeds
(Lactuca sativa L. var. Legacy; Takii Company, Kyoto, Japan) were seeded on the surface
of the agar (narrowed tip downward). All boxes were covered with polyethylene and
incubated in a growth chamber (BIOTRON. Type LH-350SP, NK System, Taiwan) at 25 °C
for 5 days (12 h of light and 12 h of darkness). After the incubation period, the lengths of
lettuce radicles and hypocotyls were measured.

The percentage of inhibition of root exudate growth before treatment (i.e., using
intact plants) was determined by considering the growth of lettuce seedlings grown on the
agar medium (gelling temperature 30-31 °C, Nacalai Tesque, Kyoto, Japan) as 100%. In
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addition, the changes in the allelopathic effects of the root exudates were determined by
comparing the percentage growth inhibition of both mown and trampled plants with that
of intact plants.

2.4. Statistical Analysis

Statistical analyses and graphs were obtained using IBM SPSS Statistics 27 (IBM®
SPSS®, Armonk, NY, USA) along with Microsoft Excel (Microsoft, Redmond, Washington,
DC, USA). Tukey’s HSD test, Dunnett’s test, and analysis of variance (ANOVA) were
conducted. The significance level was 0.05.

3. Results
3.1. Weed Survey

In the field, seventeen weed species were identified before treatment and the frequency
percentages of these species were calculated (Table 1). The five most frequent weed species
were southern crabgrass (Digitaria ciliaris), Asian flatsedge (Cyperus microiria), oriental
water willow (Justicia procumbens), horsenettle (Solanum carolinense), and giant foxtail
(Setaria faberi). The five least frequent weeds were yellow foxtail (Setaria glauca), mulberry
(Morus alba), dallisgrass (Paspalum dilatatum), spotted spurge (Euphorbia maculata), and
annual bluegrass (Poa annua). The five most frequent weed species served to evaluate the
impacts of both mowing and trampling on the MDRs of the weeds.

Table 1. Frequency percentages of weed species identified inside all 24 experimental field plots.

No. Scientific Name Common Name Frequency (%)
1 Digitaria ciliaris Southern crabgrass 95.8
2 Cyperus microiria Asian flatsedge 95.8
3 Justicia procumbens Oriental water willow 95.8
4 Solanum carolinense Horsenettle 75.0
5 Setaria faberi Giant foxtail 70.8
6 Rumex japonicus Japanese dock 66.7
7 Houttuynia cordata Fish-mint 62.5
8 Cayratia japonica Bush killer 54.2
9 Paederia scandens Skunk vine 41.7
10 Plantago lanceolata Ribwort plantain 37.5
11 Oxalis corniculata Sleeping beauty 37.5
12 Taraxacum officinale Dandelion 20.8
13 Poa annua Annual bluegrass 125
14 Euphorbia maculata Spotted spurge 12.5
15 Paspalum dilatatum Dallisgrass 8.33
16 Morus alba Mulberry 417
17 Setaria glauca Yellow foxtail 417

The weed survey was carried out one day before treatment or zero weeks after treatment (0 WAT).

3.2. Multiplied Dominance Ratio (MDR)

A wide-ranging dataset of the multiplied dominance ratios (MDRs) of all the five
most frequent weeds is shown in Table 2. The high variability observed in the MDRs
is related to the larger variations in the elongation (height) along with the expansion
(coverage area) of candidate weed species. In comparison to all the other weeds, it was
found that southern crabgrass was taller and had a larger coverage area, resulting in a
significantly higher MDR. Despite being slightly taller than Asian flatsedge and oriental
water willow plants, horsenettle and giant foxtail still occupied a smaller area inside most
plots, which resulted in their MDRs becoming noticeably lower than the MDR of southern
crabgrass. Additionally, an analysis of variance (ANOVA) of the MDRs also showed that
the difference between species was highly significant. In comparison to the controls, only
mowing induced significant decreases in the MDR of southern crabgrass (a vs. b) at both
2 WAT and 4 WAT. None of the trampling treatments significantly affected the MDRs of any
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target grass weeds (southern crabgrass, Asian flatsedge, and giant foxtail). On the other
hand, the MDR of oriental water willow became significantly reduced due to mowing and
T200 at 2 WAT. Moreover, the MDR of horsenettle was decreased by mowing, T50, T100,
and T200 at 2 WAT. Throughout the study, the most frequent and most abundant weed was
southern crabgrass.

Table 2. Multiplied dominance ratio (MDR) of the five most frequent weed species in the experimental field.

MDR (x100 m® m—2)

Plant Species
D. ciliaris C. microiria J. procumbens S. faberi S. carolinense
Time Treatment Mean SE Mean SE Mean SE Mean SE Mean SE

0WAT  Control 49.7 20.3 0.843 0.688 0.775 0.379 0.467 0.192 1.19 0.523
Mowing  20.2 8.95 1.33 0.407 0.735 0.208 1.13 0.522 1.92 0.605

T25 34.8 12.5 1.67 0.816 0.568 0.211 2.17 1.73 0.398 0.213

T50 42.8 22,5 1.80 0.888 1.09 0.776 0.391 0.293 1.71 1.48

T100 16.7 5.94 1.56 0.484 1.29 0.355 0.589 0.354 0.888 0.454

T200 38.9 14.9 1.65 0.582 0.349 0.117 11.2 10.9 0.848 0.122

2WAT Control 5894 214 0.835 0.452 0.8362 0.255 0.733 0.332 0.450 2 0.169
Mowing  0.533P 0.191 0.849 0.368 0.115>  0.0674 0.000 0.000  0.0408°  0.0164

T25 34.2ab 14.3 0.363 0.0606  0.1713  0.0858 0.188 0.0409 01933  0.114
T50 222 ab 5.68 1.07 0525 04532  0.248 0.107 0.0645  0.0467°  0.0467
T100 19.6 b 2.83 0.829 0463 02263  0.0783 0.729 0.586  0.0408">  0.0238
T200 17.7 @b 6.37 0.317 0.122  0.0417P  0.0146 3.76 3.55 0.0200®  0.0115

4WAT Control 6042 234 12.0 11.7 0.445 0.214 1.19 0.889 0.263 0.111
Mowing  0.517P 0.228 0.570 0.234 0.238 0.188 0.000 0.000 0.118 0.0228
T25 24.04b 9.71 0.238 0.0618 0.154 0.0887 0.614 0.301 0.0775  0.0775
T50 19.5ab 6.79 0.570 0.243 0.152 0.0812 0.127 0.0744  0.0217  0.0217
T100 19.6 b 4.16 0.584 0.141 0.0950  0.00569  0.477 0.228 0.147 0.0952
T200 15.23b 5.71 0.383 0.116 0.0625  0.00250 1.99 1.93 0.0575  0.0225

The means (1 = 4) followed by the same letter within time inside each column are insignificantly different (p < 0.05).
0 WAT, 2 WAT, and 4 WAT (weeks after treatment). SE, standard error. Control, intact plants; Mowing, mown
plants; T25, trampling 25 times; T50, trampling 50 times; T100, trampling 100 times; T200, trampling 200 times.

Impacts of Mowing and Trampling on MDR of the Five Most Frequent Weeds

The results of the field study showed that mowing caused sharp and prolonged
reductions in the MDRs of all the weed species. Moreover, it was observed that the various
degrees of trampling induced uneven changes in the MDRs of the weeds (Table 2). In
general, the ANOVA of the MDRs indicated that the differences between treatments and
the species*treatments interaction were all highly significant at both 2 WAT and 4 WAT.
Significant reductions in the MDR induced by both mowing and trampling were recorded
at 2 WAT on horsenettle (mowing, T50, T100, and T200) along with oriental water willow
(mowing and T200). Furthermore, the results indicated that, at both 2 WAT and 4 WAT,
there were changes in the MDR of southern crabgrass induced by both mowing and all
trampling treatments. However, significant changes (reductions) were only noted between
mowing and the control (a vs. b). T25, T50, T100, and T200 were not significantly different
from the control or mowing (ab). Furthermore, the results of the statistical analysis showed
that (in comparison to controls) there were no significant reductions in the MDRs of all
graminoids (i.e., southern crabgrass, Asian flatsedge, and giant foxtail) due to trampling.
On the contrary, at 2 WAT, the MDR of the shrub (oriental water willow) had become
significantly narrowed in T200, while the MDR of the forb (horsenettle) had also been
significantly decreased in T50, T100, and T200. These findings show that graminoids
(especially southern crabgrass) have stronger resistance to trampling than shrubs, along
with forbs.
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Resistance is commonly assessed based on the resistance indices, which are the number
of passes required to reduce the vegetation cover or height by 50% [12,45]. In this study,
resistance was assessed depending on the number of passes (trampling times) needed to
reduce the MDR of a weed species by 50%. The resistance indices for southern crabgrass
were 200 passes (T200) at 2 WAT and both 50 passes (T50) and 200 passes (T200) at 4 WAT.
The resistance indices for most of the other weeds were 25 passes (T25) at both 2 WAT and
4 WAT. However, the results did not show a 50% reduction in the MDR of Asian flatsedge
in both T50 and T100 at 2 WAT, along with the MDR of giant foxtail in T100 at both 2 WAT
and 4 WAT. Although the height of the Asian flatsedge was reduced, the plant did not
die and thus showed some resistance to trampling. On the other hand, most horsenettle,
most oriental water willow, and most giant foxtail plants died shortly after trampling. In
trampled plots, the MDR gradually declined over time. The MDR at 4 WAT was somewhat
lower than the MDR at 2 WAT. However, the MDR increased marginally with time in the

control plots.

3.3. Soil Hardness Test

An ANOVA of soil hardness indicated that the differences between treatment and
measurement times were all highly significant (Figure 1). At 3 WAT, soil hardness in T100
was significantly higher compared to the control, mowing, T25, and T50. Furthermore,
soil hardness in T200 was significantly higher compared to the control and mowing. At
6 WAT, only T100 showed significantly higher soil hardness than the control. Significant
differences in soil hardness were not detected at 13 WAT.

[ 3WAT b
60.0 '@ swar b ab
B 13 WAT ‘]‘ be
50.0 ab aca +
B N ac] b a
8 a a a
~ i a
2, 4007 4 4 a H
g
é 30.0
£
= 20.0
175]
10.0 —
0.0

Control Mowing  T25 T50 T100 T200

Treatment
Figure 1. Mean soil hardness (N/cm?). The capped bars indicate the standard errors of four repli-
cations (n = 40). The means within each measurement time followed by the same letter are not
significantly different (p < 0.05). 3 WAT, 6 WAT, and 13 WAT (weeks after treatment). Control,
undisturbed plots; Mowing, mown plots; T25, trampling 25 times; T50, trampling 50 times; T100,
trampling 100 times; and T200, trampling 200 times.

3.4. Results of the Allelopathic Potential of Selected Weed Species
This section introduces the results of the evaluation of the allelopathic activity of the
studied weed species.

3.4.1. The Allelopathic Influences of Rhizosphere Soil

The results of the evaluation of the rhizosphere soil for potential allelopathic effects
showed that the field-collected rhizosphere soil of intact southern crabgrass and Asian
flatsedge induced the significant growth inhibition of lettuce radicles at 72.0% and 73.8%,

respectively (Tables 3 and 4).
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Table 3. A summary of one-way ANOVA of growth inhibition percentages of lettuce radicles assessed
using the rhizosphere soil method.

Source of Variance =~ Sum of Squares df Mean of Squares F p-Value
Between treatments 10,600 2 5310 894 0.000 ***
Within treatments 35.6 6 5.94
Total 10,600 8

The table summarizes the outcome of statistical analysis of the allelopathic impacts of the rhizosphere soil from
southern crabgrass along with Asian flatsedge on the growth inhibition of lettuce radicles. Three asterisks (***)
indicate that the treatments were significantly different at the 0.1% level.

Table 4. Dunnett’s test of mean growth inhibition percentages of lettuce radicles assessed using the
rhizosphere soil method.

Treatments Mean (%) SD Pair Comparison MD (%) SE p-Value
Control (agar) 100 2.27 Control vs. D. ciliaris 72.0 1.31 0.000 ***
D. ciliaris 28.0 3.22 Control vs. C. microiria 73.8 1.86 0.000 ***
C. microiria 26.2 1.50 D. ciliaris vs. C. microiria 1.80 0.867 0.430 s

The table indicates the allelopathic impacts of the rhizosphere soil from southern crabgrass along with Asian
flatsedge on the growth inhibition of lettuce radicles. Three asterisks (***) indicate that the treatments were
significantly different at the 0.1% level. ™: not significant. SD: standard deviation. MD: mean difference. SE:
standard error.

Furthermore, an ANOVA of variations in the allelopathic activity of field-collected rhizo-
sphere soil showed that the differences between species, treatments, and the species*treatments
interaction were all highly significant (Figure 2A).

 [0:V] B D. ciliaris (B) B D. ciliaris
12.0 " O ¢ microiria 30 P - O ¢ microiria
E 0o 2 —— . b g 55| a . a a a
£ a £
< b a ab ab p= a
g 8.0 g 20 —
ko] L b
S 6.0 L 154
5 5
© ©
o 4.0 o 10
(8] o
£ £
T 207 CEER
" Control Mowing T25  T50  TI00  T200 " Comtrol  Mowing  TIS 25 T50
Treatment Treatment

Figure 2. Mean length of lettuce radicles grown in the rhizosphere soil of southern crabgrass
(D. ciliaris) and Asian flatsedge (C. microiria). (A) The soil from the field; (B) the soil from the
greenhouse. The capped bars indicate the standard errors of three replications (1 = 9). The means of
each weed species followed by the same letter are insignificantly different (p < 0.05). Control, intact
plants; Mowing, mown plants; T15, trampling 15 times; T25, trampling 25 times; T50, trampling
50 times; T100, trampling 100 times; T200, trampling 200 times.

The lettuce radicles in T25 and T50 were significantly shorter concerning southern
crabgrass than the controls. No significant difference was observed among the control,
mowing, T25, and T100 treatments of Asian flatsedge. The lettuce radicles in T50 and
T200 were significantly taller than the controls. In addition, an ANOVA of changes in the
allelopathic activity of greenhouse-collected rhizosphere soil (Figure 2B) indicated that the
differences between treatments and the species*treatments interaction were all significant.
When the rhizosphere soil of southern crabgrass was used, the lettuce radicle in T15 was
significantly shorter in comparison with the control, mowing, T25, and T50. No treatments
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significantly affected the allelopathic effects of the rhizosphere soil of Asian flatsedge from
the greenhouse.

3.4.2. The Allelopathic Influences of Root Exudates

The results of the plant-box method showed that the root exudates of intact southern
crabgrass and intact Asian flatsedge induced 77.9% and 58.9% growth inhibition in the
lettuce radicle, respectively (Tables 5 and 6 and Figure 3). Additionally, an ANOVA showed
that southern crabgrass significantly inhibited the growth of lettuce when compared to
the control. Furthermore, mowing and trampling increased the growth-inhibitory effects
of southern crabgrass root exudates on lettuce radicles by 9.11% and 16.4%, respectively
(Figure 3A). In contrast, mowing and trampling reduced the growth-inhibitory effects
of Asian flatsedge against lettuce radicles by 18.7% and 28.5%, respectively (Figure 3B).
Moreover, an ANOVA showed that the differences between species, treatments, and the
species*treatment interaction were all highly significant. The root exudates of both mown
and trampled southern crabgrass did not significantly inhibit the growth of lettuce seedlings.
The growth of lettuce radicles was significantly stimulated by the root exudates of trampled
Asian flatsedge. In addition, in comparison to the controls, lettuce seedlings incubated with
mown Asian flatsedge had increased radicle lengths; however, all increases were insignificant.

Table 5. A summary of one-way ANOVA of elongation percentages of lettuce radicles assessed using
the plant-box method.

Species Source of Variance Sum of df Mean of F p-Value
Squares Squares
D. ciliaris Between treatments 13,800 3 4610 49.6 0.000 ***
Within treatments 743 8 92.9
Total 14,500 11
C. microiria Between treatments 5460 3 1820 6.37 0.016 *
Within treatments 2290 8 286
Total 7750 11

The table summarizes the outcome of statistical analysis of the allelopathic impacts of root exudates released by
sand-grown southern crabgrass along with Asian flatsedge on the elongation of lettuce radicles. One asterisk (*)
and three asterisks (***), respectively, mean that the treatments were significantly different at the 5% level and at
the 0.1% level.

Table 6. Dunnett’s test of mean elongation percentages of lettuce radicles assessed using the plant-
box method.

Species Treatment Mean (%) SD Pair Comparison MD (%) SE p-Value
D. ciliaris Control (Agar) 100 7.08 Control vs. Intact 68.8 8.16 0.011 *
Intact 31.2 12.2 Control vs. Mowing 77.9 499  0.001*

Mowing 221 4.99 Control vs. Trampling 85.2 810  0.005*

Trampling 14.8 12.1 Intact vs. Mowing 9.11 7.63  0.783"¢

Intact vs. Trampling 16.4 9.94  (0.553"¢

Mowing vs. Trampling 7.27 757 0.8817"

C. microiria Control (Agar) 100 241 Control vs. Intact 58.9 143 0.138™
Intact 411 6.05 Control vs. Mowing 40.2 16.7 0.292"¢

Mowing 59.8 16.1 Control vs. Trampling 30.5 16.8  0.488 "

Trampling 69.5 16.3 Intact vs. Mowing —18.7 993 0492

Intact vs. Trampling —285 10.0 0.252"8

Mowing vs. Trampling —9.77 132 0.959 "

The table indicates the allelopathic impacts of root exudates released by the sand-grown southern crabgrass along
with Asian flatsedge on the elongation of lettuce radicles. One asterisk (*) and two asterisks (**), respectively,
mean that the treatments were significantly different at the 5% level and at the 1% level. ™: not significant. SD:
standard deviation. MD: mean difference. SE: standard error.
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Figure 3. The percentage growth suppression of root exudates from sand-grown untouched, mown,
and 15-times trampled southern crabgrass (D. ciliaris) alongside Asian flatsedge (C. microiria) against
the elongation of lettuce radicles. (A) Southern crabgrass; (B) Asian flatsedge. The figures display the
means of all three replications of the plant-box method outcome.

4. Discussion

The results of the weed survey and the values of MDR showed that the grass weeds,
particularly southern crabgrass, strongly dominated all the other weeds in the no-tillage
study field. Similarly, Kobayashi et al. [40,46] reported that the emergence of grass weeds
is higher than in broad-leaved weeds in summer and no-tillage fields in Japan. In the tilled
field, the weed emergence along with species composition was correlated strongly with the
reservoir of weed seeds in the soil or the weed seedbank for both grass and broad-leaved
weeds [47,48].

Although larger variations in the MDRs of target weeds were recorded before and
after both mowing and trampling, relative reductions in the MDRs of all weeds were
recorded at 2 WAT and 4 WAT in all trampled plots. These findings suggest that all
trampling treatments impacted (depending on intensity and species) the suppression of
growth (i.e., height and coverage area) in all weeds. Suppression of weed growth through
mechanical means such as trampling or treading and rolling has also been reported in past
studies [4,11].

Furthermore, southern crabgrass, alongside the other graminoids (Asian flatsedge
and giant foxtail), demonstrated higher resistance to trampling than the shrub (oriental
water willow) and the forb (horsenettle), which suggests that the higher resistance of
the graminoids to trampling pressure was due to their morphological characteristics, i.e.,
graminoids’ growing points are commonly under the soil surface, rendering them more
resilient to trampling pressure. In previous studies, it has also been indicated that the
easily bendable stems, greater leaf tensile strength, low-to-ground growing points, and
below-ground reproductive structure of the graminoids—southern crabgrass in particular—
render them more resistant to trampling than shrubs and forbs, which are more vulnerable
and characterized by broad leaves, woody stems, and reproductive structures high on the
plant [45,49,50].

Increases in the soil hardness, largely inside the intensely trampled plots (T100 and
T200), were revealed by the outcome of the soil hardness test, which indicated that the soil
compaction increased with the increasing trampling intensity. Similarly, da Silva et al. [41]
and Panda and Yamamoto [42] also reported that soil compaction depends on the increase
in trampling intensity, and it is signaled by the variations in hydraulic conductivity along
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with soil hardness. The disappearance of significant differences in the soil hardness among
the mown, trampled, and untouched plots (observed at 13 WAT) suggested that the soil
had recovered by the end of the study. Moreover, previous studies have indicated that
soils take between 85 and 165 days (depending on soil type) to recover from short-term
trampling impacts through natural processes [51-55]. In addition, soil compaction occurs
in the time for which soil particles are pressed tightly together, causing the pore space in
between them to become narrower, and the soil bulk density to become higher [56]. Soil
physical stresses due to compaction, along with drought, result in perturbations in the root
exudation processes of stressed plants [57], reductions in root size, deceleration of root
penetration, and decreases in the availability of plant nutrients.

The assessment outcome for the allelopathic potential indicated that both southern
crabgrass and Asian flatsedge significantly inhibited the growth of lettuce radicles by
over 70%. Therefore, both weeds contain compounds that suppress lettuce radicle growth.
Similarly, Ito et al. [58] reported that soil in which southern crabgrass had been grown
inhibited the growth of several crops, especially cucumber. The root exudates and extracts
of the roots and aerial parts of Cyperus rotundus [59] and Cyperus iria [60] were reported to
have phytotoxic effects on tomatoes, cucumbers, rice, and soybeans.

Furthermore, the growth suppression activities of the rhizosphere soil of southern crab-
grass were significantly increased by the lowest trampling intensity under both greenhouse
(T15) and field conditions (T25 and T50). However, the treatments did not significantly
affect the growth-inhibitory effects of the rhizosphere soil of Asian flatsedge. The inhibitory
effect of the root exudates of southern crabgrass was not significantly affected by mowing
and T15. In contrast, T50 and T200, under field conditions, significantly reduced the growth
suppression activities of Asian flatsedge rhizosphere soil. Additionally, trampling and
mowing only slightly decreased the growth-suppressing abilities of Asian flatsedge root
exudates, by 18.7% and 28.5%, respectively. These findings suggest that mowing and
trampling induced uneven influences on the allelopathic potential of the two weed species,
and that mowing and heavy trampling treatments (over T50) significantly increased the
carbon demand, resulting in a lower concentration of allelochemicals available for rhi-
zodeposition. Previous studies have shown that wounding in plants induces a transient
disruption in the root exudation processes due to the turnover of storage compounds
during remobilization [61,62], leading to the utilization of stored assimilates to support the
maintenance respiration [63,64]. In addition, transient increases in the rhizodeposition of
perennial ryegrass (Lolium perenne) following defoliation were reported by Paterson and
Sim [38]. Meanwhile, decreases in the root exudates of timothy (Phleum pratense) [65] and
maize plants [66] were reported after defoliation.

All trampling treatments induced relative growth suppression (i.e., reductions in the
MDR) in all the target weeds. Moreover, a light trampling intensity resulted in higher
increases in the allelopathic potential of the target weeds. These findings suggest that, apart
from the pressing force of the roller, trampling induced the release of allelopathic com-
pounds from the weeds and/or nearby organisms (i.e., volatile organic compounds such as
ethylene and other allelochemicals in root exudates) to affect the growth of surrounding
weed species. Jaffe [16], Chehab et al. [67], and Sunohora et al. [68] found that when plants
such as Plantago asiatica, Cucumis sativus, Mimosa pudica, and Ricinus communis become
mechanically stimulated due to fingers sliding along them or touching or trampling, they
rapidly attempt to overcome the intrusion by undergoing diverse biochemical reactions,
including the release of natural growth inhibitors such as ethylene, jasmonates, and abscisic
acid (ABA), along with several morphological reactions, such as the acceleration of leaf
senescence processes and fast cessation of shoot elongation. These types of touch-induced
responses are commonly termed thigmomorphogenis [16,67]. In addition, similar findings
on the release of phytotoxic compounds (such as organic carbon, phenolics, and sorgeolone)
through the roots of mechanically stimulated or trampled plants have previously been
published [23,61].
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The evaluation of the potential allelopathic effect of root exudates using the plant-box
method showed that after mowing and T15, the growth suppression activity of southern
crabgrass increased, whereas that of Asian flatsedge decreased. These findings indicate
that the differences in allelopathic effects between the two weeds could be due to the
solubility of their root exudates. Hydrophobic compounds cannot travel in water-based
media, including the plant-box and rhizosphere soil methods. Fujii et al. [26] found
that plant species with hydrophobic chemicals possessed decreased allelopathic effects in
water-based media compared to species with hydrophilic chemicals. Root exudates from
Digitaria sanguinalis are largely composed of hydrophilic allelochemicals, such as veratric
acid, maltol, and (—)-loliolide [33]. Meanwhile, root exudates from the rhizomes of Cyperus
species are largely composed of essential oils, such as cyperol, x-cyperone [69], and methyl
esters of acyclic terpenic acids [70], which are hydrophobic.

Moreover, the results showed that changes in the growth suppression activities of
southern crabgrass and Asian flatsedge in the field after both mowing and various degrees
of trampling differed from changes in their growth suppression activities in the greenhouse.
These results suggest that the environmental conditions impacted the variations in the
allelochemical exudation processes from the roots of the two weeds in response to mowing
and varying trampling pressure. Similar to the outcome of this study, Yang et al. [71]
also reported that the root exudation rate of some plant species, such as Pinus koraiensis,
Larix gmelinii, and Betula platyphylla, was influenced by environmental factors, including
the site, temperature, latitude, organic matter content, and moisture content. This short-
term study involved single-year field and greenhouse research; however, it led to key
insights into how and why long-term studies need to be carried out in the future to take
full advantage of the impacts of trampling on the enhancement in the allelopathic potential
of plants, along with suppression of weed growth, sustainably.

5. Conclusions

This is the first study to show that southern crabgrass and Asian flatsedge possess
allelopathic effects on lettuce radicle growth. Mowing and varying trampling intensities
resulted in contrasting impacts on both weed suppression and the allelopathic activity of
southern crabgrass and Asian flatsedge. A forthcoming article will present the long-term
impacts of trampling on weed suppression, alongside the allelopathic potential of cover
crops. Future studies should also focus on identifying and quantifying the allelochemicals
in southern crabgrass, Asian flatsedge, and other plant species for their potential utilization
in sustainable weed management in combination with proper mowing and trampling.
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Figure A1. The total daily rainfall in Fuchu, Tokyo, Japan, between 1 September 2018 and 31 December
2018. The data were obtained using the Automated Meteorological Data Acquisition System (AMeDAS).
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