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1. Introduction

Weeds are the most important biological constraint determining yield losses for field
crops. For this reason, after World War II, synthetic herbicides have been largely adopted
in developed countries in order to enhance yields and reduce the costs of cultivation.
Unfortunately, their irrational use has caused environmental pollution, the development of
herbicide-resistant weeds and shifts in weed communities, thus making cropping systems
herbicide-dependent. Hence, following the ‘Zero Hunger’ goal of the United Nations
Sustainable Development Goals and the strategies of the European Commission ‘Green
Deal’, a weed management system based on cultural, mechanical, physical, biological and
ecological methods to prevent or reduce the use of synthetic herbicides has become of
outstanding importance in agricultural systems. Different techniques (cover cropping, the
use of high-competitive cultivars, the choice of plant arrangement and seeding time, tillage
systems, allelochemicals, etc.) and methodological approaches (e.g., soil seedbank analysis,
weed adaptation along environmental gradients, and the analysis of weed abundance and
diversity) have shown effectiveness in managing weeds from an eco-friendly perspective.
The current Special Issue, entitled ‘Sustainable Weed Management’, was born within this
context. It is a compilation of eighteen papers, including a review article related to the
recent advancements in sustainable weed control methods and to biotic and abiotic factors
affecting weed adaptation. The main topics covered by the Special Issue are:

• The effects of weed control practices on weed density and diversity;
• Cultural methods;
• Cover cropping and mulching;
• The use of allelopathic plant extracts and allelochemicals;
• Innovative chemical weeding methods.

2. Description of the Special Issue Main Findings

2.1. Weed Adaptation and Assemblages

Prior to analyzing the latest advancements in the wide area of weed control practices,
nowadays, weed scientists are faced with the indirect effects of climate change on weed
adaptation. Climate warming is inducing a high phenotypic plasticity in several weed
species that may facilitate their invasive ability along environmental gradients. For this
reason, Gentili et al. [1] used the seeds of the annual plant invader common ragweed
(Ambrosia artemisiifolia L.) to determine variation in phenology and bio-morphological traits
when grown along a 1000 m altitudinal gradient in Northern Italy, and under different tem-
perature conditions in the growth chamber. They found that common ragweed may shift
toward higher elevations and, at the same time, may improve the in situ (pre)adaptation of
populations currently abundant at low elevations in the invasive European range. Another
central topic in weed science is the determination of the processes that shape weed assem-
blages in farmlands. Studying the effects of crop competition on weeds, nitrogen input,
weed control and landscape on both weed diversity and abundance in the margins and
centers of 115 oilseed rape (Brassica napus L.) fields in Western France, Berquer et al. [2]
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found that landscape is the main driver of weed assemblages in field margins. In particular,
they indicated crop height (i.e., competition) as the main driver for weed assemblages in
field cores, and the number of meadows in the landscape (i.e., spatial dispersal) for weed
assemblages in field margins.

2.2. Preventive Methods for Weed Management

In integrated weed management systems, indirect or preventive methods have a key
role in reducing the impact and improving the effectiveness of direct control methods. Es-
sentially, prevention is based on the management of the soil seedbank and an improvement
in crop competitiveness against weeds. Preventive methods include crop rotation, cover
cropping, mulching, the choice of row spacing and seeding rate, etc. Their combination
is often associated with a higher weed-suppressive ability than a single method. For in-
stance, the study by Naeem et al. [3] evaluated the impact of different weed management
options (i.e., false seedbeds, allelopathic water extracts, chemical control, weed-free and
weedy check) on weed flora in various barley-based cropping systems. From this study,
it emerged that including mungbean (Vigna radiata (L.) R. Wilczek) or mainly sorghum
(Sorghum spp.) in rotation with barley (Hordeum vulgare L.) and applying allelopathic
water extracts could suppress weeds, similarly to herbicides. Hence, the combination of
crop rotation and allelopathic water extracts was demonstrated as a valid alternative to
herbicides in barley crop. Barroso and Genna [4] studied the effect of row spacing (18 or
36 cm) and seeding rate (73 or 140 kg ha−1) on Russian thistle (Salsola tragus L.) in spring
barley and spring wheat crops in the Pacific Northwest. They concluded that increasing
seeding rates or planting spring crops in narrow rows may be effective for yield increase
in low-rainfall years of the zone under study, while no effect may be observed in years
with higher rainfall than the normal trend. Concerning the role of highly competitive
cultivars, Scavo et al. [5] conducted research over 10 farms in central–eastern Sicily on the
weed-suppressive ability of old durum wheat landraces vs. modern cultivars in order to
study the indirect effect of old landraces in sustainably reducing weed pressure without
the adoption of chemical weed control. They reported that old durum wheat landraces
were associated with a 47% reduction in the soil seedbank size and to a 64% decrease in the
aboveground weed biomass compared to modern cultivars. Moreover, the weed species
compositions of modern and old cultivars were quite separated for both soil seedbank
and real flora, with the latter showing few specific associations with major weeds. The
authors attributed the higher weed-suppressive ability of old durum wheat landraces to a
combined competition–allelopathy effect.

2.3. Cover Cropping

Among the well-recognized ecosystem services provided by cover crops (i.e., non-
harvested crops grown in addition to the primary cash crop with the aim of improving soil
fertility and enhancing yields), the limitation of weeds is receiving more and more attention
from the scientific community and stakeholders. Recently, Restuccia et al. [6] investigated
the 5-year effect of subterranean clover (Trifolium subterraneum L.) and spontaneous flora,
both with and without burying dead mulch into the soil, on weed abundance and diversity
in a Mediterranean apricot orchard. They found that weed biomass was significantly
reduced by subterranean clover, especially with burying dead mulch into the soil, with
the cover crop biomass that was negatively correlated to weed biomass. Furthermore,
compared to conventional apricot management, subterranean clover decreased the size
of the soil seed bank by 57%. In a similar study, Las Casas et al. [7] studied the role of
conservation agriculture and living mulches in a young Mediterranean olive orchard. The
authors reported that the use of sage (Salvia officinalis L.) and lemongrass (Cymbopogon
citratus (DC) Stapf) as living mulches combined to minimize soil disturbance, reduce the
need for weed management, and promote the complexity of the Arthropod fauna in terms
of both the number of species and the taxonomic complexity. Another technique related to
cover cropping, i.e., mulching, was studied in this Special Issue by Ryan et al. [8] in winter
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wheat cultivated in central New York (USA). Evaluating a gradient of mulch biomass pri-
marily composed of perennial species such as orchardgrass (Dactylis glomerata L.), timothy
(Phleum pratense L.) and red clover (T. pratense), they found that wheat seedling density
showed an asymptotic relationship with mulch biomass (no effect at low rates and a grad-
ual decrease from moderate-to-high rates of mulch) and that the highest level of mulch
(9000 kg ha−1) selectively suppressed weed biomass without reducing wheat grain yield.

2.4. New Advances in Chemical Weed Control

Herbicides still represent the most popular tool for weed control, mainly in devel-
oping countries. However, the study conducted by Pattanayak et al. [9] in an Indian
sub-tropical environment highlighted that the chemical control with the herbicides ben-
sulfuron, pretilachlor and bispyribac sodium negatively affected the soil microbial and
enzymatic activity, whereas improved microbial populations and enzyme activities were
noted in unpuddled transplanted rice (Oryza sativa L.) under organic weed management.
Another negative effect related to the irrational application of herbicides is the spread of
invasive or resistant weed species. Vázquez-García et al. [10] studied the resistance to
acetyl-coenzyme A carboxylase (ACCase)-inhibiting herbicides in three resistant biotypes
of Phalaris: P. brachystachys, P. minor and P. paradoxa. From their study, it emerged that cross-
resistance in Phalaris species is conferred by specific point mutations, with P. brachystachys
resistance that is due to target site and non-target-site resistance mechanisms, while only
an altered target site was found in P. minor and P. paradoxa.

The present Special Issue pointed out different advances in the field of synthetic
herbicides for the control of invasive and resistant weed biotypes. The use of tank-mix
herbicides is one of these. For instance, Abu-Nassar and Matzrafi [11] indicated that tank
mixes of oxadiazon and oxyfluorfen with different concentrations of surfactant significantly
suppressed Solanum rostratum Dunal, an important invasive weed in Israel since the 1950s,
when applied at a later growth stage (8–9 cm height). Additionally, Campos et al. [12]
suggested a methyl-capped polyethylene glycol ester of pelargonic acid (PA-MPEG) in syn-
ergism with a non-phytotoxic alkylated seed oil-based adjuvant (i.e., HastenTM) to improve
the herbicidal efficacy of this novel fatty acid ester by disintegrating the bio-membranes
and, thus, negatively affecting plant transpiration. O’Brien et al. [13] tested the effective-
ness of a novel stem implantation system for controlling the woody weed Chinese elm
(Celtis sinensis Pers.) in a conserved habitat. They found that the encapsulated glyphosate
(245 mg/capsule), aminopyralid and metsulfuron-methyl (58.1 and 37.5 mg/capsule) and
picloram (10 mg/capsule) achieved a similar herbicidal activity to the benchmark treatment
(diesel + triclopyr + picloram + liquid hydrocarbon), because these encapsulated herbicides
are immediately sealed into the vascular system of the target species, thus reducing the
amount of active agent required and preventing environmental exposure.

2.5. Use of Allelopathy for Weed Management

Allelopathic species can be manipulated for the sustainable management of weeds in
different ways such as the introduction of an allelopathic crop into crop rotation schemes [3],
the use of an allelopathic cover crop [6], or the identification, isolation and extraction of
plant allelochemicals for the possible production of bioherbicides. In this Special Issue,
the bioherbicidal potential of the essential oils from Mediterranean Lamiaceae members
was reviewed by De Mastro et al. [14]. In addition, Motmainna et al. [15] investigated the
allelopathic potential of Parthenium hysterophorus L. methanolic extracts at different concen-
trations under laboratory and glasshouse conditions. They indicated eight amino acids,
seven phenolic compounds, three terpenoids and other secondary organic compounds as
P. hysterophorus allelochemicals in methanolic extract. The P. hysterophorus extract was also
capable of inhibiting the germination and growth of Cyperus iria L. to a similar extent to
the synthetic herbicides glyphosate and glufosinate-ammonium. Another study evaluated
the thermal allelopathic effect of two coniferous plants (Pinus densiflora Siebold & Zucc.
and Pinus koraiensis Siebold & Zucc.) on oilseed rape (B. napus) germination and seedling
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growth in order to assess whether high temperatures, generated during composting, de-
crease allelopathic ability [16]. It was found that the allelopathic capacity of two Pinus
species showed root-specific inhibition, but the decrease in volatile contents after the ther-
mal process was lesser in P. koraiensis than in P. densiflora. The authors, therefore, suggested
the application of the two conifer needles as allelopathic compost to control the initial weed
growth in horticultural crops thanks to their thermal stability and root-specific inhibition.

Seed meals obtained from allelopathic crops are another allelopathic tool and eco-friendly
alternative to synthetic herbicides. Pytlarz and Gala-Czekaj [17] assessed the allelopathic
activity of seed meals from Fagopyrum esculentum Moench, Sinapis alba L., Phacelia tanacetifolia
Benth., Lupinus luteus L., Raphanus sativus var. oleiformis and Ornithopus sativus Brot., at 1 and
3% doses, on herbicide-susceptible and -resistant (to propoxycarbazone-sodium) rye brome
(Bromus secalinus L.) biotypes in winter wheat. They reported crop- and dose-dependent
results. In particular, (1) wheat emergence and initial growth were not affected by the
seed meals from F. esculentum, P. tanacetifolia, and R. sativus at 1% concentration in the soil;
(2) the phytotoxicity of these seed meals was at the same level as the herbicide or higher;
(3) an increase in seed meal concentration is not recommended due to the reduction in
wheat emergence.

Plants’ allelopathic potential is known to be influenced by genotype, partly due
to the different concentration of allelochemicals. Following the return to local durum
wheat landraces demanded by the market, Scavo et al. [18] conducted research on the
allelopathic effects of the extracts from three durum wheat landraces (‘Timilia’, ‘Russello’
and ‘Perciasacchi’) and a modern variety (‘Mongibello’), obtained from three different plant
parts (ears, stems and roots), on the weeds Portulaca oleracea L. and Stellaria. media (L.)
Vill. It was found that old landraces (mainly ‘Timilia’ and ‘Russello’) showed a higher
allelopathic activity and that ear extracts were the most active. These results confirmed in
the laboratory the findings obtained by Scavo et al. [5] in open-field conditions.

3. Conclusions

This Special Issue involves a wide range of knowledge, methods and practices recently
achieved for sustainable weed management. Altogether, the papers published here demon-
strate that effective weed control can be performed not only with an indiscriminate use of
herbicides, but also with proper chemical weed control and with other eco-friendly meth-
ods including allelopathy, cover cropping, tillage, etc. It also emerged that the combination
of different methods often results in an improved weed-suppressive ability.

As Guest Editors, we acknowledge all the authors for their submissions to our Special
Issue. We believe that this excellent research is a significant breakthrough for current
science and will be made available to farmers and stakeholders.
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Abstract: Weeds are considered a major pest for crops, and as such have been intensively managed by
farmers. However, weeds, by providing resources, also support farmland biodiversity. The challenge
for sustainable weed management is therefore to maintain weed diversity without compromising crop
production. Meeting this challenge requires determining the processes that shape weed assemblages,
and how agricultural practices and landscape arrangement affect them. In this study, we assess the
effects of crop competition on weeds, nitrogen input, weed control and landscape on both weed
diversity and abundance in the margins and centres of 115 oilseed rape fields in Western France.
We show that weed assemblages in field cores were mainly shaped by crop height, a proxy of crop
competition. By contrast, weed assemblages in field margins increased with the number of meadows
in the landscape, revealing the role of spatial dispersal. Using structural equation modelling, we
further show that in the field core, weed assemblages were also indirectly shaped by landscape
through spatial dispersal from the field margin. Overall, our study gives empirical support for crop
competition as a way to reduce the intensity of chemical weeding, and for meadows as a way to
enhance biodiversity in the landscape.

Keywords: agroecology; competition; dispersal; landscape; oilseed rape; sustainable weed manage-
ment

1. Introduction

Taking into account the challenges of sustainable food for a growing human popula-
tion, the preservation of biodiversity and natural resources and the mitigation of climate
change requires a profound transition in our agricultural and food system [1,2]. Weed
management in arable crops is typical of this issue. Weeds are recognized as a major pest in
agriculture, resulting in yield loss of up to 30% [3]. For decades, they have been intensively
managed to reduce their competition for resources with crop plants. This has resulted
in the decline of at least 20% of weed species over the past 30 years [4], and an overall
decline in rare flagship species [5]. However, by providing food and shelter for birds,
insects and small mammals [6,7], weeds are also an important component in the mainte-
nance of farmland biodiversity and agroecosystem functioning [8,9]. To meet agricultural
production demand while conserving weed diversity and enhancing its related ecological
functions, promotion of diverse weed assemblages has been suggested, assuming that
increasing species richness would ensure for weed functions without selecting for few
dominant species [10,11]. Designing management strategies that ensure for diverse weed
assemblages therefore requires strengthening our understanding of the processes that
shape weed species richness and abundance.

Plants 2021, 10, 2131. https://doi.org/10.3390/plants10102131 https://www.mdpi.com/journal/plants
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Weed species assemblages can be understood in terms of a complex scheme including
interactions between ecological processes (e.g., competition, spatial dispersal) operating
over various scales and management through disturbance regimes (e.g., weeding opera-
tions) and resource levels (e.g., light, nitrogen) [12–16]. While there is substantial evidence
showing that crop type and farming practices influence weed species richness [17–19], weed
abundance [20,21], or crop–weed competition [22], only recently have studies explored
the interactive effects of competition and farming practices on weed assemblages [23].
Crop competition has however been acknowledged as a way to regulate weed species [24].
The effect of landscape on weed abundance is also less documented compared to weed
species richness, and when studied was shown to have either no effect [25] or an indirect
effect [26] through an interaction with farmer management intensity. Indeed, evidence on
the interplay of local and landscape effects on weeds have recently been revealed [13,25,27].
For instance, Henckel et al. [28] demonstrated that the presence of organic farming in the
surrounding landscape of conventional fields could balance the negative effect of conven-
tional management through species dispersal. The diversity of crop types [12] and the
amount of seminatural habitats [29,30] in the landscape also benefit in-field weed species
richness. However, the effect of landscape varies with field position (i.e., field core versus
field margin [12,13,31]) revealing the complex interplay between spatial dispersion and
local processes. These differences can indeed be attributed to the variation in farming
practices (crop density, fertilization and weed control) as well as to their distances to source
habitats. However, whether landscape effects interact with competition with crop plants,
disturbances induced by weed control or both remains to be established.

In this study, we evaluated the interactive effects of crop–weed competition, farm-
ing practices and landscape on both weed diversity and abundance in the margins and
centres of 115 oilseed rape (Brassica napus L.) fields in South-West France. We used a new
approach to evaluate the effects of landscape variables without specifying a priori distances
of spatial extents of their effects [32]. To our knowledge, this is the first study to address
the combined effects of competition, farming practices and landscape on both weed species
richness and abundance in the margins and centres of arable fields, considering that the
spatial extent of the landscape variables can vary with the landscape variables, the weed
metrics and the field compartment. As a first step, we assessed the effects of competition,
farming practices and landscape on weed species richness and abundance in the two field
compartments. Then, we investigated whether local dispersal from field margin to field
core could compensate for a loss of weed diversity through an indirect effect of spatial
dispersal from the landscape, as highlighted by Bourgeois et al. [13]. We expected the
contribution of competition to be higher in field cores due to a higher crop density. We
also expected the contribution of competition to increase with the amount of nitrogen,
because oilseed rape plants are nitrophilous plants [33], and decrease with higher weed
management due to the selection of specialist species [34]. We further expected a higher
response of weed abundance to competition compared to weed species richness, especially
in field cores. Finally, we expect landscape effect to act predominantly indirectly across the
field margin on in-field weed assemblages.

2. Results

A total of 158 weed species was identified across the 115 oilseed rape fields sampled
from 2014 and 2018. We identified 131 weed species in the field cores and 143 in the field
margins. Mercurialis annua L. was the most abundant and common weed species occurring
in 92 fields. A total of 90 species (57.0% of all species) occurred in fewer than 10% of the
sampled fields. Mean species richness per field was 28.85 ± 8.73 (min = 10, max = 53)
species, and mean abundance was 267.60 ± 150.97 (min = 48, max = 956). Weed species
richness was on average higher in the field margin, with 19.97 ± 8.11 (min = 3, max = 42)
species, than in field core with an average of 11.09 ± 4.89 (min = 3, max = 40) species when
accounting for the same sampling effort using a 5000 times bootstrap of five quadrats in the
field core. In the same way, the abundance was higher in the field margin (88.84 ± 45.47)
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than in field core (48.72 ± 33.18; on average in five quadrats using a bootstrap). Crop
height was significantly lower in the field margin (54.4 cm ± 47.1 cm) than in the field core
(145.9 cm ± 23.7 cm; Wilcoxon paired-test, V = 17, p-value < 0.001). In 3.5% of the fields,
there was no crop plant in the margin.

2.1. Competition and Weed Management Highly Affect Weed Species Richness in Field Core

For weed species richness, the selection procedure retained the variables related to
competition (crop height and nitrogen) and chemical disturbances as well as the interaction
between nitrogen and herbicides (Table 1A). These effects explained 15% of the variance of
weed species richness in field cores when using Treatment Frequency Index (TFI) as a proxy
of herbicide use (Figure 1; 11% with amount of herbicide active substances (QA) Figure S1).
Weed species richness significantly decreased with crop height (Figure 2A) but not with
herbicides (Figure 2B) nor with nitrogen. Contrary to our expectation, we did not find any
significant interaction between crop height and the amount of nitrogen or the quantity of
herbicide use. Rather, we found a significant positive effect of the ‘nitrogen × herbicides’
interaction on weed species richness, suggesting a higher efficiency of weed chemical
control in nitrogen-rich fields.
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Figure 1. Percentage of explained variance by local factors (crop height, the amount of nitrogen,
the intensity of herbicide use and number of mechanical operations), landscape (amount of organic
farming, meadows, oilseed rape and hedge density) and weather conditions (rainfall and temperature)
on weed species richness and abundance in field cores and field margins. The intensity of herbicide
use is expressed using the herbicide TFI. The buffer radii at which the amount of each landscape
variable was estimated are shown in Table 1 for field cores and Table 2 for field margins. R-squared
computed from the type III ANOVAs of respective models are indicated above each corresponding
bar plot.

Figure 2. Relationship between weed species richness (A,B) and abundance (C,D) in field cores with
crop height (A,C) and the intensity of herbicide applications (B,D). Abundance was log-transformed
and explanatory variables were scaled. The intensity of herbicide use is expressed using the Treatment
Frequency Index. Dashed line indicates a nonsignificant relationship.
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Adding landscape variables improved the model, which explained 27.4% of the vari-
ance (Figure 1; 22.4% with QA Figure S1). However, the contribution of landscape variables
alone to weed species richness was lower compared to the contribution of the local vari-
ables. The estimated spatial extent of the effects of the landscape variables was always
lower than 1000 m, ranging from a very small scale for hedge density (17 m from the border
of the field), to medium scales for meadows (500 m), oilseed rape (600 m) and organic
farming (780 m). Weed species richness was generally unaffected by landscape variables.
The interplay between local and landscape variables was revealed by the significant inter-
action between the number of meadows and amount of nitrogen (Table 1 and Table S1),
suggesting a lower positive effect of nitrogen on weed species richness in fields surrounded
by a high number of meadows. We also found a significant positive interaction between
the amount of organic farmed fields and herbicides when using TFI as a proxy of herbicide
intensity (Table 1; i.e., the relationship is almost significant with QA, p = 0.054; Table S1).
This suggests that herbicide use significantly decreased weed species richness in oilseed
rape fields in landscapes rich in organic farming.

2.2. Competition and Weed Management Strongly Affect Weed Abundance in Field Cores

The pattern for weed abundance in field cores was mostly consistent with the pattern of
weed species richness: environmental variables and mechanical weed control were discarded,
as was nitrogen (Table 1B). Weed abundance in the centre of oilseed rape fields significantly
decreased with crop height (Figure 2C) and herbicide use (Figure 2D), with a higher effect
attributed to crop height. Adding the landscape variables improved the model (Figure 1),
although we found no significant effect of landscape variables on weed abundance (Table 1B).

2.3. Landscape Is a Major Driver of Weed Assemblages in Field Margins

Diversity and abundance patterns showed a contrasted situation in field margins,
revealing that weed species assemblages in field margins were mainly affected by envi-
ronmental conditions and landscape (Figure 1). The selection procedure removed crop
height and farming practices for both weed species richness and abundance, while several
environmental variables were kept. Weed species richness and abundance significantly
decreased with rainfall (Table 2A), while only weed abundance increased with temperature
(Table 2B). Landscape effect was mainly due to the number of meadows, which had a
significant positive effect on both weed species richness (Figure 3A) and weed abundance
(Figure 3B) at small scale, i.e., for 140 m from the border of the field for weed species
richness and 265 m for weed abundance.

Table 2. Statistics of the models for weed (A) species richness and (B) abundance in field margins.
Abundance was log-transformed, and environmental variables were centred and reduced. The estimated
buffer radii are indicated for each landscape variable. Landscape variables have two degrees of freedom
because both their spatial extent and their effect were estimated. Significant effects are indicated in bold.
R-squared of respective models computed with type III ANOVAs were 12.3% and 22.7%.

(A)
Estimated Buffer Radius

(m)
Estimate df t-Value p-Value

Intercept 20.262 1 10.818 <0.001
Rainfall −1.805 1 −2.467 0.015
Hedge density 37 −86.517 2 −1.083 0.281
Number of meadows 138 18.731 2 2.184 0.031
Amount of organic farming 20 8.255 2 1.642 0.103
Amount of oilseed rape 980 −11.572 2 −0.711 0.478

(B)
Intercept 1.892 1 60.673 <0.001
Rainfall −0.087 1 −4.060 <0.001
Temperature 0.051 1 2.310 0.023
Hedge density 5 −0.990 2 −1.892 0.061
Number of meadows 266 0.664 2 1.991 0.049
Amount of organic farming 22 0.168 2 1.244 0.216
Amount of oilseed rape 8 −0.099 2 −0.755 0.452
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Figure 3. Relationship between weed species richness (A) and abundance (B) in field margins with
the number of meadows in the surrounding landscape at respective buffer radii of 138 and 266 m.
Abundance was log-transformed.

2.4. Multiscale Processes Shape Weed Assemblages in Field Cores

Because landscape affects weed assemblages in field margins and previous studies
revealed local dispersal from field margins to field cores, we performed an SEM to assess
the joint effect of local and landscape processes when considering weed assemblages in
the two field compartments. The best model shown by BIC-based selection for both weed
species richness and abundance was the SEM considering an indirect effect of landscape
on weed assemblages in the field core through to the field margin. Competing models
with either a direct link between landscape variables and weeds in field cores, or no
link between the margin and centre of the fields were never retained (Tables S2 and S3).
Accounting for local dispersal from the field margin strongly increased the part of variance
explained in the field core, with R-squared increasing from 27% to 30% for weed species
richness and from 18% to 30% for weed abundance using TFI (22.4% to 33% and 16% to
32% when using QA). The strength of local dispersal was similar for weed species richness
and abundance (Figure 4). These analyses suggest that weed assemblages in the centre of
oilseed rape fields were shaped by local factors (mainly crop competition and chemical
weeding) and local dispersal from field margins, its relative importance being related to
the number of meadows in the surrounding landscape. Interestingly, when accounting for
spatial dispersal across the field margin, herbicide applications had a significant negative
effect on both species richness and abundance. This effect was found when using linear
models (without incorporating spatial dispersal across the field margin) for analysing weed
abundance in the field core, but this was not the case for weed species richness. These
results are, however, in line with the significant positive interaction between herbicide use
and amount of organically farmed fields and suggest that herbicides decrease weed species
richness in oilseed rape fields located in more diversified landscapes (i.e., a higher number
of meadows and amount of organic farming).
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Figure 4. Structural Equation Models for weed species richness (A) and abundance (B) where the link between field
margin and field core was specified. Arrows represent the directionality of the effect, and the coefficients indicate the
standardized estimates. Dashed lines and grey estimates represent nonsignificant effects. *: p-value < 0.05; **: p-value < 0.01;
***: p-value < 0.001. FC: field core, FM: field margin. The intensity of herbicide use is expressed using the Treatment
Frequency Index. The buffer radius at which the amount of each landscape variable was estimated is shown in Table 2 for
field margin.

3. Discussion

Weed species assemblages are the result of the complex interplay between weed–crop
competition, farming practices and landscape. In this study, we aimed at determining their
relative contribution on both weed species richness and abundance in the margins and
centres of 115 oilseed rape fields. As expected, our results highlighted that the mechanisms
shaping weed assemblages differed between field cores and margins. Using crop height
as a proxy for weed–crop competition, we found that competition strongly affected weed
species richness and abundance in field cores while low or no effects could be detected for
farming practices and landscape. Conversely, crop competition had almost no effect on
weed assemblages in field margins, where we found a strong effect of landscape, suggesting
a predominant role of spatial dispersal. Although landscape had no direct effect on weed
species richness and abundance in field cores, the use of structural equation modelling
revealed that landscape arrangement may affect weed assemblages in field cores indirectly
through field margins.

As expected, the main driver of weed assemblages in field cores was the presence of
the crop itself, since its height was positively related to a decrease of weed species richness
and abundance. Competition with the crop had a higher effect on weed abundance than
on weed species richness. Taller and denser crop plants in field cores are more prone to
take up resources as light and nutrients, leaving lower amounts of resources available
for weeds [35]. These results confirm the competitive ability of oilseed rape against
weeds [36–38], but to our knowledge, our study is the first to demonstrate it in oilseed rape
farmers’ fields and with a natural flora. We expected a higher importance of competition in
high nitrogen conditions because oilseed rape plants are nitrophilous plants and because
reduced nitrogen amount might delay canopy closure [39]. No effect of nitrogen alone or in
interaction with crop height was found, however. While mechanical weeding did not affect
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weed assemblages in field cores, we found a significant decrease of weed abundance with
herbicide use, although the effect was lower compared with the effect of the competition
with crop plants. We also found a significant negative effect of herbicide applications
on weed species richness, but only when interacting with landscape or accounting for
spatial dispersal across the field margin. Herbicide application directly affects weeds and
is generally related to a decrease in weed species richness, mostly due to removal of rare
species [40,41]. Fried et al. [34] found that weed species from the same family as oilseed
rape (Brassicaceae) had higher densities in treated plots and suggested a phylogenetic
convergence of weeds [42]. Such specialization of weed assemblages may explain the low
effect of herbicides on weed species richness in the centres of oilseed rape fields located in
landscapes with low numbers of organic farmed fields and meadows. Conversely, oilseed
rape fields in more diversified landscapes may shelter more rare or unspecialized species
because of spatial dispersal, explaining the significant effect of herbicides on weed species
richness in these fields.

Accounting for landscape in our analysis resulted in an increase of the goodness-of-fit
of our models on both weed species richness and abundance in field cores. However,
the contribution of landscape variables was low and weed assemblages were generally
unaffected by landscape variables. We did however find that a higher numbers of meadows
weakened the positive effect of nitrogen on weed species richness. Our results therefore
contrast with previous studies conducted in winter cereals, which revealed a positive effect
of a higher number of organic farming [28] or seminatural habitats [29] on weed species
richness. They are however in accordance with a previous study conducted in oilseed rape
fields on the same study site [13], although more generally the literature on the effects
of landscape on weed assemblages in oilseed rape fields is still lacking. Although no
direct effect of landscape was found, by using structural equations models (SEMs), we
revealed a strong indirect effect of landscape on weed assemblages in field cores and field
margins. Accounting for the indirect effect greatly increased the goodness-of-fit of the
models, especially for weed abundance. We acknowledge that this pattern may arise due
to high correlation between weed species richness (or abundance) in field cores and field
margins. However, the SEMs showed higher goodness-of-fits with the directionality from
field margin towards field core than the contrary. In addition, Bourgeois et al. [13], showed
that the similarity of weed assemblages in field core decreased with the distance from the
field margin. Therefore, it is likely that landscape affects weed assemblages in the centre of
oilseed rape fields across the margins.

Spatial dispersal was the main mechanism shaping weed species richness and abun-
dance in field margins. Among landscape variables, the number of meadows had the
strongest effect on weed species richness and abundance. The margins of oilseed rape
fields surrounded with a higher number of meadows showed greater weed species rich-
ness and weed abundance. The spatial extent of the effects was, however, different: the
number of meadows increased weed species richness in field margins at a lower scale
(138 m) than weed abundance (266 m). Meadows are seminatural elements of agricultural
landscapes that contribute to the maintenance of biodiversity in the agroecosystem by
providing food and nesting habitats [43]. Meadows, acting as source habitats, can thus
increase weed diversity in field margins. Our results highlighted that spatial dispersal
might be the predominant process affecting weeds in field margins, since the variables
related to crop competition and farming practices were discarded by the model selection
procedure. Such a result is in accordance with our expectations. Indeed, field margins are
generally managed at a lower intensity compared to field cores, and crop plants are smaller,
present at lower density or even absent. Interestingly, climatic variables had significant
effects on weed assemblages in field margins, contrary to field cores. This suggests that in
absence of strong filtering factors such as competition or disturbances, climate has a higher
filtering effect on weed assemblages. Indeed, a recent study investigating trait–climate
relationships in plant assemblages revealed that these relationships were much weaker in

15



Plants 2021, 10, 2131

croplands compared to grasslands, suggesting a reduced sensitivity of plant assemblages
to bioclimatic variations in intensively managed habitats [44].

Our findings suggest that weed assemblages in field cores and margins are shaped by
different mechanisms acting at different spatial scales. However, a large part of the variance
remained unexplained (around 70% when accounting for dispersal from field margin to
field core for both weed richness and abundance). This suggests that other factors may
shape weed assemblage such as temporal dispersal [15]. Arable weed species are mainly
therophyte species [45], which can persist for long periods as dormant seeds in the seed
bank. Such a strategy may allow weed species, and especially those with long, persistent
dormant seeds, to avoid unsuitable environmental conditions through delayed emergence
(i.e., temporal storage effect, [46]). Further studies should therefore consider the respective
roles of temporal dispersal, together with competition, environmental filtering (effect of
farming practices) and spatial dispersal.

In conclusion, our study emphasizes the critical importance of crop competition in
shaping weed assemblages in field cores, and spatial dispersal in shaping weed assemblages
in field margins of oilseed rape fields. Herbicides had a lower effect than crop competition
on weed abundance and were shown to reduce weed species richness in oilseed rape fields
located in landscapes with higher numbers of extensively managed fields (i.e., organic
farmed fields or meadows). Our findings give empirical support for crop competition as a
way to reduce the intensity of chemical weeding, and for meadows as a way to enhance
biodiversity in agricultural landscapes

4. Materials and Methods

4.1. Study Area

The study was conducted on the Long-Term Social-Ecological Research (LTSER) site
Zone Atelier ‘Plaine & Val de Sèvre’ [47], a 435 km2 agricultural landscape located in the
Deux-Sèvres district, central western France. Climatic conditions are a mild, temperature,
Atlantic oceanic climate (mean annual temperature 12.5 ◦C and precipitation 867.2 mm).
Land use is dominated by cereal production, mostly winter cereals (41.3%), maize (9.6%),
sunflower (8.8%) and rapeseed (7.6%). Meadow cover represents around 13%.

4.2. Weed Sampling

We surveyed weeds in 115 oilseed rape fields, managed by local farmers, from 2014
to 2018 (23 in 2014, 25 in 2015, 25 in 2016, 20 in 2017 and 22 in 2018). Field size averaged
6.5 ha and ranged from 0.8 ha to 23.1 ha (Electronic supplementary material Table S4). The
annual survey spanned from the end of March to late April. Weed flora was monitored in
25 × 1 m2 plots per field, each plot being subdivided into four 0.5 × 0.5 m subplots. A total
of 20 plots were placed in field core (at least 10 m from the field edge) along two 100 m-long
parallel transects (10 plots per transect). The two transects were separated by 50 m and
were orthogonal to crop rows. Five plots were placed in the field margin and spaced 10 m
apart [48]. We recorded the occurrence of weed species in each subplot and inventoried
157 plant taxa overall (species list in Electronic supplementary material, Table S5).

We computed weed species richness (i.e., the number of species) and abundance
separately in the two field compartments. Weed abundance was the sum of individual
presence in the 20 or 80 subplots within the field margin and field core, respectively. We
did not account for the difference in sampling effort in the study because we conducted the
statistical analysis in the two field compartments.

4.3. Local, Landscape and Environmental Variables

We used crop height (cm) as a proxy for crop competition because height is related to
the plant’s ability to intercept light [49]. During the weed survey, we measured the average
canopy height of crop plants in each compartment. In four fields, crop heights in the field
margin were missing. We estimated crop height in these fields by averaging the crop height
values in fields in which crop height in the field core was 10 cm smaller or greater than
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the crop height value measured in the field core of the field in which we had a missing
observation.

Local management practices related to the level of resources (nitrogen fertilizer) and
disturbances (chemical and mechanical weed control) were recorded through farmers’
interviews. The amount of nitrogen input (kg·ha−1) was calculated from the fertilizer
composition and the quantity applied. The intensity of herbicide applications was assessed
using two quantitative indicators [50]: (i) the amount of active substances, which is the sum
of the amount of active substances applied, and (ii) the Treatment Frequency Intensity (TFI),
which is a measure of the intensity of herbicide application related to the recommended
application. The intensity of mechanical weed control was estimated using the average
depth of the soil operations. Nitrogen inputs, herbicide applications and mechanical
weeding were considered from harvest of the previous crop to the weed sampling date.
Data are summarized in the electronic supplementary material (Table S4).

Landscape information was obtained from the land-use database of the LTSER Zone
Atelier Plaine & Val de Sèvre [48]. We considered four landscape variables previously
shown to affect weed species assemblages, i.e., organic farming [28], seminatural habitats
(including meadows and fallows [29,30]), hedgerows measured as a linear [51], but con-
verted of surface of one metre width, and oilseed rape fields [12]. Proportions of landscape
variables were computed from the field edge within buffer areas around each field. The
scale of buffers for each landscape variable was estimated using the Siland approach [32]
which is based on an optimization procedure of the likelihood, without any a priori infor-
mation on the buffer extent value. For each weed metric, we estimated the buffer radius
for the four landscape variables in the two compartments (see below).

4.4. Statistical Analysis

The statistical analysis consisted of three main steps. In a first step, we investigated the
relative contributions of competition with the crop, resource levels (i.e., amount of nitrogen)
and disturbances induced by weed control on weed species richness and abundance in both
field cores and field margins. We included crop height and the amount of nitrogen input
as proxies of crop competition for resources, and the intensity of herbicide applications
and the intensity of soil mechanical operations as proxies for disturbances induced by
weed control. To account for interactive effects, we added two-way interactions. Here,
we also considered confounding factors acting on weed species richness and abundance,
namely field area (in ha), date of sampling (in Julian day as quadratic polynomial), as well
as temperature and rainfall, which vary among years. We included temperature (sum
of growing degree days, ◦C) and rainfall (mean precipitation, mm) during the growing
period of weeds, rather than throughout the year because these two variables are directly
related to plant growth [52,53]. All these variables were included in linear models (LMs)
for weed species richness and abundance in the two field compartments (i.e., four LM
models were built). We used a variable selection procedure comparing models based on
minimizing the Bayesian Information Criterion (BIC [54]) using the dredge function of
MuMIn package [55] in R software version 4.0.3 [56]. All explanatory variables involved in
at least one of the models with a BIC difference lower than two, from the model with the
lowest BIC, were kept for the second step.

In a second step, we examined how the landscape context affects the importance of
competition and disturbances on both weed species richness and abundance in field cores
and field margins. We built LMs (one for each weed metric in each field compartment)
that included the variables retained in the model selection procedure performed in the
first step and landscape variables, i.e., hedgerow density and the amount of organic
farming, seminatural habitats and oilseed rape fields. We also included the interactions
between each landscape variable and the retained variables. The effect and spatial extent
of each landscape variable were simultaneously estimated using the Bsiland function of
the R package Siland [32]. We used a type III analysis of variance (‘car’ R package, third
version [57]).
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Finally, the third and last step of the analysis consisted of testing for the effect of local
spatial dispersal from the field margin to the field core. We built a Structural Equation
Modelling (SEM) where we considered the field margin flora, as an endogenous variable,
as well as the variables retained at the second step. Three competing models were tested.
The first one incorporated the local and landscape variables included in the linear models
built for each metric in step two, without any link relating weed assemblages in the field
core and the field margin. In the second model, we tested for an indirect effect of landscape
on the weed assemblage in the field core across the field margin. The third model extended
the second one by including a direct effect of landscape variables on the weed assemblage
in the field core. We considered the strength and directionality of the effect only for the
SEM minimizing the BIC, this criterion being relevant to compare SEMs [58]. We assured
that the SEMs respected four conditions of well structuration and goodness-of-fit: a p-value
of the Fischer’s C test > 0.05, a Comparative Fit Index (CFI) > 0.9, a Root Mean Square
Error of Approximation (RMSEA) < 0.08 and a Standardized Root Mean Square Residuals
(SRMR) < 0.08. We performed SEMs using the package ‘piecewiseSEM’ on R software [59].

All models were run using either one of the two quantitative indicators used to
estimate the intensity of herbicide applications, i.e., the amounts of active substances
(QA) and the Treatment Frequency Index (TFI). Because the goodness-of-fit of the models
using TFI was higher for weed species richness (not for weed abundance) compared to
those of the model using QA, only results with TFI are presented here (results with QA
are shown in Table S1 and Figures S1–S3). Using TFI and QA generally did not change
the general patterns (except for a significant interaction in the weed species richness, see
Results section).

When analysing weed abundance in field cores, we found an outlier which affected
the outcome of the model. We therefore removed this field from all the analysis conducted
with weed abundance (data not shown).

Weed abundance was log10 transformed and explanatory variables were scaled (i.e.,
transformed using a z-score) using the “scale” function on R software before analysis. We
also checked for each model the Variance Inflation Factor (VIF) to control for collinearity
between the explanatory variables [60] using the “vif” function in the Car R package [57].
All VIF scores were below 5, showing the absence of problematic collinearity between
variables. R-squared values were calculated from the best model determined.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10102131/s1: Figure S1: Percentage of variance explained by local, landscape and
environmental variables when using the quantity of active substances as a proxy for herbicide
intensity; Figure S2: Model predictions for weed abundance in field cores using the quantity of active
substances as a proxy for herbicide intensity; Figure S3: Structural Equation Models for weed species
richness (A) and abundance (B) using the quantity of active substances; Table S1: Statistics of the
models of weed (A) species richness and (B) abundance in field core using the quantity of active
substances; Table S2: Statistics of the competing structural equation models with the type of link
specified between field margin and field core floras using the quantity of active substances; Table S3:
Statistics of the competing structural equation models with the type of link specified between field
margin and field core floras using the treatment frequency intensity; Table S4: Descriptive statistics
for local and environmental variables, Table S5: List of the taxa identified in the 115 oilseed rape
fields of the study.
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Abstract: Studies on plant growth and trait variation along environmental gradients can provide
important information for identifying drivers of plant invasions and for deriving management
strategies. We used seeds of the annual plant invader Ambrosia artemisiifolia L. (common ragweed)
collected from an agricultural site in Northern Italy (226 m. a.s.l; Mean Annual Air Temperature:
12.9 ◦C; precipitations: 930 mm) to determine variation in growth trajectories and plant traits
when grown along a 1000-m altitudinal gradient in Northern Italy, and under different temperature
conditions in the growth chamber (from 14/18 ◦C to 26/30 ◦C, night/day), using a non-liner modeling
approach. Under field conditions, traits related to plant height (maximum height, stem height,
number of internodes) followed a three-parameter logistic curve. In contrast, leaf traits (lateral
spread, number of leaves, leaf length and width) followed non-monotonic double-Richards curves
that captured the decline patterns evident in the data. Plants grew faster, reaching a higher maximum
plant height, and produced more biomass when grown at intermediate elevations. Under laboratory
conditions, plants exhibited the same general growth trajectory of field conditions. However, leaf
width did not show the recession after the maximum value shown by plants grown in the field,
although the growth trajectories of some individuals, particularly those grown at 18 ◦C, showed a
decline at late times. In addition, the plants grown at lower temperatures exhibited the highest value
of biomass and preserved reproductive performances (e.g., amount of male inflorescence, pollen
weight). From our findings, common ragweed exhibits a high phenotypic plasticity of vegetative
and reproductive traits in response to different altitudes and temperature conditions. Under climate
warming, this plasticity may facilitate the shift of the species towards higher elevation, but also the
in situ resistance and (pre)adaptation of populations currently abundant at low elevations in the
invasive European range. Such results may be also relevant for projecting the species management
such as the impact by possible biocontrol agents.

Keywords: growth curve; plant traits; elevation gradient; climate change; invasive plant species;
Ophraella communa; invasive species management

1. Introduction

Natural climatic variations associated with altitude are widely used to infer possible
plant trait adaptations to temporal climate change and their phenotypic plasticity [1].
In response to increasing altitude and decreasing temperature, plants may modulate
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their functional traits including morphology, reproduction, and physiology [2–5]. With
increasing altitude, the need of plants to survive and maintain reproductive success may
result in either local adaptation or plastic responses [6,7]. To face sudden environmental
changes, generally plastic response is very important over the short period whereas genetic
responses is observed over longer-term periods [8]. Species showing larger plasticity may
be better prepared to persist in new or stressing environments, helping the expansion of
their geographical or altitudinal range across different environmental conditions [9,10],
finally favoring local adaptation. Usually, along an altitudinal gradient, plants on higher
sites invest a larger amount of resources in vegetative growth, with a possible reduction of
reproductive output [7,11]. Plants often cope with resource deficit due to short vegetative
seasons allocating biomass to resource-capturing organs (i.e., leaves and roots) [12]. Such
ability has been demonstrated in plants in response to different levels or deficits of light,
nutrient, water, and CO2 [7]. Along an altitudinal gradient, the study of these plant traits,
which are highly sensitive to climate changes, can be also used to phenotypically ‘track’
the observed climatic variations [1,12].

In biological invasion studies, a high phenotypic plasticity of alien plants is widely
acknowledged to contribute to invasion success even in harsh environments, often out-
competing native species [13,14]. Trait plasticity can explain the reason why some invasive
species show better ability to establish in a wide range of environments, thanks to their ap-
titude to increase and/or maintain fitness in both favorable and stressful situations [15,16].
For instance, fast growth rate and modulation of reproductive periods allow alien plant
species to establish over wide altitudinal and temperature ranges [14]. Recent studies
in this direction have shown that an increasing number of alien species occur at higher
altitudes in temperate regions, favored by warmer temperatures [17]. Particularly, ac-
climation to stressful conditions in adverse climatic circumstances is considered a key
factor of the success of alien species colonization [18]. While a higher tolerance of warmer
temperatures is supposed to be the key for a successful alien invader compared to native
species, a growing number of studies also report better abilities of aliens to cope with
low temperatures [19,20]. Alien species tend to acclimate to new areas also under harsh
environmental conditions by modulating their growth traits such as plant height, number
of vegetative shoots, and number of flowers [21]. For such reasons, some invasive species
may be more adapted to climate change due to traits that facilitate rapid range shifts (e.g.,
resource allocations, short time to maturity) and their wide climatic tolerances [22].

Incorporating impacts of climate change into invasive species management has been
identified as a priority for land managers [23]. Such a goal can be achieved by implementing
prevention actions and strategic planning, adjusting control actions, and by information
exchanges between researchers and managers [23,24]. Some specific plant traits modulated
by temperature changes or new environmental conditions (for species colonizing new
territories or higher altitudes) via phenotypic plasticity can be responsible for the invasion
success of alien species. In a changing climate, trait plasticity could confer a strong
competitive advantage to alien invaders compared to native species, therefore augmenting
their impact on ecosystems [25]. For instance, plasticity to new environmental conditions
is expected to influence management strategies using biocontrol agents that are generally
dependent on plant phenology [26]. Indeed, life cycle and timing of releases of host-specific
insects may greatly vary in relation to climatic condition, becoming asynchronous with
respect to reproductive events, possibly reducing the success of biocontrol [27].

Despite investigations on how invasive alien plants adapt to altitudinal gradients
can be important to the understanding of processes involved in their establishment and
spreading, relatively little is known about their growth patterns, especially for herbaceous
species. Most studies have focused on factors affecting primary production (e.g., respiration,
photosynthesis, carbon fluxes), with scarce attention dedicated to resource allocation and
turnover [28]. Recently, Kühn et al. [29] investigated the variability of plant functional
traits along elevation gradients. They found that within-population variability of leaf
traits decreased with altitude. March-Salas and Pertierra [14] monitored the phenological
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development of two invasive alien species (Poa annua and Cerastium fontanum) at different
altitudes in a sub-Antarctic region; the species showed great acclimation (growth) and
reproductive ability also under limiting conditions. Alexander et al. [30] investigated
growth trends and reproductive traits in native and invaded ranges of eight invasive
Asteraceae forbs along an altitudinal gradient; plants exhibited smaller size and fewer
inflorescences towards higher altitudes.

Among invasive alien species, common ragweed (Ambrosia artemisiifolia L.) is a suc-
cessful invader of great concern in Europe and around the world [31]. Since the 19th
century, this species native to North America has been inadvertently introduced in Europe
(and then in other continents) where it has established and has become a serious threat to
both agriculture, economy, and human health due to the production of large amounts of
highly allergenic pollen [31,32]. In Europe, some 13.5 million people suffer from ragweed-
induced allergies, with an annual economic cost of approximately 7.4 billion Euros [33].
It is a fast-growing annual weed that, thanks to its wide ecological amplitude and high
within-population genetic diversity, colonizes a large variety of open-disturbed habitats
including crop and abandoned fields, roadsides, and ruderal areas [34–36]. In addition to
flat temperate areas, the species has been also reported to colonize a wide range of climates
along latitudinal and altitudinal gradients, from the sea level to mountains [37,38].

In this study, we aimed to investigate how variation in altitude and temperature
affects phenotypic expression of growth-related and reproductive traits of this invasive
alien plant. We grew common ragweed plants both in the field along an altitudinal gradient
and in the laboratory under controlled conditions and used prediction models to estimate
the species performance in relation to altitude and temperature. In particular, by fitting
parametric growth curves with nonlinear mixed models (NLMMs), we tested for trait size
and reproductive performance reduction of the individuals along to a ~1000 m altitudinal
(at several sites) and a decreasing temperature gradient.

2. Results

2.1. Growth Trajectories and Biomass of Plant Grown in Field Conditions

Under field conditions, maximum height, stem height, and the number of internodes
grew monotonically along the whole time span considered and their growth trajectories
were best described by three-parameter logistic curves. In contrast, lateral spread, number
of leaves, and leaf length and width followed non-monotonic double-Richards curves
that captured the recession patterns evident in the data (Table 1; Figure 1). With the only
exception of the number of leaves, all measured features showed significant differences
among sites in the upper asymptote (K parameter).

For the number of leaves, differences appeared in the decrease after the maximum
number, which was less marked in the lowest-altitude site A than in the other sites. Gener-
ally, plants at the highest altitude sites D and E showed lower values than those at the lower
sites (Table 1; Figure 1). Leaf length and width were exceptions in this pattern, as plants at
the lowest altitude site A showed lower values than those at sites D and E, while sites at
intermediate altitude, particularly site B, showed higher values. (Table 1; Figure 1). Growth
trajectories of stem height also showed differences in the scale parameter (reciprocal of the
growth rates), generally denoting a trend toward slower growth rates at sites at increasing
altitudes (Table 1; Figure 1). Notably, the lateral spread showed a very complex pattern
of variation among sites, with all the parameters of the double-Richards curve differing
significantly among sites (Table 1). However, plants at the highest-altitude site E showed a
generally slower growth and reached lower maximum sizes than those at sites A, B, and C.
Plants at site D initially grew similarly to plants at sites A, B, and C, but then they reached
lower maximum and final values, similar to those of plants in site E (Figure 1).

Dry and wet biomass of plants showed significant differences among sites at different
times. The growth patterns also differed among sites, as indicated by the significant site by
time interaction (Table 2).
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Table 1. Final NLMMs of the growth trajectories of plants grown in field conditions. Coefficients
of each parameter of the growth curves are reported in Table S1. The growth curve fitted and the
number of observations and plants included in each analysis are reported as well as the residual
degrees of freedom and the values of the temporal autocorrelation coefficient (ϕ) and of the Akaike
information criterion corrected for a small sample size (AICc).

Parameter F df p

Maximum height (three-parameter logistic curve, 867 observations and 89 plants)
K 14.539 4 <0.001
i 1.7 4 0.148
s 1.914 4 0.162

Residual df = 764; ϕ = 0.578; AICc = 3702.3

Stem height (three-parameter logistic curve, 502 observations and 65 plants)
K 6.229 4 <0.001
i 2.281 4 0.060
s 4.192 4 0.002

Residual df = 423; ϕ = 0.609; AICc = 2242.9

Number of internodes (four-parameter logistic curve, 849 observations and 89 plants)
L 0.951 4 0.434
K 6.303 4 <0.001
i 0.483 4 0.748
s 0.432 4 0.785

Residual df = 741; ϕ = 0.558; AICc = 2438.2

Lateral spread (double-Richards curve #31, 740 observations and 86 plants)
K 11.949 4 <0.001
r 3.600 4 0.006
i 11.191 4 <0.001

K′ 2.699 4 0.030
Residual df = 635; ϕ = 0.761; AICc = 2791.1

m = 1.233, r′ = 2.073, i′ = 10, m′ = 0.963

Number of leaves (double-Richards curve #31, 453 observations and 59 plants)
K 1.379 4 0.241
r 1.864 4 0.116
i 1.035 4 0.389

K′ 4.844 4 0.001
Residual df = 375; ϕ = 0.737; AICc = 3050.7

m = −0.123, r′ = 1.438, i′ = 12, m′ = 0.944

Leaf length (double-Richards curve #34, 773 observations and 89 plants)
K 6.145 4 <0.001
r 1.677 4 0.086
i 0.104 4 0.606
r′ 2.271 4 0.229
i′ 1.283 4 0.275

Residual df = 660; ϕ = 0.637; AICc = 1351.5
i = −0.924, K′ = −4.645, m′ = 0.880

Leaf width (double-Richards curve #31, 773 observations and 89 plants)
K 12.171 4 <0.001
r 2.047 4 0.086
i 0.68 4 0.606

K′ 1.14 4 0.229
Residual df = 665; ϕ = 0.792; AICc = 855.3

m = 0.938, r′ = 2.580, i′ = 10, m′ = 0.819
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Figure 1. Left panels show growth trajectories of individual plants grown in the field (after the
removal of deviant data points). Each line represents an individual plant. Central panel shows
the interpolated growth curves and their 95% confidence intervals. Right panels show boxplots of
the values of each plant measured at the last date (week 13). In all panels, colors represent sites
(brown = site A, yellow = site B, green = site C, turquoise = site D, blue = site E).
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Table 2. GLS models of the wet and dry biomass according to time, site, and their interaction.

Parameter F df p

Wet biomass (n = 120)
Time 38.318 3 <0.001
Site 2.464 4 0.05

Time × Site 3.087 12 0.001

Dry biomass (n = 120)
Time 51.068 3 <0.001
Site 2.755 4 0.032

Time × Site 4.143 12 <0.001

Both dry and wet biomass did not differ among sites at week 4, but plants at site E
showed lower values than site A already at week 7, while the other sites showed inter-
mediate values (Figure 2). The same general pattern remained until week 13. For dry
biomass, difference among sites were not significant at week 10 due to large spread of
values, although the median values showed the same pattern as above (Figure 2).

Figure 2. Boxplot of wet (upper panel) and dry (lower panel) biomass of plants grown at different
sites (4, 7, 10, and 13 weeks). Different letters above bars denote significant differences between sites
at that time. Circles represent outliers.
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2.2. Growth Trajectories of Plants Grown in Laboratory Conditions

Maximum height and lateral spread of plants grown in the laboratory at different
temperatures followed the same general growth pattern as plants grown in the field, as
indicated by the fact that the same curves interpolated the data best (Table 3). Leaf length
also showed a non-monotonic growth pattern, with a recession at later growth stages
like plants grown in the field, but according to a slightly different parameterization of
the double-Richards curves (compare Table 3 with Table 1). In contrast, in laboratory
conditions, leaf width did not show the recession after the maximum value shown by
plants grown in the field, although the growth trajectories of some individuals, particularly
those grown at 18 ◦C, showed a decline at late times (see the left panel of Figure 3).

Table 3. Final NLMMs of the growth trajectories of plants grown in laboratory conditions. Coefficients
of each parameter of the growth curves are reported in Table S2. The growth curve applied and the
number of observations and plants included in each analysis are reported as well as the residual
degrees of freedom and the values of the autocorrelation coefficient (ϕ) and of the Akaike information
criterion corrected for small sample size (AICc).

Parameter F df p

Maximum height (three-parameter logistic curve, 982 observations and 76 plants)
K 83.642 2 <0.001
i 78.978 2 <0.001
s 25.544 2 <0.001

Residual df = 898; ϕ = 0.904; AICc = 3974.1

Number of internodes (three-parameter logistic curve, 1096 observations and 85 plants)
K 64.147 2 <0.001
i 5.007 2 0.007
s 3.484 2 0.003

Residual df = 741; ϕ = 0.558; AICc = 2438.2

Lateral spread (double-Richards curve #31, 1182 observations and 96 plants)
K 16.213 2 <0.001
r 26.439 2 <0.001
i 17.121 2 <0.001

K′ 13.381 2 <0.001
Residual df = 1075; ϕ = 0.726; AICc = 3398.5
m = 1.228, r′ = 0.542, Ri = 7.739, m′ = 1.000

Leaf length (double-Richards curve #31, 453 observations and 59 plants)
K 11.727 2 <0.001
r 49.162 2 <0.001
i 16 2 <0.001

K′ 7.138 2 0.001
Residual df = 997; ϕ = 0.704; AICc = 1376.1

m = 0.572, r′ = 1.372, i′ = 10, m′ = 0.998

Leaf width (three-parameter logistic curve, 1119 observations and 96 plants)
K 46.151 2 <0.001
i 48.659 2 <0.001
s 27.652 2 <0.001

Residual df = 1015; ϕ = 0.615; AICc = 421.4
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Figure 3. Left panels show growth trajectories of individual plants grown in the lab (after the removal
of deviant data points). Each line represents an individual plant. Central panels show the interpolated
growth curves and their 95% confidence intervals. Right panels show boxplots of the measured
values of each plant at the last measure (week 12). Circles in the right panels represent outliers. In all
panels, colors represent temperatures (blue = 18 ◦C, green = site 24 ◦C, red = 30 ◦C).

Generally, parameters describing growth trajectories of plants grown at 18 ◦C differed
significantly from those of plants grown at 30 ◦C, while those of plants grown at 24 ◦C
showed intermediate values. The only exceptions were parameters i and s of the growth
trajectories of the number of internodes that did not differ significantly between 18 ◦C and
30 ◦C (Table 3). However, the general shape of the growth trajectory of plants grown at
24 ◦C was very similar to that of plants grown at 30 ◦C, while that of plants grown at 18 ◦C
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markedly differed (Figure 3). Generally, plants grown at 18 ◦C were shorter and with fewer
internodes than those grown at 30 ◦C but had larger lateral spread and larger and longer
leaves (Table 3, Figure 3). Plants grown at 24 ◦C showed a maximum height and a number
of internodes similar to those of plants grown at 30 ◦C, while for lateral spread and leaf
length and width they showed intermediate patterns between those of plants grown at
18 ◦C and 30 ◦C (Table 3, Figure 3).

2.3. Biomass and Reproductive Parameters of Plants Grown in Laboratory Conditions

Dry biomass of plants grown in the laboratory was higher for plants grown at 18 ◦C
than for plants grown at 30 ◦C, while plants grown at 24 ◦C showed intermediate values
(Table 4, Figure 4).

Plants grown at 18 ◦C also emitted both male and female flowers later than those
grown at 24 ◦C and 30 ◦C (Table 4, Figure 4). On the day of plant collection, both male and
female flower emissions did not covary significantly with dry biomass (Table 4). Pollen
weight was on average lower for plants grown at 30 ◦C than for those grown at lower
temperature. In addition, pollen weight did not change with plant biomass for plants
grown at 30 ◦C, while it increased significantly for those grown at 18 ◦C and 24◦ C. In
contrast, spike dry weight increased significantly with plant dry biomass, but did not differ
among growth temperatures (Table 4, Figure 4).

Table 4. Linear models of biomass and reproductive parameters of plants grown in laboratory
conditions except for the number of male flowers. Coefficients of each parameter of the growth
curves are reported in Table S3. Number of plants included in each analysis is reported as well as the
residual degrees of freedom and the value of the Akaike information criterion corrected for small
sample size (AICc).

Parameter F df p

Dry biomass (76 plants)
Temperature 4.841 2 0.011

Residual df = 73; AICc = 148.4

Day of emission of female flowers (71 plants)
Temperature 105.800 2 <0.001

Centred dry biomass 0.421 2 0.519
Temp. x c. dry biomass 0.007 2 0.992

Residual df = 65; AICc = 277.8

Day of emission of male flowers (72 plants)
Temperature 110.462 2 <0.001

Centred dry biomass 2.851 2 0.096
Temp. x c. dry biomass 1.027 2 0.364

Residual df = 66; AICc = −225.7

Spike dry weight (72 plants)
Temperature 1.872 2 0.162

Centered dry biomass 294.893 2 <0.001
Temp. x c. dry biomass 1.347 2 0.267

Residual df = 65; AICc = −141.6

Pollen weight (70 plants)
Temperature 34.639 2 <0.001

Centered dry biomass 24.125 2 <0.001
Temp. x c. dry biomass 7.147 2 <0.001

Residual df = 64; AICc = −345.0
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Figure 4. Boxplot and regression curves of dry biomass and reproductive parameters of plants grown in laboratory
conditions. The shaded area represents the 95% confidence interval of the curve. Colors represent different temperatures
(blue = 18 ◦C; green = 24 ◦C; red = 30 ◦C).
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The number of male flowers changed non-linearly with plant biomass, following an
asymptotic regression model (Table 5). Only parameter L′ of this model differed signif-
icantly among temperatures. Since biomass values were centered within group before
the analysis to reduce the collinearity among predictors (see Methods), the significant
differences in L′ indicate that a plant of average size among those grown at 30 ◦C produced
fewer male flowers that a plant of average size among those grown at 24 ◦C, and that this
latter also produced significantly fewer male flowers than a plant of average size among
those grown at 18 ◦C (Table 5, Figure 4).

Table 5. Final NLM of the number of male flowers produced by plants grown in laboratory under
different temperature conditions. The growth curve applied and the number of plants included in
the analysis are reported as well as the residual degrees of freedom and the value of the Akaike
information criterion corrected for small sample size (AICc). Coefficients of each parameter of the
growth curves are reported in Table S4.

Parameter F df p

Number of male flowers (Asymptotic regression 73 plants)
K 0.75 2 0.477
L′ 37.75 2 <0.001
r 1.211 2 0.305

Residual df = 64; AICc = 237.3.8

3. Discussion

Our study revealed considerable phenotypic plasticity in terms of growth and repro-
ductive performances of the invasive Ambrosia artemisiifolia L. (common ragweed) along
altitude and temperature gradients, in field and controlled conditions. Overall, common
ragweed reduced its size (plant height, stem, internodes, etc.) along the studied altitu-
dinal gradient but with different strengths or patterns, especially when considering leaf
traits. As a general rule, trait variability of common ragweed tended to reduce at higher
altitude, likely due to environmental filters, as already observed for other alien species,
and dissimilarly to what happens to native species that generally exhibit an increase of
trait variability [28].

The ability of the common ragweed to modulate its phenotypic traits according
to environmental gradients has been highlighted in previous studies performed along
latitudinal (and temperature) gradients [39,40]. In addition, the modulation of traits in
common ragweed within a single generation in response to increased temperatures in its
invaded range has been recently explained as rapid evolution [41]. Previously, in the native
range of the species, different “ecotypes” were observed to preadapt to local conditions,
reducing plant height and increasing width in response to day length and temperature
reductions [39].

Similarly, we found that plant height (stem, maximum height, and number of intern-
odes) was the main contributor to the growth of common ragweed towards middle and
low altitudes and the highest temperatures. Conversely, leaf traits increased in importance
and size toward the highest altitude and the lowest temperatures.

With regard to the lab experiment, results showed similar growth trajectories to those
observed in the field for plant height and leaf traits, but with contrasting trends. In fact,
the species seems to mostly invest in vegetative vigor (i.e., biomass) and flower abundance
at the lowest temperature tested (18 ◦C).

3.1. Field Experiment

In the field experiment, common ragweed exhibited different growth trajectories for
traits related to height and leaf. Maximum height, stem height, and number of internodes
grew according to a logistic curve over time, indicating that the plants elongate monoton-
ically toward a plateau, with a trajectory likewise described for other species [42]. The
plateau of the curve started in correspondence with the emission of flower buds (then
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removed in our study). Despite that we were not able to collect data on flowering time due
to local authority restrictions, a previous study highlighted that the flowering phenology
and growth pattern of all traits are associated with maximum plant height in herbaceous
plant species [43].

The maximum value of plant height was not reached, as expected, at the lowest
altitude of the gradient (site A: 130 m and 23.4 ◦C of mean temperature), but at the
following growth station (i.e., site B: 250 m and 22.9 ◦C). With plant height being a key
determinant of a species ability to compete for light [44], in the studied altitudinal gradient,
this trait reached the maximum value at the site B, located at the base of the Prealpine
slopes. Conversely, the minimum plant height was observed at the growth station with the
highest altitude (site E: 1242 m and 16.6 ◦C of mean temperature) that also exhibited the
lowest growth velocity.

On the other hand, leaf length, leaf width, and lateral spread (i.e., canopy) grew
hump-shaped, according to a double-Richard curve, with a decrease of the trait value,
likely in correspondence of the bud emission (then removed due to authority restrictions).
In fact, previous authors observed that the maximum leaf size decreases early in the season,
presumably prior to the reproductive onset [45,46]. Analogously, during the experiment,
common ragweed tended to lose the lower leaves, indicating the tendency to allocate
resource for reproduction tissues. In accordance with such observations, the timing of leaf
senescence has been found to be in relation with the flowering phenology of numerous
species along altitudinal gradients [47].

Leaf traits had better performances towards higher elevations (i.e., bigger size in
relation to plant height) with lower mean temperatures, indicating that along the altitudinal
gradient the species tends to invest more resources in photosynthesis and light capturing
than in competition [48]. Indeed, larger individuals are expected to produce larger seeds,
conferring higher competitive ability to seedlings [49,50]. This tendency is also mirrored in
the leaf number. At the lowest and middle altitudes, common ragweed tended to maintain
a higher number of smaller leaves.

All traits exhibited a tendency to reduce their variability along the altitudinal gradient.
Similarly, the environmental constraints along altitudinal gradients (temperature, growth
season, competitive ability, etc.) have been described to gradually limit the functional
suitability of non-native species [29].

3.2. Laboratory Experiment

The laboratory experiment showed similar trends as the field one with respect to the
growth trajectories (logistic and double-Richards curves) of common ragweed traits investi-
gated at different temperature conditions. On the other hand, the reduction of the leaf traits
(i.e., hump-shaped trajectory) along the observation period were less evident, probably
due to the quite different light conditions of the growth chamber in comparison with those
of the growth stations in the field. Additionally, in this case, a clear countertendency of the
traits relating to height and those of leaves (lower temperatures) was observed along the
temperature gradient: At the lowest temperatures (18 ◦C) the plants exhibited larger leaves
and lower height, with the opposite trend at the highest temperatures (30 ◦C). In common
ragweed, increasing temperature has been observed to increase transpiration rates [51]. An
increased transpiration rate (and water loss) towards the highest temperatures can explain
both the reduction of the leaf size and the lower biomass.

Concerning reproductive traits, our results indicated that at the lowest temperature
common ragweed preserved its fitness (conservation of the pollen weight, highest number
of male flowers, and same spike dry weight than the other temperatures), in turn supported
by the highest biomass value. In this species, dry weight has already been observed to
support reproductive performances at different growth conditions according to pH (i.e.,
inflorescence size and number of inflorescences; see [52]). These findings are surprising and
in countertendency to those performed in the native range of the species, where common
ragweed reduced its biomass and reproductive performance toward higher latitudes and
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lower temperatures [39]. In addition, taller individuals of common ragweed grown at
the highest temperature (30 ◦C) tended to reach their maximum height and flowering
(both male and female flowers) earlier than shorter ones; this trend is divergent with those
observed by Sun and Frelich [43] on several herbaceous (native) grass species.

3.3. Implication for the Invasion Syndrome of Common Ragweed

The ability to reallocate biomass and plasticity in several phenotypic traits (e.g., plant
height, number of leaves, etc.) is known to contribute to the invasion of alien species
in new environments [53]. Our results are significant to understand how an invasive
alien plant like the common ragweed may migrate and adapt to mountain ecosystems.
Consequently, common ragweed would potentially compete with migrating native flora,
since the distribution of mountain biota is moving upward in response to increasing
temperature at the continental scales [54]. In any case, plants during migration are subject
to new biotic and abiotic conditions that could favor selection in the migrating population
of ragweed [41].

The difference in the trait growth trajectories and the shifts in biomass allocation found
in the common ragweed at different altitudes and temperatures can certainly reflect its
adaptation ability to new environmental conditions and, therefore, the potential to invade
and compete for resources toward higher altitudes.

In the European invaded range of the species, the adaptability of its natural pop-
ulations and their invasion potential are supported by high levels of intra-population
genetic variation [34]. Whereas phenotypic plasticity may increase the ecological niche
breadth of the species, post-introduction or post-colonization rapid evolution is known to
produce genetically based phenotypic variations and adaptations, which can increase plant
invasiveness. Therefore, phenotypic plasticity and rapid adaptation may be considered
key components of the release–naturalization–invasion continuum [55]. In recent studies,
common ragweed has been observed to grow in new areas at high altitude (over 1200 m)
as a casual species; however, it seems that the species is not still able to establish at the
current climatic conditions [38].

Although the plants seemed to have decreasing fitness (biomass) towards higher ele-
vation, the laboratory experiment showed an opposite trend. In fact, the species conserved
good fitness and reproductive ability in term of biomass and male and female flower
production at low temperature. There are several explanations for these contrasting trends
found in the field and laboratory experiments. First, findings of lab experiments need to be
carefully assessed when they are translated to understand phenomena linked to natural
populations [56]. Influences of environmental variables (abiotic and biotic) on the different
responses between plant grown in the laboratory and in the field should be considered [57].
The increasing light intensity (especially UV-B radiation) at higher altitude may have
limited plant size in terms of tissue formation and need for protecting the photosynthetic
system with shorter individuals close to the soil [58]. Finally, the exposition of field plants
to a variable regime of relative humidity and temperature peaks with drought periods
may have played a role in shaping such differences. Indeed, during the last two decades,
drought episodes have become stronger in terms of frequency and length [59] in the Po
valley, with a subsequent increased evapotranspiration and lower relative humidity for the
field plants. For this reason, in our study, the growth station at the lowest altitude could
not be considered as optimal climatic conditions for developing biomass. Indeed, the better
performances (in term of biomass and plant height) were found at the intermediate growth
station (stations B and C) in the Prealps. This pattern may have repercussions in the future
invasion trends of the species in hill/mountain areas currently presenting lower levels of
disturbance (i.e., new colonization spaces) in comparison to the flat areas of the Po valley
and, therefore, lower occurrence.

In perspective, our results can be used to inform future management decisions regard-
ing common ragweed [60]. First, it is very likely that the expected increasing temperatures
due to climate change will push plastic populations of the species to invade higher altitudes.
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So, to implement measures of early detection and eradication in the mountain areas falling
within the invaded range of the species is recommended. On the other hand, considering
possible biocontrol actions for the future, the onset of flowering at different temperature
regimes will clearly set the limits of action of biocontrol agents of the species [26]. Indeed,
if plants held at 24 ◦C and 30 ◦C opened their flowers at the same time, it would mean that
for biocontrol agents like the ragweed leaf beetle Ophraella communa, there would be fewer
day degrees available at 24 ◦C to build up high enough density population to suppress
pollen release by common ragweed.

4. Material and Methods

4.1. Plant Material and Preliminary Germination

All the experiments were performed using common ragweed seeds collected from an
agriculture area in Lombardy (45.597811 N; 8.869912 E). Seeds were cold-stratified at 4 ◦C
for 3 months to overcome seed dormancy and then planted in a tray containing autoclaved
natural soil for germination. Seedlings were transplanted in pots of 2.5 L and 0.75 L for the
field and lab experiments, respectively (Figure 5). The pots contained the same standard
soil made of potting soil (VigorPlant©, pH 6) and sand in the proportions of 60–40%.

Figure 5. Experimental design of the study. (A) Study area of the field experiment and (B) mean
temperatures and relative humidity of the selected sites (C) where a growth station of common
ragweed (A. artemisiifolia) was set up. (D) In the laboratory experiment, common ragweed individuals
were grown in three growth chambers set up at different temperature ranges (day/night): 18/14 ◦C,
24/20 ◦C, and 30/26 ◦C.

4.2. Field Experiment

In order to study the trends of functional traits of common ragweed along an altitudi-
nal gradient, five sites at increasing altitudes were selected in an area between the Po Valley
and the Prealps in Lombardy, where the species has been established for several decades.
As common ragweed is included in the regional blacklist of species to be controlled and
whose spread is restricted [61], the following sites were selected in agreement with local
authorities (Lombardy region, phytosanitary service): Site A at Magenta (130 m a.s.l.; lat.
45.459, lon. 8.874); site B at Sala al Barro (250 m; lat. 45.822, lon. 9.361); site C at the Monte
Barro slope (470 m; lat. 45.825, lon. 9.372); site D at the Eremo of Barro (710 m; lat. 45.831,
lon. 9.371); and site E at the Piani d’Erna (1242 m; lat. 45.870, lon. 9.449). Overall, the
altitudinal gradient considered was about 1000 m.
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At each site, a field cage with the species individuals was set up. Within the cages
of 1 m3, 24 seedlings were grown in pots of 2.5 L for about 4 months, from June to
September 2015. Each cage was placed in a flat area and covered with a soft insect net
to avoid herbivory, especially by Ophraella communa (ragweed leaf beetle), which has
been accidentally introduced in the region since 2013 and preferentially feeds on common
ragweed [62]. The plants were watered weekly within plant pot saucers.

During plant growth, the following data about vegetative and reproductive traits were
collected weekly: maximum plant height (cm), stem height (cm), number of internodes (n),
lateral spread (cm; vertical projection of the area covered by the plant), number of leaves
(n), leaf length (cm), and leaf width (cm). Measurements of the biomass of individuals
over time were also conducted. To do this, six plants were removed from each site every
3 weeks and their dry and fresh weights of the aboveground portion were measured.

Due to the regional phytosanitary restrictions implemented to prevent allergic syn-
dromes to human populations, flower buds were repeatedly removed from the plants
during the flowering season in order to avoid the dispersion of the highly allergenic pollen
of this species [32].

4.3. Lab Experiment

Three growth chambers with identical photoperiods, light intensity (15:9 h light:dark
150 μmol m−2 s−1) and humidity (65%) but different temperatures (LT: 18/14 ◦C light-dark,
IT: 24–20 ◦C and HT: 30–26 ◦C) were set up. For each temperature, 51 seedlings within
pots were grown for about 4 months (summer 2015), until seed production. During plant
growth, the following data about vegetative and reproductive traits were collected weekly
or at the end of the experiment: maximum plant height (cm), stem height (cm), number of
internodes (n), lateral spread (cm), number of leaves (n), leaf length (cm) and leaf width,
dry biomass at the end of the experiment (g), number of male flowers (n), day of male and
female flower emission (n weeks of first flower open), spike dry weight (g), and pollen
weight (g).

At maturity, pollen was collected from the plants by enveloping each spike with a
transparent plastic collector, according to Ghiani et al. [32].

4.4. Data Analysis

Growth trajectories of morphological traits of common ragweed grown at different
sites were modelled by fitting parametric growth curves with nonlinear mixed models
(NLMMs) using the nlme procedure in the nlme package [63] of R.

Fitting parametric curves is computationally efficient and allows the estimation of
parameters of biological significance [64]. In addition, NLMMs are very flexible statistical
tools as they allow modelling any parameter of the growth curves as a function of different
predictors. This flexibility extends also to the random part of the model because it is
possible to enter different random structures for each parameter of the growth curve.
However, fitting NLMMs is challenging. To reduce the complexity of these models, we
ran preliminary analyses to assess (1) which growth curve best fitted the growth trajectory
of the morphological trait under scrutiny and (2) which parameters of the growth curves
showed large variability among individual plants, in order to properly parameterize the
random part of the NLMMs.

Different morphological traits may show growth trajectories that can be described
by different curves. Among the growth curves widely used in modelling plant growth
trajectories [65–67], we selected five, including the double-Richards curves, which allow
modelling growth trajectories for those morphological traits that change non-monotonically
and decline after having reached a peak [64]. Equations for the five growth curves used in
the analyses are reported in Table 6. To assess the growth curve that best fit the growth
trajectory of each morphological trait, we fitted non-linear models (NLMs) to all data and
compared the values of the small-sample Akaike’s information criterion (AICc) of each
model. We note that these preliminary models did not account for repeated measures
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collected at each individual plant; however, we considered this approximation reasonable
given the explorative nature of these analyses, which were only aimed at assessing the
general shape of the growth trajectory of each morphological trait. The double-Richards
curves were fitted with the FlexParamCurve v. 1.5-3 package [64].

Table 6. Equations and parameters of the five growth curves used in the analyses. The morphological traits whose growth
trajectory was best modelled by each curve are also reported. All curves are function of time (t) except for the asymptotic
curve, which was used to model the number or male flowers of plants grown under laboratory conditions and was a
function of plant dry biomass (x). See Figure S1 for an illustration of these parameters.

Growth Curve Equation Morphological Trait

(1) Linear y = y0 + rt Reproductive parameters except for the
number of male flowers

(2) Asymptotic y = K + (L′ − K)e−rx Number of male flowers

(3) Three-parameter
logistic y = K

1+e
i−t

s
Plant height, stem height

(4) Four-parameter logistic y = L + K−L
1+e

i−t
s

Number of leaves

(5) Double-Richards y = K

(1+mer(i−t))
1
m
+ K′

(1+m′er′ (i′−t))
1

m′
Lateral spread, leaf length, leaf width

Parameter Description

y0 Intercept, corresponding to mean value if t is centred

r and r′ Growth rates

s
Scale parameter replacing the growth rate r (s = 1/r) in
the parameterization of Equations (2) and (3) of SSlogis

and SSfpl (used to fit them)

K Upper asymptote

L and L′ Lower asymptote or initial value

m and m′
Shape parameters of the generalized logistic curves,

values > 1, imply that the inflection points are realized
sooner than i or i′ and the growth rates at i or i′ are

lower than r or r′; values < 1 imply the opposite

i and i′ Inflection points, i.e., time at which the fastest
growth/recession is attained

K′ Difference between asymptotes of the curve before and
after recession

To assess the structure of the random part of the NLMM, we followed the procedure
described in Morganti et al. [68]. First, we interpolated the selected growth curves to data
of each plant separately. Then, we plotted the range of parameters from curves fitted to
individual plants and noted those that, at a visual inspection, showed large heterogeneity
(see [68,69] for a similar approach). It should be noted that repeated measures of the same
plant often showed temporal autocorrelation, and trait variance also usually increased with
their size. In the final NLMMs, we, therefore, assumed (1) a random variation of those
parameters showing large heterogeneity, (2) a first-order residual temporal autocorrelation,
and (3) a change of the variance with time according to an exponential function, as sug-
gested in Oswald et al. [64]. In the fixed part of the model, we allowed for variation of all
model parameters among sites and, when we detected significant variation, we performed
post-hoc tests for differences between each pair of sites with the Tukey method.

Growth curves of plants grown under laboratory conditions were fitted with the
same procedure, but temperature (of the growth chambers) was included as a three-level
predictor in the fixed part of the models, allowing for variation in all model parameters
among temperatures.
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Data collected in the field showed sometimes unreasonably large variations between
consecutive measures that inflated non-linear model variance and caused convergence
difficulties. We thus applied an in-home procedure (fully described in the supporting infor-
mation) to remove deviant measures, which were replaced by missing values. Application
of this procedure greatly improved non-linear model fit (details not shown).

Analyses of wet and dry biomass of plants were conducted using generalized least
square (GLS) models that included as predictors: site (five-level factor), time (four-level
factor), and the interaction among them for field-grown plants, while the predictors for
laboratory-grown plants were temperature (three-level factor), time (four-level factor), and
the interaction among them. The model also accounted for inhomogeneity of variances
among groups, which was detected during preliminary model checks. Since each indi-
vidual was measured only once in this part of the study, we entered no random term in
the model.

From those laboratory-grown individuals that were kept until the end of the exper-
iment, we also collected data on traits related to the dry biomass and the reproductive
investment of the plant. These data were collected only at the endpoint of the experiment.
Dry biomass was analyzed in an ANOVA model with temperature of the growth cham-
ber (three-level factor) as predictor. Data on the reproductive investment of the plants
were modelled using linear models (LMs) assuming a Gaussian error distribution with
the temperature of the growth chamber (three-level factor), the dry biomass of the plant
(covariate), and their interaction as predictors. Since dry biomass differed significantly
among plants grown at different temperatures, we preliminarily centered dry biomass
values while removing from the value of each plant the mean value of all the plants grown
at that temperature. This procedure strongly reduced the collinearity among predictors
(details not shown).

In the analysis of dry biomass, we removed potentially influential data (i.e., data that
may strongly condition the results of the model) based on their Cook’s distance being >4/N,
where N is the number of data [70]. In some cases, we also found small deviations from
model assumptions. We, therefore, further checked significance of LMs by a randomization
procedure performed with the permuco package [71], which, however, always confirmed the
results of parametric tests (details not shown). The only exception was the number of male
flowers that were modelled using an asymptotic growth curve in a NLM. Additionally, for
these models, post hoc tests were performed with the Tukey method using the emmeans
package [72].

All the analyses were performed in R 3.6.2 [73] with packages FlexParamCurve [64],
nlme [67], emmeans [72], and permuco [71].

5. Conclusions

Common ragweed (Ambrosia artemisiifolia L.) was found to exhibit a high phenotypic
plasticity in response to different altitude and temperature conditions. This ability may
support future shifts of the species to higher altitude (and likely latitudes) under climate
warming. In the face of climate change and the expected northward shift of the species [36],
our study suggests a great ability of common ragweed to survive in a wide range of
temperatures and the in situ resistance and adaptation of the natural populations currently
abundant at low altitudes and latitudes in the European invaded range. Therefore, the
expansion of the species toward higher altitude should be intensively monitored in the
short and middle term. Our results are also directly relevant for projecting impact by
Ophraella communa (ragweed leaf beetle) and probably other biocontrol agents.

In the near future, climate change may modify the altitudinal ranges of several invasive
alien plants, increasing their impacts; therefore, control and management plans for plant
invaders should take this aspect into account.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10102144/s1, Table S1: Final NLMMs of the growth trajectories of plants grown in
field conditions, Table S2: Final NLMMs of the growth trajectories of plants grown in laboratory

39



Plants 2021, 10, 2144

conditions, Table S3: Linear models of biomass and reproductive parameters of plants grown in
laboratory conditions except for the number of male flowers, Table S4: Final NLM of the number of
male flowers produced by plants grown in laboratory under different temperature conditions.
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Abstract: Cover crops are gaining in popularity as an eco-friendly tool for weed control in organic
and low-input agricultural systems. A 5-year study was carried out in a Mediterranean environment
(Sicily, south Italy) to (1) quantify cover crop biomass production and (2) evaluate the effects on weed
soil seed bank, aboveground biomass, species richness, species composition and associations between
communities. Cover crop treatments included subterranean clover (Trifolium subterraneum L.) and
spontaneous flora, both with and without burying dead mulch into the soil, compared to a conventional
management treatment. Weed biomass was significantly reduced by subterranean clover, contrariwise
to spontaneous flora, with season-dependent results. Cover crop biomass, which ranged from 44
to more than 290 g DW m−2, was negatively correlated to weed biomass. Moreover, subterranean
clover decreased the size of the soil seed bank and species richness. Based on relative frequency, a low
similarity was found between the conventional management and cover crop treatments. In addition,
no significant differences in species composition across treatments were observed, whereas principal
component analysis highlighted some associations. The results suggest that subterranean clover
cover cropping is a good option for weed management in Mediterranean agroecosystems.

Keywords: cover crop; weed management; seed bank; weed associations; species richness;
multivariate analysis; sustainability

1. Introduction

Specialized orchards of the arid or semiarid regions of the Mediterranean basin are often
characterized by low levels of soil organic matter and severe weed infestations, which need a frequent
use of chemical inputs for their management [1]. In these agroecosystems, weeds represent the most
serious constraint to agricultural production, causing serious yield losses due to their highly competitive
capacity and allelopathic activity [2,3]. For many decades, they have been controlled almost exclusively
through an irrational use of herbicides that, in addition to the negative effects on the environment,
humans and animals [4,5], caused a significant reduction of biodiversity [6]. Low biodiversity in
agroecosystems is associated not only to the development of a selective weed flora more difficult to
manage, but also to a greater vulnerability to new invasive species [7]. Both weed abundance and
diversity are closely influenced by agricultural practices, mainly soil tillage systems, crop rotation and
fertilization [8], with a central role played also by environmental conditions [9,10]. The effects (positive or
negative) of agronomic techniques on weed diversity are unclear and contradictory, depending on the
specific conditions of field experiments, while conservation tillage systems are commonly reported to
increase weed abundance [11]. Nowadays, given the increasing interest in limiting the dependence
on herbicides, weed control in croplands is addressing to find ecologically-based practices (e.g., crop
rotation, stale seedbed, cover cropping, mechanical and physical methods, etc.) under an integrated
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approach in a medium–long-term strategy [3]. The basic principle is that weeds are an integral part of
the agroecosystem and, thus, they should be managed to reduce their harmful effects and increase
benefits [12]. Integrated weed management systems are not absolute, but may vary in relation to the
context-specific requirements and from year to year.

One of the most common eco-friendly practices, commonly adopted in organic and low-input
agricultural systems, is cover cropping, which in the present study is going to include the techniques
of mulching, intercropping and green manuring. Indeed, cover crops can be used as living mulches
when intercropped between rows in herbaceous crops or on the whole field surface in tree crops,
as well as dead mulches either on the soil surface or buried into the soil [3]. In both cases, they prevent
weed germination and emergence physically by increasing the competition with weeds and chemically
through allelopathic mechanisms [13]. In addition to the phytotoxic activity, cover crops are referred
to increase soil fertility by reducing erosion and nutrient leaching, while improving the organic
matter content, soil structure and microbial activities [14]. Among the high number of cover crops
used in agroecosystems, the Trifolium genus and subterranean clover (T. subterraneum) in particular,
play a key role in Mediterranean orchards thanks to N-fixation ability, rapid growth, rusticity,
allelopathic activity and resistance to low radiation levels [15,16]. Subterranean clover originated in
the Mediterranean basin, from where it spread throughout western Europe, northern Africa and other
world regions with Mediterranean-type climates including Americas, New Zealand and mainly in
southern Australia, where it is actually the major pasture legume [17]. It is a free-seeding annual
legume, diploid (2n = 16) and predominantly self-pollinated, with remarkable geocarpism. Despite the
dispute about the intraspecific taxonomy of T. subterraneum, recent genetic studies have confirmed
the original classification provided by Katznelson and Morley [18], according to whom the species
includes three subspecies with different ecological behavior: subsp. subterraneum, subsp. yanninicum
and subsp. brachycalycinum.

In a recent study, Scavo et al. [1] demonstrated that T. subterraneum cover cropping significantly
reduced the size of the weed seed bank, enhanced the amount of soil nitrogen bacteria and increased
the levels of ammoniacal and nitric soil nitrogen. Developed as a continuation of the above-mentioned
study, in this research we hypothesized that the observed changes in the potential weed flora (soil seed
bank) could reflect on the real one in terms of abundance, richness and diversity, all key aspects
for the development of an optimal integrated weed management strategy. Therefore, the objective
of this work was to determine the long-term effect of T. subterraneum and spontaneous flora cover
crops, with respect to a conventional management, on the aboveground weed populations and species
composition in an apricot orchard.

2. Results

The real weed flora analysis showed that 38 weed species or genera were present in total
throughout the study (Table 1), although most of them were not high frequent enough to be analyzed
for principal component analysis (PCA). Seventeen botanical families were observed, the most
representative of which was Asteraceae (32%), followed by Brassicaceae (10%) and Poaceae (8%).
Concerning the life cycle, 55% were annuals, 29% perennials and 16% biennials. Moreover, 55% of
weeds were therophytes and 39% hemicryptophytes, with only two geophytes: Cirsum arvense (L.)
Scop. and Convolvulus arvensis L. (Table 1). Weed communities were dominated by dicotyledonous
species (92%) and indifferent (26%) or spring–summer-germinating weeds.
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Table 1. Botanical family, life cycle, ecophysiological (EG) and biological groups (BG), frequency (F)
and relative frequency (RF) of weed population among 5 cropping systems and 5 seasons.

Weed Species Botanical Family Life Cycle EG BG F (%) 1 RF (%) 1

Avena sp. Poaceae Annual Sp T 5.0 2.34
Adonis annua L. subsp.

cupaniana (Guss.) Steinberg Ranunculaceae Annual Sp T 8.0 2.13

Anagallis arvensis L. Primulaceae Annual Au-Wi T 18.0 5.84
Beta vulgaris L. Amaranthaceae Perennial Su H 11.0 3.43

Brassica rapa L. subsp.
campestris (L.) A.R. Clapham Brassicaceae Perennial Sp-Su H 1.2 0.17

Capsella bursa-pastoris (L.)
Medik. Brassicaceae Biennial Ind H 1.0 0.18

Chenopodium opulifolium Schrad.
ex W.D.J. Koch & Ziz Chenopodiaceae Annual Su T 1.0 0.44

Chenopodium sp. Chenopodiaceae Annual Su T 5.0 1.09
Cichorium intybus L. Asteraceae Perennial Ind H 14.0 3.23

Cirsium arvense (L.) Scop. Asteraceae Perennial Su G 2.0 1.0
Convolvulus arvensis L. Convolvulaceae Perennial Ind G 5.0 2.44

Conyza canadensis L. Asteraceae Annual Sp-Su T 3.0 1.20
Daucus carota L. Apiaceae Biennial Sp-Su-Au H 2.2 0.54

Diplotaxis erucoides (L.) DC. Brassicaceae Annual Ind T 8.0 2.54
Dittrichia viscosa (L.) Greuter

subsp. viscosa Asteraceae Perennial Au H 1.0 0.22

Ecballium elaterium (L.) A. Rich. Cucurbitaceae Annual Su T 22.0 7.86
Erigeron sumatrensis Retz. Asteraceae Annual Su T 9.0 2.58
Foeniculum vulgare Mill. Apiaceae Perennial Su H 1.0 0.50

Fumaria officinalis L. Fumariacee Annual Sp-Su-Au T 10.2 2.52
Galactites elegans (All.) Soldano Asteraceae Biennial Sp-Su H 1.0 0.24

Galium aparine L. Rubiaceae Annual Sp-Su-Au T 15.8 3.68
Glebionis coronaria (L.) Spach Asteraceae Annual Sp-Su T 2.0 0.80
Helminthotheca echioides (L.)

Holub Asteraceae Annual Su-Au T 48.6 13.16

Hypochaeris radicata L. Asteraceae Perennial Sp H 6.6 1.61
Lamium amplexicaule L. Lamiaceae Annual Ind T 2.0 0.36

Malva sylvestris L. Malvaceae Perennial Ind H 4.2 0.99
Medicago polymorpha L. Fabaceae Annual Sp T 2.2 0.35

Papaver rhoeas L. Papaveraceae Annual Wi T 9.2 2.39
Reichardia picroides (L.) Roth Asteraceae Perennial Ind H 9.8 1.77

Setaria verticillata (L.) P. Beauv. Poaceae Annual Su T 31.0 7.41
Setaria italica subsp. viridis (L.)

Thell. Poaceae Annual Su-Au T 27.0 8.28

Silene sp. Caryophyllaceae Perennial Sp-Su H 3.8 0.64
Sinapis arvensis L. Brassicaceae Annual Sp T 51.0 14.79

Sonchus asper (L.) Hill Asteraceae Biennial Ind H 61.0 16.87
Sonchus oleraceus L. Asteraceae Biennial Ind H 11.0 2.76

Stellaria media (L.) Vill. Caryophyllaceae Biennial Ind H 1.0 0.40
Trigonella foenum-graecum L. Fabaceae Annual Sp T 11.0 3.59

Vicia faba L. Fabaceae Annual Sp T 5.0 1.25

Note: T: therophytes; H: hemicryptophytes; G: geophytes; Su, Au, Wi, Sp: summer, autumn, winter, spring species;
In: indifferent species; 1 averaged over all treatments.

2.1. Effect of Cover Cropping on Weed Diversity

ANOVA demonstrated that weed species richness varied in relation to both cover cropping and
season, while their interaction was not significant (Table 2). The relationship between species richness
and cover cropping was consistent at p ≤ 0.05, with only Trifolium subterraneum cover cropping leaving
dead mulch on the soil surface (TCC-S) showing a significant reduction with respect to conventional
apricot management (CM), contrary to T. subterraneum cover cropping burying dead mulch in the
soil (TCC-B) that showed the highest value (10.2). Season had the greatest influence on the number
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of species (p ≤ 0.01). Overall, except for season III, weed species richness increased among years
(+154% from season I to season V).

Table 2. Mean weed species richness found in 5 cropping systems and 5 seasons.

Treatment No. Season No.

TCC-S 6.8 b I 4.4 b

TCC-B 10.2 a II 9.0 a

SCC-S 8.0 a III 7.4 ab

SCC-B 8.0 a IV 9.6 a

CM 8.6 a V 11.2 a

F-test * F-test **
SED 1 1.98 SED 1 1.37

Values within a column followed by the different letters are significant at p ≤ 0.05 (Tukey’s HSD test). SED:
standard error of difference. ** and * indicate significance at p ≤ 0.01 and p ≤ 0.05, respectively. 1 20 d.f. TCC-S:
Trifolium subterraneum cover cropping leaving dead mulch on the soil surface; TCC-B: T. subterraneum cover cropping
burying dead mulch in the soil; SCC-S: spontaneous flora cover cropping leaving dead mulch on the soil surface;
SCC-B: spontaneous flora cover cropping burying dead mulch in the soil; CM: conventional apricot management;
I: 2015/2016; II: 2016/2017; III: 2017/2018; IV: 2018/2019; V: 2019/2020.

Jaccard and Sørensen’s indices were used to compare the similarity in terms of species composition
between weed communities. Both showed very similar tendencies, with Sørensen’s coefficient always
presenting higher values than Jaccard’s (Table 3). In total, following the trend of species richness,
similarity increased across years (excluding season III), with values of +141% (J) and +98% (S) from
the first to the last season. Regardless of season, SCC-S × SCC-B and TCC-S × TCC-B showed very
high similarity (48.9% and 42.3% for J, 64.7% and 57.8% for S, respectively), while low values were
determined between control and treatments (33.5% and 48% for TCC-S × CM, 30% and 44.3% for
TCC-B × CM, respectively). The highest similarity was found between TCC-B and SCC-B in season V
(92.9% and 96.3% for J and S, respectively), and the lowest one between TCC-B and SCC-S in season I
(11.1% and 20% for J and S, respectively).

Table 3. Jaccard’s (J, %) and Sørensen’s (S, %) similarity coefficients of β-diversity for a 5-cover cropping
× 5 seasons system in an apricot orchard.

Treatments
I II III IV V

J S J S J S J S J S

TCC-S × TCC-B 22.2 36.4 66.7 80.0 30.0 46.2 42.9 60.0 50.0 66.7
TCC-S × SCC-S 12.5 22.2 50.0 66.7 30.0 46.2 55.6 71.4 42.9 60.0
TCC-S × SCC-B 14.3 25.0 23.1 37.5 25.0 40.0 36.4 53.3 53.8 70.0

TCC-S × CM 12.5 22.2 50.0 66.7 16.7 28.6 42.9 60.0 45.5 62.5
TCC-B × SCC-S 11.1 20.0 66.7 80.0 16.7 28.6 33.3 50.0 50.0 66.7
TCC-B × SCC-B 28.6 44.4 38.5 55.6 23.1 37.5 23.5 38.1 92.9 96.3

TCC-B × CM 11.1 20.0 42.9 60.0 15.4 26.7 36.8 53.8 43.8 60.9
SCC-S × SCC-B 40.0 57.1 33.3 50.0 60.0 75.0 66.7 80.0 44.4 61.5

SCC-S × CM 14.3 25.0 50.0 66.7 66.7 80.0 42.9 60.0 37.5 54.5
SCC-B × CM 40.0 57.1 33.3 50.0 70.0 82.4 50.0 66.7 37.5 54.5

TCC-S: Trifolium subterraneum cover cropping leaving dead mulch on the soil surface; TCC-B: T. subterraneum cover
cropping burying dead mulch in the soil; SCC-S: spontaneous flora cover cropping leaving dead mulch on the
soil surface; SCC-B: spontaneous flora cover cropping burying dead mulch in the soil; CM: conventional apricot
management; I: 2015/2016; II: 2016/2017; III: 2017/2018; IV: 2018/2019; V: 2019/2020.

2.2. Effect of Cover Cropping on Weed Abundance

The biomass production of subterranean clover did not statistically differ between TCC-S and
TCC-B, although the incorporation of dead mulch into the soil resulted in a higher cover biomass for
each season, except for the last one (Table 4). However, the effect of season was highly significant
(F-Fisher = 63.6, p ≤ 0.001), with a general trend of season II > III > IV > V > I, suggesting a good

46



Plants 2020, 9, 1506

establishment of the cover crop. ANOVA indicated no significance of the two-way interaction. On the
contrary, weed biomass was significantly affected at p ≤ 0.001 by the interaction “cover cropping ×
season”, with 51.7% of the total variance explained by the latter factor. Overall, the biomass increased
by 75.1% from season I to season IV and then decreased in the last season. Averaged over seasons,
TCC-S and TCC-B decreased the weed biomass by 40.9% and 32.3%, respectively, as compared to
CM (Table 4). The mean decrease highlighted by T. subterraneum cover cropping was marked in
seasons IV (−5.5%), II (−70.6%) and V (−63%) (Figure 1). These seasons, with the exception of the
third, were those with the major production of cover crop biomass. Indeed, a significant and negative
relationship was found between these two parameters (r = −0.953, p = 0.0122), demonstrating that the
lower the subterranean clover biomass is, the higher the weed biomass is. On the contrary, there was
no correlation between species richness and weed biomass (r = −0.043, p = 0.944).

Table 4. Effect of cover cropping (CC) and season (S) on aboveground dry biomass of
Trifolium subterraneum, weeds and their sum (total) with analysis of variance (ANOVA, F-values).

Treatments
Aboveground Biomass (g DW m-2)

Trifolium Subterraneum Weeds Total

CC TCC-S 155.5 (43.1) a 82.9 (15.2) b 238.4 (40.7) a

TCC-B 171.7 (32.7) a 88.3 (9.5) b 260.0 (36.7) a

SCC-S 0.0 120.4 (28.0) a 120.4 (28.0) b

SCC-B 0.0 119.2 (31.8) a 119.2 (31.8) b

CM 0.0 116.8 (17.2) a 116.8 (17.2) b

S I 44.4 (4.1) d 84.7 (6.4) b 102.5 (6.5) c

II 283.1 (99.9) a 95.1 (24.8) b 208.3 (35.6) a

III 239.2 (24.5) a 100.3 (24.1) b 195.8 (31.8) a

IV 159.4 (32.1) b 148.3 (28.3) a 212.0 (38.2) a

V 92.0 (29.1) c 99.4 (18.2) b 136.2 (19.7) b

ANOVA
CC 0.4 NS 9.2 *** 64.1 ***
S 63.6 *** 14.2 *** 31.6 ***

CC × S 1.3 NS 4.0 *** 4.2 ***

Values are means with standard deviation (in brackets). Values within a column followed by different letters are
significant at p ≤ 0.05 (Tukey’s HSD test). TCC-S: Trifolium subterraneum cover cropping leaving dead mulch on the
soil surface; TCC-B: T. subterraneum cover cropping burying dead mulch in the soil; SCC-S: spontaneous flora cover
cropping leaving dead mulch on the soil surface; SCC-B: spontaneous flora cover cropping burying dead mulch in
the soil; CM: conventional apricot management; I: 2015/2016; II: 2016/2017; III: 2017/2018; IV: 2018/2019; V: 2019/2020.
*** and NS indicate significance at p ≤ 0.001 and not significance, respectively.

Figure 1. Cont.
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Figure 1. (a) Cover crop and (b) weed aboveground dry biomass production over five seasons in
an apricot orchard. Bars are standard deviation (n = 4). Within each season, different letters indicate
statistical significance at p ≤ 0.05 (Tukey’s HSD test). TCC-S: Trifolium subterraneum cover cropping
leaving dead mulch on the soil surface; TCC-B: T. subterraneum cover cropping burying dead mulch
in the soil; SCC-S: spontaneous flora cover cropping leaving dead mulch on the soil surface; SCC-B:
spontaneous flora cover cropping burying dead mulch in the soil; CM: conventional apricot management.
I: 2015/2016; II: 2016/2017; III: 2017/2018; IV: 2018/2019; V: 2019/2020.

Results on weed biomass were consistent with the potential flora. Indeed, all the cover cropping
systems significantly lowered the number of weed seeds in the soil with respect to the conventional
management (Figure 2). After 5-years, TCC-S and TCC-B had the lowest seed bank size, showing a
reduction of 40.5% and 57%, respectively, compared to CM, in concordance with the aboveground
weed biomass. However, the size of the soil seed bank was not correlated to the mean cover crop
biomass (r = -0.827, p = 0.084), nor to the mean weed biomass (r = 0.767, p = 0.131). Anyway, despite the
lack of significance, the seed bank decreased with increasing subterranean clover biomass; at the same
time, average weed biomass was lower in TCC-S and TCC-B plots, where seed bank densities where
the lowest.

Figure 2. Cumulative effect on the soil weed seed bank after 5 years of different cover cropping systems.
Bars are standard deviation (n = 4). Different letters indicate statistical significance at p ≤ 0.05 (Tukey’s
HSD test). TCC-S: Trifolium subterraneum cover cropping leaving dead mulch on the soil surface; TCC-B:
T. subterraneum cover cropping burying dead mulch in the soil; SCC-S: spontaneous flora cover cropping
leaving dead mulch on the soil surface; SCC-B: spontaneous flora cover cropping burying dead mulch
in the soil; CM: conventional apricot management.
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2.3. Aboveground Weed Species Composition

Among the 38 taxa recorded throughout the 5-year period, only 11 weeds, predominantly annual
seed-propagated species, showed a F ≥ 11% and a RF ≥ 3%: Anagallis arvensis L., Beta vulgaris L.,
Cichorium intybus L., Ecballium elaterium (L.) A. Rich., Galium aparine L., Helminthotheca echioides (L.)
Holub, Setaria verticillata (L.) P. Beauv., S. italica, Sinapis arvensis L., Sonchus asper (L.) Hill and
Trigonella foenum-graecum L. (Table 1). Sonchus asper was the most prominent weed species in all
the seasons with mean values ranging from 8% to 31%, followed by S. arvensis with values in the
range 15–22%. Moreover, averaged over seasons, this species showed the highest RF in TCC-S (12%),
SCC-S (13%) and CM (9%) plots. Weed communities of TCC-B and SCC-B, instead, were dominated
by H. echioides (F = 100, RF = 10%) and E. elaterium (F = 100, RF = 13%), respectively. However,
the two-way ANOVA performed on RF data outlined that neither cover cropping nor season, except for
some species, affected major weeds at p ≤ 0.05; for this reason, they have not been shown.

Among the 11 major weed species selected for PCA, the scree plot for standardized variables
(correlation matrix) highlighted that only the first four PCs contributed to variance, while PC5-PC11
were insignificant (Figure 3). The cumulative variance explained by the first two eigenvalues together
was 75.2%, which is an acceptable percentage for weed communities, thus suggesting a consideration
of PC1 and PC2. The weeds S. viridis, S. italica, A. arvensis, C. intybus and G. aparine showed jointly
the majority of variance (49%) in PC1; E. echioides, T. foenum-graecum, S. arvensis and E. elaterium
added an additional 26% in PC2; B. vulgaris explained a further 16% of variance for PC3, while the
eigenvector associated with PC4 corresponded to an eigenvalue <1, in which S. asper had the highest
weight (Table 5). Table 5 showed also that PC1 was positively correlated to G. aparine and A. arvensis
(right side of the biplot) and negatively by the two Setaria species and C. intybus (left side). A positive
association was found between PC2 and T. foenum-graecum, S. arvensis and E. elaterium (top of biplot),
and a negative one with E. echioides (bottom). Interesting associations were observed by PCA of
weed species and cover cropping (Figure 4). Setaria viridis, S. italica and C. intybus were associated
with SCC-S, whereas SCC-B was associated with G. aparine and TCC-S with A. arvensis. The other
weeds were discriminated mainly along PC2, with a correlation observed between S. arvensis and CM,
while TCC-B was not associated with any species, thus confirming a lower infestation in terms of weed
biomass, soil seed bank and species composition. No relevant differences were observed between
cover cropping systems in terms of botanical family, biological or ecophysiological groups, indicating
no clear patterns of the weed flora.

Figure 3. Scree plot of eigenvalues and cumulative variance of principal components from the
correlation matrix.
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Table 5. Eigenvectors defining the linear combination of variables (11 major weeds) and principal
components from the correlation matrix (PC5-PC11 were insignificant). The variables with the largest
influence for each principal component are in bold.

Variable PC1 PC2 PC3 PC4

ANAAR 0.383 −0.211 −0.167 0.182
BEVULG −0.035 −0.015 −0.752 −0.056

CICIN −0.363 −0.015 0.079 0.534
ECBAL 0.317 0.382 −0.056 −0.181
GALAP 0.352 0.050 0.319 0.388
HELEC 0.124 −0.549 −0.042 0.211
SETVER −0.430 0.030 0.019 −0.027

SETIT −0.404 −0.070 0.206 0.182
SINAR −0.290 0.426 −0.094 −0.088

SONCAS 0.043 0.329 −0.410 0.628
TRIGO 0.215 0.458 0.273 0.121

ANAAR (Anagallis arvensis); BEVULG (Beta vulgaris); CICIN (Cichorium intybus); ECBAL (Ecballium elaterium);
GALAP (Galium aparine); HELEC (Helminthotheca echioides); SETVER (Setaria viridis); SETIT (Setaria italica); SINAR
(Sinapis arvensis); SONCAS (Sonchus asper); TRIGO (Trigonella foenum-graecum).

Figure 4. Principal components analysis ordination biplot from the correlation matrix with the
11 most frequent weed species, averaged over seasons, in different cover cropping treatments. Weeds:
ANAAR (Anagallis arvensis); BEVULG (Beta vulgaris); CICIN (Cichorium intybus); ECBAL (Ecballium
elaterium); GALAP (Galium aparine); HELEC (Helminthotheca echioides); SETVER (Setaria viridis); SETIT
(Setaria italica); SINAR (Sinapis arvensis); SONCAS (Sonchus asper); TRIGO (Trigonella foenum-graecum).
Treatments: TCC-S: Trifolium subterraneum cover cropping leaving dead mulch on the soil surface;
TCC-B: T. subterraneum cover cropping burying dead mulch in the soil; SCC-S: spontaneous flora cover
cropping leaving dead mulch on the soil surface; SCC-B: spontaneous flora cover cropping burying
dead mulch in the soil; CM: conventional apricot management.

3. Discussion

The present study aimed to evaluate the influence of 5 years of cover cropping, by subterranean
clover and spontaneous flora, both buried and living dead mulches on the soil surface, on diversity
and abundance of the real weed flora. In our previous research [1], we found a 70% reduction of
the weed soil seed bank, compared to CM, after 3-years of T. subterraneum green manuring (TCC-B).
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Given that the real weed flora generally reflects the spectrum of the potential one, the effects on the
emerged weeds were evaluated for a further two years on a medium–long-term period. We found
that subterranean clover, in some seasons, significantly decreased the mean weed biomass up to 86%,
contrariwise to spontaneous flora cover crop. The intensity of such a decrease was season-dependent,
likely due to a combined effect of climatic conditions and cover crop biomass. In contrast with Moonen
and Bàrberi [19], in our study cover crop biomass highly varied between the seasons from 44 to
more than 290 g of DW m-2. Weed biomass decrease caused by subterranean clover was higher in
seasons when cover crop biomass was higher (seasons II, IV and V), except for season III. Our results
are similar to those obtained by the study of Bàrberi and Mazzoncini [20], in which subterranean
clover was found to reduce weed biomass from 21% to 67%, with a positive correlation between weed
growth suppression and cover crop biomass and with seasonal effects. The results obtained on the real
flora were corroborated by the effects on the soil seed bank, in which all the cover cropping systems
decreased the number of weed seeds. TCC-S and TCC-B showed the highest weed suppressive ability
after a further two years, although with a lower degree than the third year [1].

Weed suppressive ability of subterranean clover may be attributed to competitive or allelopathic
effects, or even to a combination of them. Trifolium subterraneum, in fact, competes well with weeds
thanks to its rapid growth, developed canopy, length of biological cycle and development of root
system [21]. Generally, weed suppression increases with increasing cover crop biomass and cycle
length, as found in the present study. Furthermore, subterranean clover is recognized as allelopathic
species and allelochemicals responsible for such phytotoxic effects have been indicated as phenols
and isoflavonoids [22]. These secondary metabolites can be directly exuded into the soil or released
by decomposition of plant residues. Once present into the rhizosphere, allelochemicals interact
with the complex of physical, chemical and biological soil characteristics, which altogether fix their
availability [23]. Unfortunately, competitive and allelopathic effects are very difficult to distinguish in
field experiments.

The emerged flora reflected the composition of the seed bank, given that weed communities were
dominated by Asteraceae members, therophytes and annual spring–summer weeds. As previously
observed on the seed bank [1], weed species richness was significantly affected by TCC-S,
while, interestingly, TCC-B increased it, suggesting no clear influence of cover cropping. On the
contrary, the effect of season was more noticeable, with a much higher number of weed species detected
in season V, showing an increase in weed biodiversity. Conflicting reports have been provided by
authors concerning the effects of cover crops on species richness. Ngouajio et al. [24], for example,
observed no significant relationships, with results depending on cover crop type and season, while a
reduction of weed density was found by Moonen and Bàrberi [19] using rye (Secale cereale L.) cover crop.

Since the contradictory results, many authors agree in not considering species richness as the
only parameter to evaluate the herbicidal activity of cover crops. In this regard, the composition of
weed communities plays a key role in shifting the phytotoxic effects. It should be pointed out, in fact,
that the sensitivity of weed species to cover crop residue is highly variable, mainly depending on weed
community structure. On one side, annual weeds with small seed sizes are more susceptible to surface
residues than large seeded species, and on the other side, large seeds have a greater metabolic capacity
for allelochemical detoxification [25]. In this study, the β-diversity indices of Jaccard and Sørensen were
applied the compare the areas in terms of composition of the weed communities [26]. These indices are
closely influenced by agronomic practices. Here, the highest similarity was found between spontaneous
flora (SCC-S × SCC-B) and between subterranean clover (TCC-S × TCC-B) cover crop, often with
values across seasons higher than 50%, at which an elevated similarity can be interpreted. Instead,
a general low similarity was found between the conventional management and cover cropping systems.
Therefore, it is reasonable to assume that T. subterraneum treatments (TCC-S and TCC-B) determined
similar weed communities based on presence/absence, as well as spontaneous flora cover crops (SCC-S
and SCC-B), both different with respect to CM. ANOVA performed on RF data of single species,
however, pointed out any significant effect among treatments under study, demonstrating that weeds
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were able to establish independently of cover type and season. To overcome the complexity of weed
data, species composition was studied by PCA on major weed species. In addition to a reduction in
weed seed bank density and aboveground biomass, TCC-B did not show any association with weeds,
contrariwise to SCC-S and SCC-B. No evident weed patterns emerged in this study, as observed also in
the seed bank [1]. Overall, treatments were quite similar also with reference to frequency, botanical
families, life cycle, biological and ecophysiological groups. The lack of consistent associations between
cover crop and weeds has been reported in many other studies [19,27], since species composition can be
influenced by abiotic and biotic factors. In the 9-year research study carried out by Shrestha et al. [28]
on winter wheat and three beans, rye and maize cover crop were also indicated to have differential
effects on weed densities, species composition and associations depending on crop type and interaction
with agronomic management.

In conclusion, this research suggests that long-term changes in weed flora are linked to the soil
seed bank. On one hand, the adoption of 5 years of cover cropping with subterranean clover was
found to reduce not only the number of weed seeds in the soil, but also the aboveground weed biomass
and the number of species, with significant variations by season. On the other hand, instead, no clear
shifts in weed populations were observed. These results are very useful in view of reducing intensive
tillage and the frequent application of herbicides, thus allowing multiple benefits for the environment.
The benefits in using subterranean clover in Mediterranean agroecosystems are further increased
considering its self-reseed capacity, N-fixation ability and high adaptability in such contexts [1].
Future studies may consider the evaluation of subterranean clover cover cropping in combination with
other control techniques under an integrated weed management system, as well as a better knowledge
of the mechanisms involved in its phytotoxicity.

4. Materials and Methods

4.1. Experimental Site and Set-Up

A field experiment was conducted over five growing seasons (from 2015/2016 to 2019/2020,
hereafter named season I, II, III, IV and V) in an apricot (Prunus armeniaca L.) orchard sited in central
Sicily (37◦13′ N, 14◦05′ E, 290 m a.s.l., Italy). The zone is subjected to a semiarid-Mediterranean climate,
characterized by mean annual precipitations of ~500 mm, hot-rainless summers and mild winters.
Based on the Rivas-Martinez bioclimatic classification, the area belongs to the thermo-Mediterranean
inferior bioclimatic belt, with upper dry ombrotype. The experimental soil, Regosoil type according to
the USDA soil taxonomy classification [29], at the beginning of the experiment presented an average
soil texture of 25.7% sand, 30.6% silt and 43.7% clay, an average organic matter content of 1.9%, and an
amount of 1.1‰, 13 mg kg−1 and 422 mg kg−1 of total nitrogen, assimilable P2O5 and exchangeable
K2O, respectively, with pH 8.0.

For each growing season, the experiment was set-up in a randomized block design with
four replicates (plot size = 10 × 8.7 m) including five treatments: four cover cropping systems
compared to a conventional management (CM) as control following the standard commercial practices
(−0.15 cm winter disc ploughing and three instances of shallow chopping per year for weed control).
Cover cropping treatments were: (a) T. subterraneum cover cropping leaving dead mulch on the
soil surface (TCC-S); (b) T. subterraneum cover cropping burying dead mulch in the soil (TCC-B);
(c) spontaneous flora cover cropping leaving dead mulch on the soil surface (SCC-S), and (d) spontaneous
flora cover cropping burying dead mulch in the soil (SCC-B). The experiment therefore included
20 plots and a net plot size of 1740 m2 (348 m2 per treatment), with a distance of 2 m between treatments.

The apricot orchard, composed by cv. Wonder and two pollinators (cvs. Pinkcot® and Big
Red®), was planted on January 2012 by using a 3.5 × 4.5 m arrangement. Subterranean clover cv.
Seaton Park, a cheap and common Australian early-mid season genotype showing high adaptability in
Mediterranean orchards [15], was hand-seeded on November 2015 at 2–3 cm depth with 2000 germinable
seeds m−2. Detailed information about orchard management, fertilization, irrigation, weed and pest
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control were already reported in Scavo et al. [1]. Moreover, Table 6 summarizes the biological cycle of
subterranean clover during the five growing seasons.

Table 6. Emergence, flowering and length of the biological cycle of subterranean clover among the five
growing seasons under study.

Season Emergence Flowering Length of the Biological Cycle 1

I 15 December 2015 22 May 2016 ~200 days
II 22 November 2016 12 April 2017 ~220 days
III 10 October 2017 29 April 2018 ~250 days
IV 13 October 2018 26 April 2019 ~240 days
V 5 November 2019 4 April 2020 ~230 days

1 From the beginning of emergence until all the plants within a plot had completely dried up (first decade of July for
all the seasons).

4.2. Monitoring, Sampling and Aboveground Biomass Determination

Monitoring was carried out by field scouting to visualize the weed spatial distribution, obtain a
representative view of the weed flora and locate the sampling units. For each treatment, the sampling
zone was chosen excluding the outer 3 m of each plot and the non-homogeneous areas. Within each
zone, four permanent 1.0 m2 quadrats were randomly placed. The aboveground biomass of both
weeds and subterranean clover was obtained by clipping in April for each season at soil surface from
four 0.25 m2 patches per quadrat. In the laboratory, for TCC-S and TCC-B, cover crop biomass was
separated from weed species and samples were dried at 55 ◦C in a forced-air oven up to constant
weight for dry biomass determination. For the weed flora analysis, clipped weeds were identified
according to Conti et al. [30] and grouped to botanical family and life-form category considering
the Raunkiaer system; to obtain the total weed biomass per quadrat, the weed biomass was pooled
at the quadrat level. The analysis of the weed soil seed bank was carried out in accordance with
Scavo et al. [1]. In summary, soil samples were collected twice (April and September) per season at
10–15 cm depth along the diagonals of the central part of each sampling area and each soil sample was
a composite of five soil cores per plot (each of 0.75 dm3). Then, the inert fraction (stones, pebbles, etc.)
was hand-removed and a metal tube (Karcher, K 3500 model, Winnenden, Germany) with a removable
cap fitted with steel mesh of 250 μm was used for seed extraction. Finally, the extracted fraction was
placed inside Petri dishes for weed counts and identification by using a MS5 Leica stereomicroscope
(Leica Microsystems, Wetzlar, Germany).

4.3. Weed Flora Analysis

Following Nkoa et al. [7] and Travlos et al. [31], the weed flora was analyzed by estimating species
abundance and diversity. Abundance, describing the quantitative significance of a species in its habitat,
was measured considering the total biomass of weeds (B), frequency (F) and relative frequency (RF):

F (%) =

(∑
Zi

n

)
× 100 (1)

RF (%) =

(
Fi∑

F

)
× 100 (2)

where:
∑

Zi = number of sampling units in which the species i occurred; n = total number of sampling
units; Fi = absolute frequency of a species i;

∑
F = sum of the absolute frequencies of all species.

Despite needing destructive sampling, biomass, expressed as dry weight per unit area, is an accurate
and objective index. F and RF are non-destructive indices reflecting the species’ spatial distribution
across the sampled area and the changes over time.

In addition to species richness, i.e., the total number of species in each plot [19], the β-diversity
was measured to estimate the species’ composition differences or similarity between communities.
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The β-diversity was calculated by using the Jaccard’s index of similarity (J) and the Sørensen’s
coefficient index (S), computed as in Real and Vargas [32] and Nkoa et al. [7], respectively:

J (%) =
( c

a + b c

)
× 100 (3)

S (%) =
( 2c

a + b

)
× 100 (4)

where: a = total number of species present only in one community; b = total number of species in the
second community; c = total number of species common to each community. Both J and S are binary
similarity coefficients based on presence/absence data.

4.4. Meteorological Trend

A meteorological station (Mod. Multirecorder 2.40; ETG, Firenze, Italy) located at ~15 m on
the experimental site was used to record rainfall and air temperatures every day during the five
growing seasons, from November 2015 to April 2020 (Figure 5). Following the typical trend of the zone,
summers were always particularly hot and dry, while most of rainfall fell in autumn. In particular,
the sum of January 2016 (119 mm), October 2018 (189 mm) and November 2019 (250 mm) accounted
for 22.1% of the total rainfall occurred in the whole experimental period. The years 2018 (668 mm) and
2019 (673 mm) experienced higher rainfall levels compared to the 30-year-period trend. The highest
maximum temperature was recorded on August 2017 (36.1 ◦C), while the lowest minima temperatures
were noted on January 2017 (3.0 ◦C) and 2019 (2.8 ◦C). The temperatures were always within the
optimal range for T. subterraneum growth, since during the 5-year period, minimum temperatures only
fall below 3.0 ◦C in season IV; the mean maximum temperatures were 25.7 ◦C in October (emergence)
and 21.5 ◦C at flowering (April).

Figure 5. Total rainfall, maximum, average and minimum monthly temperatures distribution during
the five cropping seasons.

4.5. Statistical Analysis

Data about aboveground biomass of both subterranean clover and weeds, as well as species
richness and soil seed bank, were analyzed through analysis of variance (ANOVA) by using the
statistical software CoStat® version 6.003 (CoHort Software, Monterey, CA, USA). Prior to ANOVA,
the Bartlett’s and the Shapiro–Wilk tests were used to check for homoscedasticity and normality,
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respectively. Furthermore, to comply with the ANOVA basic assumptions, biomass and seed bank
data were log10-transformed (untransformed data are reported), while species richness data did not
show any violation and, therefore, they were not transformed. A factorial two-way ANOVA model
with “cover cropping × season” as main factors was performed and means were separated with
the Tukey’s HSD test at p ≤ 0.05. In some cases, one-way ANOVAs were applied. In accordance
with Moonen and Bàrberi [19], correlations between soil seed bank size and T. subterraneum biomass,
weed biomass, between species richness and weed biomass, and between cover crop and weed biomass,
were calculated by using the Pearson Product Moment Correlation Coefficient (r) on mean values for
these parameters.

To study the species composition and the interactions between cover cropping treatments and
weed flora, a multivariate analysis was performed. Due to the high number of variables (weed species)
composing the weed flora, the principal component analysis (PCA) was adopted to reduce the complex
multivariate dataset in few orthogonal variables called principal components (PC) [33]. In particular,
a PCA on the correlation matrix for 11 major variables (weeds with RF > 3%) was applied, considering
the means for each “treatment × season” combination. Before PCA, all variables were standardized
through arcsin

√
x (Bliss transformation), and then the results of the ordination were displayed on

“distance” biplots deriving from the PCA by using the first two PCs [34]. The computer package
Minitab® version 16 (Minitab Inc., State College, PA, USA) was used to perform the PCA.
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Abstract: Conservation agriculture (i.e., minimized soil disturbance and permanent soil covering)
and living mulches represent two agroecological practices that can improve soil fertility, spontaneous
flora, and beneficial insect communities. This research studied the effect of these practices in a young
olive orchard in the Mediterranean area. Two Sicilian olive cultivars (‘Nocellara del Belice’ and
‘Nocellara etnea’) were used for the field experiment; inter-row minimum and zero tillage and four
species of aromatic plants as living mulch along the row were tested. Spontaneous flora and beneficial
insect communities, as well as tree growth, were monitored. The inter-row management did not
influence the spontaneous flora dynamics. The species adopted for living mulch showed a very
different degree of development and soil cover; 69 insect species (pollinators and predators) belonging
to five orders (Hymenoptera, Lepidoptera, Diptera, Neuroptera, and Coleoptera) and 17 families
were recorded. The growth of the olive trees was not affected by the conservative strategies.: In
the inter-row, the growth of the spontaneous flora was limited by the high temperatures during the
summer. Among the living mulch species, sage and lemongrass guaranteed an almost full soil cover,
reducing the need for weed management along the row, as well as increasing the beneficial insects
without influencing the young tree growth.

Keywords: Olea europaea L.; Mediterranean basin; agroecological practices; minimum tillage; zero
tillage; pollinating and predatory insects; agroforestry; intercropping; consociation

1. Introduction

One of the main goals established by the European Commission during the period
2019–2024 is to lay the foundation for making the European Union the first climate-neutral
continent by 2050. To achieve this objective, the Commission presented the European Green
Deal policy, the most ambitious package of measures that should enable European citizens
and businesses to benefit from sustainable green transition. Concerning the agricultural
sector, this objective will be reached by a drastic reduction in farm input (fertilizers, chemical
pesticide, hormones), reducing the nutrient losses and preserving and restoring ecosystems
and biodiversity [1].
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Currently, this policy is mandatory considering the ongoing climate change and its
impact on agriculture (increase in average temperature and risk of extreme natural events
such as floods and droughts) and the land degradation process (erosion, salinity, soil borne
diseases) occurring in large areas of the world and the subsequent loss of biodiversity.
Moreover, it is important to consider that the world population will increase in the same
period (2050) and will reach about 9.1 billion people [2], consequently increasing the food
demand [3]. Therefore, in this scenario, agricultural sectors also need to increase the
crop efficiency, since the land availability and productivity will play a central role for the
maintenance of several rural contexts [4].

The Mediterranean basin is a representative area in which the abovementioned criti-
cisms are well recognized. Among fruit tree crops, the olive (Olea europaea L.), one of the
most cultivated species that covers about 9.5 million hectares in Europe [5], is an important
crop for its social, economic, and ecological role [6].

Regarding the social aspect, it is able to contrast the depopulation of the countryside, as
well as maintain the historical aspect of its cultivation [7], providing healthy and safe food
for the population. In addition, olive cultivation connects different generations because
most of the farmers cultivating traditional olive orchards are aged or retired people, who
are still active in agriculture and share their knowledge with younger people in order to
maximize the production only using the potential of the agroecosystem [8].

The economic role is well documented; in fact, the olive production has increased in
recent years due to the introduction of new planting models [9], mechanization of some
cultural practices, harvest above all [10], precision management technologies [11,12], and
the use of high-quality standard propagation material [13]. Moreover, at least 95% of the
olive cultivation is located in the Mediterranean basin [14], and it represents about 70% of
world’s olive production [15], from about 1.9 million olive-growing farms.

In terms of the agroecological value, olive plays a fundamental role in maintaining
some fragile areas, preventing soil erosion, as well as loss of water and nutrients, and
increasing biodiversity. Moreover, thanks to its historical aspect and adaptation, compared
to the other woody crops, olive cultivation does not require high external inputs, thus con-
tributing to reducing environmental pollution [16]. On the other hand, tillage (full or partial)
is often realized, while minimum and zero tillage is less adopted. Low-intensity tillage
leads to an increase in the number of beneficial insects such as pollinators [17] that sustain
wild plant communities providing key ecosystem services (e.g., contributing to control pest
and crop disease) [18]. As demonstrated by different studies, various anthropogenic factors,
such as the expansion of agriculture and livestock, habitat fragmentation, and irrational
use of pesticides and pollution, are causing a global decline in insects [19]. In Europe, 9%
of butterflies and 9.2% of wild bees are threatened by conventional agriculture [20]. Con-
servative agriculture (e.g., minimized soil disturbance, permanent soil covering) has been
shown to have an impact on biodiversity and ecosystem service provision [21], reducing
the negative effects of conventional tillage and enhancing the number of beneficial insects,
as well as improving their role in the agroecosystem. Similarly, diversification strategies in
space and time by the inclusion of agroecological infrastructure in agricultural landscape
such as hedgerows and cover crops (including living mulch) are considered redesign strate-
gies able to magnify the role of agro-biodiversity in ecosystem service provision [22,23].
Moreover, the management strategies can impact the spontaneous flora community (i.e.,
the weeds), reducing the selection of competitive flora toward a more service provision-
oriented community, by supporting pollinators or beneficial attraction [24]. Then, the
introduction of herbaceous species (e.g., intercropping, living mulch) that are not directly
aimed at production but provide ecological services, called agroecological service crops
(ASC) [25], can positively influence the overall ecosystem functioning by providing pest
control and ecological services such as weed control in the row [26], protection of the soil
from degradation, an increase in organic carbon content, which improves the soil structure
and fertility [27], and a decrease in the concentration of CO2 in the atmosphere if properly
managed [28]. Among the conservative soil management strategies, consociations (annual
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or perennial intercropping), soil management practices (minimum tillage, zero tillage), and
organic fertilization were considered for a comprehensive meta-analysis (187 experiments
realized in the Mediterranean basin with several woody crops for a total of 46 papers) [29]
that highlighted a general positive effect of the abovementioned strategies in carbon se-
questration compared to mono-cropping, conventional tillage, and inorganic fertilization.
For olive, since the last century, consociations with herbaceous or woody species have been
described [30]. These were due to the extensive olive orchards, as well as the consociations
with livestock where possible [31]. For other species such as grapevines, minimum or zero
tillage is commonly applied in order to regulate the vegetative and reproductive balance of
vines and, in some cases, in order to reduce erosion and land degradation [32–34].

In this context, olive could represent an important source of ecological interest among
the numerous Mediterranean species due to its specific characteristics, such as high drought
resistance, low chill unit requirement, adaptation to hot and dry climatic conditions, and low
pest and disease incidence, all of which are significant characteristics to consider in the estab-
lishment of new orchards with an agro-ecological approach [35]. However, it is important
to consider that the cultivation of olive trees is very diversified among the Mediterranean
countries, and that the social, economic, and agroecological value of the olive orchards is
strongly variable according to the different cultivation systems (traditional, intensive, and
super-intensive orchards), farming techniques, and genetic resources [36]. In traditional
orchards, the social and agroecological characteristics are highly relevant, whereas, in the
intensive model, only the olive agroecological importance is essential. In these categories,
olive models are in accordance with the main objectives of the agroecological approach,
which aims to reinforce the natural strength of the agroecosystem without using external
inputs and augment the resilience of the crops, encompassing the social, ecological, and
economic dimensions of sustainability [37]. In the super-intensive growing system, the
economic factor is of greater importance than the social and agroecological factors.

In our research, we tested the impact of some agroecological practices (i.e., conserva-
tive soil management and ASC living mulch introduction) on the wild agro-biodiversity
(weed and arthropod communities) and vegetative growth of a newly planted olive or-
chard. We assumed that different floor management (minimum tillage vs. zero tillage)
and intra-row management (different living mulch species vs. no living mulch) would
differently influence the dynamics of the monitored agro-biodiversity and the young plant
response. In particular, we hypothesized that (i) the zero-tillage floor management would
guarantee permanent soil cover without selecting higher competitive flora, (ii) the living
mulches would positively influence the presence of beneficial insects, and (iii) different
living mulches would have a different impact on both arthropods and weed communities,
depending on the introduced species.

2. Results

2.1. Entomological Report

The complete list of the 69 recorded species of beneficial insects, as well as their relation
to the spontaneous flora or the consociated ones, in the studied olive orchard is reported
in Tables 1 and 2. Specimens of pollinators (61 species) and predators (eight species) were
collected in the 2 years of field surveys on the wild and cultivated plants. Regarding
pollinators, the 33 species of Apoidea reported belong to five different families, Colleti-
dae (one species), Andrenidae (seven species), Halictidae (four species), Megachilidae
(five species), and Apidae (16 species), and 15 genera (Table 1). Most of these species nest
by digging into the ground (24 species, 72.72%), while 21.21% (seven species) of the taxa
nest in pre-existing cavities in the ground, in the walls, or in dry and hollow vegetables.
Two species among the 33 observed (6.06%) belong to the Nomada Scopoli genus of brood
parasitic bees characterized by the presence of females that lay eggs in the nest of other
wild bees. Regarding the behavior, 24 species are solitary (72.72%), five species (15.15%)
exhibit a pre-social behavior, two species (6.06%) have a social behavior, and two species
(6.06%) are brood parasite species.
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Table 1. Hymenoptera Apoidea, Lepidoptera, Diptera, Neuroptera, and Coleoptera collected in the
years 2020–2021 in the field inter-rows, and in the year 2021 in the consociated rows. * In this species,
the larvae are predators.

Order Family Species
Wild Plants in the

Inter-Rows
Consociated Plants

in the Row

Pollinators

Hymenoptera

Colletidae Hylaeus cornutus Curtis, 1831 Foeniculum vulgare Helichrysum italicum

Andrenidae

Andrena aerinifrons Dours, 1873 Sinapis arvensis
Ranunculus muricatus

Andrena bicolorata (Rossi, 1790) Sinapis arvensis
Andrena pilipes
Fabricius, 1781 Senecio vulgaris

Andrena brumanensis Friese, 1899 Ranunculus muricatus Salvia officinalis
Andrena distinguenda
Schenck, 1871 Glebionis coronaria

Andrena labialis (Kirby, 1802) Ecballium elaterium
Andrena nigroaenea
(Kirby, 1802) Sinapis arvensis

Halictidae

Halictus fulvipes (Klug, 1817) Galactites tomentosa Thymus vulgaris
Halictus quadricinctus (Fabricius,
1776) Senecio vulgaris

Halictus scabiosae (Rossi, 1790) Senecio vulgaris
Dittrichia viscosa Thymus vulgaris

Lasioglossum malachurum
(Kirby, 1802) Ecballium elaterium Helichrysum italicum

Megachilidae

Heriades rubicola Pérez, 1890 Dittrichia viscosa Helichrysum italicum
Osmia latreillei
(Spinola, 1806) Glebionis coronaria Salvia officinalis

Osmia signata Erichson, 1835 Glebionis coronaria
Rhodanthidium siculum
(Spinola, 1838) Oxalis pes-caprae Salvia officinalis

Megachile sicula (Rossi, 1792) Galactites tomentosa

Apidae

Xylocopa violacea (Linnaeus, 1758) - Salvia officinalis
Thymus vulgaris

Ceratina cyanea Kirby, 1802 Ecballium elaterium Helichrysum italicum
Nomada discrepans
Schmiedeknecht, 1882 Sinapis arvensis

Nomada distinguenda
Morawitz, 1874 Raphanus raphanistrum

Eucera algira Brullé, 1840 Raphanus raphanistrum
Eucera eucnemidea Dours, 1873 Galactites tomentosa

Eucera nigrescens Pérez, 1879 Glebionis coronaria;
Vicia sp.

Eucera nigrilabris Lepeletier, 1841 Raphanus raphanistrum
Eucera numida Lepeletier, 1841 Vicia sativa

Eucera oraniensis Lepeletier, 1841 Glebionis coronaria
Galactites tomentosa Salvia officinalis

Amegilla garrula (Rossi, 1790) - Salvia officinalis
Thymus vulgaris
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Table 1. Cont.

Order Family Species
Wild Plants in the

Inter-Rows
Consociated Plants

in the Row

Amegilla quadrifasciata
(de Villers, 1789) - Salvia officinalis

Thymus vulgaris
Anthophora dispar Lepeletier, 1841 Fumaria officinalis Salvia officinalis
Anthophora plumipes squalens
Dours, 1869

Fumaria officinalis
Papaver rhoeas

Bombus pascuorum siciliensis
Tkalcu, 1977 Vicia sativa Salvia officinalis

Thymus vulgaris

Bombus terrestris (Linnaeus, 1758) Vicia sativa
Salvia

officinalisThymus
vulgaris

Lepidoptera

Sphingidae

Macroglossum stellatarum
(Linnaeus, 1758) Convolvulus arvensis Thymus vulgaris

Hyles euphorbiae (Linnaeus, 1758) -
Hyles livornica (Esper, 1780) Convolvulus arvensis Helichrysum italicum

Sesiidae Tinthia tineiformis (Esper, 1789) Convolvulus arvensis

Geometridae

Rhodometra sacraria
(Linnaeus, 1767) - Thymus vulgaris

Menophra abruptaria
(Thunberg, 1792) Dittrichia viscosa Thymus vulgaris

Noctuidae

Heliothis peltigera
(Denis & Schiffermüller, 1775) Senecio vulgaris Helichrysum italicum

Thymus vulgaris
Autographa gamma
(Linnaeus, 1758) Salvia officinalis

Hesperiidae Carcharodus alceae (Esper, 1780) Lysimachia arvensis Thymus vulgaris

Lycaenidae

Lycaena alciphron
(Rottemburg, 1775) Althaea officinalis Thymus vulgaris

Lycaena phlaeas (Linnaeus, 1761)
Polygonum aviculare

Thymus vulgarisPortulaca oleracea
Ranunculus muricatus

Nymphalidae

Aglais urticae (Linnaeus, 1758) Althaea officinalis Helichrysum italicum

Vanessa atalanta (Linnaeus, 1758)
Althaea officinalis

Convolvulus arvensis
Ecballium elaterium

Salvia officinalis
Thymus vulgaris

Vanessa cardui (Linnaeus, 1758) Ranunculus muricatus Thymus vulgaris
Lasiommata megera
(Linnaeus, 1767) Polygonum aviculare Salvia officinalis

Thymus vulgaris
Pararge aegeria (Linnaeus, 1758) - Thymus vulgaris

Papilionidae
Iphiclides podalirius
(Linnaeus, 1758) - Helichrysum italicum

Papilio machaon Linnaeus, 1758 Dittrichia viscosa

Pieridae

Colias croceus (Geoffroy, 1785) Ecballium elaterium Thymus vulgaris
Gonepteryx cleopatra
(Linnaeus, 1767) - Thymus vulgaris

Pieris brassicae (Linnaeus, 1758)
Capsella bursa-pastoris

Thymus vulgarisRaphanus raphanistrum
Sinapis arvensis
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Table 1. Cont.

Order Family Species
Wild Plants in the

Inter-Rows
Consociated Plants

in the Row

Pieris mannii (Mayer, 1851) Beta vulgaris

Pieris rapae (Linnaeus, 1758) Portulaca oleracea
Sinapis arvensis Thymus vulgaris

Diptera Syrphidae

Episyrphus balteatus
(DeGeer, 1776) * - Thymus vulgaris

Eupeodes luniger (Meigen, 1822) * Ranunculus muricatus
Eristalinus taeniops
(Wiedemann, 1818)

Beta vulgaris
Polygonum aviculare Thymus vulgaris

Eristalis tenax (Linnaeus, 1758) - Helichrysum italicum
Thymus vulgaris

Syritta pipiens (Linnaeus, 1758) Portulaca oleracea
Predators

Neuroptera Chrysopidae
Chrysopa viridana Schneider, 1845 - Thymus vulgaris
Chrysoperla carnea
(Stephens, 1836)

Ranunculus muricatus Salvia officinalis
Beta vulgaris Helichrysum italicum

Coleoptera Coccinellidae

Chilocorus bipustulatus
(Linnaeus, 1758) Ecballium elaterium Thymus vulgaris

Coccinella septempunctata
Linnaeus, 1758

Amaranthus retroflexus Helichrysum italicum
Diplotaxis erucoides Salvia officinalis

Hippodamia variegata
(Goeze, 1777) Cerinthe major -

Propylea quatuordecimpunctata
(Linnaeus, 1758) Althaea officinalis -

Scymnus interruptus
(Goeze, 1777) Salvia officinalis Senecio vulgaris

Scymnus subvillosus
(Goeze, 1777) Diplotaxis erucoides

64



Plants 2022, 11, 545

T
a

b
le

2
.

Se
as

on
al

pr
es

en
ce

of
A

po
id

ea
sp

ec
ie

s
in

th
e

ex
pe

ri
m

en
ta

lf
ar

m
of

Pa
la

zz
el

li
du

ri
ng

th
e

ye
ar

s
20

20
–2

02
1.

Y
e
a
rs

H
y

m
e
n

o
p

te
ra

Ja
n

u
a
ry

F
e
b

ru
a
ry

M
a
rc

h
A

p
ri

l
M

a
y

Ju
n

e
Ju

ly
A

u
g

u
st

S
e
p

te
m

b
e
r

O
ct

o
b

e
r

N
o

v
e
m

b
e
r

D
e
ce

m
b

e
r

2
0
2
0

2
0
2
1

C
ol

le
ti

da
e

1
H

yl
ae

us
co

rn
ut

us
√

X
A

nd
re

ni
da

e
2

A
nd

re
na

ae
ri

ni
fr

on
s

√
X

3
A

nd
re

na
bi

co
lo

ra
ta

√
X

4
A

nd
re

na
br

um
an

en
si

s
√

X
5

A
nd

re
na

di
st

in
gu

en
da

√
√

X
X

6
A

nd
re

na
la

bi
al

is
√

√
X

X
7

A
nd

re
na

ni
gr

oa
en

ea
√

√
X

X
8

A
nd

re
na

pi
lip

es
√

√
X

X
H

al
ic

ti
da

e
9

H
al

ic
tu

s
fu

lv
ip

es
√

√
√

√
X

X
10

H
al

ic
tu

s
qu

ad
ri

ci
nc

tu
s

√
√

√
X

X
11

H
al

ic
tu

s
sc

ab
io

sa
e

√
√

√
√

X
X

12
La

si
og

lo
ss

um
m

al
ac

hu
ru

m
√

√
X

M
eg

ac
hi

lid
ae

13
H

er
ia

de
s

ru
bi

co
la

√
√

√
√

X
X

14
O

sm
ia

la
tr

ei
lle

i
√

√
X

X
15

O
sm

ia
si

gn
at

a
√

X
16

R
ho

da
nt

hi
di

um
si

cu
lu

m
√

√
X

X
17

M
eg

ac
hi

le
si

cu
la

√
√

X
X

A
pi

da
e

18
X

yl
oc

op
a

vi
ol

ac
ea

√
√

√
√

√
√

√
X

X
19

C
er

at
in

a
cy

an
ea

√
√

X
X

20
N

om
ad

a
di

sc
re

pa
ns

√
X

21
N

om
ad

a
di

st
in

gu
en

da
√

X
22

Eu
ce

ra
al

gi
ra

√
√

X
23

Eu
ce

ra
eu

cn
em

id
ea

√
√

√
X

X
24

Eu
ce

ra
ni

gr
es

ce
ns

√
√

√
X

X
25

Eu
ce

ra
ni

gr
ila

br
is

√
X

26
Eu

ce
ra

nu
m

id
a

√
√

X
X

27
Eu

ce
ra

or
an

ie
ns

is
√

√
√

X
X

28
A

m
eg

ill
a

ga
rr

ul
a

√
√

X
X

29
A

m
eg

ill
a

qu
ad

ri
fa

sc
ia

ta
√

√
√

X
X

30
A

nt
ho

ph
or

a
di

sp
ar

√
√

√
√

X
X

31
A

nt
ho

ph
or

a
pl

um
ip

es
sq

ua
le

ns
√

√
√

√
X

X
32

Bo
m

bu
s

pa
sc

uo
ru

m
si

ci
lie

ns
is

√
√

√
√

√
X

X
33

Bo
m

bu
s

te
rr

es
tr

is
√

√
√

√
√

√
√

√
X

X

65



Plants 2022, 11, 545

The 23 species of Lepidoptera reported belong to nine different families, Sphingi-
dae (three species), Sesiidae (one species), Geometridae (two species), Noctuidae (two
species) Hesperiidae (one species), Lycaenidae (two species), Nymphalidae (five species),
Papilionidae (two species), and Pieridae (five species), and 17 genera (Table 1).

Five species (and five genera) of Diptera were found belonging to the Syrphidae
family. The adults of these species are pollinators of spontaneous plants; however, the
larvae have different trophic regimes. For example, larvae of Episyrphus balteatus (DeGeer),
and Eupeodes luniger (Meigen) are predators of aphids, while those of Eristalinus taeniops
(Wiedemann), Eristalis tenax (L.), and Syritta pipiens (L.) are scavengers [38].

Furthermore, regarding predator insects, two species of Neuroptera Chrysopidae and
six species of Coleoptera Coccinellidae were found; among these, one species feeds mainly
on coccids, while the others feed mainly on aphids.

2.2. Spontaneous Flora Distribution and Diversity

The complete list of the spontaneous flora species found in the field, as well as the
time (spring or autumn) and the area in which they were recorded (inter-row or intra-
row), is reported in Table 3. A total of 40 species of plants are listed. Among these,
five species, Amaranthus retroflexus L. (AMARE), Cynodon dactylon (L.) Pers. (CYNDA),
Cyperus rotundus L. (CYPRO), Polygonum aviculare L. (POLAV), and Portulaca oleracea L.
(POROL), were found in each period and position. In spring, 28 species of plants were
detected: 14 of them both in the intra-row and inter-row, and the remaining 14 exclusively
in the intra-row. On the contrary, no exclusive species in the inter-row were observed. In
autumn, 26 species were observed, and only eight grew both in inter-row and intra-row. In
this period, six species were exclusive in the inter-row while 11 species were found only
along the row.

Regarding the weed monitoring achieved in spring in the inter-row, in MT treat-
ments, most of the space (70%) was classified as bare soil, while the predominant sponta-
neous plants were Portulaca oleracea (POROL) (11%) and Convolvulus arvensis L. (CONAR)
(7%), even though the quantity was lower compared to the ZT treatment. In these areas,
the bare soil was in less quantity (18%), and the predominant spontaneous plant was
Papaver rhoeas L. (PAPRH) (almost 40% of the total space was occupied from this plant),
followed by Beta vulgaris L. (BEAVX) (almost 25%).

In terms of the distribution of the weed community during spring in the intra-rows,
in the MT treatment, the prevalent species found were Portulaca oleracea (POROL) (13%)
and Cynodon dactylon (CYNDA) (10%), while the remaining weeds showed a distribution
more or less constant along the intra-rows. Regarding the frequency and distribution of the
spontaneous flora community in the intra-rows in ZT treatments, Papaver rhoeas (PAPRH)
was present in a larger proportion (27%) compared to the others, followed by Beta vulgaris
(BEAVX) (10%). The presence of other weed species was similar to that observed in the
tillage blocks even if, in the control, Papaver rhoeas (PAPRH) covered about 60% of the soil.

In the autumn survey, it was observed how the vegetation developed almost exclu-
sively along the rows due to the presence of irrigation, whereas, in the inter-row, a high
percentage of bare soil (MT 96%; ZT 77%) was registered. Along the row, there was a signif-
icant increase in the space occupied by ASC species, particularly sage and lemongrass, and,
for both MT and ZT, the most represented spontaneous species was Setaria verticillata (L.) P.
Beauv. (SETVE).
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Table 3. List of the spontaneous flora species detected in spring and in autumn in both the inter-row
and the intra-row of the experimental field ‘long-term trial on organic olive (BiOlea)’ at Palazzelli.

Spontaneous Flora Species Family EPPO Code

Spring Autumn

Inter-Row

Intra-
Row

Inter-Row

Intra-RowZero
Tillage

Minimum
Tillage

Zero
Tillage

Minimum
Tillage

Amaranthus retroflexus L. Amaranthaceae AMARE + + + + + +
Arum maculatum L. Araceae ABGMA - - + - - -
Avena sterilis L. Poaceae AVEST + - + - - -
Beta vulgaris L. Chenopodiaceae BEAVX + + + + + +
Brassica nigra (L.) W.D.J. Koch Brassicaceae BRSNI - - + + + -
Capsella bursa-pastoris (L.) Medik. Brassicaceae CAPBP - - + + + -
Convolvolus arvensis L. Convolvulaceae CONAR - + + + + -
Cynodon dactylon (L.) Pers. Poaceae CYNDA + + + + + +
Cyperus rotundus L. Cyperaceae CYPRO + + + + + +
Dactylis glomerata L. Poaceae DACGL + - + - - -
Digitaria sanguinalis (L.) Scop. Poaceae DIGSA - - + - - +
Dittrichia viscosa (L.) Greuter Asteraceae INUVI - - + - - -
Ecballium elaterium (L.) A. Rich. Cucurbitaceae ECBEL - - + - - +
Elymus repens (L.) Gould Poaceae AGGRE - - - + + -
Erigeron canadensis L. Asteraceae ERICA - - - - - +
Euphorbia prostrata Aiton Euphorbiaceae EPHPT - - - - - +
Fumaria officinalis L. Papaveraceae FUMOF + + + + - -
Lactuca sativa subsp. serriola (L.)
Galasso, Banfi, Bartolucci &
Ardenghi

Asteraceae LACSE + + + - - -

Lamium amplexicaule L. Lamiaceae LAMAM - - - - - +
Lolium perenne L. Poaceae LOLPE + + + - - -
Lysimachia arvensis (L.) U. Manns
& Anderb. Primulaceae LYSAR - - + - - -

Malva sylvestris L. Malvaceae MALSY - - + + + -
Myosotis arvensis (L.) Hill Boraginaceae MYOAR - - + - - -
Oxalis pes-caprae L. Oxalidaceae OXAPC - - - - - +
Papaver rhoeas L. Papaveraceae PAPRH + + + - - -
Polygonum aviculare L. Polygonaceae POLAV + + + + + +
Portulaca oleracea L. Portulacaceae POROL + + + + + +
Ranunculus muricatus L. Ranunculaceae RANMU - - + - - -
Raphanus raphanistrum L. Brassicaceae RAPRA - - + + + +
Senecio vulgaris L. Asteraceae SENVU - - + - - +
Setaria verticillata (L.) P. Beauv. Poaceae SETVE - - - + + +
Sinapis arvensis L. Brassicaceae SINAR - - + - - -
Solanum nigrum L. Solanaceae SOLNI - - - - - +
Sonchus asper subsp. glaucescens
(Jord.) Ball Asteraceae SONAR - - - - - +

Sonchus oleraceus L. Asteraceae SONOL - - - - - +
Stellaria media (L.) Vill. Caryophyllaceae STEME - - - - - +
Triticum spp. Poaceae - - - + - - -
Urtica dioica L. Urticaceae URTDI - + + - - -
Veronica peregrina L. Plantaginaceae VERPG - - - - - +
Total richness (No. species) 12 12 28 14 13 20

A principal component analysis (PCA) was carried out to evaluate the effect of the
ASC on the development, quantity, and distribution of the weed community. With respect
to soil management data analysis, Component 1 explained 20.97% of the total variability,
while Component 2 explained 15.71% (Table 4). According to the PCA results relative to
the spring and autumn analysis, as shown in Figure 1A,B for the spring stage, there were
no significant differences in terms of distribution between the plots analyzed. Regarding
the distribution of the spontaneous flora community in the inter-row with different soil
management (ZT and TI) (Figure 1A), weed species appeared divided into four main
groups (Figure 1A) characterizing the community: perennial species (namely CONAR,
CYNDA, and CYPRO), AMARE, POROL, and DACGL (group 1) were negatively correlated
to POLAV, URTDI, BETVU, FUMOF, and LACSE (group 2), and PAPRH (group 3), whereas
two completely independent grass species appeared, AVEST and LOLPE (group 4). Despite
this, PCA did not show clear differences in terms of abundance and distribution. On the
other hand, the zero-tillage community was characterized by the presence of AVEST and
LOLPE, whereas BETVU (BEAVX) and URTDI showed a higher relationship with minimum
tillage (Figure 2A,C). At this stage (spring), the intra-rows with sage, lemongrass curry
plant, and thyme living mulch and control all presented a weed community where all the
specimens had an average distribution, with some peak presence of AMARE in sage mulch
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rows and of SETVE in the control row (Figure 2B,D). These records are an overview of
1 year of the field trial and still need to be re-evaluated in the long term management of the
orchard. Similar results were obtained for the second assessment in autumn (not shown).

Table 4. (A,B) Principal component analysis (PCA) eigenvalues and percentage variance of the
studied samples from experimental trial in relation to the inter-row (A) and intra-row (B) management
in spring.

A B

PC Eigenvalue % Variance PC Eigenvalue % Variance

1 3.36 20.97 1 3.02 11.17
2 2.51 15.71 2 2.38 8.80
3 2.41 15.08 3 2.15 7.95
4 1.78 11.13 4 1.87 6.93
5 1.30 8.15 5 1.53 5.67
6 1.25 7.80 6 1.49 5.50
7 1.19 7.41 7 1.39 5.17
8 0.68 4.24 8 1.26 4.67
9 0.55 3.42 9 1.13 4.17
10 0.44 2.77 10 1.12 4.14
11 0.26 1.60 11 1.04 3.86
12 0.20 1.23 12 1.01 3.76
13 0.05 0.29 13 0.94 3.49
14 0.02 0.13 14 0.89 3.30
15 0.01 0.07 15 0.85 3.16

16 0.77 2.86
17 0.71 2.62
18 0.65 2.39
19 0.58 2.14
20 0.52 1.93
21 0.38 1.42
22 0.35 1.30
23 0.26 0.97
24 0.23 0.84
25 0.19 0.69
26 0.16 0.58
27 0.13 0.50
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Figure 1. (A,B) Principal component analysis (PCA) ordination diagram (biplot) depicting the
localization of the studied samples from the experimental trial in relation to the inter-row (A) and
intra-row (B) management.
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Figure 2. Spontaneous flora species covering percentage in spring (A) and autumn (C) over the inter-
row and along the intra-row (B,D) of the experimental field ‘long-term trial on organic olive (BiOlea)’.

2.3. Plant Growth Analysis

In terms of the produced biomass removed with winter pruning (in February), the
most abundant quantity was recorded for the NE cultivar in both soil treatments. In
September, the quantity of emitted material (suckers and shoots removed from the trunk)
was the highest in NE-MT (Figure 3). Concerning the shoot growth monitoring, despite the
absence of significant differences among treatments, a better performance for NE in both
soil treatments was observed. In general, the growth rate was about 10–12 cm between day
of the year (DOY) 145 and 180, about 8–10 cm between DOY 180 and 210, 2–3 cm between
DOY 210 and 239, and 2–3 cm between DOY 239 and 272 (Figure 4). The plant growth
response to the applied soil management is reported in Table 5. The trunk cross-sectional
area reached the highest growth for both cultivars in the zero-tillage soil management.
The canopy height increase (approximately 30%) was similar among treatments, although
NE-ZT showed the highest growth. The trunk cross-sectional area (TCSA) showed more
variable results, with NE-ZT and NB-ZT showing the highest growth (+105% and 96%,
respectively), while NB-TI showed an expansion of about 48% and NE-TI of just 17%.
According to the data presented in Figure 4, all variables had the same rate of growth, with
an increase of about 10–12 cm between DOY 145 and 180, 8–10 cm between DOY 180 and
210, 2–3 cm between DOY 210 and 239, and 2–3 cm between DOY 239 and 272. This trend
is in accordance with the normal development of the olive trees during their young phase,
as well as with the climatic data and water intake registered during the trial.
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Figure 3. Influence of soil management strategy on winter pruning and sucker mass produced
(ns = not significant within each parameter; bars indicate standard deviation) according to Tukey’s
HSD test, for each treatment and parameter. * Comprehensive record of the shoots weight grown
from the ground level to the branch insertion.

Figure 4. Influence of soil management strategy on mixed shoot growth (ns = not significant)
according to Tukey’s HSD test, for each treatment and parameter.

71



Plants 2022, 11, 545

Table 5. Influence of soil management strategy on olive tree growth in pre-growing season on
15 December 2020 as compared with plant growth in autumn on 15 October 2021 and percentage
increase. Means indicated by different letters are significantly different (lowercase p ≤ 0.05, ±standard
deviation) according to Tukey’s HSD test, for each treatment and parameter. ns = not significant.

15 December 2020 15 October 2021 Percentage Increase (Δ%)

Treatment
Trunk Cross-

Sectional Area
(cm2)

Canopy Height
(cm)

Canopy

Volume (m3)

Trunk Cross-
Sectional Area

(cm2)

Canopy Height
(cm)

Canopy

Volume (m3)

Trunk
Cross-

Sectional
Area
(Δ%)

Canopy
Height
(Δ%)

Canopy
Volume

(Δ%)

Nocellara
etnea—

minimum
tillage

6.32 ± 2.4 ab 103.9 ± 22.06 a 0.29 ± 0.11 ns 13.7 ± 2.69 b 152.6 ± 23.43 ns 1.55 ± 0.38 a 117 146 542

Nocellara del
Belice—

minimum
tillage

4.99 ± 2.09 b 72.5 ± 18.65 b 0.21 ± 0.09 ns 12.4 ± 2.74 b 105.8 ± 22.31 ns 0.73 ± 0.19 b 148 145 339

Nocellara
etnea—zero

tillage
8.87 ± 2.03 a 82.6 ± 31.68 ab 0.32 ± 0.12 ns 18.2 ± 2.23 a 143.1 ± 29.29 ns 1.23 ± 0.22 a 205 173 387

Nocellara del
Belice—zero

tillage
4.13 ± 2.09 ab 82.13 ± 21.65 ab 0.34 ± 0.10 ns 8.1 ± 3.87 b 120.5 ± 28.20 ns 1.05 ± 0.19 b 196 146 438

3. Discussion

This study focused on three key indicators in agro-ecosystems: (1) the insect com-
munity, (2) the spontaneous flora diversity, and (3) the young olive response in terms of
vegetative growth. Therefore, in our study, the entire soil–plant–atmosphere continuum
(SPAC) was analyzed.

The entomological study was performed in terms of both pollinators and natural
enemies. The research was conducted in an olive orchard located on a farm in a dis-
trict with high relevance for citrus and other fruit crops. The collected Apoidea were
observed on 23 species of wild plants, comprising a total of 23 plant genera within
16 plant families (Tables 1 and 2). The Asteraceae family was that frequented by the
greatest number of pollinators (15 species), followed by Brassicaceae (12 spp.) and Ra-
nunculaceae (five spp.) (Table 3). On the consociated plants, 39 species of pollinators
were observed, 25 on Thymus vulgaris, 12 on Salvia officinalis (Lamiaceae), and nine on
Helichrysum italicum (Asteraceae).

Currently, 686 species of bees are known in Sicily [39]. The comparison of bee fauna in
the Palazzelli agro-ecosystem evidenced a total of 33 species (4.8% of the species known for
the Sicilian fauna) belonging to Colletidae (one species) Andrenidae (seven spp.), Halictidae
(four spp.), Megachilidae (five spp.), and Apidae (16 spp.) families.

The order Lepidoptera, the second most important group, was present with 23 species,
comprising 16 butterflies and eight moths.

In terms of wild bees, it is significant to note that 72.72% (24 species) of the overall
species nest in the ground, and their existence depends on the typology of soil manage-
ment. In recent years, various regional surveys have focused on the biodiversity of these
populations and the agroecological role of these two groups of insects [40–42] or as specific
pollinators of crops [43–46].

In order to maintain Apoidea biodiversity, management practices should take into
account that most species of wild bees nest in the ground [47], and different agronomic
practices, including tillage of the land, usually render crops an unsuitable habitat for wild
bees, especially in intensive management [48]. In particular, deep tillage and total removal
of spontaneous vegetation represent a serious problem for the foraging and nesting of
these pollinators [49]. Therefore, in agricultural environments, wild bees need semi-natural
habitats for nesting, obtaining the floral resources, and overwintering. The elements of the
landscape, in the field and around the field, also have the function of habitat for fauna in
general and, in this context, of ecological corridors in intensely cultivated and biodiversity
conservation areas [50,51]. It is also necessary to consider how useful effects are particularly
important in Mediterranean agro-ecosystems subject to desertification [52–56].
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The consociated plants in the intra-row were visited by 62.3% (43 species) of collected
insects, 62.2% of all pollinators and 62.5% of all predators. Overall, 15.9% (11 species) of
all reported insects were found only on consociated plants, 16.3% of pollinators and 12%
of predators.

In our trial, conservative models were also proposed to increase soil fertility and
biodiversity (insects and spontaneous flora in the inter-row), reducing the costs for soil
management and improving the spontaneous flora control along the row. Our findings
evidence small differences between the two soil management strategies. In particular,
minimum tillage showed a higher reduction in weed presence at both sampling times
(spring and autumn) as confirmed by the higher bare soil cover than in the zero-tillage
system (Figure 3). This result evidence how single tillage is an efficient weed management
strategy. On the other hand, ZT showed a higher weed cover than MT and a higher richness
(data not shown). Nevertheless, ZT in spring showed the selection of perennial species
(namely, CONAR, BEAVX, CYPRO, and LOLPE; Figure 2A,C) and a higher characterization
of some grass-like species (AVEST and LOLPE; Figure 2B,D). This result is in line with
previous findings on zero tillage as a filter to shift the community toward grassy annual and
perennial species [57,58], representing a risk in terms of competition with young orchards.

The living mulches realized along the row showed different effects according to the
adopted species. In spring, only sage covered the main portion of the soil, due to its
habitus. In autumn, 6 months after planting, the sage showed a complete hedgerow, and
the consociated flora was observed just at the ground level under the plants. Similarly,
lemongrass, despite forming an almost dense hedgerow, completely prevented weed
growth under the plants thanks to its strong tillering ability, while allowing growth between
plants. Therefore, these species contributed to creating a wide soil cover before the winter
season and improved the soil performance [59]. Thyme and curry plant recorded the lowest
growth and showed reduced power for competition with the spontaneous flora. However,
in these cases, the spontaneous flora had a role in the preservation of the essences during
summer since they covered the little plants and permitted them to survive during this
season. Perhaps, for these essences, two growing seasons are required to reach a complete
hedgerow. Therefore, in the inter-row, lemongrass and sage reduced the need for further
soil management. The adopted living mulches reduced the propagation of weeds without
reducing the vigor and growth of olive trees. It is possible to assume that the distance from
the trunk of the young olive trees to the plants of living mulch was about 40 cm, and it did
not significantly affect the olive growth. It is important to highlight that the irrigation lines
played a strong role for both the olives trees and the consociated species. Since the olive
trees were young, full irrigation was useful to reach high growth rates as shown by the
increase registered in morphological parameters (Figures 3 and 4, and Table 5). Among
these, the canopy volume exhibited strong growth. According to our findings, it is possible
to hypothesize two drip lines for differentiated irrigation between olive trees and living
mulch species. From a practical point of view, in areas with hot and dry summers, planting
in the field is possible in autumn or in spring. One plant every 50 cm is enough to boost
the growth of the living mulch along the row, but it is important to consider that, after 6
months, the removal of the lines from the row is very difficult; therefore, positioning above
the ground level is preferred.

In general, the obtained hedgerows could represent an integrative crop for a secondary
income for the farmer, such as food, feed, or industrial products, increasing the resilience
of the system to pest incidence and market volatility [60].

4. Materials and Methods

4.1. Site Description, Experimental Design, and Treatments

The study was carried out between June 2019 and October 2021, in the ‘long-term
trial on organic olive (BiOlea)’, of the experimental farm of the Council for Agricultural
Research and Economics (CREA), Research Center for Olive, Tree Fruit, and Citrus located
at Palazzelli (Lentini district, Syracuse), Sicily, Italy, (latitude 37.17′′ N, longitude 14.50′′
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E, elevation 45 m a.s.l.). The experiment focused on a young olive orchard, planted with
two Sicilian main double aptitude olive cultivars ‘Nocellara del Belice’ (NB) and ‘Nocellara
etnea’ (NE), grafted onto seedling rootstocks. Trees were planted in May 2019, in north–
south-oriented rows, at a spacing of 6 m between rows and 5 m within the row. The
adopted training system, since the first winter pruning season (February 2020), was the
polyconic vase, aiming to maintain three main branches. Trees were drip-irrigated early in
the morning three times per week, from June to September. Irrigation volume scheduling
was based on the FAO-56 Penman–Monteith (P–M) approach [61,62], adjusted by the
variable crop coefficient (kc) from 0.15 in the first growing season to 0.34 in the second
one [63]. Each of the four drippers per tree emitted 2 L·h−1, for a total of 8 L·h−1, with an
operational pressure of 1 bar. Plants were fully irrigated, corresponding to 95–98% of crop
evapotranspiration, ETc. The electrical conductivity of the water (at 25 ◦C) was 2.02 dS·m−1

and the pH was 7.30. Only organic fertilization was applied at the plantation.
The trial was designed as a split-plot system with four blocks of 10 rows with five

plants each (Figure 5). The main plot was assigned to soil management practice comparing
two systems: (1) minimum tillage (MT) consisting of one tillage (15 cm depth) performed
at the end of the winter (first week of March) and (2) zero tillage (ZT) consisting of soil
managed only through mechanical shredding, performed twice per year: at the end of the
winter, in the same period of MT (first week of March), and at the beginning of summer
(four week of June). The sub-plot was assigned to the variety alternating a row with NB and
a row with NE, so that compared treatments were (1) Nocellara del Belice—minimum tillage
(NB-MT), (2) Nocellara del Belice—zero tillage (NB-ZT), (3) Nocellara etnea—minimum
tillage (NE-MT), and (4) Nocellara etnea—zero tillage (NE-ZT).

Figure 5. ‘Long-term trial on organic olive (BiOlea)’ experimental field design within the experimental
farm of the CREA, Research Center for Olive, Tree Fruit, and Citrus located at Palazzelli, Sicily, Italy
(latitude 37.17′′ N, longitude 14.50′′ E, elevation 45 m a.s.l.), with indications of the index plants and
the samples points.

For the specific activity of this study, on 15 March 2021, a living mulch system was
set down along the row using four officinal species as agro-ecological service crops (ASCs)
planted at a distance of 0.5 m: (1) sage (Salvia officinalis L.), (2) thyme (Thymus vulgaris L.),
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(3) curry plant (Helichrysum italicum (Roth) G. Don), and (4) lemongrass (Cymbopogon citratus
(DC) Stapf). No living mulch between trees along the row was used as control (C), but the
spontaneous flora was maintained. Inter-row soil management was used as a factor for
field spontaneous flora assessment and for plant growth monitoring in both cultivars. The
soil management and the living mulch interactions along the row were used both for the
spontaneous flora and for the entomological assessments.

4.2. Soil Analysis and Climatic Data

At planting, soil characteristics were analyzed at 20–40 cm depth by three samplings
per plot. Soil physical and chemical characteristics are reported in Table 6. Regarding
physical characteristics, the quantity and distribution of sand, clay, and silt was obtained
by particle-size analysis using the “micro-pipette” method [64]. In terms of chemical
properties, total nitrogen (N), organic matter (OM), soil extractable phosphorus (mg/kg),
soil exchangeable potassium (meq/100 g), cation exchange capacity, pH, and electrical
conductivity (EC) determinations were determined as described in [65–71]. Total nitrogen
was measured by Kjeldahl digestion using a Buchi Labortechnik GmbH N analyzer, and
organic matter (OM) was measured by quantifying total organic carbon (TOC, mg·kg−1).
TOC was analyzed by means of elemental analyzer LECO (RC-612; St. Joseph, MI, USA)
using a dry combustion method. Soil exchangeable potassium (meq/100 g) was determined
in a solution of barium chloride and triethanolamine at pH 8.2 (2 g of soil: 25 mL). Cationic
exchange capacity was analyzed by the BaCl2 compulsive exchange method. The pH and
EC determinations were carried out on a HI 9813 portable EC meter (Hanna Instruments,
Woonsocket, RI, USA) and an AB 15 pH meter (Thermo Fisher Scientific, Waltham, MA,
USA), respectively. Inductively coupled plasma optical emission spectrometry, ICP-OES,
was conducted using an Optima 2000 DV, PerkinElmer Inc. Shelton, CT, USA). According
to the United States Department of Agriculture (USDA) scheme, the olive-grove soil is
classified as loamy sand [72]. The soil pH is subalkaline, and electrical conductivity is
considered low [73].

Table 6. Main soil physical and chemical properties at the experimental field ‘long-term trial on
organic olive (BiOlea)’.

Parameter Unit Measure Value

Sand % 60
Silt % 21

Clay % 19
pH 7.8

Electrical conductivity (1:2.5) dS/m 0.26
Organic matter % 2.69

Total nitrogen (N) ‰ 0.140
Exchangeable phosphorus (P) ppm P 53
Exchangeable potassium (K) ppm K 3628

Cation exchange capacity
(CEC) meq/100 g 64.98

Climatic data, namely, monthly minimum, mean, and maximum air temperature,
global solar radiation, rainfall, reference evapotranspiration (ET0), cultural evapotranspira-
tion (ETc), and vapor pressure deficit, registered at the experimental field, were collected
from an agro-meteorological station located in the experimental farm (Figure 6). The
climate of the region is typical Mediterranean, with hot and dry summers. According
to the available meteorological data (30 years, not shown), annual mean reference rain-
fall is about 550 mm, and the maximum temperature in summer during daytime often
reaches 38–40 ◦C [74]. During the trial, the site’s climate was characterized by mild and
wet winters, while the summers were semiarid (first and second) and dry (third) in which
no rainfall was recorded from May to August. The annual average temperature was
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18.29 ◦C. The lowest minimum temperatures were recorded in January and February.
Mean temperature values were always above 22 ◦C from April to November.

Figure 6. Monthly minimum, average, and maximum air temperature and solar radiation, rainfall,
reference and cultural evapotranspiration, and vapor pressure deficit registered in the experimental
field ‘long-term trial on organic olive (BiOlea)’.

4.3. Entomological Samplings and Analysis

Entomological studies, regarding pollinators (Hymenoptera Apoidea, Lepidoptera,
and Diptera Syrphidae) and predator insects (Neuroptera and Coleoptera Coccinellidae),
were carried out twice per month, from March 2020 to October 2021. In particular, from
1 March 2020 to 28 February 2021, insects were collected from 2500 m2 for each of the two
soil management areas (125 m2 each inter-row × 5 rows × 4 blocks = 2500 m2) for a total of
5000 m2. From 1 March 2021 to 31 October 2021, a defined linear transect of 25 m each in
eight replicates (25.8 = 200 m) was used for the assessments of the beneficial insects along
the row.

Specimens were collected with the net technique, from 10:00 a.m. to 4:00 p.m., on
flowers (pollinators) and vegetative organs (predators) of the spontaneous and planted (in-
tercropping) plant species. All specimens were transferred in the laboratory, dry prepared,
and identified, when necessary, through the observation of sexual structures. The month of
collection, number of specimens, and visited plants are given for all species. Specimens
of wild bees were identified using the taxonomic keys in [75–77], as Lepidoptera [78],
Diptera Syrphidae [38], Coleoptera Coccinellidae [79,80], and Neuroptera [81]. The classifi-
cation followed Michener [47] for supra-specific taxa, and their nomenclature was according
to [82,83]. The examined specimens were preserved in the collections of the authors and in
the entomological collection of CREA-OFA of Acireale.
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4.4. Spontaneous Flora Assessment and Analysis

Weed abundance and community composition and diversity were evaluated and mon-
itored twice during the experiment: at the start of spring on 25 March 2021 and in autumn
on 6 October 2021 at day of the year (DOY) 141 and 255, respectively, corresponding to the
stages of maximum development of the natural cover (i.e., spring and autumn). At each
sampling stage, weed cover (i.e., the percentage of the surface area of the quadrat covered
by weeds) was evaluated at a species level by randomly placing three 1.0 m2 quadrats
within each block per soil management in the inter-row (3 squares × 4 subplots × 2 soil
managements = 24) and three 1.0 m2 quadrats for each intercropping species in each
intra-row, in all blocks for each soil management (3 squares × 5 consociated species or
control × 4 subplots × 2 soil managements = 120). Density was evaluated by placing two
0.60 × 0.60 m2 quadrats in the intra-row space and four 0.25 × 0.25 m2 quadrats in each
soil management system per block. Cover and density assessment allowed providing the
total cover (%) and the total density of the community.

4.5. Tree Growth Monitoring

Biometrical measurements of the young olive trees were conducted on 15 December
2020 and on 15 October 2021, and the relative increments were calculated. Measurements
regarded the total height of the tree, the widths of the canopy (in two perpendicular
directions from the projection on the ground at noon), and the canopy height, measured
from the first primary branch insertion point to the top. The canopy volume was calculated
assuming an elliptical shape [84]. The trunk cross-sectional area (TCSA) was calculated
from the trunk circumference measured at 20 cm from the ground.

Pruning was realized on 15 February 2020, and the weight of the removed material was
recorded, while the weight per tree of new emitted suckers was recorded in October 2021.

Moreover, the total vegetative growth was obtained by measuring the length im-
provement from the beginning of the vegetative growth (15 April 2021) to the end of the
experiment (31 October 2021) of two 1 year old mixed shoots per plants, randomly selected
and labeled around the canopy of the trees at 1.0–1.2 m height from the ground.

4.6. Statistical Analysis

Analysis of variance (ANOVA) was performed with Jamovi 2.0.0 statistical software
(The jamovi project, 2021). One-way analysis of variance (ANOVA) was carried out on the
differences among the canopy treatments. A post hoc analysis based on Tukey’s HSD test
(Tukey’s honestly significant difference) was performed at a significance level (p-value) of
0.05, 0.01, and 0.001, respectively. Principal component analysis (PCA) was performed with
Past 4.03 statistical software (Oyvind Hammer), to assess the effect of the ASC along the
row, as well as the role of tillage used in the inter-row soil management in the development,
abundance, and distribution of the weed community in spring and in autumn.

5. Conclusions

The obtained results, even if preliminary, evidence the role of diversification strategies
in recovering rather than halting the loss of wild biodiversity in agricultural fields. In
particular, the agronomical techniques proposed for the young organic olive, have been
shown to be an evaluable option for promoting the presence of pollinators and, thus,
supporting the potential production. The inter-row management resulted in a diversified
spontaneous flora community, more service provider than competitor. In addition, the
wild plants on the row had a sheltering effect on the living mulch species during the hot
period, demonstrating a flow of services between the components of the agroecosystem.
Among the studied living mulch species, sage and lemongrass were able to create an almost
continuous hedge along the row and a semi-full soil cover, thus reducing the need for
weed management in the intra-row soil strip and improving the beneficial insects without
influencing the plant growth.
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In a nutshell, current results indicated that the agroecological practices adopted in-
crease the richness of the biota and, hence, the complexity of the Arthropod fauna in
terms of number of species and taxonomic complexity. The knowledge of the two groups
of insects investigated is of primary importance for evaluating the local populations of
pollinators and predators of wild and cultivated plants.
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Abstract: Weeds are among the major issues responsible for reduction in yield and profit in any
crop production system. Herbicides are the easiest and quickest solution of weeds; however, their
frequent use exert negative consequences on environment, human health, and results in the evolution
of herbicide-resistant weed species. Due to these reasons, alternative weed management methods
that are less harmful to environment and human health are needed. This two-year study evaluated
the impact of different weed management options, i.e., false seedbed (FS), allelopathic water extracts
(AWE), chemical control (CC), weed-free (WF) weedy-check (WC) on weed spectrum in various barley-
based cropping systems, i.e., fallow-barley (FB), maize-barley (MB), cotton-barley (CB), mungbean-
barley (M*B), and sorghum-barley (SB). Data relating to density, diversity, and biomass production of
weed species prevailing in the studied cropping systems were recorded. Interactive effect of weed
management methods and barley-based cropping systems significantly altered weed diversity, and
densities of individual, broadleaved, and grassy weeds. A total 13 weed species (ten broadleaved and
three grass) were recorded during both years of study. The highest dry biomass, diversity, and density
of individual, broadleaved, and grassy weeds were noted in WC treatment, whereas WF treatment
resulted in the lowest values of these traits. Chemical control resulted in the highest suppression
of weed flora and improved dry biomass production of barley followed by AWE. The SB cropping
system with CC or AWE resulted in the least weed flora. The M*B cropping system with CC or AWE
produced the highest dry biomass of barley. It is concluded that including sorghum crop in rotation
and applying AWE could suppress weeds comparable to herbicides. Similarly, including mungbean
in rotation and applying AWE could increase dry biomass production of barley. In conclusion,
herbicides can be replaced with an eco-friendly approach, i.e., allelopathy and inclusion of sorghum
crop could be helpful in suppressing weed flora.

Keywords: weeds; allelopathy; barley; false seedbed; cropping system

1. Introduction

Barley (Hordeum vulgare) is the fourth major cereal in terms of production globally
after wheat, maize, and rice. Barley is grown for fodder, brewing, human food, and
in the production of malt around the world [1,2]. Barley is cultivated in ~100 different
countries [3]. It performs better in low rainfall areas where other crops fail to establish and
can survive under adverse environmental and conditions [4,5]. However, it gives better
production on moderately saline soils and higher salinity could obstruct its growth leading
to reduced yield [6]. Barley is tolerant to several abiotic and biotic conditions; nonetheless,
weed infestation can significantly reduce its yield and productivity [7–9].
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Weeds exert negative impacts on quality and quantity of agricultural products; thus,
reduce farmers’ profits to a significant extent [10]. Weeds compete with crop plants either
through competing for moisture, sunlight, nutrients, and space or through secreting allelo-
chemicals, which adversely impact seed germination and growth of crop plants [11–13].
Nevertheless, weeds produce significant number of seeds, which are deposited to soil
seed bank; thus, laying the foundation for future weed infestation [14–16]. Therefore,
weeds must be controlled to reduce weed seed bank in soil and crop yield losses [17,18].
Several weed management methods, i.e., cultural, chemical, mechanical, and biological
are opted to suppress the growth of weed flora [19,20]. Labor unavailability and high
wages along with unreliable weed control are the main issues faced in manual/cultural
weed control [21]. Mechanical weed control, on the other hand, is expensive because of
sophisticated equipment required for each crop [22], and involves extra soil disturbance
resulting in the disruption of soil structure and reduced soil fertility [23]. Similarly, frequent
use of herbicide in chemical weed control results in the evolution of herbicide-resistant
weeds, environmental contamination, and health hazards [20,24].

Because of the disadvantages associated with the prevalent weed management meth-
ods, alternative weed control methods with low environmental contamination, health
hazards, and lesser herbicide resistance are needed [24]. Adoption of preventive weed con-
trol method like false or stale seedbeds provide effective weed control during crop growth
with less labor cost [25–27]. However, the efficacy of such methods is strongly reliant on
time available for the preparation of stale seedbeds, method used, and soil and climatic
conditions [25,26]. Recently, plant-based natural products that could serve as alternatives
to herbicides have been focused on weed management research globally [28]. Residues’
incorporation of allelopathic crops, and inclusion of such crops in rotation could improve
weed control [8,11,29]. The crops with high allelopathic potential include sunflower, rye,
wheat, rice, barley, and sorghum, which have been shown to suppress weed flora in differ-
ent crops [29–31]. The allelopathic compounds found in mulberry (tannins steroids and
phenols), sunflower (phenolic compounds and terpenes), and sorghum (sorgoleone and
phenolics) are responsible for suppression of weed flora [13,29,32–34].

Diversifying the crops to be sown on a particular area could suppress weed flora since
it has the potential to inhibit weed growth [35,36]. Selection of similar crops for longer
time periods results in the proliferation and establishment of particular weed species,
which become established and are difficult to control [37]. The inclusion of allelopathic
crops, i.e., sorghum in rotation could provide significant control over weeds compared to a
rotation having no allelopathic crop [34]. Sorghum releases various allelopathic compounds
from its grains, stems, and root hairs; thus, considered as an important candidate for
crop rotation to suppress weed flora [30,34]. Several studies explored the allelopathic
potential of sorghum as cover crop, mulch, and aqueous extracts on different weeds and
concentration-dependent, selective, and species-specific allelopathic effects have been
reported [7,8,20,38,39]. Therefore, inclusion of sorghum in barley-based cropping system
could suppress weed flora.

This two-year field experiment evaluated the effect of different weed control methods
on weed infestation and dry matter production of barley in different barley-based cropping
systems. It was hypothesized that different weed control methods will differ in weed
infestation level, density, and composition of weed flora. It was further hypothesized that
barley-based cropping systems including an allelopathic crop would have lower weed
infestation compared to those having no allelopathic crop. The results would help to
improve the weed control in barley-based cropping systems and lower the adverse impacts
of herbicides on environment and human health.
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2. Results

2.1. Weed Flora

A total 13 weed species (ten broadleaved and three grass) were recorded from the study
area during both years of the study. Of the recorded weed species, four were perennial,
whereas the remaining nine had an annual life cycle. The weed species belonged to 11
pant families, of which Asteraceae and Leguminosae were represented by two species each,
while the remaining families were represented by one species only (Table 1).

Table 1. Common and Latin names, family, and life cycle of different weed species recorded in barley
crop during both years of the study.

Species Common Name Family Life Cycle

Broadleaved weed species
Chenopodium murale L. Fat hen Amaranthaceae Annual

Melilotus indicus (L.) All. Yellow sweet clover Leguminosae Annual
Rumex obtusifolius L. Bitter dock Polygonaceae Perennial
Anagallis arvensis L. Blue pimpernel Primulaceae Annual

Chenopodium album L. Common goosefoot Amaranthaceae Annual
Sonchus arvensis L. Perennial sow thistle Asteraceae Perennial

Conyza stricta Willd. Horseweed Asteraceae Annual
Convolvulus arvensis L. Field bindweed Convolvulaceae Perennial
Medicago polymorpha L. Yellow trefoil Leguminosae Annual

Coronopus didymus L. Sm. Swine-cress Brassicaceae Annual
Grassy weed species

Polypogon monspeliensis L. Desf. Winter grass Poaceae Annual
Spergula arvensis L. Corn spurry Caryophyllaceae Annual

Bolboschoenus maritimus (L.) Palla Salt marsh Cyperaceae Perennial

2.2. Weeds Diversity (Number of Weed Species)

The interaction between barley-based cropping systems and weed control methods
(WCM) significantly altered weeds’ diversity during both years (Figure 1). During the
first year of study, the highest weed diversity was recorded in cotton-barley (CB) cropping
system with weedy-check (WC) treatment, which was like mungbean-barley (M*B) system
with WC condition. During the second year, M*B cropping system with WC and false
seedbed (FS) treatments resulted in the highest weeds’ diversity, which was similar to M*B
system with allelopathic water extracts (AWE), and CB and fallow-barley (FB) systems
with WC treatment (Figure 1). However, all cropping systems with chemical control (CC)
during the first year and sorghum-barley (SB) cropping system with CC during the second
year observed the lowest weed diversity (Figure 1).
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Figure 1. Influence of different barley-based cropping systems on weed diversity (number of weeds
species) under various weed management methods during 2017–2018 (A) and 2018–2019 (B) ±S.E. In
the legend, WF = weed free (control), WC = weedy check (control), FS = false seedbed, CC = chemical
control, AWE = allelopathic water extracts. The means sharing the same letters do not differ signifi-
cantly at p ≤ 0.05 (LSD value at p ≤ 0.05 for 2017–2018 = 1.41, 2018–2019 = 1.37).

2.3. Density of Broadleaved Weed Species

Barley-based cropping systems, WCM, and their interaction had significant effect on
the density of broadleaved weed species. The highest and the lowest density of broadleaved
weed species was noted for WC and weed-free (WF) treatments, respectively (Table 2).
Chemical control resulted in higher reduction in the density of broadleaved weed species
compared to FS and AWE during both years of study. The CB and M*B cropping systems
observed the highest density of broadleaved weed species during the first and second years,
respectively, while the lowest density of broadleaved weed species was recorded for SB
cropping system during both years (Table 2). Regarding interaction, the highest density
of broadleaved weeds was recorded in CB cropping system during the first year and M*B
cropping system during the second year with WC treatment, whereas all cropping systems
(CS) with WF and CC treatments had little or no infestation of broadleaved weed species
during both years (Table 2).
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Table 2. Influence of different barley-based cropping systems on the overall density (m−2) of
broadleaved and grassy weed species under various weed management methods during 2017–2018
and 2018–2019.

Cropping Systems

2017–2018 2018–2019

WC FS CC AWE
Means

(CS)
WC FS CC AWE

Means
(CS)

Broadleaved weeds (m−2)
FB 67.00 b 30.00 f 0.33 j 39.00 d 27.27 B 84.00 b 41.33 de 0.00 k 37.67 ef 32.60 B
MB 35.67 de 18.00 h 0.00 j 16.33 h 14.00 D 33.00 gh 14.67 j 0.00 k 12.67 j 12.06 D
CB 73.00 a 34.67 e 1.33 j 47.33 c 31.27 A 67.33 c 30.00 hi 0.00 k 26.00 i 24.67 C

M*B 70.00 ab 24.00 g 0.33 j 32.33 ef 25.33 C 98.67 a 44.00 d 3.67 k 36.00 fg 36.47 A
SB 32.67 ef 9.67 i 0.00 j 11.33 i 10.73 E 29.33 hi 10.33 j 0.00 k 10.33 j 10.00 E

Means (WCS) 55.67 A 23.27 C
(58.20)

0.40 D
(99.28)

29.27 B
(47.42) 62.47 A 28.07 B

(55.06)
0.73 D
(98.83)

24.53 C
(60.72)

LSD value (p < 0.05) WCS = 1.51, CS = 1.51, WCS × CS = 3.38 WCS = 1.98, CS = 1.98, WCS × CS = 4.44
Grassy weeds (m−2)

FB 43.00 a 27.00 c 4.33 h–k 12.33 e 17.33 A 38.67 a 14.33 e–g 7.67 h 19.67 c 16.06 A
MB 9.33 f 2.67 j–m 0.67 m 4.00 i–l 3.33 D 16.67 de 6.67 h 3.00 ij 8.00 h 6.87 C
CB 39.00 b 18.00 d 5.67 hi 8.67 fg 14.27 B 37.67 a 12.00 g 5.67 hi 18.33 cd 14.73 B

M*B 29.00 c 8.33 fg 2.00 k–m 5.00 h–j 8.86 C 40.00 a 15.00 ef 3.33 ij 22.67 b 16.20 A

SB 6.67 gh 2.33 k–n 0.67 m 1.67
k–m 2.27 D 12.67 fg 3.00 ij 0.67 j 5.67 hi 4.40 D

Means (WCS) 25.40 A 11.67 B
(54.05)

2.67 D
(89.48)

6.33 C
(75.07) 29.13 A 10.20 C

(64.98)
4.07 D
(86.02)

14.87 B
(48.95)

LSD value (p < 0.05) WCS = 1.13, CS = 1.13, WCS × CS = 2.52 WCS = 1.31, CS = 1.31, WCS × CS = 2.92

Means not having common letter for individual and interactive effects significantly vary from each other at
p ≤ 0.05. Here, WF = weed free (control), WC = weedy check (control), FS = false seedbed, CC = chemical control,
AWE = allelopathic water extracts, FB = fallow-barley, MB = maize-barley, CB = cotton-barley, M*B = mungbean-
barley, SB = sorghum-barley, WCS = weed control strategies, CS = cropping system, DAS = days after sowing. The
values presented in brackets indicated the % decrease in the number of broadleaf weeds than WC (control).

2.4. Density of Grassy Weed Species

The individual and interactive effects of barley-based cropping systems and WCM
had significant effect on the density of grassy weed species (Table 2). The highest and
the lowest density of grassy weed species was noted for WC and CC treatments, during
both years (Table 2). Regarding CS, FB cropping system had the highest and SB as well as
maize-barley (MB) cropping systems recorded the lowest density of grassy weed species
density during the first year. However, FB and M*B systems resulted in the highest density
of grassy weed species, whereas SB system had the lowest density of grassy weed species
during the second year (Table 2). Regarding interaction, FB cropping system with WC
treatment had the highest density of grassy weeds, while SB and MB cropping systems with
CC recorded the lowest density of grassy weed species during the first year of the study.
Similarly, FB, CB, and M*B cropping systems with WC treatment recorded the highest
density of grassy weed species, whereas SB cropping system with CC resulted in the lowest
density of grassy weed species during the second year of the study (Table 2).

2.5. Density of Individual Weed Species

Different barley-based cropping systems, WCM and their interaction significantly
altered density of individual weed species during both years (Tables 3–6). The highest and
the lowest density of salt marsh (Bolboschoenus maritimus (L.) Palla) was recorded for WC
and WF treatments, respectively, during both years (Table 4). The highest density of salt
marsh was noted for FB cropping system during the first year, whereas the lowest density
was recorded for SB and MB cropping systems during both years (Table 3). Regarding
interaction, FB cropping system during 1st year and M*B cropping system during the
second year with WC treatment had the highest density of salt marsh, whereas the lowest
density was recorded in all cropping systems with CC treatment during both years (Table 3).
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Table 3. Influence of different barley-based cropping systems on individual density (m−2) of grassy
weed species under various weed management methods during 2017–2018 and 2018–2019.

Cropping Systems
2017–2018 2018–2019

WC FS CC AWE Means WC FS CC AWE Means

Salt marsh
FB 16.00 a 10.33 c 1.33 hi 6.00 de 6.73 A 14.00 b 4.00 g–i 2.67 ij 6.33 d–f 5.40 A
MB 4.67 ef 1.00 hi 0.00 i 1.33 hi 1.40 D 7.00 de 2.33 ij 1.33 jk 3.33 hi 2.80 C
CB 12.33 b 6.67 d 2.00 gh 3.00 g 4.80 B 11.67 c 3.33 hi 1.33 jk 5.33 e–g 4.33 B

M*B 9.33 c 3.33 fg 1.00 hi 1.00 hi 2.93 C 16.33 a 5.00 f–h 1.00 jk 8.00 d 6.07 A
SB 3.00 g 1.00 hi 0.00 i 0.67 hi 0.93 D 6.33 d–f 1.33 jk 0.00 k 2.67 ij 2.07 C

Means (WCS) 9.07 A 4.47 B
(50.71)

0.87 D
(90.40)

2.40 C
(73.53) 11.07 A 3.20 C

(71.09)
1.27 D
(88.52)

5.13 B
(53.65)

LSD value (p < 0.05) WCS = 0.68, CS = 0.68, WCS × CS = 1.53 WCS = 0.83, CS = 0.83, WCS × CS = 1.85
Corn spurry

FB 3.33 b 1.33 c 0.00 d 1.00 c 1.13 B 7.67 a 3.33 c 1.67 d 4.00 c 3.33 A
MB 0.67 cd 0.00 d 0.00 d 0.67 cd 0.27 C 1.00 d–f 1.67 d 0.33 ef 0.00 f 0.60 C
CB 6.00 a 1.33 c 0.67 cd 0.67 cd 1.73 A 6.00 b 1.33 de 1.33 de 3.33 c 2.40 B

M*B 3.00 b 0.67 cd 0.00 d 0.00 d 0.73 B 0.00 f 1.00 d–f 0.00 f 2.00 d 0.60 C
SB 0.67 cd 0.00 d 0.00 d 0.00 d 0.13 C 0.00 f 0.00 f 0.00 f 0.00 f 0.00 D

Means (WCS) 2.73 A 0.67 B
(75.45)

0.13 CD
(95.23)

0.47 BC
(82.78) 2.93 A 1.47 B

(49.82)
0.67 C
(77.13)

1.87 B
(36.17)

LSD value (p < 0.05) WCS = 0.44, CS = 0.44, WCS × CS = 0.99 WCS = 0.45, CS = 0.45, WCS × CS = 1.01
Winter grass

FB 10.67 b 5.00 d 1.00 ef 0.00 f 3.33 B 0.00 0.00 0.00 0.00 0.00
MB 0.00 f 0.00 f 0.00 f 0.00 f 0.00 D 0.00 0.00 0.00 0.00 0.00
CB 12.00 a 5.00 d 1.33 e 1.00 ef 3.87 A 0.00 0.00 0.00 0.00 0.00

M*B 9.00 c 0.00 f 0.00 f 1.33 e 2.07 C 0.00 0.00 0.00 0.00 0.00
SB 0.00 f 0.00 f 0.00 f 0.00 f 0.00 D 0.00 0.00 0.00 0.00 0.00

Means (WCS) 6.33 A 2.00 B
(68.4)

0.47 C
(92.57)

0.47 C
(92.57) 0.00 0.00 0.00 0.00

LSD value (p < 0.05) WCS = 0.52, CS = 0.52, WCS × CS = 1.16 WCS = NS, CS = NS, WCS × CS = NS

Means not having common letter for individual and interactive effects significantly vary from each other at
p ≤ 0.05. Here, WF = weed free (control), WC = weedy check (control), FS = false seedbed, CC= chemical control,
AWE = allelopathic water extracts, FB= fallow-barley, MB = maize-barley, CB = cotton-barley, M*B = mungbean-
barley, SB = sorghum-barley, WCS = weed control strategies, CS = cropping system, DAS = days after sowing,
NS = Non-significant. The values presented in brackets indicated the % decrease in the number of winter grass
plants than WC (control).

Table 4. Influence of different barley-based cropping systems on individual density (m−2) of broadleaved
weed species under various weed management methods during 2017–2018 and 2018–2019.

Cropping Systems
2017–2018 2018–2019

WC FS CC AWE MEANS WC FS CC AWE MEANS

Common goosefoot
FB 7.33 b 4.67 cd 0.33 h 3.00 ef 3.06 A 9.00 b 2.67 e–g 0.00 i 4.33 cd 3.20 B
MB 3.33 d–f 1.33 gh 0.00 h 0.33 h 1.00 B 4.33 cd 1.00 hi 0.00 i 2.00 f–h 1.47 D
CB 8.00 b 5.67 c 0.67 h 4.00 de 3.67 A 7.67 b 1.33 g–i 0.00 i 3.00 d–f 2.40 C

M*B 10.33 a 2.33 fg 0.00 h 3.33 d–f 3.20 A 12.67 a 3.67 de 0.00 i 5.67 c 4.40 A
SB 3.00 ef 1.00 gh 0.00 h 1.00 gh 1.00 B 4.00 de 1.00 hi 0.00 i 1.33 g–i 1.27 D

Means (WCS) 6.40 A 3.00 B
(53.12)

0.20 D
(96.87)

2.33 C
(63.59) 7.53 A 1.93 C

(74.36)
0.00 D
(100)

3.27 B
(56.57)

LSD value (p < 0.05) WCS = 0.66, CS = 0.66, WCS × CS = 1.48 WCS = 0.68, CS = 0.68, WCS × CS = 1.53
Perennial sow thistle

FB 4.33 a 2.33 b 0.00 e 1.33
b–d 1.60 7.67 b 2.67 e–h 0.00 j 3.67 c–e 2.80

MB 1.33
b–d 0.67 de 0.00 e 0.67 de 0.53 3.33 d–f 1.00 ij 0.00 j 1.67 g–i 1.20

CB 2.33 b 1.00 c–e 0.67 de 1.00 c–e 1.00 8.33 ab 2.33 e–i 0.00 j 5.00 c 3.13

M*B 5.00 a 2.00 bc 0.00 e 1.67
b–d 1.73 9.33 a 2.33 e–i 1.00 ij 4.67 cd 3.47

SB 1.67
b–d 1.00 c–e 0.00 e 0.67 de 0.67 3.00 e–g 1.33 h–j 0.00 j 2.00 f–i 1.27

Means (WCS) 2.93 A 1.40 B
(52.21)

0.13 C
(95.56)

1.07 B
(63.48) 6.33 A 1.93 C

(69.51)
0.20 D
(96.84)

3.40 B
(46.28)

LSD value (p < 0.05) WCS = 0.48, CS = NS, WCS × CS = 1.08 WCS = 0.68, CS = NS, WCS × CS = 1.51
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Table 4. Cont.

Cropping Systems
2017–2018 2018–2019

WC FS CC AWE MEANS WC FS CC AWE MEANS

Bitter dock
FB 17.67 b 9.00 ef 0.00 j 14.33 c 8.20 B 24.33 b 15.00 e 0.00 m 8.33 hi 9.53 A
MB 9.00 ef 3.67 hi 0.00 j 4.67 h 3.47 D 10.33 g 7.00 ij 0.00 m 3.00 kl 4.07 C
CB 20.33 a 10.67 de 0.00 j 16.33 b 9.47 A 20.00 c 12.67 f 0.00 m 6.33 j 7.80 B

M*B 13.33 c 6.67 g 0.00 j 11.00 d 6.20 C 26.33 a 17.67 d 0.00 m 7.00 ij 10.20 A
SB 6.00 fg 2.00 i 0.00 j 2.67 i 2.53 E 9.00 gh 4.33 k 0.00 m 1.67 lm 3.00 D

Means (WCS) 13.67 A 6.40 C
(53.18)

0.00 D
(100)

9.80 B
(28.31) 18.00 A 11.33 B

(37.05)
0.00 D
(100)

5.27 C
(70.72)

LSD value (p < 0.05) WCS = 0.84, CS = 0.84, WCS × CS = 1.88 WCS = 83, CS = 0.83, WCS × CS = 1.86
Fat hen

FB 6.33 a 4.00 bc 0.00 h 4.00 bc 2.87 A 6.67 a 3.00 bc 0.00 g 2.67 cd 2.47 A
MB 2.00 d–f 2.00 d–f 0.00 h 1.67 e–g 1.13 C 1.67 d–f 1.00 e–g 0.00 g 1.33 ef 0.80 CD
CB 4.00 bc 2.33 b–f 0.00 h 2.67 de 1.80 B 4.00 b 2.00 c–e 0.00 g 1.67 d–f 1.53 B

M*B 5.00 b 1.67 e–g 0.00 h 3.00 cd 1.93 B 3.00 bc 1.33 ef 0.00 g 1.00 e–g 1.07 BC
SB 2.00 d–f 1.33 fg 0.00 h 0.67 gh 0.80 C 1.33 ef 0.67 fg 0.00 g 0.67 fg 0.53 D

Means (WCS) 3.87 A 2.27 B
(41.34)

0.00 C
(100)

2.40 B
(37.98) 3.33 A 1.60 B

(51.95)
0.00 C
(100)

1.47 B
(55.85)

LSD value (p < 0.05) WCS = 0.56, CS = 0.56, WCS × CS = 1.24 WCS = 0.49, CS = 0.49, WCS × CS = 1.10

Means not having common letter for individual and interactive effects significantly vary from each other at
p ≤ 0.05. Here, WF = weed free (control), WC = weedy check (control), FS = false seedbed, CC = chemical control,
AWE = allelopathic water extracts, FB = fallow-barley, MB = maize-barley, CB = cotton-barley, M*B = mungbean-
barley, SB = sorghum-barley, WCS = weed control strategies, CS = cropping system, DAS = days after sowing. The
values presented in brackets indicated the % decrease in the number of fat hen plants than WC (control).

Table 5. Influence of different barley-based cropping systems on individual weeds density (m−2)
under various weed management methods during 2017–2018 and 2018–2019.

Cropping Systems
2017–2018 2018–2019

WC FS CC AWE MEANS WC FS CC AWE MEANS

Field bindweed
FB 0.00 f 0.00 f 0.00 f 0.00 f 0.00 NS 0.00 b 0.00 b 0.00 b 0.00 b 0.00 NS

MB 1.67 bc 0.67 d–f 0.00 f 1.00 c–e 0.67 0.00 b 0.00 b 0.00 b 0.00 b 0
CB 2.00 b 0.67 d–f 0.00 f 0.33 ef 0.6 0.00 b 0.00 b 0.00 b 0.00 b 0

M*B 4.00 a 1.67 bc 0.33 ef 1.33
b–d 1.46 0.00 b 1.33 a 0.00 b 0.00 b 0.27

SB 1.33
b–d 0.00 f 0.00 f 0.67 d–f 0.4 0.00 b 0.00 b 0.00 b 0.00 b 0

Means (WCS) 1.80 A 0.60 B
(66.67)

0.07 C
(96.11)

0.67 B
(62.77) 0.00 B 0.27 A

(100)
0.00 B
(100)

0.00 B
(100)

LSD value (p < 0.05) WCS = 0.38, CS = NS, WCS × CS = 0.85 WCS = 0.08, CS = NS, WCS × CS = 0.19
Yellow trefoil

FB 13.00 b 7.33 de 0.00 i 7.67 d 5.60 A 13.67 a 6.67 cd 0.00 i 8.67 b 5.80 A
MB 10.33 c 5.00 ef 0.00 i 2.33 gh 3.53 B 5.00 de 1.00 hi 0.00 i 2.00 f–h 1.60 C
CB 12.67 b 7.00 d 0.00 i 5.00 ef 4.93 A 9.33 b 3.33 ef 0.00 i 5.33 d 3.60 B

M*B 18.33 a 6.33 de 0.00 i 4.00 fg 5.73 A 15.33 a 6.00 d 1.33 g–i 8.33 bc 6.20 A
SB 8.00 d 3.00 gh 0.00 i 1.33 hi 2.47 C 5.67 d 1.33 g–i 0.00 i 3.00 fg 2.00 C

Means (WCS) 12.47 A 5.73 B
(54.05)

0.00 D
(100)

4.07 C
(67.36) 9.80 A 3.67 C

(62.55)
0.27 D
(97.24)

5.47 B
(44.18)

LSD value (p < 0.05) WCS = 0.89, CS = 0.89, WCS × CS = 2.00 WCS = 0.78, CS = 0.78, WCS × CS = 1.75
Yellow sweet clover

FB 14.33 c 2.67 ij 0.00 k 7.33 ef 4.87 B 16.00 b 9.00 d 0.00 l 6.67 ef 6.33 A
MB 8.00 e 4.67 g–i 0.00 k 5.33 f–h 3.60 C 6.33 e–g 3.00 i–k 0.00 l 1.67 j–l 2.20 C
CB 20.33 a 7.33 ef 0.00 k 16.67 b 8.87 A 12.33 c 5.67 fg 0.00 l 3.33 h–j 4.27 B

M*B 12.00 d 3.33 h–j 0.00 k 8.00 e 4.67 B 18.33 a 7.67 de 1.33 kl 4.67 g–i 6.40 A
SB 6.67 e–g 1.33 jk 0.00 k 4.00 hi 2.40 D 5.00 f–h 1.67 j–l 0.00 l 1.67 j–l 1.67 C

Means (WCS) 12.27 A 3.87 C
(68.45)

0.00 D
(100)

8.27 B
(32.59) 11.60 A 5.40 B

(53.44)
0.27 D
(97.67)

3.60 C
(68.96)

LSD value (p < 0.05) WCS = 0.90, CS = 0.90, WCS × CS = 2.01 WCS = 0.82, CS = 0.82, WCS × CS = 1.83
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Table 5. Cont.

Cropping Systems
2017–2018 2018–2019

WC FS CC AWE MEANS WC FS CC AWE MEANS

Swine cress
FB 4.00 a 0.00 d 0.00 d 1.33 c 1.06 NS 2.33 c 1.00 ef 0.00 g 1.33 de 0.93 B
MB 0.00 d 0.00 d 0.00 d 0.33 d 0.06 1.00 ef 0.67 e–g 0.00 g 0.33 fg 0.40 C
CB 2.00 b 0.00 d 0.00 d 1.33 c 0.67 3.67 b 2.00 cd 0.00 g 1.33 de 1.40 A

M*B 2.00 b 0.00 d 0.00 d 0.00 d 0.4 5.33 a 2.33 c 0.00 g 1.00 ef 1.73 A
SB 0.00 d 0.00 d 0.00 d 0.00 d 0 0.67 e–g 0.00 g 0.00 g 0.00 g 0.13 C

Means (WCS) 1.60 A 0.00 C
(100)

0.00 C
(100)

0.60 B
(62.5) 2.60 A 1.20 B

(53.84)
0.00 D
(100)

0.80 C
(69.23)

LSD value (p < 0.05) WCS = 0.29, CS = 0.29, WCS × CS = 0.65 WCS = 0.39, CS = 0.39, WCS × CS = 0.88

Means not having common letter for individual and interactive effects significantly vary from each other at
p ≤ 0.05. Here, WF = weed free (control), WC = weedy check (control), FS = false seedbed, CC = chemi-
cal control, AWE = allelopathic water extracts, FB = fallow-barley, MB = maize-barley, CB = cotton-barley,
M*B = mungbean-barley, SB = sorghum-barley, WCS = weed control strategies, CS = cropping system, DAS = days
after sowing, NS = Non-significant. The values presented in brackets indicated the % decrease in the number of
winter grass plants than WC (control).

Table 6. Influence of different barley-based cropping systems on individual weeds density (m−2)
under various weed management methods during 2017–2018 and 2018–2019.

Cropping Systems
2017–2018 2018–2019

WC FS CC AWE MEANS WC FS CC AWE MEAN

Blue pimpernel
FB 0.00 0.00 0.00 0.00 0.00 3.00 b 1.33 de 0.00 f 2.00 cd 1.27
MB 0.00 0.00 0.00 0.00 0.00 1.00 e 0.00 f 0.00 f 0.67 ef 0.33
CB 0.00 0.00 0.00 0.00 0.00 0.00 f 0.00 f 0.00 f 0.00 f 0.00

M*B 0.00 0.00 0.00 0.00 0.00 4.33 a 1.33 de 0.00 f 2.33 bc 1.60
SB 0.00 0.00 0.00 0.00 0.00 0.67 ef 0.00 f 0.00 f 0.00 f 0.13

Means (WCS) 0.00 0.00 0.00 0.00 1.80 A 0.53 C
(70.55)

0.00 D
(100)

1.00 B
(44.44)

LSD value (p < 0.05) WCS = NS, CS = NS, WCS × CS = NS WCS = 0.39, CS = NS, WCS × CS = 0.88
Horseweed

FB 0.00 0.00 0.00 0.00 0.00 1.33 c 0.00 d 0.00 d 0.00 d 0.27
MB 0.00 0.00 0.00 0.00 0.00 0.00 d 0.00 d 0.00 d 0.00 d 0.00
CB 0.00 0.00 0.00 0.00 0.00 2.00 b 0.00 d 0.00 d 0.00 d 0.40

M*B 0.00 0.00 0.00 0.00 0.00 2.67 a 0.00 d 0.00 d 1.33 c 0.80
SB 0.00 0.00 0.00 0.00 0.00 0.00 d 0.00 d 0.00 d 0.00 d 0.00

Means (WCS) 0.00 0.00 0.00 0.00 1.20 A 0.00 C 0.00 C 0.27 B
LSD value (p < 0.05) WCS = NS, CS = NS, WCS × CS = NS WCS = 0.25, CS = NS, WCS × CS = 0.56

Means not having common letter for individual and interactive effects significantly vary from each other at
p ≤ 0.05. Here, WF = weed free (control), WC = weedy check (control), FS = false seedbed, CC = chemi-
cal control, AWE = allelopathic water extracts, FB = fallow-barley, MB = maize-barley, CB = cotton-barley,
M*B = mungbean-barley, SB = sorghum-barley, WCS = weed control strategies, CS = cropping system, DAS = days
after sowing, NS = Non-significant. The values presented in brackets indicated the % decrease in the number of
winter grass plants than WC (control).

The highest density of corn spurry (Spergula arvensis L.) was found in WC treatment,
while the lowest density was noted for CC and WF treatments during both years (Table 3).
The CB cropping system recorded the highest corn spurry density, while the lowest was
recorded for SB and MB cropping systems during the first year (Table 3). However, FB
cropping system noted the highest corn spurry density during the second year, while no
infestation was noted in SB system during the second year (Table 3). Regarding interaction,
CB cropping system with WC treatment observed the highest density of corn spurry during
the first year. Similarly, the highest corn spurry density was noted in FB cropping system
with WC treatment during the second year. However, there was little, or no infestation
recorded for all cropping systems with CC and WF treatments during the second year
(Table 3).
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Winter grass (Polypogon monspeliensis L. Desf.) was only recorded during the first year,
while no infestation of this weed was noted during the second year (Table 3). The WC
treatment had the highest density of winter grass, while CC and AWE treatments had the
lowest infestation like WF treatment (Table 3). The CB system recorded the highest density
of winter grass, while no infestation of this weed was recorded in MB and SB cropping
systems. Regarding interaction, the highest density of winter grass was observed in CB
cropping system with WC treatment, whereas all cropping systems with CC and AWE had
low or no infestation like WF treatment (Table 3).

The highest common goosefoot (Chenopodium album L.) density was noted for WC
treatment, while the lowest infestation was recorded for CC and WF treatments during
both years (Table 4). The FB, CB, and M*B cropping systems recorded the highest, while
MB and SB cropping systems had the lowest common goosefoot infestation during the
first year (Table 4). However, M*B cropping system recorded the highest, while SB and
MB cropping systems observed the lowest common goosefoot density during the second
year (Table 4). Regarding interaction, M*B cropping system with WC treatment had the
highest common goosefoot density, while all cropping systems with CC and WF treatments
recorded no infestation of this weed during both years (Table 4).

Weedy-check treatment recorded the highest perennial sow thistle (Sonchus arvensis
L.) density, while the lowest density was noted in CC and WF treatments during both
years (Table 4). Cropping systems had non-significant effect on perennial sow thistle
density during both years (Table 4). Regarding interaction, the highest perennial sow thistle
infestation was noted in M*B and FB cropping systems with WC treatment during the first
year. The M*B cropping system with WC treatment recorded the highest infestation of
perennial sow thistle, which was statistically at par with CB cropping system under WC
treatment during the second year (Table 4). However, all cropping systems with CC and
WF treatments observed little or no infestation of this weed during both years (Table 4).

The highest bitter dock (Rumex obtusifolius L.) density was recorded in WC treatment,
while no infestation of this weed was found in CC and WF treatments during both years
(Table 4). The CB cropping system during the first year and M*B as well as FB cropping
systems during the second year recorded the highest bitter dock infestation, while the
lowest infestation was noted in SB cropping system during both years (Table 4). Regarding
interaction, the highest density of bitter dock was noted in CB and M*B cropping systems
with WC treatments during the first and second year, respectively. No infestation of this
weed was noted in all cropping systems with CC and WF treatments during both years
(Table 4).

Weedy-check treatment had the highest and CC as well as WF treatments recorded the
lowest fat hen (Chenopodium murale L.) density during both years (Table 4). The FB cropping
system recorded the highest density of fat hen, while the lowest density was recorded for
SB and MB cropping systems during both years (Table 4). The FB cropping system with
WC resulted in the highest fat hen infestation, while the lowest infestation was noted in all
cropping system with CC and WF treatments during both years (Table 4).

The highest density of field bindweed (Convolvulus arvensis L.) was recorded for WC
treatment, whereas the lowest was noted for CC and WF treatments during the first year.
However, all WCM except FS recorded no infestation during the second year (Table 5). All
cropping systems had non-significant effect on field bindweed density during both years
(Table 5). Regarding interaction, the highest infestation of field bindweed was recorded in
M*B cropping system with WC treatment, while little or no infestation was recorded in all
cropping systems with CC and WF treatments (Table 5).

Weedy-check treatment resulted in the highest density of yellow trefoil (Medicago
polymorpha L.), while the lowest density was recorded for CC and WF treatments during
both years (Table 5). The FB, CB, and M*B cropping systems observed the highest infestation
of yellow trefoil density, while the lowest infestation was recorded in SB cropping system
during the first year (Table 5). Nonetheless, the highest density of yellow trefoil was noted
in M*B and FB cropping systems, while MB and SB cropping systems recorded the lowest
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density during the second year (Table 5). The M*B cropping system with WC treatment had
the highest infestation of yellow trefoil during the first year. During the second year, M*B
and FB cropping systems with WC treatment observed the highest density of yellow trefoil
(Table 5). The lowest infestation of yellow trefoil was observed in all cropping systems with
CC and WF treatments during both years (Table 5).

The highest and the lowest density of yellow sweet clover (Melilotus indicus (L.)
All.) was recorded for WC treatment, and CC and WF treatments, respectively, during
both years (Table 5). The CB cropping system had the highest and SB cropping system
recorded the lowest density of yellow sweet clover during the first year. The M*B and
FB cropping systems noted the highest, while SB and MB cropping systems recorded the
lowest infestation of yellow sweet clover during the second year (Table 5). The CB cropping
system with WC treatment had the highest yellow sweet clover density during the first
year; however, M*B cropping system with WC treatment had the highest yellow sweet
clover density during the second year. The lowest density of yellow sweet clover was noted
in all cropping systems under CC and WF treatments during both years (Table 5).

Weedy-check treatment had the highest infestation of swine cress (Coronopus didymus
L. Sm.), while CC, AWE, and WF treatments recorded no infestation during the first year
(Table 5). During the second year, WC treatment observed the highest swine cress density,
while CC and WF treatments recorded no infestation (Table 5). Cropping systems had
non-significant effect on swine cress density during the first year; however, M*B and CB
cropping systems observed the highest, while SB and MB cropping systems resulted in the
lowest infestation of swine cress during the second year (Table 5). Regarding interaction,
FB cropping system with WC treatment resulted in the highest swine cress density, while
no infestation was noted in all cropping systems with CC, FS, and WF treatments (Table 5).
The M*B cropping system with WC treatment recorded the highest swine cress density,
while no infestation was noted in all cropping systems under CC and WF treatments during
the second year (Table 5).

All cropping systems with all WCM recorded no infestation of blue pimpernel (Ana-
gallis arvensis L.) during the first year (Table 6). However, WC treatment had the highest,
while CC and WF treatments recorded no infestation during the second year (Table 6).

No horseweed (Conyza stricta Willd.) infestation was recorded in all cropping systems
under all WCM during the first year (Table 6). However, WC treatment observed the
highest horseweed density, while CC, FS, and WF treatments recorded no infestation
during the second year (Table 6). There was non-significant effect of cropping systems
during the second year (Table 6). Regarding interaction, M*B cropping system with WC
treatment recorded the highest horseweed density, while all cropping systems under CC,
FS, and WF treatments, all cropping systems except M*B system under AWE, MB, and SB
cropping systems under WC treatment did not have any of this weed during the second
year (Table 6).

Dry biomass yield of barley was significantly (p < 0.05) influenced by WCM and CS;
however, their interactive effect was non-significant during both years (Table 7). The FB
cropping system had the lowest, whereas M*B system recorded the highest dry biomass
yield, which was at par with MB cropping systems during the first year. However, FB
system recorded the lowest dry biomass yield, which was statistically similar to SB system,
while the highest was recorded in M*B system during the second year (Table 7). In case
of WCM, WF treatment produced the highest dry biomass yield of barley, which was at
par with CC treatment, while the lowest was recorded in FS treatment, which was similar
to AWE treatment during the first year of the experiment. Nonetheless, WF treatment
recorded the highest, and FS, as well as AWE treatment, had the lowest dry biomass yield
during the second year (Table 7).
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Table 7. Influence of different barley-based cropping systems on dry biomass yield (g m−2) under
various weed management methods.

Cropping Systems
2017–2018

WF WC FS CC AWE Means (CS)

FB 332.99 248.14 316.97 330.07 324.63 310.56 C
MB 349.35 273.39 329.00 343.35 336.53 326.32 AB
CB 345.79 265.06 328.92 341.49 332.83 322.82 B

M*B 369.85 259.24 342.94 346.29 341.36 331.94 A
SB 338.56 258.07 328.65 337.08 327.66 318.00 BC

Means (WCS) 347.31 A 260.78 D 329.30 C 339.65 AB 332.60 BC
LSD at p ≤ 0.05 WCS = 9.03, CS = 9.03, WCS × CS = NS

2018–2019
FB 334.33 256.28 316.50 330.40 322.85 312.07 C
MB 346.86 277.38 325.03 343.37 331.20 324.77 B
CB 351.25 270.65 326.08 339.24 328.52 323.15 B

M*B 372.25 267.95 343.48 346.43 340.27 334.07 A
SB 340.15 266.45 326.05 336.65 326.11 319.08 BC

Means (WCS) 348.97 A 267.74 D 327.43 C 339.22 B 329.79 C
LSD at p ≤ 0.05 WCS = 8.90, CS = 8.90, WCS × CS = NS

Means not having common letter for individual and interactive effects significantly vary from each other at
p ≤ 0.05. Here, WF = weed free (control), WC = weedy check (control), FS = false seedbed, CC = chemi-
cal control, AWE = allelopathic water extracts, FB = fallow-barley, MB = maize-barley, CB = cotton-barley,
M*B = mungbean-barley, SB = sorghum-barley, WCS = weed control strategies, CS = cropping system, DAS = days
after sowing, NS = Non-significant.

3. Discussion

Weed flora, including weed diversity and densities of broadleaved, grassy, and indi-
vidual weed species were significantly altered by different barley-based CS, WCM, and
their interaction (Figure 1, Tables 1–6). This supported our hypothesis that barley-based
cropping systems and WCM would differ for weed flora and dry biomass production of
barley. The highest density and diversity were recorded in WC treatment, while the lowest
were noted in WF treatment. The weeds were efficiently controlled by CC as compared
to the rest of WCM used in the study. Interestingly, AWE provided sufficient control over
weeds after CC indicating that this method could be used to mitigate the adverse effects
associated with CC. The highest weeds’ diversity and density were recorded in CB and
M*B cropping systems during the first and second year, respectively. The lowest was noted
in SB cropping system (Figure 1, Tables 2–6).

Weed diversity and density were significantly reduced by herbicides compared to
weedy-check treatment in wheat crop [20]. However, unnecessary and overuse of her-
bicides has increased the evolution of herbicide resistance in several weed species [40].
Similarly, widespread use of herbicides causes anxiety in the public regarding the adverse
effects on the environment and human health [41]. Therefore, it is essential to use some
integrated weed management approaches for efficient weed control [42]. False or stale
seedbed is regarded as an efficient integrated weed management method as it significantly
reduced weeds density and dry biomass compared to WC [20,25,26]. Some weeds like
Eclipta prostrata L., Fimbristylis miliacea (L.) Vahl, Cyperus iria L., Leptochloa chinensis (L.)
Nees, and Cyperus difformis L. are comparatively more influenced by FS treatment due to
their inability to emerge from a depth >1 cm and low seed dormancy [43]. In this experi-
ment, weed density and diversity were significantly reduced by AWE due to phytotoxic
effects. However, FS failed to suppress weed flora. The possible reasons of FS failure are
unavailability of sufficient moisture before true seedbed, which reduced seed germination
of weed species. Allelopathic water extracts inhibit photosynthesis, cell division, thick-
ness of seminal roots, protein synthesis, and respiration by reducing nutrients and water
uptake through roots, which negatively affect weed growth [44]. Sorghum is a renowned
allelopathic crop that has the ability to control weed growth owing to the release of sor-
goleone from roots [34]. Members of the Brassicaceae family release glucosinolate that
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gets decomposed into many biologically active compounds, including isothiocyanate [45].
Isothiocyanate effectively suppresses weed growth [46]. Weeds are also controlled by the al-
lelochemicals of sunflower (terpenes and phenolic compounds) [32] and mulberry (steroids,
phenols, and tannins) [33]. Therefore, weeds could be controlled by the combination of
sorghum, sunflower, eucalyptus, and mulberry alleopathic water extracts.

The CB and M*B cropping systems had the highest weed diversity and density, while
SB cropping system recorded the lowest in this regard (Figure 1, Tables 2–6). Similar
results were reported by Shehzad et al. [20], where fallow-wheat and rice-wheat rotations
favored different weed flora, while sorghum–wheat rotation reduced weed growth. In the
current study, CB and M*B cropping systems favored the infestation of common goosefoot,
bitter dock, yellow trefoil, yellow sweet clover, and swine cress. Similarly, FB cropping
system observed the highest density of yellow sweet clover, yellow trefoil, fat hen, bitter
dock, common goosefoot, corn spurry, and salt marsh, while SB cropping system recorded
the lowest weed density. Rotating crops that have different cultivation practices or life
cycles is an efficient cultural practice for controlling problematic weed species through
disturbing their life cycles [47]. It is an effective approach to control weeds; however, it is
more efficient when combined with any other weed management practice [48]. Similarly,
weeds are suppressed by different management method and the inclusion allelopathic
crops in rotation [49]. Different experiments showed that the growth of cultivated crops
is significantly affected by allelochemicals exuded from sorghum roots [13,49]. Therefore,
the lowest weeds population was recorded in SB cropping system during both years in the
current study.

The highest dry biomass yield of barley was noted in WF treatment, while the lowest
was recorded in WC treatment (Table 7). The M*B cropping system had the highest
dry biomass yield, while the lowest was recorded in FB cropping system (Table 7). The
FB cropping system had more weed infestation, which reduced yield-related traits of
barley [8]. Weeds negatively affect crop growth by competing for nutrients and other
essential resources [50]. However, crops can perform better in the absence of weeds [20].

The M*B cropping system improved dry biomass yield due to better soil condition
resulting in better allometric traits and root growth. Therefore, plants dry biomass yield
was improved by absorbing more water and nutrients from soil. It has been described by
Zhao et al. [51] that the soil fertility and crop productivity can be efficiently increased by
practicing legume-based crop rotation. Crop diversification with legumes had significant
effect on soil fertility as it improves the status of phosphorus nitrogen, carbon, and soil
organic carbon depending upon the soil type [52]. Similar results were reported in the
current study.

4. Materials and Methods

4.1. Experimental Site and Soil

This experiment was conducted during 2017–2018 and 2018–2019 at the Agronomic
Research Area, Department of Agronomy, Bahauddin Zakariya University, Multan (30.2◦ N,
71.43◦ E and 122 m above sea level), Pakistan. The study area had an arid to semi-arid
climate. Weather data of the experimental site during study period are given in Table 8. The
study site has loamy soil with pH values of 8.20–8.25, ECe 2.78–2.80 mS cm−1, 0.60–0.63%
organic matter content, 0.03% total nitrogen, 7.25–7.18 mg kg−1 available phosphorus and
240–230 mg kg−1 available potash during the first and second year of the study, respectively.
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Table 8. Weather data for the period of research at the experimental site.

Months

2017–2018 2018–2019

Mean
Temperature

(◦C)

Mean
Relative

Humidity
(%)

Mean Daily
Sunshine

(h)

Total
Monthly
Rainfall

(mm)

Mean
Temperature

(◦C)

Mean
Relative

Humidity
(%)

Mean Daily
Sunshine

(h)

Total
Monthly
Rainfall

(mm)

May 34.00 63.05 4.80 0.10 32.90 52.60 10.30 0.00
June 33.10 74.90 4.50 45.60 34.60 64.70 3.50 0.00
July 33.65 73.00 7.20 4.90 33.20 71.20 5.50 0.00

August 31.80 85.20 7.70 30.00 32.40 75.10 4.30 0.00
September 30.60 77.10 8.00 10.00 29.80 77.10 6.80 0.00

October 27.00 77.60 7.40 4.20 23.00 75.10 5.50 0.00
November 18.00 81.40 3.70 16.00 18.90 82.25 4.40 0.00
December 14.65 75.00 5.20 16.00 14.25 85.00 5.90 0.00

January 13.65 83.10 4.40 0.00 12.20 86.35 4.30 11.00
February 17.50 75.40 4.90 6.80 14.45 80.60 6.70 25.10

March 23.50 70.90 7.20 0.00 19.55 75.95 7.30 21.00
April 29.45 56.70 5.40 3.00 28.60 73.15 7.70 12.70

4.2. Experiment Description

Barley was cultivated in five different cropping systems, i.e., fallow-barley (FB), maize-
barley (MB), cotton-barley (CB), mungbean-barley (M*B), and sorghum-barley (SB). Sim-
ilarly, five different weed control methods, i.e., weed-free (control; WF), weedy-check
(control; WC), false seedbeds (FS), chemical control (CC), and allelopathic water extracts
(AWE) were used to test their impact on weed flora and biomass production of weeds and
barley. Regarding WF treatment, the weeds were completely removed from the experimen-
tal plots during the entire growth period of barley crop, whereas weeds were retained for
the whole cropping period in WC treatment. In case of FS treatment, experimental field
was tilled and kept fallow for seven days to allow weeds’ growth. Afterwards, the emerged
weeds were removed by cultivating the field and seedbed was prepared. For CC treatment,
‘Bromoxynil + MCPA’ (60% EC) was sprayed @1.25 L ha−1 after one week of 1st irrigation.
In AWE treatment, water extracts of mulberry, sorghum, eucalyptus, and sunflower were
prepared and mixed in equal ratio. Afterwards these were sprayed @12 L ha−1 after one
week of 1st irrigation. The leaves and branches of all crops were taken, chopped into small
pieces, and dried under sun for the preparation of AWE. The dried materials were then
soaked in distilled water (1:20 ratio), separately for 24 h. The solutions were filtered after
24 h to obtain the extracts. The resulting extracts were then mixed in a 1:1:1:1 ratio, diluted
by 10 times, and sprayed. Each treatment was replicated three times and net subplot size
was 2.7 × 5 m. The study was carried out according to randomized complete block design
(RCBD) with factorial arrangement. Barley-based cropping systems were the main factor,
whereas weed control methods were considered as a sub-factor.

4.3. Crop Husbandry

Before sowing of all crops, 10 cm irrigation was applied to whole field during both
years of study. Afterwards, seedbeds of all crops were prepared once the soil attained
feasible moisture level. All crops were sown according to their recommended production
technology as given in Table 9. All crops were irrigated by surface irrigation method to
fulfill their moisture requirements. All agronomic and plant protection measures were
adopted to ensure healthy crop and to avoid pest and diseases. Finally, all crops were
harvested at their harvest maturity.
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Table 9. Crop husbandry of different crops included in barley-based cropping systems of the study.

Crops Sowing Time Cultivars Seed Rate (kg ha−1) Fertilizer NPK (kg ha−1) P–P (cm) R–R (cm) Harvest Date

Year 2017 and 2018 (Summer Season)
Cotton 15 May IUB-2013 25 250–200–0 20 75 28 October

Sorghum 10 June YS-16 10 100–60–0 15 60 29 October

Mungbean 15 June NIAB-Mung
2011 20 20–60–0 10 30 27 September

Maize 25 July YH-1898 25 200–150–0 22 75 30 October
Year 2017–2018 and 2018–2019 (Winter Season)

Barley 10 November Haider-93 80 50–25–0 25 7 and 10 April

P–P = Plant spacing; R–R = Row spacing.

4.4. Weeds Data Collection

Data relating to weeds’ diversity (number of weed species), density of broad-leaved
and grassy weeds, and density of all individual weeds were recorded at 60 DAS during
both years of study. Data were collected from three randomly selected locations in each
experimental plot with the help of 1 m2 quadrate [8,37]. Weed diversity was recorded
by observing all species in 1 m2 at three random places in each experimental unit and
averaged. Total number of weed species present in each quadrate were noted, identified,
and averaged to record the weeds’ diversity. The densities of broadleaved, grassy, and
individual weeds were recorded by randomly placing the quadrate at three different places
in each experimental unit. The observed weed species for density were separated into
broadleaved, grassy, and individual weeds.

4.5. Biomass Yield

Two central rows of barley from each experimental unit were harvested at 105 DAS.
The barley plants were manually harvested at ground level to observe biomass production.
The harvested samples were sun-dried for three days and then oven-dried at 75 ◦C until
constant weight. Dry weight of these samples was recorded by using a digital weighing
balance.

4.6. Statistical Analysis

The data were tested for differences among experimental years, which indicated that
years’ effect was significant. Therefore, data of each year were analyzed and interpreted
separately. Collected data for both years statistically analyzed by analysis of variance
(ANOVA) [53] according to general linear model procedure. Treatments means were
compared by least significance difference (LSD) test at 5% probability level, where ANOVA
indicated significant differences.

5. Conclusions

Different barley-based cropping systems and weed control methods significantly
altered weed flora during both years of the current study. Chemical control resulted in
the highest suppression of weed flora and improved dry biomass production of barley
followed by allelopathic crop water extracts. The SB cropping system with chemical
control or allelopathic crop water extracts resulted in the lowest weed infestation. The M*B
cropping system with chemical control, or allelopathic crop water extracts produced the
highest dry biomass of barley. It is concluded that including sorghum crop in rotation and
applying allelopathic extracts could suppress weeds comparable to herbicides. Similarly,
including mungbean in rotation and applying allelopathic extracts could increase dry
biomass production of barley. In conclusion, herbicides can be replaced with an eco-
friendly approach, i.e., allelopathy and inclusion of sorghum crop could be helpful in
suppressing weed flora.
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Abstract: Russian thistle (Salsola tragus L.) is a persistent post-harvest issue in the Pacific Northwest
(PNW). Farmers need more integrated management strategies to control it. Russian thistle emergence,
mortality, plant biomass, seed production, and crop yield were evaluated in spring wheat and spring
barley planted in 18- or 36-cm row spacing and seeded at 73 or 140 kg ha−1 in Pendleton and Moro,
Oregon, during 2018 and 2019. Russian thistle emergence was lower and mortality was higher
in spring barley than in spring wheat. However, little to no effect of row spacing or seeding rate
was observed on Russian thistle emergence or mortality. Russian thistle seed production and plant
biomass followed crop productivity; higher crop yield produced higher Russian thistle biomass
and seed production and lower crop yield produced lower weed biomass and seed production.
Crop yield with Russian thistle pressure was improved in 2018 with 18-cm rows or by seeding at
140 kg ha−1 while no effect was observed in 2019. Increasing seeding rates or planting spring crops
in narrow rows may be effective at increasing yield in low rainfall years of the PNW, such as in 2018.
No effect may be observed in years with higher rainfall than normal, such as in 2019.

Keywords: crop competition; cultural management; rainfall; rain-fed agriculture; seed production;
weed suppression; weed density

1. Introduction

Russian thistle (Salsola tragus L.) is a summer annual broadleaf weed that is widely
distributed throughout the western United States [1]. A healthy, well-established winter
wheat crop is competitive with Russian thistle, whereas spring crops such as spring wheat
(Triticum aestivum) or spring barley (Hordeum vulgare) suffer from competition-associated
yield loss that is exacerbated during dry years [2]. In addition to potential crop yield loss,
Russian thistle can reduce the yield of the subsequent crop through rapid postharvest
regrowth and soil water depletion [3,4]. Individual Russian thistle plants were previously
shown to use 70 L of soil water during spring wheat development and an additional 170 L
of soil water following harvest [3].

A majority of wheat produced in the inland Pacific Northwest (PNW) relies on
non-selective herbicides or tillage to control weeds following harvest and during fal-
low. The ubiquitous glyphosate use in this region is selecting for glyphosate-resistance
in major agronomic weeds [5]. Russian thistle is one weed that is a persistent issue in
low and intermediate precipitation zones of the PNW that has recently been identified
as glyphosate-resistant in Oregon, Montana, and Washington [6,7]. Farmers in the PNW
need more integrated strategies to control Russian thistle and other weeds to prolong
the usefulness of herbicides and the sustainability of wheat production systems in the
region. Diversifying the common winter wheat–fallow cropping system in the inland PNW
with the introduction of a spring crop could help reduce herbicide pressure and provide
opportunities to control winter annuals, in addition to other benefits [8,9]. However, spring
crops could facilitate the increase in summer annuals such as Russian thistle.

Plants 2021, 10, 126. https://doi.org/10.3390/plants10010126 https://www.mdpi.com/journal/plants
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Reducing crop row spacing or increasing crop seeding rates are two cultural manage-
ment practices that can increase crop competition and weed suppression in cereals [10–12]. For
example, increasing spring barley planting density from approximately 63 to 161 plants m−2 in-
creased yield and decreased rigid ryegrass (Lolium rigidum) tiller number [13]. Furthermore,
for example, decreasing durum winter wheat inter-row spacing from 25 to 5 cm provided
significantly greater control of various weed species in two cultivars, with a significant
increase in grain yield in one cultivar [14].

However, a higher seeding rate or reduced row spacing is not always beneficial and
may have no effect on weed control. Increasing durum winter wheat seeding density from
190 to 570 seeds m−2 did not significantly reduce weed biomass or increase yield [14].
Similarly, Kolb et al. [15,16] found similar spring wheat and spring barley yields between
different crop densities ranging from 200 to 600 plants m−2 and crop row widths ranging
from 11 to 23 cm with Sinapis alba weed pressure.

Modifying row spacing or seeding rate is an effective cultural management practice
with most crops and weed species, although there have been reported cases where it was
not effective. Various reasons are employed in instances where weed control is insufficient,
including soil quality, year-to-year climate variation, crop cultivar performance, or weed
species of interest. Research is necessary to evaluate the efficacy of reducing row spacing
and increasing seeding rates to reduce Russian thistle density in spring crops. The objective
of this research was to determine how seeding rate and/or row spacing affect Russian
thistle emergence, mortality, plant biomass, and seed production within spring barley and
spring wheat crops.

2. Results and Discussion

Total precipitation received at the Pendleton site from seeding to harvest was 111
and 150 mm in 2018 and 2019, respectively, and 63 and 83 mm in Moro during 2018 and
2019, respectively. The average total rainfall for Pendleton in 2018 and 2019 was 401 and
412 mm, respectively, while the average total rainfall for Moro in 2018 and 2019 was 215
and 241 mm, respectively (Figure 1).

Figure 1. Annual temperature and precipitation for Pendleton (A,C) and Moro (B,D) in 2018 (black
circles) and 2019 (open circles). Historic data (solid line) date back to 1932 in Pendleton and 1897
in Moro.
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2.1. Russian Thistle Emergence and Mortality

Russian thistle emergence differed between years, sites, crops, and their interaction
(Table 1). Pendleton, in 2018, had the highest emergence (55.5 plants m−2), and Moro, in
2019, had the lowest emergence (9.1 plants m−2). Higher rainfall was likely a primary
driver of higher emergence in Pendleton compared to Moro. In Lind, WA, an area that
receives approximately 248 mm year−1 of rainfall, Russian thistle density in spring wheat
was 2.2 times lower in two years that received an average rainfall of 215 mm compared to
a year that received 356 mm when averaged across treatments [2].

Table 1. Effect of year, site, crop, and their interactions on Russian thistle emergence, mortality, seed production, plant
biomass, and crop yield (mean ± standard deviation). All means were compared with Tukey’s method.

Factor
Emergence

(plants m−2)
Mortality

(%)
Seed Production
(seeds plant−1)

Plant Biomass
(g)

Crop Yield
(kg ha−1)

Year * ns ns ns ***
2018 37.8 (±23.9) a 49.2 (±27.9) 789 (±528) 17.7 (±11.2) 2997 (±1957) b
2019 15.0 (±9.3) b 35.2 (±26.8) 838 (±911) 22.8 (±21.0) 3505 (±1220) a

Site *** ns ** ns ***
Pendleton 38.2 (±23.0) a 38.7 (±26.4) 715 (±536) b 13.9 (±7.9) 3811 (±1348) a

Moro 15.1 (±10.6) b 46.1 (±29.6) 910 (±897) a 26.6 (±21.0) 2664 (±1738) b
Crop * * ns * ns

SB 24.4 (±20.0) b 47.7 (±30.4) a 604 (±467) 14.4 (±10.2) b 3789 (±1825)
SW 29.4 (±22.5) a 37.0 (±24.7) b 1024 (±897) 26.0 (±20.4) a 2706 (±1228)

Year × Site *** * *** * ***
Pendleton_18 55.5 (±20.4) a 51.2 (± 24.9) a 1054 (±540) a 17.1 (±8.3) b 4776 (±1095) a
Pendleton_19 21.4 (±7.7) b 26.2 (±21.7) b 376 (±234) b 10.6 (±6.3) b 2846 (±758) b

Moro_18 20.7 (±10.4) b 47.2 (±30.9) a 516 (±355) b 18.3 (±13.6) b 1218 (±230) c
Moro_19 9.1 (±6.2) c 44.9 (±28.6) a 1331 (±1097) a 34.9 (±24.5) a 4207 (±1235) a

Year × Crop ns * *** ** **
SB_18 34.0 (±23.2) 59.2 (±26.7) a 698 (±528) cb 14.1 (±9.2) b 3493 (±2216) b
SB_19 14.8 (±9.3) 36.1 (±29.8) b 511 (±382) c 14.7 (±11.2) b 4086 (±1296) a

SW_18 41.7 (±24.3) 39.1 (±25.8) b 872 (±522) b 21.2 (±12.0) b 2501 (±1538) c
SW_19 16.2 (±9.5) 34.9 (±23.6) b 1243 (±1161) a 30.8 (±26.1) a 2911 (±752) c

Year × Site × Crop ns ns ** * ***
Pendleton_18_SB 50.2 (±21.0) 64.7 (±20.8) 993 (±544) b 17.7 (±8.4) bc 5611 (±734) a

Pendleton_18_SW 59.8 (±20.3) 37.6 (±21.4) 1114 (±549) b 16.5 (±7.8) bc 3941 (±671) c
Pendleton_19_SB 21.6 (±6.7) 26.7 (±24.1) 345 (±208) c 6.9 (±6.4) c 3308 (±709) c

Pendleton_19_SW 21.2 (±8.9) 25.7 (±19.6) 407 (±261) c 14.4 (±6.2) bc 2384 (±482) d
Moro_18_SB 17.7 (±10.6) 53.7 (±31.1) 402 (±309) c 10.6 (±10.0) bc 1375 (±203) e

Moro_18_SW 23.6 (±10.6) 40.7 (±30.2) 629 (±370) bc 26.0 (±15.1) b 1060 (±124) e
Moro_19_SB 8.0 (±5.8) 45.6 (±32.6) 677 (±447) bc 22.6 (±12.6) bc 4864 (±1294) b

Moro_19_SW 10.5 (±6.6) 44.1 (±24.5) 2078 (±1152) a 46.8 (±25.8) a 3439 (±577) c

Significance indicated by ns p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001 for main effects and letters a, b, c, d, and e (α = 0.05) for means
separation. SB: spring barley; SW: spring wheat.

Russian thistle density decreased in all plots during the growing season. Plant mortality
differed between crops and the interaction between year × site or year × crop (Table 1).
Russian thistle mortality was higher in spring barley (48%) compared to spring wheat
(37%). Similarly, Borger et al. [17] found that barley suppressed L. rigidum plant density
and biomass to a greater extent compared to wheat in two of three sites in one year. These
authors also demonstrated that photosynthetically active radiation was lower in barley
in the inter-row space, which may have contributed to greater L. rigidum suppression.
Barley may be more competitive than wheat due to greater early biomass, higher leaf area
index throughout development, and potential allelopathic activity [18–20]. This research
supports the broad notion of barley’s competitiveness and offers novel support for greater
competitiveness with Russian thistle compared to spring wheat.

Russian thistle mortality was highest in spring barley in 2018 (59%) and lowest in
spring wheat in 2019 (35%). Mortality was similar among Pendleton 2018 (51%), Moro
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2018 (47%), and Moro 2019 (45%), while mortality was lowest in Pendleton 2019 (26%).
Russian thistle mortality rate was at an average of 37% in spring wheat across sites and
years, which was much higher than the 8% mortality reported by Young [4] in spring wheat
across two years. It is not currently known how Russian thistle mortality is related to
shading, emergence time, or emergence position (i.e., inter-row vs. in-furrow). Further
research is necessary to address this knowledge gap.

Higher crop seeding density reduced Russian thistle emergence in spring barley in
Pendleton 2019 and increased mortality in spring wheat in Moro 2018. Russian thistle
emergence did not differ between row spacing treatments in spring barley in either year,
whereas emergence was different in spring wheat in 2019 at both sites with a location-
dependent effect (Table 2). Narrow row spacing decreased Russian thistle emergence in
Moro 2019 when the crop was competitive due to higher rainfall. To the contrary, wide row
spacing produced lower Russian thistle emergence in Pendleton 2019 when the crop had a
significant infestation of netseed lambsquarter (Chenopodium berlandieri) that was removed
in mid-June. It is possible that the presence of netseed lambsquarter in the trial area could
have reduced Russian thistle emergence due to higher competition in the wide row spacing
treatment. Higher soil disturbance in narrow rows may have also favored Russian thistle
emergence. Russian thistle emergence has been observed to increase in disturbed soil
compared with no tilled soil [21]. Row spacing did not affect Russian thistle mortality.

2.2. Effects on Russian Thistle Seed Production and Plant Biomass

There was a significant three-way interaction between year, site, and crop with respect
to Russian thistle seed production (Table 1). Russian thistle plants produced the greatest
number of seeds in spring wheat in Moro 2019, averaging 2078 seeds plant−1. Russian this-
tle plants produced the fewest seeds in spring barley and spring wheat in Pendleton during
2019 and in spring barley in Moro during 2018, averaging approximately 385 seeds plant−1.

Plant biomass followed a similar pattern to seed production with a significant three-
way interaction between year, site, and crop (Table 1). Russian thistle plants were largest in
spring wheat in Moro 2019 (46.8 g) and smallest in spring barley in Pendleton 2019 (6.9 g).
Russian thistle seed production increased linearly with plant biomass and was similar
among sites and years (analysis of covariance (ANCOVA) F3,119 = 0.655. p = 0.581; Figure 2).
This indicates that larger Russian thistle plants have a greater likelihood of producing more
seeds irrespective of location and year. Russian thistle grows rapidly following harvest,
and final plant size may depend on size at crop harvest [3,4]. Young [4] demonstrated that
Russian thistle growing in winter wheat accumulated less biomass by harvest compared to
Russian thistle growing in spring wheat. In this study, biomass was not measured until
approximately two months after harvest, but Russian thistle biomass was significantly
lower in spring barley (14 g) compared to spring wheat (26 g) (Table 1).

Row spacing and seeding rate did not affect Russian thistle seed production or plant
biomass in either year (Table 2). The lack of a broad effect of row spacing or seeding rate on
Russian thistle seed production and plant biomass mirrored the weak effects observed on
Russian thistle emergence and mortality. In contrast, Paynter and Hills [13] demonstrated
a linear decrease in L. rigidum tiller number with increasing spring barley planting density.
Borger et al. [22] also demonstrated declining L. rigidum seed number m−2 in various crops,
including barley and wheat, as row spacing treatments declined from 36 to 9 cm. Unlike
L. rigidum, however, Russian thistle does not senesce by harvest, continuing to grow until a
killing frost [3].
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Figure 2. Relationship between average Russian thistle plant biomass (g) and Russian thistle seed
production (seeds plant−1) across sites and years. Solid line represents the average across sites
and years.

2.3. Effects on Crop Yield

The combination of year, site, and crop type produced a significant three-way in-
teraction when yield with seeded Russian thistle was examined (Table 1). In 2018, the
wheat yield in Pendleton was 3.7 times higher than the wheat yield in Moro at 3941 and
1060 kg ha−1, respectively. Similarly, the barley yield in Pendleton was 4.1 times higher
than the barley yield in Moro during 2018 at 5611 and 1375 kg ha−1, respectively. The rela-
tionship reversed in 2019 for both crops with 1.5 and 1.6 times higher wheat and barley
yields, respectively, in Moro compared to Pendleton. Pendleton is typically higher yielding
than Moro due to its location in a higher rainfall zone. The lower yield in Pendleton in
2019 may have been due to the trial following winter wheat instead of fallow, as occurred
in 2018. The trial in Moro 2019 also followed spring barley instead of winter wheat, as
occurred in 2018. This combination of events likely contributed to the higher yield in Moro
during 2019.

Spring barley yield was 1.4 times higher than spring wheat yield in both years (Table 1).
Barley yields significantly more produce than wheat in the PNW and in other areas due to
greater above-ground dry mass [19,23]. Spring barley yield was also significantly higher in
2019 than in 2018, whereas spring wheat yield was similar in 2018 and 2019. Higher spring
barley yield in 2019 was likely driven by higher spring precipitation that year.

Narrow row spacing did not produce higher yields than wider row spacing treatments.
For example, spring barley planted in wider rows produced higher yields than the narrow
row spacing treatment in Moro 2018. In contrast, yield tended to increase with higher crop
seeding density in spring barley and spring wheat, except for Moro 2019 where spring
barley yield was higher in the lower seeding density treatment (Table 2). Previous research
has demonstrated that yield increases when crops are sown in narrower rows or at higher
seeding rates with weed pressure since greater crop competition suppresses weed growth
and biomass [24,25]. In this study, however, higher yield with a higher crop density was
independent of weed presence, since yield in Russian-thistle-free sub-sub-plots was similar
to infested sub-sub-plots in 2019 (Table 3). This demonstrates that a Russian thistle density
of 15 plants m−2 or lower may not have a significant impact on spring wheat or spring
barley yield in a year with higher growing season rainfall than average. Similarly, Young [2]
demonstrated no effect of Russian thistle on spring wheat yield in one year with high early
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growing season rainfall, while two other years with less rainfall were affected by Russian
thistle pressure. Unfortunately, Russian-thistle-free yield data were not obtained in 2018,
precluding broad conclusions about effects of Russian thistle on yield in a lower rainfall
year, except for observations that emergence was higher in 2018.

Table 3. Comparison of crop yield with and without Russian thistle pressure for each location and
crop in 2019.

Site Crop p-Value

Pendleton Spring wheat 0.374
Spring barley 0.820

Moro Spring wheat 0.700
Spring barley 0.219

3. Materials and Methods

3.1. Location

A two-year field experiment was established in Umatilla and Sherman counties located
in Oregon during 2018 and 2019. The Umatilla site was located at the Columbia Basin
Agricultural Research Center (CBARC) in Adams, Oregon, hereafter referred to as the
Pendleton site. The Sherman site was located at CBARC in Moro, Oregon, hereafter referred
to as the Moro site. Both sites are rain-fed sites. The soil at the Pendleton site was a Walla
Walla silt loam (8% clay, 27% sand, and 65% silt) with 2.3% organic matter and a pH
of 5.4. The soil at the Moro site was a Walla Walla silt loam (7% clay, 30% sand, and
63% silt) with 1.2% organic matter and a pH of 6.6. The Pendleton site is located in an
intermediate precipitation zone while the Moro site is located in a low rainfall zone of the
PNW. Long-term average precipitation at the Pendleton site is 421 mm year−1 while the
Moro site receives 287 mm year−1. Fertilization was applied in all sites following standard
recommendations for the region [26]. All sites were managed following conventional
tillage practices, except for the site in Moro 2018 which was a no-till site. The Pendleton
site used in 2018 was fallow in 2017 and the Pendleton site used in 2019 had winter wheat
in 2018. The Moro site used in 2018 had winter wheat in 2017 and the Moro site used in
2019 had spring barley in 2018.

3.2. Experimental Design

The experimental design in 2018 was a split-plot randomized complete block design
with four replications. Row spacing (18 or 36 cm) was the main plot factor and seeding rate
(73 or 140 kg ha−1) was the sub-plot factor. The main plot was doubled to accommodate
two crop types (spring wheat “WB6341” or spring barley “Champion”). Both crops were
included in the same experimental area to guard against a soil type or field topography
effect on the crop and Russian thistle development. The main plot was 1.7 m × 36.6 m
while the sub-plot was 1.7 m × 9.15 m. Each main plot had then four sub-plots (spring
wheat at 73 and 140 kg ha−1 and spring barley at 73 and 140 kg ha−1). Crop type and
seeding rate were randomized within main plots. Each main plot was separated by a
1.7-m alley. Russian thistle seed was spread by hand at a rate of 0.43 g m−2 before seeding
the crops with a Hege 9-row drill on April 19 in the Pendleton site and April 20 in the
Moro site.

The experimental design in 2019 was a split-split-plot randomized complete block
design with four replications. Main plot size increased to 1.7 m × 48.8 m and sub-plot size
increased to 1.7 m × 12.2 m. The first 6.1 m of the sub-plot were hand-seeded with Russian
thistle while the second 6.1 m of the sub-plot remained Russian-thistle-free. Crop type, row
spacing, and seeding rate treatments were the same as in 2018. Experiments were seeded on
19 and 22 April 2019 at the Pendleton and Moro sites, respectively. In the Pendleton site, sub-
sub-plots without seeded Russian thistle were sprayed with pyrasulfotole + bromoxynil
herbicide (Huskie®, Bayer CropScience, Chesterfield, MO, USA) and sub-plots seeded with
Russian thistle were hand weeded on 14 June 2019 to control a weed infestation of netseed
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lambsquarter that occurred in 2019 at that site. The lambsquarter was fully controlled in a
few days after its detection. For all the other sites, the weed control before the crop seeding
and Russian thistle seed spreading (by tillage or by a non-residual, non-selective herbicide)
was enough to maintain the plots weed-free except for the Russian thistle infestation.

3.3. Data Collection

Russian thistle evaluations were conducted by placing a sampling frame (0.5 m ×
0.5 m = 0.25 m2) in six random locations within each sub-plot in 2018. In 2019, larger
sampling frames (1 m × 0.5 m = 0.5 m2) were used to sample six random locations due to
a lower Russian thistle infestation that year. Post-seeding evaluations (hereafter referred
to as emergence evaluations) at each location were conducted on 22–23 May in 2018 and
25–26 June in 2019. Spring wheat and spring barley were harvested on 25 and 31 July 2018
at the Moro and Pendleton sites, respectively. Harvest in 2019 was on 20 and 21 August in
Pendleton and Moro sites, respectively. Yield data were determined per sub-plot in 2018
and sub-sub-plot in 2019.

Russian thistle plants were harvested on 15 and 19 October 2018 and 25 October and
1 November 2019 at the Pendleton and Moro sites, respectively. Five plants were randomly
removed from each sub-plot in 2018 and sub-sub-plot in 2019, placed inside paper bags,
and moved to a greenhouse to be processed at a later date. Russian thistle plants were first
weighed to determine dry biomass and then hand-threshed. The processed material was
passed through a series of sieves to obtain a seed and chaff mixture. The seed and chaff
mixture was weighed and seed number was determined from an approximate 0.5-g sample
of the mixture. Seed number per plant was determined by dividing the seed number in
each sample by 0.5 and then multiplying the result by the total weight of the seed and chaff.

3.4. Statistical Analyses

Linear mixed models (LMMs) were used to study the effect of year, site, crop type,
row spacing, and seeding rate on Russian thistle emergence, mortality, seed production,
plant biomass, and crop yield. Due to the high number of independent variables, two
analyses were conducted separately. The first analysis included year, site, and crop type
effects on Russian thistle emergence, mortality, plant biomass, seed production, and crop
yield. The second analysis included row spacing and seeding density effects on the
aforementioned variables. Fixed effects in the first analysis were year, site, and crop,
while seeding density and row spacing were the fixed variables in the second analysis.
Replications in the first analysis were the random effect, while replications nested within
row spacing were the random effect in the second analysis. RStudio v.1.2 software (RStudio
Team, Boston, MA, USA) was used for all analyses. The least-square means function
(lsmeanS) in R studio was used for mean separation in the LMMs, specifying Tukey’s test.

Linear regression was used to evaluate the relationship between Russian thistle plant
biomass and seed production among sites and years. A natural logarithm transformation
was applied to both axes to satisfy normality. Differences in slopes between regression
models were assessed with analysis of covariance (ANCOVA), specifying the ANOVA_test
function in the rstatix package of R studio.

Mean crop yield with and without Russian thistle pressure for each location and
crop in 2019 was assessed with a one-way analysis of variance and means were compared
with Tukey’s test. All data were checked graphically for normality assumptions before
conducting the analyses. All figures were created in SigmaPlot v.14 (Systat Software, San
Jose, CA, USA).

4. Conclusions

The absence of a broad effect of row spacing, seeding rate, or their interaction on
Russian thistle emergence, mortality, plant biomass, or seed production in this research
indicates that these cultural management practices had a minor effect on Russian thistle
suppression. These findings contrast previous research with different weed species in
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spring barley [13] or spring wheat [25,27,28]. This research does not support using high
crop density or narrow row spacing as a broad prescription for Russian thistle suppression.
However, spring barley was more competitive with Russian thistle than spring wheat.
Including spring barley over spring wheat in a winter wheat–fallow rotation in the PNW is
recommended to suppress Russian thistle.
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Abstract: Mulch from cover crops can effectively suppress weeds in organic corn (Zea mays L.)
and soybean (Glycine max L.) as part of cover crop-based rotational no-till systems, but little is
known about the feasibility of using mulch to suppress weeds in organic winter small grain crops.
A field experiment was conducted in central NY, USA, to quantify winter wheat (Triticum aestivum L.)
seedling emergence, weed and crop biomass production, and wheat grain yield across a gradient
of mulch biomass. Winter wheat seedling density showed an asymptotic relationship with mulch
biomass, with no effect at low rates and a gradual decrease from moderate to high rates of mulch.
Selective suppression of weed biomass but not wheat biomass was observed, and wheat grain yield
was not reduced at the highest level of mulch (9000 kg ha−1). Results indicate that organic winter
wheat can be no-till planted in systems that use mulch for weed suppression. Future research should
explore wheat tolerance to mulch under different conditions, and the potential of no-till planting
wheat directly into rolled-crimped cover crops.

Keywords: cover crop; weed management; organic; no-till

1. Introduction

No-till crop production has received widespread attention over the past several
decades as a strategy to conserve topsoil and improve soil health while reducing fuel
and labor inputs. In 2017, no-till was practiced on 26% of cropland in the United States [1].
The adoption of no-till practices since the 1980s was enabled by synthetic herbicides and
improved planting equipment [2]. However, in organic production systems where syn-
thetic herbicides are prohibited, soil tillage and cultivation are commonly used for weed
management [3]. Weeds can also be suppressed by surface mulch from cover crops that
are mechanically terminated with roller-crimpers, and researchers have demonstrated
success with this approach for organic no-till corn (Zea mays L.) and soybean (Glycine max
L.) [4]. Although cover crop-based, organic no-till production has the potential to provide
some soil health benefits [5], soil tillage is typically used for establishing cover crops and
small grain crops in the crop rotation. This rotational no-till approach limits the soil health
benefits that manifest over a longer period (e.g., increased soil organic matter, enhanced
water infiltration from preferential flow channels, etc.) [6]. Thus, research is needed to
explore the potential of other crops beyond corn and soybean that can be no-till planted
into mulch, which could allow for extended sequences without soil tillage in organic
cropping systems.

Selective suppression of weed seedlings but not crop seedlings by mulch is important
for successful cover crop-based, organic no-till production. Previous research has shown
that weed suppression from mulch is a function of physical impedance and light depri-
vation [7] as well as chemical inhibition from allelochemicals [8]. Whereas cooler soils
and reduced light transmittance from mulch tend to reduce weed emergence, mulch can
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also conserve soil moisture and increase weed seedling emergence, especially at low levels
of mulch biomass [9]. Cover crop biomass is an important driver of weed suppression
from mulch [10] and past work has suggested that 8000 kg ha−1 is the minimum biomass
required to achieve consistent weed suppression [11]. However, this threshold likely varies
by weed community as well as crop variety, environment, and management practices (i.e.,
G × E × M).

Weed tolerance to mulch is often correlated with seed size, where species with larger
seeds are less likely to be suppressed by mulch [12]. Crop species with small seeds and
light requirements for germination are generally more susceptible to suppression by mulch
due to smaller nutrient reserves, among other considerations [13]. Seed size may also
be the main lever that provides selective weed but not crop suppression in cover crop-
based organic no-till [4,13]. Wheat seeds are smaller than corn and soybean (e.g., 0.05,
0.17 and 0.30 g seed−1 for wheat, soybean, and corn, respectively) [14], but still larger
than many weed species [15]. As wheat is generally weed suppressive in the study region
compared with corn and soybean, a lower rate of cover crop biomass might be adequate
for consistent weed suppression, while avoiding suppression of wheat seedlings with
lower nutrient reserves than corn and soybean. A field experiment was conducted in
central New York, United States to evaluate weed suppression, wheat emergence, and
wheat grain yield of two winter wheat varieties across a biomass gradient of grass-clover
hay mulch. We hypothesized that weed biomass but also wheat seedling density, wheat
biomass, and wheat grain yield would decrease with increasing mulch biomass. We also
hypothesized that seedling emergence would vary by wheat variety and be greater in the
variety marketed for its superior performance in high-residue environments.

2. Results and Discussion

In general, winter wheat performed well at all mulch rates, with neither wheat biomass
nor grain yield suppressed by increasing amounts of mulch. Wheat seedling emergence
was tolerant to mulch rates at or below 3000 kg ha−1 and remained at roughly 80% of the
no-mulch control at mulch rates of 6000 kg ha−1. In contrast, weed biomass was suppressed
at mulch rates above 6000 kg ha−1, which is lower than the mulch rates recommended
for the summer annual crops (e.g., corn, soybean) where high-residue production is more
commonly implemented [11]. These results suggest that minor management adjustments
such as increased seeding rates could ensure acceptable winter wheat crop stands while
effectively suppressing weeds in a no-till system.

2.1. Wheat Emergence

Wheat seedling emergence was not affected by wheat variety. When data were
pooled across the two varieties, wheat seedling emergence was consistently high at low
to moderate mulch rates (3000 kg ha−1), after which it gradually decreased to 55% of the
emergence rate in the no-mulch control at the highest mulch rate (9000 kg ha−1; Figure 1).
In addition to the lack of support for our second hypothesis about wheat varieties, the
functional form of the relationship between wheat density and mulch rate was unexpected.
In contrast to our results, previous experiments with broadleaf weeds spanning mulch rates
like those used in our experiment have reported an exponential decline with weed seedling
emergence in response to increasing mulch rate. For example, Teasdale and Mohler [7]
found an exponential decline in Amaranthus retroflexus (redroot pigweed) emergence at
increasing mulch rates.
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Figure 1. Winter wheat seedling emergence (E) of two winter wheat varieties, “Expedition” and
“SY Wolf”, under increasing grass-clover hay mulch rates (M), expressed as a proportion of the
emergence rate in the no-mulch control. The log-logistic response was estimated as E = 1.006/(1 +
exp(3.9(log(M) − log(9217)))). All coefficients were significant at the α = 0.05 level, indicating a significant
log-logistic response of wheat emergence to mulch rate. The response curve did not vary significantly
by wheat variety (p = 0.26).

2.2. Weed and Wheat Biomass

Wheat biomass was unaffected by mulch rate (p = 0.06), averaging 11,265 ± 183 kg ha−1

dry matter across mulch rates (stem and seed head; Figure 2A). This trend did not differ
between wheat varieties (p = 0.18) and there was no interaction between mulch rate and
wheat variety (p = 0.98).

In contrast to the non-effect of mulch on winter wheat biomass, we observed stimu-
lation of weed growth at low mulch rates. Weed biomass increased from an average of
245 ± 41 with no mulch to 518 ± 122 kg ha−1 of biomass at a mulch rate of 1500 kg ha−1,
but subsequently declined to a low of 89 ± 36 kg ha−1 biomass at the highest mulch rate
of 9000 kg ha−1 (Figure 2B). The stimulation of weed growth at lower mulch rates was
indicated by a positive mulch stimulation parameter (a in Equation (2); p < 0.001). However,
at mulch rates above 2000 kg ha−1 weed biomass decreased (Figure 2B). Weed suppression
at higher mulch biomass rates was likely due to attenuation of germination cues that re-
duced weed seedling density as well as light deprivation, physical interference, phytotoxin
inhibition that reduced weed seedling growth [7,11]. Promotion of plant emergence at
low mulch rates has long been described in the turfgrass literature, and light mulching is
often used to help establish lawns [16,17]. Our results suggest that certain weed species
may behave similarly to turfgrasses, with light mulch improving soil microclimate (i.e.,
higher and more consistent moisture, reduced temperature) in ways that promote seedling
emergence and growth.

A noteworthy difference between our results and previous work on cover cropping
for weed suppression in summer annual crops is that weed suppression in winter wheat
was achieved at much lower biomass levels than usually recommended. A synthesis of
cover cropping work in soybean and corn suggested that mulch rates of 8000 kg ha−1

or more are required to achieve consistent weed suppression [11]. In our study, weed
biomass was not a limiting factor on wheat yield at any of the mulch rates, including rates
below 8000 kg ha−1. Instead, wheat biomass production appeared optimal at rates of about
5000 kg ha−1, when the stimulatory effect of low mulch rates on weed emergence was
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surpassed, but wheat emergence was not yet affected. This result suggests that one of the
common limitations of using cover crops for weed suppression—production of sufficient
biomass—could be a smaller obstacle in a winter wheat-based system.

Figure 2. (A) Winter wheat biomass and (B) weed biomass (Wb) collected from plots of two varieties
of winter wheat at different grass-clover hay mulch rates (M). There was no significant effect of
mulch rate on winter wheat biomass production (p = 0.06). Weed biomass response to mulch
rate was estimated as Wb = 222(1 + 0.0014M)(exp−0.0004M). All coefficients were significant at the
α = 0.05 level. There was no difference in the response curves between the two varieties for either
response variable (wheat biomass p = 0.1; weed biomass p = 0.1).

2.3. Winter Wheat Yield

Mulch rate and wheat variety did not interact to affect wheat yield (p = 0.34). How-
ever, there was a slight positive trend in the response of wheat grain yield to mulch rate
(p < 0.05; Figure 3). Across mulch rates, wheat yields averaged 4684 ± 84 kg ha−1,
which is approximately 11% greater than average wheat yields in the region [18]. Con-
trary to our hypothesis, yield response to mulch rates did not differ significantly be-
tween varieties, despite the marketing of the SY Wolf variety for superior performance in
high-residue conditions.
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Figure 3. Wheat yield as affected by grass-clover hay mulch rate. There was a small positive effect of
mulch rate on wheat yield (p < 0.05) and no difference in yield responses between wheat varieties
(p = 0.72).

3. Materials and Methods

3.1. Site Description

A field experiment was conducted in Ithaca, NY (42.45◦ N, 76.46◦ W) to quantify the
effects of mulch mass on wheat emergence, weed suppression, and wheat yield. Soils at
the site are very fine, sandy loams in the Williamson series, Typic Fragiochrept (Table 1).
Prior to the experiment, the field was planted with intermediate wheatgrass (Thinopyrum
intermedium, (Host) Barkworth & DR Dewey) in the fall of 2018 and then disked and
cultipacked in fall 2019. Temperatures in 2019 and 2020 generally trended with the 30-yr
normal, but precipitation in 2019 was generally higher than both the 30-yr normal and 2020
(Figure 4).

Table 1. Selected soil properties from the field site at the Caldwell Farm at Cornell University in
Ithaca, NY, USA. Soil samples (20 cm depth) were analyzed by Dairy One Agronomy Services, Ithaca,
NY, USA. Cations were measured using the Morgan method.

Soil Property Value

pH 6.1
Organic matter (%) 2.6

Phosphorus (kg ha−1) 6.7
Potassium (kg ha−1) 141
Calcium (kg ha−1) 2180

Magnesium (kg ha−1) 278
Iron (kg ha−1) 26

Manganese (kg ha−1) 23
Zing (kg ha−1) 0.45

Aluminium (kg ha−1) 88
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Figure 4. Total precipitation (cm) and average temperature (◦C) by month for 2019–2020 at the
Cornell Caldwell Farm (Ithaca, NY, USA). Precipitation and air temperature data were collected from
an on-site weather station.

3.2. Experimental Design

Treatments included six mulch rates (0, 750, 1500, 3000, 6000 and 9000 kg ha−1 dry
weight) and two hard red winter wheat varieties: (1) ‘SY Wolf’ and (2) ‘Expedition’.
Expedition is commonly used by organic farmers in the northeast USA, whereas SY Wolf
is a new variety marketed for good performance in heavy residue [19,20]. All wheat seed
was untreated. The experimental design was a spatially balanced, split-plot randomized
complete block with four blocks. Wheat variety was the main-plot factor and mulch rate
was the sub-plot factor. Sub-plots measured 1 m wide × 4 m long.

3.3. Soil and Crop Management

The field was moldboard plowed, disked, and cultipacked several weeks prior to
planting. Wheat seed was drilled to a depth of 2.5 cm into bare soil on 5 October 2019,
using an Almaco heavy duty grain drill with 15 cm row spacing. Following planting, all
plots were smoothed with a garden rake. Within 24 h of planting, dry grass-clover hay was
weighed in the field and evenly distributed on the soil surface by hand at the six target
mulch biomass rates. The grass-clover hay used as mulch was harvested from a nearby
farm and consisted primarily of perennial species including orchardgrass (Dactylis glomerata
L.), timothy (Phleum pratense L.), and red clover (Trifolium pratense L.). No amendments or
fertilizer was applied to the field over the course of the experiment.

3.4. Data Collection

Wheat seedling emergence was documented 33 days after planting on 27 November
2019, by counting seedlings in the center four rows of each plot within a 0.5 m2 quadrat.
On 26 July 2020, subplots were sampled by hand to determine wheat yield. In each variety
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by mulch rate sub-plot a 0.25 m2 quadrat centered over the middle 4 rows of wheat was
harvested, bagged, and dried to a constant weight. Dry weights were measured for total
wheat biomass as well as stem and seed head biomass. Yields are reported as threshed
grain dry weights. Weeds in each quadrat were bulk harvested and dried to constant
weight to determine total weed biomass, and dominant weed species in each quadrat
were recorded.

3.5. Statistical Analysis

All data were analyzed using R version 4.0.3 [21] with packages ‘lme4′ [22], ‘nlme’ [23],
and ‘stats’ [21]. We used nonlinear mixed-effects models [23] to estimate wheat seedling
density and weed biomass responses to wheat variety and mulch rates. Linear mixed-
effects models were used to estimate wheat biomass and wheat yield responses to mulch
rate. In all models, random effects accounted for the split plot design of the experiment
by nesting wheat variety within the field block. Before modeling, a Grubbs test was
used to identify and remove one weed biomass and one wheat yield outlier (p < 0.001).
Furthermore, wheat seedling density data was modeled as a proportion of seedling density
in the no-mulch control (0 kg ha−1) within each block.

The effect of wheat variety on wheat seedling density and weed biomass was elu-
cidated by comparing a reduced model, where data was pooled across the two wheat
varieties, and a full model, where the response variables differed as a function of wheat
variety. The reduced and full nonlinear models were compared using a log-likelihood
ratio test. If no significant difference (p > 0.05) was detected between log-likelihood ratios,
wheat variety had a negligible effect on the response variable. Conversely, a significant
log-likelihood ratio indicated a better fit for the full model, wheat variety was considered to
be a significant predictor of seedling emergence or weed biomass. If evaluation of the fitted
estimates suggested violation of the assumption of homoscedacity, we fit a separate model
allowing for unequal variances and compared the two fits using the same log-likelihood
test. In cases where multiple nonlinear equations could reasonably be used to describe the
response curve, the equation with the best fit was determined using the Akaike Information
Criterion (AIC).

Wheat seedling emergence (E) response to mulch rate (M) was modeled with a
3-parameter log-logistic equation Hill equation [24]:

E =
d

1 + expb(log (M)−log (e))
(1)

where d is the upper asymptote of seeding emergence, b is the slope at the inflection
point, and e is the mulch rate halfway between the upper and lower asymptote of seedling
emergence.

The change in weed biomass (Wb) across the mulch biomass (M) gradient was modeled
with a right-skewed, hump-shaped equation devised by Teasdale and Mohler (2000):

Wb = W0(1 + aM)(exp−bM
)

(2)

where W0 represents the intercept, a represents the mulch stimulation effect, and b repre-
sents the mulch suppression effect.

For the linear mixed-effects models, mulch rate, wheat variety, and the interaction of
these two predictor variables were fixed effects. Weed biomass did not affect wheat yield or
biomass (p ≥ 0.50) and was not included as a predictor variable in the linear mixed models.
Denominator degrees of freedom were calculated using the Kenward-Roger method and
the linear mixed effects models were assessed through type III ANOVA tests.

4. Conclusions

We compared the effects of increasing mulch biomass on weed suppression and winter
wheat performance and our results suggest wheat is relatively tolerant to mulch. The wheat
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seedlings in our experiment were subject to more extreme emergence restrictions than
usual because mulch was placed on top of wheat seeds after seeding into bare ground,
thus reducing any aid to emergence created by coulters slicing through the mulch during
planting. Although wheat seedling density was reduced at high levels of mulch, wheat
biomass and grain yield were tolerant to increasing mulch. On the other hand, weed
biomass was stimulated at low levels and suppressed at high levels of mulch.

Given the differential tolerance to mulch, wheat may be a viable candidate for no-
till planting into rolled-crimped cover crops. More research is needed across different
environments, wheat varieties, and types of mulch to understand the full potential of
organic no-till wheat production and how multiple organic no-till cash crops can be
combined in a rotation. Such extended sequences of no-till production could provide
enhanced soil health benefits.
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Abstract: Durum wheat (Triticum turgidum spp. durum) is one of the most important grain crops
cultivated across the Mediterranean Basin, where a strong return to local landraces cultivation is
occurring to meet the market demand for high-quality food and low-input cropping systems. A
characterisation of the long-term effect (10 years) of durum wheat landraces and modern cultivars
on the potential and real weed flora is still lacking. Hence, a multilocation trial over 10 farms in
Central-Eastern Sicily was carried out to investigate the repeated cultivation of several old landraces
(OLD) and modern cultivars (MOD) on the abundance and diversity of weed flora. Overall, OLD
was associated with a 47% reduction of the soil seedbank size and to −64% of the aboveground weed
biomass compared to MOD. In addition, diversity indices pointed out a high similarity between
MOD and OLD farm groups for the soil seedbank, while a lower diversity was found in OLD for
aboveground weed communities. From the principal component analysis emerged that the species
compositions of MOD and OLD were quite separated for both soil seedbank and real flora, with the
latter showing few specific associations with major weeds. These findings demonstrated the indirect
effect of durum wheat landraces in sustainably reducing weed pressure without the adoption of
chemical weed control.

Keywords: Triticum durum; weed management; soil seedbank; species diversity; weed communities;
old landraces; multivariate statistics

1. Introduction

Durum wheat (Triticum turgidum subsp. durum (Desf.) Husn., 2n = 4x = 28, AABB),
although grown on just 8–10% of the global land surface, is one of the most important
cereal crops in semi-arid zones, especially in the Mediterranean Basin, where more than
80% of the total European-harvested production take place [1]. In Europe, Italy is the first
country of economic importance with 3.8 × 106 Mg of harvested production obtained from
1.2 × 106 ha [2], primarily concentrated in the southern regions. Mediterranean durum
wheat germplasm is characterised by the largest biodiversity, as demonstrated by the high
number of local landraces adapted to numerous pedoclimatic conditions [3]. However,
many of these old landraces are no longer cropped or are underutilised due to the spread
of modern genetically improved and high-yielding cultivars, thus causing a serious genetic
erosion [4,5].

Aside from major abiotic constrains such as drought, nitrogen supply, high tempera-
tures and soil properties, weeds are the most important biotic threat reducing the yields
and quality characteristics of durum wheat [6,7], especially in the Mediterranean Basin. To
control weeds, over the last decades, durum wheat has been subjected to a considerable
chemical weed control that caused a number of negative effects, mainly the development
of highly resistant weed populations and the persistence of herbicides in the environment
and in the food chain. Considering the adverse effects determined by the irrational chem-
ical weed control, on the one hand, and the raising of organic cropping systems where
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synthetic herbicides are banned, on the other hand, the exploitation of eco-friendly weed
management practices in durum wheat agroecosystems has an outstanding relevance [8]. In
recent years, several sustainable weed management practices involving the manipulation of
allelopathy, such as the use of plant water extracts [9], intercropping [10] and mulching [11],
have been proposed in durum wheat [12]. Within the integrated weed management (IWM)
systems, a key role is played by prevention, including those strategies or agronomic choices
aimed at preventing weed adaptation, and it is based on the reduction of the soil seedbank
and the improvement of the crop competitiveness against weeds [8]. The former is the most
important and challenging aspect, given that the soil seedbank is the primary source of
new infestations and that the real weed flora derives almost exclusively from the potential
weed population communities [13]. The main goal is getting its control below 20 million
weed seeds ha−1 in order to simplify and reduce the direct weed control methods. The
second strategy, which is closely connected to the soil seedbank control, can be addressed
by choosing weed-competitive cultivars with high root development, early vigour, faster
seedling emergence, high growth rates, wide leaf areas and an allelopathic ability [14]. In
this regard, several findings suggest a higher weed-suppressive ability of old durum wheat
landraces than modern cultivars due to a combined competitive–allelopathic effect [15,16].
Fields of old durum wheat landraces, in fact, generally show lower weed densities than
modern cultivars, according to our experience. This aspect, together with the increasingly
importance of low-input agricultural systems (especially in the European Union) and a
greater market demand for high-quality food, is determining a reawakened interest in
durum wheat local landraces. They are particularly appreciated by the market by virtue of
their high-quality flours, especially for the production of pasta, pizza and bread.

Based on these considerations, the present research started from the hypothesis that
durum wheat landraces may have a higher weed-suppressive ability than modern cultivars
and that the repeated cultivation of local landraces may reduce the soil seedbank (potential
weed flora) and the real weed flora pressure. A scientific verification directly on a field scale
has never been done. Hence, the goals were to evaluate the effect derived from the long-
term rotation, including some old durum wheat landraces, compared to modern cultivars,
on the abundance and diversity of potential and real weed flora in Central-Eastern Sicily, a
semi-arid environment representing an important production centre of durum wheat.

2. Results

2.1. Potential Weed Flora (Soil Seedbank)
2.1.1. Weed Abundance

Pooling over the five farms belonging to the MOD and OLD groups (Figure 1), it is
clearly visible that the repeated cultivation of old durum wheat landraces was associated
with a 46.8% reduced seedbank size compared to modern cultivars in the studied area
(1760.0 vs. 3306.7 seeds m−2). From the analysis of variance (ANOVA), it emerged that the
soil seedbank varied significantly across the ten farms under study (Figure 1). In detail,
the highest seedbank size was found at the Bannò Farm (6266.7 seeds m−2), where the cv.
Anco Marzio is cultivated from many years in rotation with vetch, followed by the Spitaleri
Farm (3933.3 seeds m−2), which sows an Iride–Simeto–Core mix in rotation with vetch and
fava beans. The lowest seedbank size was detected at the Mocciaro Farm (666.7 seeds m−2),
despite it sowing modern cv. Core alternately with a fodder mix composed of vetch,
clover, Sulla, ryegrass and oat, followed by Minio (866.7 seeds m−2), which sows the old cv.
Perciasacchi. Delizia, which also cultivates the cv. Perciasacchi, and which is the only farm
adopting the stale seedbed, showed the highest seedbank size (3600.0 seeds m−2) within
the OLD group.
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Figure 1. Size of the weed soil seedbank (0–15 cm) across the 10 farms under study. Bars are the
standard deviation (n = 3). Different letters indicate statistical significance by applying one-way
analysis of variance with Tukey’s HSD test at p < 0.05. MOD: wheat modern varieties group; OLD:
wheat old landraces group.

2.1.2. Weed Diversity

Throughout the ten farms, the total 0–15 cm soil seedbank consisted of 13 weed
species or genera belonging to 11 botanical families (Table 1). All detected taxa were
annual therophytes, excluding the biennial hemicryptophyte Stellaria media (L.) Vill. The
soil seedbank was dominated by six major weeds (i.e., with a RD ≥ 5%): in decreasing
order, Euphorbia helioscopia L., Anagallis arvensis L., Helminthotheca echioides (L.) Holub,
S. media, Sinapis arvensis L. and Fallopia convolvulus (L.) Á. Löve. Their sum accounted for
86% of the total weed seedbank density. The ANOVA of the species richness and RAIs
did not show significant differences among the MOD and OLD for each species (data
not shown). However, Table 1 highlights some interesting findings. About the major
weeds, E. helioscopia and S. arvensis were more abundant at the Delizia Farm (0.54 and 0.22,
respectively), A. arvensis at Antichi granai (0.72), E. echoiides at MRG (0.38), S. media at Di
Nolfo (0.45) and F. convolvulus at Minio (0.28). Moreover, the weeds Glebionis coronaria (L.)
Cass. ex Spach, Portulaca oleracea L. and Veronica sp. were detected only in MOD, whereas
Galium aparine L. and S. media were exclusive of OLD. Interestingly, A. arvensis, E. helioscopia,
F. convolvulus and Fumaria sp. had higher mean RAIs in the MOD farm group, while the
RAIs of Amaranthus retroflexus L., E. echoiides and S. arvensis were higher in farms belonging
to the OLD group.

Taking into account the α-diversity, no significant differences were observed for the
Margalef’s (DMG), Shannon–Wiener (H) and Pielou’s (J) indices between the MOD and OLD
(Table 2). Within the MOD, Agrimor, cultivating cv. Core in rotation with vetch, showed
the highest DMG (2.08) and H (1.48) values, indicating a higher biodiversity compared to
the other MOD farms. On the contrary, Mocciaro, which was the farm with the lowest
seedbank size, had the highest J value (0.94), indicating the presence of a few dominant
species, namely A. arvensis, E. helioscopia and P. oleracea (Table 1). Within OLD, similarly to
the Mocciaro Farm, Minio showed the highest J (0.91), while Antichi granai had the lowest,
α-diversity indices. Concerning β-diversity (Table 2), a high similarity between the MOD
and OLD groups was found both in terms of presence/absence (Sørensen’s, 76.2%) and
abundance (Steinahus’s, 54.7%).
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Table 2. α- and β-diversity indices of weed species in the total seedbank (0–15 cm) across the 10
farms under study.

α-Diversity β-Diversity

Margalef
Shannon-
Weiner

Pielou Whittaker Sørensen ‡ Steinhaus ‡

MOD farm group † 1.72 ± 0.23 A 1.13 ± 0.20 A 0.70 ± 0.15 A 2.6 ± 0.71 A

76.2% 54.7%

MRG 1.71 b 0.99 b 0.61 b 2.6 b
Bannò 1.45 b 1.02 b 0.57 b 2.2 c

Spitaleri 1.68 b 1.15 b 0.64 b 2.2 c
Mocciaro 1.66 b 1.03 b 0.94 a 4.3 a
Agrimor 2.08 a 1.48 a 0.76 b 1.9 d

OLD farm group † 1.91 ± 0.60 A 1.05 ± 0.38 A 0.68 ± 0.23 A 2.9 ± 0.65 A
Di Nolfo 1.51 cd 1.07 b 0.77 a 3.3 a
Delizia 1.73 c 0.77 c 0.43 b 2.2 b
Minio 2.05 b 1.27 ab 0.91 a 3.3 a

Antichi granai 1.39 d 0.59 c 0.43 b 3.5 a
Cottonaro 2.88 a 1.53 a 0.86 a 2.2 b

Different capital letters indicate significant differences between the MOD and OLD groups at p ≤ 0.05 (Tukey’s
HSD). Different lowercase letters indicate significant differences within groups at p ≤ 0.05 (Tukey’s HSD test).
† Data are the mean ± standard deviation. For within groups values, the standard deviation is always 0.1.
‡ Similarity between the MOD and OLD groups.

2.2. Real Weed Flora
2.2.1. Weed Abundance

Averaged over the MOD and OLD (Figure 2), emerged durum wheat landraces
may have determined a 64.4% reduction of the real weed flora abundance in the stud-
ied area with respect to modern cultivars (2.1 vs. 12.7 g DW m−2). Similar to the soil
seedbank, ANOVA showed that the real weed flora abundance was significantly differ-
ent for the ten farms (Figure 2). The Spitaleri Farm, in particular, had the highest weed
aboveground biomass (180.1 g DW m−2), followed by MRG (91.6 g DW m−2) and Agrimor
(80.4 g DW m−2). Within OLD, the highest weed aboveground biomass was found at An-
tichi granai (73.0 g DW m−2), which is the only farm performing fertilisation, and Delizia
(68.6 g DW m−2), the farm with the highest seedbank size. At Cottonaro, which carries out
a long-term rotation durum wheat cv. Senatore Cappelli with a leguminous mix (vetch,
clover and Sulla) and which is the only OLD farm performing chemical weed control, no
emerged weeds were detected.

Figure 2. Aboveground biomass (g DW m−2) of the real weed flora across the 10 farms under study.
Bars are the standard deviation (n = 3). Different letters indicate statistical significance by applying
one-way analysis of variance with Tukey’s HSD test at p ≤ 0.05. MOD: wheat modern varieties group;
OLD: wheat old landraces group.
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2.2.2. Weed Diversity

Nineteen weed species or genera were recorded throughout the study in the real
weed flora, of which 74% were annuals, 16% perennials and just one biennial hemicryp-
tophyte, namely S. media (Table 3). Among the 19 detected taxa, 39% belong to Aster-
aceae, 23% to Poaceae and 15% to Brassicaceae. Seven weeds or genera had a RD ≥ 5%
and thus dominated the real weed flora: Avena fatua L., S. media, G. aparine, G. coronaria,
Lolium sp., Centaurea sp. and Phalaris paradoxa L., which, altogether, accounted for 71.2%
of the total density. As observed for the soil seedbank, although the ANOVA of the
species richness and RAI was not significant, the following statements could be high-
lighted: A. fatua and Lolium sp. were more abundant at the Mocciaro Farm (0.54 and 0.31,
respectively), S. media and G. aparine at Di Nolfo (0.27 and 0.54, respectively), G. coronaria
at Spitaleri (0.27), Centaurea sp. at MRG (0.18) and P. paradoxa at Agrimor (0.23). Fur-
thermore, Artemisia vulgaris L., Inula helenium L., Papaver rhoeas L., Polygonum aviculare L.
and S. arvensis were recorded only at the MOD farms, whereas Convolvulus arvensis L.,
Diplotaxis erucoides (L.) DC., E. helioscopia, Erodium cicutarium (L.) L’Hér. and G. aparine only
at the OLD. From Table 3, it is also possible to see that Centaurea sp., G. coronaria, P. paradoxa
and Sonchus sp. had a higher RAI in MOD, while D. carota, Lolium sp. and S. media showed
a higher RAI in OLD.

In contrast with the soil seedbank, for the real weed flora, the α-diversity was signifi-
cantly higher in the MOD farm group than the OLD for the DMG, H and J (Table 4). In detail,
MRG had the highest α-diversity (DMG = 3.6; H = 1.9; J = 0.8) across the MOD farm group,
while Di Nolfo showed the lowest values (DMG = 1.2; H = 0.8; J = 0.7) across the OLD farms.
Despite significant α-diversity differences, the MOD and OLD showed a medium-high
qualitative β-diversity (Sørensen’s = 64.3%) but a Steinahus’s coefficient < 50%.

2.3. Species Composition of Potential and Real Weed Flora

The associations between major weeds and farms were analysed by PCA on the
correlation matrix of standardised weed densities. The eigen analysis showed that, for
both potential and real weed flora, the first three PCs gave eigenvalues greater than one
and accounted for most of the variance (Table 5). Interrelationships among major weeds
and farms were observed graphically through ordination biplots constructed with the first
two components explaining the maximum variance. For the soil seedbank, A. arvensis,
H. echioides and S. media captured 67.4% of the variance in PC1, and E. helioscopia and
F. convolvulus added a 59.8% variance in PC2, while S. arvensis had the highest weight on
PC3. In addition, PC1 was positively correlated to A. arvensis, E. helioscopia, H. echioides and
S. arvensis, thus positioning them on the right side of the biplot (Figure 3), while a negative
correlation (left side) was found with F. convolvulus and S. media. PC2 correlated positively
(top of the biplot) with A. arvensis, H. echioides, S. arvensis and S. media and negatively
(bottom) with E. helioscopia and F. convolvulus. For the real weed flora, A. fatua, Lolium sp.
and S. media accounted for 59.7% of the PC1 variance, Centaurea sp. and G. aparine for 54.1%
in PC2 and G. coronaria and P. paradoxa for 39.5% in PC3 (Table 5). Moreover, the weeds
Centaurea sp., G. aparine, G. coronaria and S. media showed a positive correlation with PC1,
whereas A. fatua, Lolium sp. and P. paradoxa correlated negatively. Except for G. aparine,
Lolium sp. and S. media, all weeds correlated negatively with PC2 (bottom of the biplot).
The ordination biplots show that the farms discriminated mainly along PC1 for the soil
seedbank and along PC2 for the real weed flora (Figure 3). In particular, except for Antichi
granai, the OLD farms were positioned on the left side of the soil seedbank biplot; about
real flora, all the OLD farms, excluding Minio, were positioned on the top of the biplot.
Therefore, the MOD and OLD were quite separated for both soil seedbank and real flora,
with OLD farms that showed few specific associations with the major weeds. Di Nolfo, in
particular, was not associated with any species.
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Table 4. α- and β-diversity indices of weed species in the real flora across the 10 farms under study.

α-Diversity β-Diversity

Margalef
Shannon-
Weiner

Pielou Whittaker Sørensen ‡ Steinhaus ‡

MOD farm group † 2.45 ± 0.68 A 1.49 ± 0.36 A 0.88 ± 0.04 A 3.8 ± 1.5 A

64.3% 42.3%

MRG 3.60 a 1.95 a 0.94 a 2.4 d
Bannò 2.45 b 1.65 b 0.92 a 3.2 c

Spitaleri 1.92 c 1.39 b 0.87 a 3.8 b
Mocciaro 2.36 b 0.96 c 0.87 a 6.3 a
Agrimor 1.93 c 1.48 b 0.83 a 3.2 c

OLD farm group † 1.55 ± 0.93 B 1.19 ± 0.76 B 0.65 ± 0.39 B 2.7 ± 1.6 A
Di Nolfo 1.34 b 0.94 c 0.68 c 4.8 a
Delizia 2.20 a 1.40 b 0.72 bc 2.7 c
Minio 2.06 a 1.85 a 0.89 ab 2.4 d

Antichi granai 2.14 a 1.77 a 0.99 a 3.2 b
Cottonaro - - - -

Different capital letters indicate significant differences between the MOD and OLD groups at p ≤ 0.05 (Tukey’s
HSD). Different lowercase letters indicate significant differences within the groups at p ≤ 0.05 (Tukey’s HSD
test). † Data are the mean ± standard deviation. For within-group values, the standard deviation is always
0.1. ‡ Similarity between the MOD and OLD groups.

Table 5. Eigenvectors and eigen analysis of the first three PCs of 12 variables (6 and 7 major weeds
for the soil seedbank and real flora, respectively) from PCA on the correlation matrix. Variables with
the largest influence for each principal component are in bold.

Variable

Weed Communities

Soil Seedbank Real Flora

PC1 PC2 PC3 PC1 PC2 PC3

ANGAR 0.514 0.070 0.081 - - -
AVEFA - - - −0.504 −0.171 −0.474
CENXX - - - 0.216 −0.545 0.274
EUPHE 0.288 −0.577 −0.500 - - -
FALCO −0.144 −0.687 0.026 - - -
GALAP - - - 0.188 0.618 −0.202
GLECO - - - 0.206 −0.502 −0.594

HELMEC 0.488 0.181 0.313 - - -
LOXX - - - −0.507 0.118 −0.278

PHALPHA - - - −0.383 −0.157 0.389
SINAR 0.311 0.308 −0.731 - - -

STELME −0.544 0.292 −0.333 0.467 0.039 −0.279

Eigenvalue 2.346 1.491 1.038 2.505 1.693 1.178
% Variance 39.2 24.8 17.3 35.8 24.2 16.8

% Cumulative variance 39.1 64.0 81.3 35.8 60.0 76.8

  
(a) (b) 

Figure 3. Principal components analysis ordination biplot from the correlation matrix with the 6 major
weeds for the soil seedbank (a) and with the 7 major weeds for the real weed flora (b) across the
10 farms under study. Farms belonging to the MOD group are labelled green, while farms from the
ANT group are shown with red circles. Arrows highlight the discrimination of weeds along the princi-
pal components. Groups: MOD: wheat modern varieties; OLD: wheat old landraces. Weeds: ANGAR
(Anagallis arvensis), AVEFA (Avena fatua), CENXX (Centaurea sp.), EUPHE (Euphorbia helioscopia),
FALCO (Fallopia convolvulus), GALAP (Galium aparine); GLECO (Glebionis coronaria), HELMEC
(Helminthotheca echioides), LOXX (Lolium sp.), PHALPHA (Phalaris paradoxa), SINAR (Sinapis arvensis)
and STEMLE (Stellaria media).
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3. Discussion

In this research, the weed-suppressive ability of the modern and old durum wheat
cultivars was evaluated on both the soil seedbank and real weed flora under a semi-arid
climate, namely Central-Eastern Sicily, an important Mediterranean centre production
of such a crop. Following Travlos et al. [17] and Nkoa et al. [18], weed abundance and
diversity were considered. Though the obtained results were farm-specific, pooling over
farms emerged clearly that old landraces, compared to modern cultivars, were associated
with a high decrease of soil seedbank, seed emergence and weed growth, as indicated
by the lower aboveground biomass weight, despite four of the five farms cultivating old
landraces not performing chemical weed control. Nevertheless, four of the five farms
belonging to OLD group showed a seedbank size < 20 million seeds ha−1, which is an
important goal to reduce the direct weed control methods within IWM strategies. This
significantly higher weed-suppressive ability of old landraces could be attributed to their
greater competitive traits and allelopathic properties, as well as to the differences in the
management practices performed. The crop competitive ability is conferred by a number
of morphophysiological traits, such as fast seedling emergence, early vigour, high growth
rates and root development, plant height, leaf area index, etc. [8–14]. Mwendwa et al. [19],
for instance, reported a higher capacity in suppressing weed establishment by those bread
wheat (T. aestivum) cultivars showing early vigour and early canopy closure, high biomass
production and height. Lemerle et al. [15], screening several Australian wheat genotypes
for their competitiveness against weeds, found that durum wheats were less competitive
than T. aestivum and that old landraces suppressed the weeds more than all modern
cultivars. Giambalvo et al. [20], after comparing one durum wheat landrace and two
modern cultivars for their nitrogen use efficiency under induced interspecific competition,
reported a higher competitive ability of the landrace Russello, likely due to its capacity
in reducing the N availability to a competitor, a factor that increased with the increasing
plant stature. About wheat allelopathy, the literature refers that the concentration of
wheat allelochemicals, mainly belonging to benzoxazinoids, phenolic acids and short-chain
fatty acids [20,21], varies considerably based on the cultivar choice [22]. In this regard,
recently, Scavo et al. [16] found that three durum wheat old landraces (Timilia, Russello
and Perciasacchi) were able to reduce seed germination and increase the mean germination
time of the weeds P. oleracea and S. media more than the modern cultivar Mongibello. The
authors supposed that the improved phytotoxicity of old landraces might be caused by
their higher total polyphenol and total flavonoid contents. Lo Bianco et al. [5] indicated a
specific and genotype-dependent pattern of phenolics concentration among ten Sicilian
durum wheat landraces and three genetically improved cultivars, with coumarin, vanillic
acid, luteolin and apigenin conjugates that were more abundant in local landraces. These
phenols are recognised as well-known allelochemicals against several weeds [23]. In
addition, Di Loreto et al. [24] reported a twofold greater content of vanillin, p-coumaric
acid and 4-hydroxybenzaldehyde, as well as a 1.6-times greater amount of ferulic acid
and syringaldehyde in old landraces than in modern cultivars. Here, it is likely that, in
addition to their highly competitive traits, the repeated cultivation of durum wheat old
landraces caused a build-up of allelochemicals into the rhizosphere through root exudation
and plant residue decomposition. To reinforce this hypothesis, Belz and Hurle [25], after
screening 146 cultivars of four Triticeae species, including durum wheat, demonstrated
a high cultivar dependence in benzoxazinoids exudation, with hexaploid species that
accumulate preferentially DIMBOA and only low levels of DIBOA, while the tetraploid
T. durum accumulates substantial levels of both glucosides. Once in the rhizosphere,
these allelochemicals interact with the complex of soil physical, chemical and biological
characteristics that affect their bioavailability and phytotoxic level [26].
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About species diversity, in this study, the potential and the real weed flora showed
some common aspects, taking into account that emerged weeds are derived, to a large
extent, from the soil seedbank. Both types of flora were largely composed of therophytes
and annual weed species, as common under semi-arid climates [27], and were dominated
by the few species present at high density. Moreover, in both cases, no significant differences
were observed in terms of the species richness. Indeed, the diversity indices pointed out
a high similarity between the MOD and OLD farm groups for the soil seedbank in terms
of both the α- and β-diversity. On the contrary, in the real weed flora, the α-diversity was
significantly higher in the MOD than the OLD farm group, and the two groups showed a
quantitative β-diversity below 50%, the limit below which a dissimilarity can be interpreted.
The values obtained here are in line with Hyvonen et al. [28], who registered values ranging
from 50% to 80% in weed communities of cereal crops under a temperate climate. To better
visualise the species compositions among the MOD and OLD farm groups, a PCA was
carried out on the major weeds of both potential and real weed flora. The biplots showed
that the magnitude of changes in the weed community composition varied between the
potential and real weed flora, thus indicating a low correspondence between the below
and aboveground weed communities, in accordance with Cardina and Sparrow [29]. The
values of the seedbank size and aboveground biomass, in fact, did not always correspond
with each other. Davis et al. [30] also reported little predictive value between the weed
seedbanks and weed biomass within a long-term corn–soybean–wheat crop sequence under
conventional and no tillage systems. In contrast with our findings, Ghersa and Ghersa-
Martinez [31] indicated a strong predictive capacity of potential flora for aboveground
weed communities in no tillage systems, because the shallow depth placement of seeds
leads to greater proportional recruitment. Therefore, it is likely that the low correspondence
between the soil seedbank and aboveground weed communities detected here is due to
tillage systems performed in the studied area. In both the soil seedbank and real weed flora,
however, the MOD and OLD farm groups were quite separated, suggesting different shifts
and patters of weed communities between the modern cultivars and old durum wheat
landraces. Moreover, the OLD farm group showed a few specific associations with major
weeds, meaning that the local landraces were associated, to a lesser extent, with the major
weeds than the modern cultivars.

4. Materials and Methods

4.1. Description of Survey Area

The present research was performed across 10 wheat farms located in Central-Eastern
Sicily, an area devoted to cereal cultivation with a long tradition of durum wheat production.
The climate of the zone is semi-arid Mediterranean, characterised by dry, long summers
and mild, wet winters. The average annual rainfall in the last 30 years was 623 mm, mainly
distributed over the autumn–winter period (Figure 4). Mean monthly air temperature is
15.1 ◦C, with July and January as the months with, respectively, the highest (24.8 ◦C) and the
lowest (6.4 ◦C) temperatures (Figure 4). According to the USDA classification [32], the soils
are Regosoils (Typic Xerorthensis or Xerochrepts) and Alluvial (Typic Vertic Xerofluvents),
with moderately clayey texture.

4.2. Agronomic Management

In order to study the long-term effects derived from the repeated cultivation of some
old landraces and modern durum wheat genotypes on weed flora, 10 cereal farms were
selected for their long-term cultivation of durum wheats. Half of them grow modern
durum wheat varieties, and the other half cultivates old landraces. Tables 6 and 7 show the
geographical coordinates and the agronomic management of the ten farms. The modern
durum wheat cultivars under study, characterised by early or early-medium maturity, were
Antalis; Anco Marzio; Core and a mix composed of Iride, Simeto and Core. Old durum
wheat landrace, showing a medium-late cycle, were Perciasacchi, Timilia and Senatore
Cappelli. In the studied zone, they are usually sown in late autumn, with a seeding rate
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ranging from 160 to 300 seeds m−2, and harvested in late spring or at the beginning of
summertime [33]. All farms cultivating modern cultivars controlled the weeds chemically
and applied a mineral fertilisation. On the contrary, among the farms cultivating old
landraces, Antichi granai was the only one that fertilised the crop and Cottonaro the only
farm performing weed chemical control. In addition, only the Delizia Farm carried out the
stale seedbed. Long-term crop sequences of the ten farms are shown in Table 8.

Figure 4. Long-term period of total monthly rainfall and monthly air temperatures (maximum,
average and minimum) in the survey area (Central-Eastern Sicily, South Italy).

4.3. Weed Flora Analysis

Both potential (soil seedbank) and real weed flora (aboveground species) were anal-
ysed by considering the abundance and diversity. Prior to sampling, the study sites were
monitored with a field scouting to visualise weed distribution and locate the sampling units,
excluding the borders of each plot and the nonrepresentative areas. Due to the variation
between and within the study sites, a stratified random sampling was adopted [18], which
consisted of dividing each sampling zone into homogeneous strata. In detail, a 1000 m2

area was selected in each farm—within which, three sampling zones were located. Soil
and aboveground weed samples were collected on June 2nd and 3rd 2022, just before
wheat harvest.
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Table 8. Crop sequence of the ten farms under study over the last ten years.

Farm Crop Sequence Alternating with Wheat

MOD farm group
MRG vetch-clover and vetch-fava bean mix
Bannò vetch and leguminous mix

Spitaleri fava bean and vetch
Mocciaro vetch-clover-sulla-ryegrass-oat mix
Agrimor vetch

OLD farm group
Di Nolfo vecth-sulla-clover mix
Delizia vetch-clover-sulla-ryegrass-oat mix
Minio sulla, fava bean and vecth

Antichi granai fallow, chickpea and lentil
Cottonaro vetch-clover-sulla mix

4.3.1. Soil Seedbank (Potential Weed Flora)

Soil samples were taken with a core sampler 10–15 cm deep along the diagonals of the cen-
tral part of each sampling zone [34]. A sample was obtained by pooling 5 randomly distributed
subsamples, each 0.75 dm3, for a total of 150 soil cores (10 farms × 3 replicates × 5 subsamples)
collected. Following Scavo et al. [13], the soil samples were freed from inert fraction (stones,
pebbles and dead debris), and the seeds were extracted from the soil by using a metal
tube (Karcher, K 3500 model, Winnenden, Germany) equipped with a removable cap con-
sisting of a 250 μm steel mesh. For high clayey soils, a pre-treatment with 5 g of sodium
hexametaphosphate solution for 20 min was necessary to disperse the colloid matrix. The
count and identification of weeds was performed with a MS5 Leica stereomicroscope (Leica
Microsystems, Wetzlar, Germany) in Petri dishes after 24 h of air-drying. The seedbank size
was calculated as the number of seeds per square metre of surface area for each plot.

4.3.2. Aboveground Species (Real Weed Flora)

The analysis of the real weed flora was carried out over three randomly placed
quadrats (each of 1 m2) per sampling zone [27]. For the total aboveground weed biomass,
weeds were clipped at the soil surface, dried to constant mass and weighed (pooled weight
at the quadrat level was considered). In each quadrat, weeds were sorted by species or
genera, together with the number of individual plants per species.

4.3.3. Weed Abundance

Aside from the seedbank size for potential flora and aboveground biomass for real
flora, weed species abundance was calculated under the relative density (RD), relative
frequency (RF) and relative abundance index (RAI), in accordance with Scavo et al. [34]:

RD (%) =

(
∑ Yi

S

)
× 100 (1)

RF (%) =

(
Fi

∑ F

)
× 100 (2)

RAI =
RD + RF

2
(3)

where: ∑Yi = sum of the number of individuals or seeds for a weed species, S = species
richness within the plot, Fi = number of sampling units in which the species i occurred and
∑F = sum of the absolute frequencies of all species. The RAI is a valuable parameter in
characterising weed communities, since it takes into account both the weed density and
evenness, thus overcoming the problems caused by a nonuniform weed distribution [35].
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4.3.4. Floristic Composition and Species Diversity of Weed Communities

After seed or individual plant identification, the floristic composition was assessed
based on Conti et al. [36], grouping weed species or genera by botanical family, life cycle
and biological group. Species diversity was explored as richness and evenness. The
former is the total number of weed species present in a community, and the latter provides
information about the abundance of each species in a community [17]. Considering the
variability across the study sites, the species diversity was estimated within the community
(α-diversity) and between communities (β-diversity). Margalef’s (DMG), Shannon–Wiener
(H) and Pielou’s (J) indices were computed for the α-diversity:

DMG = (S − 1)/ ln(N) (4)

H = −∑ pi ln pi (5)

J = H/ ln S (6)

where N = total number of seeds or individuals of all species in the community, and
pi = proportional abundance of the ith species. Margalef’s diversity index is a rapid method
to measure the gross species diversity only based on richness, but it is very sensitive to
the sample size. In contrast, J measures only the evenness, and H includes both species
richness and evenness.

For the β-diversity, three common diversity indices were chosen, i.e., Whittaker’s statis-
tics (W), Sørensen’s (SS) and Steinahus’s (SA) coefficients, in accordance with Ramírez et al. [37]
and Restuccia et al. [27]:

W =
Y
S

(7)

SS =

[
2J

(a + b)

]
× 100 (8)

SA =

(
2W

A + B

)
× 100 (9)

where Υ = total number of all species in the entire study area, J = number of common
species to each community; a + b = sum of the total number of species in each community,
W = sum of the lower of the two abundances of each species in the community, A = total
number of individuals in population A and B = total number of individuals in population
B. Whittaker’s statistics measures the rate of species turnover, and SS measures the binary
similarity in terms of presence/absence, while SA accounts for the differences in abundance.

4.4. Statistical Analysis

All data were subjected to ANOVA by applying a generalised linear model (GLM)
with the protected Tukey’s HSD means separation test at α = 0.05. Prior to ANOVA, the
normality and homogeneity of variance were respectively assessed with the Shapiro–Wilk’s
and Bartlett’s tests. To meet the ANOVA assumptions, the seedbank and aboveground
biomass data were log(x + 1)-transformed, the RAI data needed an arcsine–square root
transformation and the H and J data were respectively square root- and logit-transformed,
while the species richness showed a homogeneous variance distribution [34]. For an easier
interpretation of the results, data from the five farms cultivating modern cultivars and
from the other five farms cultivating old landraces were respectively pooled and presented
into two groups: MOD and OLD. Multivariate statistics was used to analyse the weed
community composition. Following Restuccia et al. [27], a principal component analysis
(PCA) on the correlation matrix of the standardised major weeds (those with RD ≥ 5%)
was performed on both the potential and real weed flora. The results were graphically
presented on “distance” biplots derived from the first two principal components explaining
the maximum variance [38]. Biplots allowed visualising the relations between the variables
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(major weeds) and wheat genotypes. Minitab® version 16 (Minitab Inc., State College, PA,
USA) statistical software was employed for all analyses.

5. Conclusions

The results obtained here, as a whole, demonstrate that the old landraces of durum
wheat may possess a stronger weed-suppressive ability than modern cultivars in terms of
seedbank and aboveground biomass reduction. Within the studied area, landraces were
also able to reduce the aboveground weed species diversity and to cause shifts in weed
populations. The importance of these findings is even greater if considering that four of the
five farms cultivating old landraces did not perform chemical weed control. Therefore, this
research provided the scientific basis for the increased interest that consumers, government
policies and scientists have moved toward durum wheat landraces by virtue of their sus-
tainable cultivation, high product quality and remuneration. On the other hand, although
a multilocation trial involving ten different farms was carried out, our study considered
just one growing season. Furthermore, it should be considered that the high heterogeneity
in terms of the management practices across the farms under study may have affected the
obtained results. In future steps, we aim to perform an economic analysis of these findings,
as we noted that old landraces can be grown with lower inputs, and their products can be
sold at a higher price than modern cultivars.
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Abstract: Weed management has become the most important and inevitable aspect of crop man-
agement for achieving a higher rice yield. Nowadays, chemical herbicide application has become a
popular practice for managing weeds in different rice cultures. However, herbicide application can
have qualitative and quantitative impacts on soil microorganisms and soil enzymes, particularly in
the case of new herbicide molecules and their indiscriminate use for a longer period. Further, different
rice establishment methods also play a significant role in soil microbial population dynamics as well as
soil biological properties. Keeping these in view, a field experiment was conducted at the Agronomy
Main Research Farm, Orissa University of Agriculture and Technology (OUAT), India, during the
kharif season of 2016 and 2017, on the impact of crop establishment methods and weed management
practices on soil microbial and enzymatic status. The field experiment was laid out in a split-plot
design with three replications with four crop establishment methods in the main plot, viz., M1, Direct
Seeded Rice (DSR); M2, Wet Seeded Rice (WSR); M3,Unpuddled Transplanted Rice (NPTR); M4, Pud-
dled Transplanted Rice (PTR), and six weed management practices in the sub-plot, viz., W1, Weedy
check; W2, Bensulfuron methyl 0.6% + Pretilachlor 6% (pre-emergence (PE)) 0.660 kg ha−1 + Hand
weeding (HW) at 30 days after sowing/transplanting (days after sowing/transplanting (DAS/T));
W3, Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) 0.495 kg ha−1 + HW at 30 DAS/T; W4, Bensul-
furon methyl 0.6% + Pretilachlor 6% (PE) 0.495 kg ha−1 + Bispyribac-Sodium (post-emergence(POE))
0.025 kg ha−1 at 15 DAS/T; W5, Cono weeding (CW) at 15 DAS/T + hand weeding 30 DAS/T, and
W6, Brown manuring/Green manuring. The initial decline in the microbial population was observed
due to herbicide application in NPTR and PTR up to 7 DAS/T and then it increased up to 28 DAS/T.
There was a reduction in soil microbial and enzymatic status after the application of herbicides
Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) and Bispyribac-Sodium (POE) that again followed
an upward graph with crop age. Significant variation in enzymatic activity and the microbial count
was also observed among treatments involving crop establishment methods. The study revealed
that improved microbial population and enzyme activity were noted in unpuddled transplanted rice
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under organic weed management due to favorable conditions, and chemical weed control initially
affected microbial population and activities.

Keywords: rice; cultural methods; herbicides; impacts; soil microorganisms; soil enzymes

1. Introduction

Rice (Oryza sativa L.) is the most widely consumed staple food for more than 50% of the
world’s human population. Around 90% of the global rice production is being grown and
consumed in Asia where rice is synonymous with the livelihood of people [1,2]. Globally,
rice is grown in 120 countries in an area of 164.1 million hectares with a production of
756.74 million tons and productivity of 4.6 t ha−1 [3]. India is the second-largest rice-
producing country in the world where rice is the main staple food crop. In India, rice
occupies 4.4 million hectares with a production of 118 million tons and productivity of
2.7 t ha−1 [4]. Odisha, one of the leading rice-growing states of India, grows rice in 3.89 Mha
with a production of 8.04 million tons and productivity of 2.1 t ha−1, which is low compared
to global and national average productivity [4].

Achieving self-sufficiency in rice production and maintaining price stability are im-
portant objectives in low-income countries [5]. Kharif rice is grown in different ecosystems
in Odisha such as rainfed upland, rainfed lowland, deep water, and tidal wetland thanks
to the high adaptability of rice to a wide range of geohydrological situations. Challenges to
rice cultivation have increased manyfold due to the impact of climate change, shrinking
landmass, labor, and water scarcity. This has triggered the need to revisit crop management
strategies, more importantly, crop establishment methods, and to formulate better weed
management strategies for higher rice production.

Life and biodiversity of soil may be prone to destruction due to the intensive use
of plant protection chemicals [6]. Plant protection materials are chemically derived com-
pounds containing one or more than one active ingredients with mutually complementary
properties but with different modes of action [7] and their application is exceptionally
beneficial for agriculture. However, we have to realize the threats attached to soil microbial
diversity [8–10]. The application of plant protection chemicals exceeding the recommended
dose may impact the growth and development of microbial assemblages [11], plants [12],
animals [13], and people [14]. It has been experimentally demonstrated by many researchers
that only a small percentage of applied plant protection chemicals are actually involved
in controlling target organisms while a huge percentage pervades soil, water, and living
organisms [15,16].

Climatic condition with soil physicochemical properties affects the persistence of these
chemicals in soil and their movement to water and agroecosystem [17]. Various effects
of plant protection chemicals can be seen on soil microorganisms as well as detrimental
impacts on some microorganisms [18,19]. Microorganisms are an excellent source of carbon
and energy and so they play multifaceted roles in the agroecosystem inclusive of enhance-
ment of plant nutrients and bioremediation of soil from harmful abiotic factors [17,20,21].
Herbicide application results in better control of weeds with higher weed control efficiency
and a lower labor requirement. Initially, herbicide application was mostly confined to plan-
tation crops, but nowadays it is mostly used in field crops where wheat and rice constitute
around 42% and 32% of total herbicide consumption, respectively [22].

However, herbicide application can have a qualitative and quantitative impact on
the alternation of soil microbial population and soil enzymatic activity [23]. Soil microor-
ganisms and plant roots are an important source of soil enzymes, therefore, the effect of
herbicides on soil microorganism invariably affect soil enzymatic activity [16,18]. Moreover,
a change in the soil microflora has been listed as one of the possible causes of productivity
decline in rice-based cropping systems [24]. Soil microbial biomass is considered an active
nutrient supply pool to plants. Herbicides are considered to have no major or long-term
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effect on soil microbial counts when applied at the standard field recommended dose.
However, indiscriminate use of herbicides and new molecules of herbicide may affect soil
health, particularly soil microorganisms and soil enzymatic activity, and may lead to long
term accumulation.

The Bensulfuron methyl, methyl ester of bensulfuron, an acetolactase synthatse in-
hibitor and pretilachlor [2–chloro–2,6–diethyl–N–(2–propoxyethyl) acetanilide] is a chloroac-
etanilide herbicide. Bensulfuron methyl + pretilachlor is a new herbicide combination
reported to be used as a pre-emergence herbicide providing effective control of grasses,
sedges, and broad-leaved weeds in rice without any phytotoxic symptoms in the crop [25].
Bispyribac sodium is popularly used as a post-emergence herbicide in rice [26,27], it acts
on the enzyme acetolactase synthetase (ALS), which in turn inhibits the production of
amino acids such as valine, isoleucine, and leucine [28] that inhibit protein synthesis in
plants, causing their death. Due to the rapid photochemical transformation and low vital-
ization potential, its environmental impact is considered to be negligible and is moderate
to highly persistent in anaerobic flooded rice soil [29]. Detailed studies on the impact of
new molecules are lacking, demanding an experiment to establish the cause and effect.

On the other hand, brown and green manuring practices are effective in managing
the weed population in rice and improving soil health [30,31]. Knowledge of the effect of
herbicides on soil biological activity and crop yield is very helpful in developing a better
crop management strategy. Further, rice establishment methods have a significant impact
on the growth and productivity of crops inclusive of microbial activities [32,33]. Variation
in water regime and associated cultural operations may result in varying microbial count
and enzymatic activity. The variation in microbial activity was earlier recorded under
different rice establishment methods by Latha and Gopal [34] and Ramalakshmi et al. [35].

Considering the above facts, this study was planned to evaluate microbial population
dynamics, namely, total bacteria, fungi, and actinomycetes, and soil enzymatic activity
of soil enzymes (viz., urease, alkaline phosphatase, and dehydrogenase) in Kharif rice
under various weed management and crop establishment methods. This will help to
evaluate the effectiveness of new herbicide molecules along with the impact of different
weed management practices through organic and mechanical methods on soil health and
soil biological properties, and will also enable researchers, policy makers, and farmers to
evaluate better treatment combinations for higher yield by maintaining soil health.

2. Materials and Methods

2.1. Site Description

The experiment was conducted during two Kharif seasons in 2016 and 2017 at the
Agronomy Main Research Farm, Department of Agronomy, Odisha University of Agri-
culture and Technology, Bhubaneswar, Odisha, India which lies at 20◦15′N latitude and
85◦52′E longitude, respectively, with an altitude 25.9 m above the mean sea level. The
station falls under the Agro-Climatic Zone of the East and Southeastern Plain Zone of
Odisha, India with a moisture deficit index (MDI) of −0 to −20 and a growing season
length of 180 to 210 days. The climate of the area is warm and moist with hot humid
summer and mild winter. Broadly, the climate falls in the category of moist hot [36]. The
Rainfall code of Bhubaneswar, Odisha, India is D1A2 (B1A2B1) C1D1E2.

Representative soil samples were collected from a depth of 0–10 cm in a zig-zag
manner using a soil auger before the beginning of the experiment to analyze and study
the soil textural classes and soil physiochemical and biological properties; each sample
was a composite of three locations within a plot. The experimental soil was slightly acidic
and sandy loam in texture with a medium organic matter content with low soil available
nitrogen, high phosphorus, and medium available potassium. The data on soil textural
class and soil chemical and biological characteristics are given in Tables 1–3.
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Table 1. Textural class of soil of the experimental area.

Sl. No Constituents 0–10 cm Method Followed

1 Sand (%) 83.7
Bouycous Hydrometer

method [37]
2 Silt (%) 6.8
3 Clay (%) 10.4
4 Textural classes Sandy loam

Table 2. Chemical composition of the soil.

Parameters
0–10 cm

Method Adopted
Values Remarks

pH 5.9 Acidic Digital electronic pH meter
with 1:2.5, soil: water [38]

Organic carbon (%) 0.53 Medium Walkely and Black’s rapid
titration method [38]

Available Nitrogen (kg ha−1) 226.4 Low Alkaline potassium
permanganate method [39]

Available Phosphorus (kg ha−1) 32.6 High Bray’s-1 method [38]

Available Potassium (kg ha−1) 132.6 Medium Ammonium acetate flame
photometer method [38]

Table 3. Initial microbiological properties of experimental soil.

Parameters Values Methods

Total bacterial population 41.9
(×106 CFU/g soil)

Serial dilution and spread
plate technique [40]

Total fungal population 11.9
(×104 CFU/g soil)

Serial dilution and spread
plate technique [40]

Total actinomycetes
population

34.2
(×103 CFU/g soil)

Serial dilution and spread
plate technique [40]

Urease 26.7
(μg NH3 released/g soil/h) Tabatabai [41]

Alkaline phosphatase 178.5
(μg p-nitrophenol/g soil/h) Tabatabai and Bremner [42]

Dehydrogenase 84.1
(μg TPF/g soil/24 h) Tabatabai [41]

2.2. Meteorological Conditions

Detailed weather parameters of the growing seasons of both years are given in Figure 1.
The maximum temperature was recorded in May (38.8 ◦C) followed by 34.8 ◦C in June,

while the lowest of 17.4 ◦C was in November 2016. Similarly, the maximum temperature of
38.8 ◦C was recorded in May followed by 35.2 ◦C in June while November recorded the
lowest at 18.7 ◦C in the year 2017. Rainfall received from May to November in 2016 and
2017 was 1241 mm (93 rainy days) and 1492.9 mm (81 rainy days), respectively (Department
of Agrometeorology, College of Agriculture, OUAT, Bhubaneswar, Odisha, India).

2.3. Treatment and Layout

The field experiment was laid out in a split-plot design with a standard gross plot size
of 5.8 m × 4.5 m with three replications by taking twenty-four treatment combinations with
four crop establishment methods in the main plot and six weed management practices in
the sub plots (Table 4).
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Figure 1. Monthly meteorological data during crop growing season (kharif ) during 2016 and 2017
(Department of Agrometeorology, College of Agriculture, OUAT, Bhubaneswar, Odisha, India).

Table 4. Treatment details of the experiment.

Main Plots Crop Establishment Methods

M1 Direct Seeded Rice (DSR)
M2 Wet seeded Rice (WSR)
M3 Non-Puddled Transplanted Rice (NPTR)
M4 Puddled Transplanted Rice (PTR)

Sub Plots Weed Management Practices

W1 Weedy Check

W2
Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) 0.660 kg ha−1 + Hand weeding
(HW) at 30 DAS/T

W3
Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) 0.495 kg ha−1 + HW at
30 DAS/T

W4
Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) 0.495 kg ha−1 +
Bispyribac-Sodium (POE) 0.025 kg ha−1 at 15 DAS/T,

W5 Cono weeding at 15 DAS/T + hand weeding 30 DAS/T
W6 Brown manuring/Green manuring

2.4. Crop Culture

Medium (115–130 days) duration rice variety Naveen (parentage- CR-749-20-2/IET-
14461) with medium bold variety was taken as the test crop.

141



Plants 2022, 11, 1071

2.4.1. Rice Establishment Methods

As stated earlier, the following are the details of the crop establishment methods:
Direct Seeding (M1): Seeds were directly sown in solid rows at 20 cm row-to-row

spacing on well-pulverized soil.
Wet Seeding (M2): The seeds were soaked for 24 h in water and were incubated for

48 h for sprouting; sprouted seeds were directly sown in solid rows at a spacing of 20 cm
row-to-row on puddled soil.

Unpuddled Transplanted Rice (M3): 21 days old seedlings raised in a dry nursery
were transplanted at two seedlings per hill at a spacing of 20 cm × 10 cm in well-cultivated
non-puddled soil. Irrigation was applied to moisten the soil and allowed to settle for
12–24 h before transplanting in unpuddled transplanted treatment.

Puddled Transplanted Rice (M4): 21 days old seedlings raised in a dry nursery
were transplanted at two seedlings/hill at a spacing of 20 cm × 10 cm in puddled trans-
planted soil.

Well decomposed Farm Yard Manure (FYM) at the rate of 5 t ha−1 was incorporated
into the soil at final land preparation and inorganic fertilizers at 80-40-40 kg ha−1 N, P2O5,
K2O were applied to all the plots irrespective of treatments imposed. The full dose of P
and K and 25% of N were applied at final plowing/puddling as basal dose. However, the
rest of N was applied in a 2:1 ratio at tillering and panicle initiation stages, respectively,
through Urea (46-0-0). The fertilizers used in the study were urea, diammonium phosphate
(18-46-0), and muriate of potash (0-0-60).

2.4.2. Weed Management Practices

The application of the treatments related to weed management practices tested in the
study has been described below:

Brown manuring/Green manuring: Sesbania seed was sown at 25 kg ha−1 together
with rice. After 25–30 days of growth, when Sesbania was 30–40 cm tall, it was killed with
2, 4-D ester at 0.5 kg ha−1.

Cono weeding and hand weeding: Cono weeding with a cono weeder, a mechanical
farm implement, was operated in the inter-row at 15 DAS/T and hand weeding was
operated with manual hand weeder at 30 DAS/T in W5 plots while hand weeding operation
in W2 and W3 plots was carried out at 30 DAS/T.

Herbicide application: Granular herbicides were uniformly applied to plots as per
treatments after mixing with sand while liquid herbicide was applied by a knapsack sprayer
using a flat fan nozzle as per treatments so as to spray the fluid uniformly throughout the
targeted area. Bensulfuron Methyl (0.6%) + Pretilachlor (6%) (Ready-mix) was applied
as pre-emergence herbicide 3 days after sowing/transplanting (DAS/T) at two doses at
0.660 kg ha−1 (W2) and 0.495 kg ha−1 (W3) while Bispyribac-Sodium (POE) 0.025 kg ha−1

was applied as post-emergence herbicide at 15 DAS/T in (W3). For further details, refer to
Table 3.

2.5. Microbial Analysis
2.5.1. Enumeration of Soil Microbial Population

Serial dilution and spread plate techniques were adopted to determine the soil micro-
bial population, where one gram of the soil samples was added to ten tubes containing
9 mL of distilled water, serially diluted, and spread over nutrient agar and potato dextrose
agar for enumeration of total bacteria and actinomycetes and fungi, respectively. The plates
were incubated at 30 ◦C for 24 h for bacterial isolation and 48 h for actinomycetes and fungi.
The following formula was considered for the calculation of soil microbial population.

CFU/mL =
No. of colony × inverse of dilution taken

Volume of inoculum taken
(1)

Here, CFU denoted the colony-forming unit of microbes, and ml represented milliliter.
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2.5.2. Urease Activity

The method adopted to evaluate the urease activity of soil was essentially the same as
adopted by Pancholy and Rice [43], except that the ammonia liberated due to hydrolysis
used in the reaction mixture was determined by nesslerization as described by Jackson [38].
Ten grams of each freshly collected soil sample was placed in 100 mL capacity Erlenmeyer
flasks to which 1 mL toluene was added and allowed to stand for 15 min to permit complete
penetration into soils. Each of these flasks then had 10 mL of phosphate buffer (pH 6.7) and
10 mL of 10% urea solution added. For control flasks, the urea solution was replaced by
an equal quantity of distilled water. The contents of the flasks were well shaken for 5 min
and incubated at 30 ◦C for 24 h. The contents of the flask were filtrated through Whatman
No. 42-filter paper after incubation. The remaining soil in the flask was mixed with 15 mL
of 1 N KCl solution, shaken for 5 min, and filtered. The volume of the total filtrate was
increased to 100 mL in a volumetric flask using distilled water.

The ammonia present in the filtrate was determined by nesslerization. A total of 1 mL
filtrate of each sample was transferred to a 20 mL volumetric flask to which 2 mL tartrate
solution and 0.5 mL Nessler’s reagent were added. The volume was increased to 20 mL
with distilled water. The yellow color developed after 30 min was measured at 410 nm
using a Graphicord Shimadzu UV-visible spectrophotometer (model UV 240) against the
reagent blank.

2.5.3. Soil Phosphatase (Acid and Alkaline) Activity

Soil phosphatase activity involved colorimetric estimation of the p-nitrophenol re-
leased by phosphatase activity when soil is incubated with buffered (pH 6·5 and 11) sodium
p-nitrophenyl phosphate solution and toluene at 37 ◦C for 1 h [42]. First, 1 g of fresh soil
was weighed. To it, 0.2 mL of toluene was added. Then, 4 mL acid phosphatase MUB buffer
(pH 6.5 or pH 11) was added, respectively, for acid phosphatase or alkaline phosphatase.
Then, 1 mL of p-nitrophenol phosphate solution was mixed and placed in an incubator
at 37 ◦C for 1 h. After 1 h, 1 mL of 0.5(M) CaCl2 and 4 mL of 0.5(M) NaOH was added
and shaken for 1 min. The soil suspension was filtered. The yellow color intensity was
measured at 420 nm by spectrophotometer.

2.5.4. Soil Dehydrogenase Activity

The soil dehydrogenase activity was measured following the method of reduction of 2,
3, 5- triphenyl tetrazolium chloride (TTC) to the creaming red-colored triphenyl formazan
(TPF). First, 3 g of fresh soil was weighed. To it, 0.03 g CaCO3 and 1 mL of TTC were added.
Then, 2.5 mL of distilled water was mixed and placed in an incubator at 37 ◦C for 24 h.
After 24 h, 10 mL methanol was added and shaken for 1 min. The soil suspension was
filtered. The filtered solution volume was increased to 100 mL with methanol. The red
color intensity was measured at 485 nm by spectrophotometer [41,44].

2.6. Statistical Analysis

The experimental data were analyzed by adopting Fisher’s method of analysis of
variance as outlined by Gomez and Gomez [45] to draw a valid conclusion. The variations
in the treatment mean were tested by using critical difference (CD) values at a 5% level of
significance. The ANOVA model adopted for the above experiment was as follows:

Yijk = μ + ρi + τj + δij + βk + (τβ)jk + εijk

where i = 1, 2, . . . , r, j = 1, 2, . . . , a, k = 1, 2, . . . , b; Yijk = observation corresponding to
the kth level of sub-plot factor(W), jth level of main plot factor (M), and ith replication.
μ = general mean, ρi = ith block effect, τj = jth main plot effect βk = kth sub-plot effect,
(τβ)jk = interaction between the jth level of main plot treatment and the kth level of
sub-plot treatment.
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The error components δij and εijk are independently and normally distributed with
means zero and respective variances σ2

δ and σ2
ε .

Correlation and coefficient analysis was made as per the statistical methods (Cochran
and Cox [46].

3. Results

3.1. Effect of Crop Establishment Methods and Weed Management Practices on Soil
Microbial Population

The total bacterial, fungal, and actinomycetes population was significantly influenced
by the type of weed management practices, types of herbicides, their concentration, and
the days after herbicide application.

3.1.1. Effect of Crop Establishment Methods and Weed Management Practices on Total
Bacterial Population

Crop establishment methods and weed management practices in rice significantly in-
fluenced the total bacterial population and data on different days after sowing/transplanting
are presented in Table 5.

Table 5. Total bacterial population (×106 CFU g−1 soil) in rice soil as influenced by crop establishment
methods and weed management practices.

Total Bacterial Population (×106 CFU g−1 Soil)

Treatments
7 DAS/T 14 DAS/T 21 DAS/T 28 DAS/T

2016 2017 2016 2017 2016 2017 2016 2017

Establishment Methods

M1 37.57 c 38.48 c 40.83 c 41.75 c 42.97 c 43.73 c 44.68 b 46.40 b

M2 38.53 b 39.38 b 41.87 b 43.33 b 44.08 b 44.70 b 45.33 b 45.47 b

M3 39.47 a 40.50 a 43.82 a 44.18 a 45.67 a 45.83 a 49.57 a 48.85 a

M4 35.93 d 37.78 d 40.65 c 40.88 d 43.08 c 42.03 d 45.32 b 46.45 ab

SEm (±) 0.081 0.063 0.067 0.064 0.049 0.066 0.199 0.348
CD (0.05) 0.282 0.218 0.23 0.221 0.17 0.23 0.688 1.204

Weed Management Practice

W1 42.00 b 43.48 a 42.93 c 44.58 c 43.88 c 45.98 c 44.23 c 47.50 b

W2 31.93 d 32.93 c 38.53 d 40.38 d 42.78 d 45.45 d 44.95 c 47.93 ab

W3 33.25 c 35.30 b 35.83 e 39.40 e 38.35 e 44.68 e 40.75 d 46.53 b

W4 33.25 c 35.30 b 35.83 e 39.40 e 33.98 f 32.55 f 38.43 e 41.45 c

W5 41.98 b 43.48 a 44.05 b 45.20 b 46.25 b 47.10 b 53.75 b 49.73 a

W6 44.85 a 43.75 a 53.60 a 46.28 a 58.48 a 48.70 a 55.25 a 47.63 ab

SEm (±) 0.074 0.067 0.01 0.019 0.014 0.011 0.234 0.428
CD (0.05) 0.215 0.195 0.03 0.056 0.042 0.031 0.684 1.249

M1—Direct Seeded Rice (DSR), M2— Wet Seeded Rice (WSR), M3—Unpuddled Transplanted Rice (NPTR),
M4—Puddled Transplanted Rice (PTR), W1—Weedy check, W2—Bensulfuron methyl 0.6% + Pretilachlor 6%
(PE) 0.660 kgha−1 + Hand weeding (HW) at 30 DAS/T, W3—Bensulfuron methyl 0.6% + Pretilachlor 6% (PE)
0.495 kgha−1 + HW at 30 DAS/T, W4—Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) 0.495 kgha−1 + Bispyribac-
Sodium (POE) 0.025 kg ha−1 at 15 DAS/T, W5—Cono weeding at 15 DAS/T + hand weeding 30 DAS/T,
W6—Brown manuring/Green manuring. SE, standard Error, CD, Critical difference at 5% level of probability.
Different superscript letters indicate a significant difference between the mean.

A declining trend was seen in the total bacterial population at 7 DAS/T in all establish-
ment methods from the initial total bacterial population of 41.9 × 106 CFU/g soil. Among
all establishment methods, there was a higher decline in the bacterial population in PTR
(35.93 and 37.78), followed by WSR (38.53 and 39.38) and DSR (37.57 and 38.48) in both
years, respectively. While the lowest decline in the total bacterial population at 7 DAS/T
was recorded in NPTR treatment (39.47 and 40.50, respectively) during both years. There-
after, a continuous increase in the bacterial population was seen at 14 DAS/T, 21 DAS/T,
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and 28 DAS/T. Among the four different establishment methods taken, significantly higher
values of the bacterial population were recorded in unpuddled transplanted rice (NPTR)
viz. at 14 DAST/T (43.82 and 44.18), 21 DAST/T (45.67 and 45.83), and 28 DAS/T (49.57
and 48.85) during both years of the experiment, respectively, which was followed by wet
seeded rice (WSR) viz. 14 DAS/T (41.87 and 43.33), 21 DAS/T (44.08 and 44.70), and at
28 DAS/T (45.33 and 45.47), respectively, during both years (Table 5).

Among the six different weed management strategies taken, the total bacterial popula-
tion increased in brown/green manuring, weedy check, and CW+HW treatments where
no chemicals were applied, while the total bacterial population declined in treatments
where chemical herbicides were applied viz., Bensulfuron methyl 0.6% + Pretilachlor 6% at
0.495 kg ha−1 and Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) at 0.660 kg ha−1 at initial
7 DAS/T. Thereafter, there was a continuous increase in total bacterial population in all
treatments until 28 DAS/T, except for the treatment Bensulfuron methyl 0.6% + Pretilachlor
6% (PE) at 0.495 kg ha−1 + Bispyribac-Sodium at 0.025 kg ha−1 POE where there was a
decline at 21 DAS/T (33.98 732.55) from 14 DAS/T (35.83 and 39.40) which may be due to
Post-emergence application of Bispyribac-Sodium at 0.025 kg ha−1 at 15 DAS/T, but the
bacterial population also increased in same treatment at 28 DAS/T (38.43 and 41.45, respec-
tively) during both years. Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) at 0.660 kg ha−1

and Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) at 0.495 kg ha−1 recorded a 22.67%
and 18.13% decrease, respectively, in total bacterial population over the initial value at
7 days after sowing, 3 days after herbicide application.

Application of Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) at 0.660 kg ha−1 +
HW at 30 DAS/T, Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) at 0.495 kg ha−1 +
HW at 30 DAS/T and Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) at 0.495 kg ha−1 +
Bispyribac-Sodium at 0.025 kg ha−1 POE reduced the total bacterial population by 1.8%,
7.6%, and 25.8% while brown/green manuring resulted in a 16.2% increase over weedy
check at 21 DAS/T.

3.1.2. Effect of Crop Establishment Methods and Weed Management Practices on Total
Fungi Population

The reduction in total fungal population from the initial values of 11.9 (×104 CFU g−1

soil) was seen at 7 DAS/T in all establishment methods taken, while the highest decline
was seen in Direct seeded rice (9.95 and11.43) which was significantly at par with the fungal
population of puddled transplanted rice (9.87 and11.62, respectively) during both years
(Table 6).

The lowest decline was recorded in unpuddled transplanted rice (11.28) during the
first year while the lowest decline in the second year was recorded in Wet seeded rice (12.48).
Thereafter, a constant increase in the total fungal population was seen during the stage of
data recording. Significantly, higher values of the total fungal population were recorded in
NPTR at 14 DAS/T (17.35 and 21.47), 21 DAS/T (20.80 and 23.47), and 28 DAS/T (28.92
and 31.98, respectively) during both years among all other crop establishment methods
taken (Table 6).

Brown manuring/green manuring, CW + HW, and weedy check recorded a constant
increase in total fungal population, while Bensulfuron methyl 0.6% + Pretilachlor 6% (PE)
at 0. 660 kg ha−1 and Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) at 0.495 kg ha−1

recorded a 31.93% and 20.12% decrease in total fungal population over the initial value at
7 days after sowing, 3 days after herbicide application. Brown/green manuring treatment
recorded a higher total fungal population at 7 DAS/T (12.65 and 15.45), 14 DAS/T (19.68
and 21.85), and 21 DAS/T (24.78 and 27.65, respectively). CW + HW recorded higher
values of total fungal population (28.00 and 30.40) which was significantly at par with
treatment with Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) at 0.660 kg ha−1 + HW at
30 DAS/T (27.75 and 30.63) and was followed by the application of Bensulfuron methyl
0.6% + Pretilachlor 6% (PE) at 0.495 kg ha−1 + HW at 30 DAS/T (26.88 and 29.70) at
28 DAS/T, respectively, during both years (Table 6).
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Table 6. Total Fungi population (×104 CFU g−1 soil) in rice soil as influenced by crop establishment
methods and weed management practices.

Total Fungi Population (×104 CFU g−1 Soil)

Treatments
7 DAS/T 14 DAS/T 21 DAS/T 28 DAS/T

2016 2017 2016 2017 2016 2017 2016 2017

Establishment Methods

M1 9.95 c 11.43 c 15.08 c 17.95 a 18.38 c 20.22 c 24.35 c 27.38 d

M2 10.62 b 12.48 a 16.60 b 20.35 a 19.70 b 22.17 b 25.07 b 28.37 b

M3 11.28 a 12.07 b 17.35 a 21.47 a 20.80 a 23.47 a 28.92 a 31.98 a

M4 9.87 c 11.62 c 14.82 c 17.13 a 17.22 d 20.08 c 24.98 b 27.92 c

SEm (±) 0.05 0.037 0.042 0.054 0.045 0.037 0.044 0.046
CD (0.05) 0.173 0.127 0.145 1.743 0.156 0.129 0.151 0.16

Weed management practices

W1 12.15 b 13.73 c 15.60 c 18.28 a 19.65 d 20.10 d 24.40 d 27.88 c

W2 7.63 e 8.58 e 16.45 b 20.20 a 21.90 b 23.95 b 27.75 a 30.63 a

W3 9.05 d 9.88 d 14.23 d 18.13 a 17.90 e 22.38 c 26.88 b 29.70 b

W4 9.05 d 9.88 d 14.23 d 18.23 a 9.88 f 12.43 e 22.10 e 27.18 d

W5 12.05 c 13.90 b 15.60 c 18.68 a 20.05 c 22.40 c 28.00 a 30.40 a

W6 12.65 a 15.45 a 19.68 a 21.85 a 24.78 a 27.65 a 25.85 c 27.70 c

SEm (±) 0.006 0.015 0.007 0.598 0.011 0.016 0.059 0.041
CD (0.05) 0.018 0.044 0.02 1.746 0.033 0.47 0.171 0.121

Table 4 may be referred to for treatment details. SE, standard Error, CD, Critical difference at 5% probability level.
Different superscript letters indicate a significant difference between the mean.

3.1.3. Effect of Crop Establishment Methods and Weed Management Practices on Total
Actinomycetes Population

The data recorded on the total count of actinomycetes recorded at various growth
stages are presented in Table 6. Apart from the unpuddled transplanted rice, where there
was a slight increase in total actinomycetes population (34.83 and 34.38), there was a
decline in total actinomycetes population in all crop establishment methods at 7 DAS/T.
Significantly higher values of total actinomycetes were seen in NPTR at 14 DAS/T (39.55
and 39.15), 21 DAS/T (42.65 and 42.45), 28 DAS/T (48.22 and 45.23, respectively) during
both years (Table 7).

Brown/green manuring recorded higher values of total actinomycetes population
from 7 DAS/T (40.58 and 39.18), 14 DAS/T (44.63 and 43.53), 21 DAS/T (48.08 and 47.35),
while CW+ HW recorded higher values at 28 DAS/T (50.00 and 49.35, respectively) during
both years. There was a continuous increase in total actinomycetes population in all weed
management practices from 7 DAS/T to 28 DAS/T apart from the treatment of Bensulfuron
methyl 0.6% + Pretilachlor 6% (PE) at 0.495 kg ha−1 + Bispyribac-Sodium at 0.025 kg ha−1

POE (W4) where there was a decline in total actinomycetes population at 21 DAS/T (24.60
and 29.33) from 14 DAS/T (31.90 and 33.58) that again increased at 28 DAS/T (35.88 and
39.53) during both test years, respectively. Bensulfuron methyl 0.6% + Pretilachlor 6% (PE)
at 0.495 kg ha−1 + Bispyribac-Sodium at 0.025 kg ha−1 POE treatment recorded 36.01% less
actinomycetes population than weedy check at 21 DAS/T.

3.2. Effect of Crop Establishment Methods and Weed Management Practices on Soil
Enzymatic Activities
3.2.1. Effect of Crop Establishment Methods and Weed Management Practices on
Urease Activity

Data on urease activity in rice soil was significantly affected by crop establishment
methods and weed management practices and is presented in Table 8. Brown/green
manuring recorded higher values of total actinomycetes population from 7 DAS/T (40.58
and 39.18), 14 DAS/T (44.63 and 43.53), 21 DAS/T (48.08 and 47.35), while CW+ HW
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recorded higher values at 28 DAS/T (50.00 and 49.35, respectively) during both years.
There was a continuous increase in total actinomycetes population in all weed management
practices from 7 DAS/T to 28 DAS/T apart from the treatment of Bensulfuron methyl
0.6% + Pretilachlor 6% (PE) at 0.495 kg ha−1 + Bispyribac-Sodium at 0.025 kg ha−1 POE
(W4) where there was a decline in total actinomycetes population at 21 DAS/T (24.60
and 29.33) from 14 DAS/T (31.90 and 33.58) that again increased at 28 DAS/T (35.88 and
39.53) during both test years, respectively. Bensulfuron methyl 0.6% + Pretilachlor 6% (PE)
at 0.495 kg ha−1 + Bispyribac-Sodium at 0.025 kg ha−1 POE treatment recorded 36.01%
less actinomycetes population than weedy check at 21 DAS/T. Urease activity declined at
7 DAS/T from initial values and increased thereafter with days after sowing/transplanting.
PTR recorded the highest urease activity at all stages of data recorded viz. 7 DAS/T (24.57
and 27.00), 14 DAS/T (26.57 and 30.58), 21 DAS/T (27.44 and 31.36), and 28 DAS/T (30.53
and 35.02). At 7 DAS/T, the trend of urease activity was PTR > WSR > NPTR > DSR and at
28 DAS/T the trend was PTR > WSR> DSR > NPTR. PTR, WSR, NPTR, and DSR recorded
a 3.4%, 7.9%, 10.1%, and 15.4% decline in urease activity from the initial value of 26.7 μg
NH3 released g−1 soil h−1 at 7 DAS/T. Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) at
0.660 kg ha−1, Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) at 0.495 kg ha−1 recorded
a 28.1% and 25.1% decrease in urease activity than the initial value, while weedy check,
CW+HW, and brown/green manuring resulted a 7.05%, 7.0%, and 7.3% higher urease
activity than initial values at 7 DAS/T. Brown/green manuring recorded higher urease
activity at all stages of data recording, 7 DAS/T (27.15 and 30.50), 14 DAS/T (28.80 and
32.60), 21 DAS/T (33.28 and 34.49), and 28 DAS/T (33.30 and 34.10) (Table 8).

Table 7. Total Actinomycetes population (×103 CFU g−1 soil) in rice soil as influenced by crop
establishment methods and weed management practices.

Total Actinomycetes Population (×103 CFU g−1 Soil)

Treatments
7 DAS/T 14 DAS/T 21 DAS/T 28 DAS/T

2016 2017 2016 2017 2016 2017 2016 2017

Establishment Methods

M1 31.97 c 32.59 a 36.22 c 36.97 c 39.73 c 41.02 b 44.20 c 43.81 b

M2 32.55 b 33.35 a 38.13 b 38.15 b 41.13 b 42.23 a 45.23 b 44.87 a

M3 34.83 a 34.38 a 39.55 a 39.15 a 42.65 a 42.45 a 48.22 a 45.23 a

M4 31.17 d 31.68 a 34.78 d 36.27 d 38.02 d 39.60 c 43.42 d 42.75 c

SEm (±) 0.056 0.972 0.044 0.051 0.046 0.028 0.075 0.051
CD (0.05) 0.195 NS 0.153 0.178 0.159 0.096 0.261 0.176

Weed Management Practices

W1 38.30 b 36.48 a 40.23 c 38.38 c 42.33 c 42.10 d 46.05 d 43.85 d

W2 24.55 d 26.84 b 33.00 d 34.83 d 41.88 d 42.35 c 47.58 b 45.95 b

W3 27.03 c 28.78 b 31.90 e 33.58 e 39.23 e 40.88 e 45.08 e 45.03 c
W4 27.03 c 28.78 b 31.90 e 33.58 e 24.60 f 29.33 f 35.88 f 39.53 f

W5 38.30 b 37.98 a 41.38 b 41.93 b 46.20 b 45.95 b 50.00 a 49.35 a

W6 40.58 a 39.18 a 44.63 a 43.53 a 48.08 a 47.35 a 47.03 c 41.29 e

SEm (±) 0.015 0.745 0.017 0.01 0.019 0.017 0.066 0.06
CD (0.05) 0.043 2.174 0.05 0.03 0.054 0.049 0.0192 0.174

For treatment details, Table 4 may be referred to. SE, standard Error, CD, Critical difference at 5% probability
level. Different superscript letters indicate a significant difference between the mean.

Among the different chemicals, the herbicide application of Bensulfuron methyl 0.6%
+ Pretilachlor 6% (PE) at 0.660 kg ha−1 recorded a higher decline in urease activity than the
application of Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) at 0.495 kg ha−1 at 7 DAS/T.
There was a continuous increase in urease activity while in treatment with the application
of Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) at 0.495 kg ha−1 + Bispyribac-Sodium
at 0.025 kg ha−1 POE (W4) and there was a decline in urease activity at 21 DAS/T (17.92
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and 22.23) from 7 DAS/T (23.15 and 24.30); this may be due to post-emergence application
of Bispyribac-Sodium at 0.025 kg ha−1 (23.15 and 24.30) which increased thereafter at
28 DAS/T during both years of experiment.

Table 8. Crop establishment methods and weed management practices influence the activity of the
urease enzyme (μg NH3 released g−1 soil h−1) in rice soil.

The Activity of Soil Enzyme Urease (μg NH3 Released g−1 Soil hr−1)

Treatments
7 DAS/T 14 DAS/T 21 DAS/T 28 DAS/T

2016 2017 2016 2017 2016 2017 2016 2017

Establishment Methods

M1 21.62 c 23.57 d 23.77 b 26.20 d 24.93 b 28.05 b 27.60 c 31.50 c

M2 23.60 b 25.58 b 25.75 a 29.28 b 26.78 b 30.28 a 28.28 b 33.08 b

M3 23.05 b 25.03 c 24.43 b 28.17 c 25.73 b 30.30 a 26.78 d 31.07 d

M4 24.57 a 27.00 a 26.75 a 30.58 a 27.44 a 31.36 a 30.53 a 35.02 a

SEm (±) 0.481 0.039 0.118 0.118 0.341 0.185 0.045 0.049
CD (0.05) 1.664 0.136 0.408 0.407 1.181 0.639 0.156 0.153

Weed Management Practices

W1 26.95 a 30.55 a 22.35 c 31.68 a 21.30 d 32.78 b 20.83 f 33.38 d

W2 19.08 b 19.33 d 25.50 b 26.58 b 28.45 b 29.25 c 29.90 c 33.48 c

W3 19.45 b 20.55 c 23.15 c 24.30 c 25.93 c 27.35 d 28.00 d 31.55 e

W4 19.50 b 20.55 c 23.15 c 24.30 c 17.92 e 22.23 e 25.55 e 27.73 f

W5 27.13 a 30.30 b 28.10 a 31.90 a 30.48 b 33.89 b 32.23 b 35.78 a

W6 27.15 a 30.50 a 28.80 a 32.60 a 33.28 a 34.49 a 33.30 a 34.10 b

SEm (±) 0.592 0.023 0.155 0.173 0.434 0.197 0.013 0.016
CD (0.05) 1.728 0.066 0.453 0.505 1.267 0.575 0.037 0.045

For treatment details, Table 4 may be referred to. SE, standard Error, CD, Critical difference at 5% probability
level. Different superscript letters indicate a significant difference between the mean.

3.2.2. Crop Establishment Methods and Weed Management Practices Influence the
Alkaline Phosphatase Activity

Data on alkaline phosphatase activity in rice soil was significantly affected by crop
establishment methods and weed management practices and is presented in Table 9. A
perusal of data revealed that values of alkaline phosphatase declined at 7 DAS/T, irre-
spective of crop establishment methods from the initial values; however, the decline was
lowest in unpuddled transplanted rice, followed by WSR. Thereafter, the values of alka-
line phosphatase increased with the age of crop production. Significantly higher values
of alkaline phosphatase were recorded in NPTR at all the stages of data recording viz.,
7 DAS/T (171.32 and 175.68), 14 DAS/T (186.28 and 191.70), 21 DAS/T (192.17 and 197.42),
and at 28 DAS/T (197.95 and 215.47), followed by WSR viz. 7 DAS/T (163.05 and 169.05),
14 DAS/T (179.93 and 179.53), 21 DAS/T (185.90 and 188.55), and 28 DAS/T (190.45 and
201.07, respectively) during both years. Alkaline phosphatase values declined after herbi-
cide application or a higher concentration of herbicide applied, resulting in an additional
decline in enzymatic activity. After 7 DAS/T, the alkaline phosphatase value was higher in
brown/green manuring followed by CW + HW and weedy check.

There was an initial decline in values of alkaline phosphatase in treatments with
chemical herbicide application. In W2 treatment, the application of Bensulfuron methyl
0.6% + Pretilachlor 6% (PE) at 0.660 kg ha−1 had an initial decline of alkaline phosphatase
values (141.83 and 146.58), while in W3 and W4, the values were 148.70 and 152.70, re-
spectively, during both years. However, higher values were recorded in W1, W5, and
W6. After the initial decline, values of alkaline phosphatase increased with days of crop
production, except in treatment W4 (Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) at
0.495 kg ha−1 + Bispyribac-Sodium at 0.025 kg ha−1 POE) at 21 (149.10 and 149.05) from
14 DAS/T (160.03 and 158.93), which may be due to the post-emergence application of
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Bispyribac-Sodium at 0.025 kg ha−1 at 15 DAS/T, while the values again increased at
28 DAS/T (178.65 and 181.33), during both years, respectively.

Table 9. The activity of soil enzyme alkaline phosphatase in rice as influenced by crop establishment
methods and weed management practices.

The Activity of Soil Enzyme Alkaline Phosphatase (μg p-nitro-phenol g−1 soil h−1)

Treatments
7 DAS/T 14 DAS/T 21 DAS/T 28 DAS/T

2016 2017 2016 2017 2016 2017 2016 2017

Establishment Methods

M1 155.45 c 166.33 b 175.45 b 175.35 bc 180.95 c 183.28 bc 187.10 b 194.62 c

M2 163.05 b 169.05 b 179.93 ab 179.53 b 185.90 b 188.55 b 190.45 b 201.07 b

M3 171.32 a 175.68 a 186.28 a 191.70 a 192.17 a 197.42 a 197.95 a 215.47 a

M4 161.52 b 165.13 b 174.00 b 171.32 c 180.17 c 178.67 c 189.95 b 189.08 d

SEm (±) 0.413 0.565 0.8 0.696 0.286 0.872 0.45 0.506
CD (0.05) 1.427 1.953 2.767 2.407 0.99 3.019 1.556 1.751

Weed Management Practices

W1 180.70 a 183.25 c 184.70 b 190.50 c 164.83 e 192.05 c 160.23 e 194.08 c

W2 141.83 e 146.58 e 168.40 c 162.95 d 184.63 c 185.68 c 189.05 b 200.50 b

W3 148.70 d 152.70 d 160.03 d 158.93 d 176.38 d 172.85 d 184.20 c 193.00 c

W4 148.70 d 152.70 d 160.03 d 158.93 d 149.10 f 149.05 e 178.65 d 181.33 d

W5 179.53 b 187.85 b 188.40 b 197.13 b 209.40 b 203.60 b 216.70 a 214.63 a

W6 177.55 c 191.23 a 211.95 a 208.43 a 224.45 a 218.65 a 219.35 a 216.83 a

SEm (±) 0.104 0.227 0.66 1.132 0.39 1.335 0.707 1.118
CD (0.05) 0.304 0.662 1.926 3.304 1.138 3.896 2.063 3.262

For treatment details, Table 4 may be referred to. SE, standard Error, CD, Critical difference at 5% probability
level. Different superscript letters indicate a significant difference between the mean.

3.2.3. Crop Establishment Methods and Weed Management Practices Influence the
Dehydrogenase Activity

Data on dehydrogenase activity in rice soil was significantly affected by crop estab-
lishment methods and weed management practices and is presented in Table 10. From the
study, it is revealed that there was a decline in soil enzymatic activity at 7 DAS/T, which
is 4 days after application of pre-emergence herbicide in all crop establishment methods,
apart from unpuddled transplanted rice, where a slight increase in dehydrogenase activity
was recorded. Thereafter, from 7 DAS/T, soil enzyme dehydrogenase activity increased
with crop age. The non-puddled transplanted rice (NPTR) condition recorded the highest
dehydrogenase enzyme activity at all stages of data recording, viz. 7 DAS/T (84.43 and
86.07), 14 DAS/T (94.32 and 96.03), 21 DAS/T (98.92 and 107.43), and 28 DAS/T (103.65 and
112.95, respectively) during both years. Among the different chemical weed management
practices adopted, the highest decline of initial dehydrogenase activity was recorded with
the application of Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) at 0.660 kg ha−1 (72.55
and 71.95), followed by the application of Bensulfuron methyl 0.6% + Pretilachlor 6% (PE)
at 0.495 kg ha−1 (74.28 and 74.73, respectively) during both years (Table 10).

Among all the weed management practices adopted, higher dehydrogenase activ-
ity was recorded in brown/green manuring (97.53 and 98.00), which was followed by
CW + HW (86.63 and 88.65) and weedy check (86.63 and 88.20, respectively) during both
years. Thereafter, an increase in soil enzymatic activity was recorded with crop age in all
treatments of weed management applied, apart from the treatment with application of
Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) at 0.495 kg ha−1 + Bispyribac-Sodium at
0.025 kg ha−1 POE, at 21 DAS/T (75.48 and 75.00) that again increased at 28 DAS/T (92.30
and 90.48, respectively) during both years.
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Table 10. The activity of soil enzyme dehydrogenase in rice as influenced by crop establishment
methods and weed management practices.

The Activity of Soil Enzyme Dehydrogenase (μg TPF g−1 soil 24 h−1)

Treatments
7DAS 14DAS 21DAS 28DAS

2016 2017 2016 2017 2016 2017 2016 2017

Establishment Methods

M1 80.75 b 81.13 b 88.67 b 92.05 b 91.63 b 99.45 b 94.22 c 101.52 c

M2 82.67 ab 81.63 ab 90.83 ab 92.25 b 94.32 b 99.95 b 97.20 b 105.17 bc

M3 84.43 a 86.07 a 94.32 a 96.03 a 98.92 a 107.95 a 103.65 a 112.95 a

M4 80.07 b 82.00 ab 89.08 b 91.62 b 92.15 b 99.80 b 97.13 b 106.50 b

Sem (±) 0.365 0.529 0.491 0.307 0.334 0.339 0.299 0.462
CD (0.05) 1.261 1.831 1.698 1.061 1.154 1.174 1.034 1.601

Weed Management Practices

W1 86.63 b 88.20 b 80.70 d 92.50 c 74.00 e 99.45 d 69.00 d 104.28 d

W2 72.55 c 71.95 c 93.78 b 89.88 d 106.23 b 109.50 b 108.38 a 113.25 b

W3 74.28 c 74.73 c 83.68 c 87.08 e 92.15 d 102.73 c 103.68 b 107.50 c

W4 74.28 c 74.73 c 83.68 c 87.08 e 75.48 e 75.00 e 92.30 c 90.48 e

W5 86.63 b 88.65 b 94.55 b 95.98 b 102.18 c 109.53 b 106.70 a 115.60 a

W6 97.53 a 98.00 a 107.98 a 105.43 a 115.50 a 114.53 a 108.25 a 108.10 c

SEm (±) 0.356 0.496 0.422 0.323 0.454 0.495 0.337 0.409
CD (0.05) 1.038 1.446 1.232 0.943 1.326 1.445 0.983 1.196

For treatment details, Table 4 may be referred to. SE, standard Error, CD, Critical difference at 5% probability
level. Different superscript letters indicate a significant difference between the mean.

3.3. Correlation between Micro-Organisms and Soil Enzymes at Different Growth Stages

Multiple correlations between micro-organisms and soil enzymes (n = 24) at different
stages recorded at 7, 14, 21, and 28 DAS in both years are presented in Tables 11 and 12.
Data in both Tables revealed that there was a positive significant correlation between
micro-organisms and soil enzymes recorded at 7, 14, 21, and 28 DAS/T in both years.

Table 11. Multiple correlations between micro-organisms and soil enzymes at different stages were
recorded at 7 and 14 DAS in both years.

7 DAS/T in the Year 2016

Parameters
Bacteria Fungi Actinomycetes Urease Phosphatase

1 2 3 4 5

Fungi 0.98 **
Actinomycetes 0.99 ** 0.99 **

Urease 0.92 ** 0.92 ** 0.94 **
Phosphatase 0.95 ** 0.98 ** 0.97 ** 0.95 **

Dehydrogenase 0.97 ** 0.93 ** 0.96 ** 0.88 ** 0.88 **

7 DAS/T in the Year 2017

Parameters
Bacteria Fungi Actinomycetes Urease Phosphatase

1 2 3 4 5

Fungi 0.97 **
Actinomycetes 0.99 ** 0.99 **

Urease 0.95 ** 0.95 ** 0.94 **
Phosphatase 0.99 ** 0.98 ** 1.00 ** 0.95 **

Dehydrogenase 0.94 ** 0.97 ** 0.97 ** 0.91 ** 0.97 **
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Table 11. Cont.

14 DAS/T in the Year 2016

Parameters
Bacteria Fungi Actinomycetes Urease Phosphatase

1 2 3 4 5

Fungi 0.88 **
Actinomycetes 0.94 ** 0.76 **

Urease 0.67 * 0.59 * 0.55 *
Phosphatase 0.99 ** 0.86 ** 0.97 ** 0.65 *

Dehydrogenase 0.80 ** 0.87 ** 0.63 * 0.84 ** 0.77 **

14 DAS/T in the Year 2017

Parameters
Bacteria Fungi Actinomycetes Urease Phosphatase

1 2 3 4 5

Fungi 0.55
Actinomycetes 0.97 ** 0.53

Urease 0.85 ** 0.25 0.85 **
Phosphatase 0.99 ** 0.53 0.98 ** 0.85 **

Dehydrogenase 0.87 ** 0.66* 0.94 ** 0.75 ** 0.92 **

* Correlation is significant at a 5% level of probability (1-tailed); ** Correlation is significant at a 1% level of
probability (1-tailed).

Table 12. Multiple correlations between micro-organisms and soil enzymes at different stages were
recorded at 21 and 28 DAS/T in both years.

21 DAS/T in the Year 2016

Parameters
Bacteria Fungi Actinomycetes Urease Phosphatase

1 2 3 4 5

Fungi 0.85 **
Actinomycetes 0.82 ** 0.95 **

Urease 0.79 ** 0.81 ** 0.81 **
Phosphatase 0.89 ** 0.82 ** 0.84 ** 0.94 **

Dehydrogenase 0.73 ** 0.77 ** 0.69 * 0.93 ** 0.90 **

21 DAS/T in the year 2017

Parameters
Bacteria Fungi Actinomycetes Urease Phosphatase

1 2 3 4 5

Fungi 0.92 **
Actinomycetes 0.98 ** 0.92 **

Urease 0.86 ** 0.75 ** 0.89 **
Phosphatase 0.90 ** 0.87 ** 0.94 ** 0.91 **

Dehydrogenase 0.95 ** 0.97 ** 0.96 ** 0.81 ** 0.88 **

28 DAS/T in the year 2016

Parameters
Bacteria Fungi Actinomycetes Urease Phosphatase

1 2 3 4 5

Fungi 0.55 *
Actinomycetes 0.76 ** 0.90 **

Urease 0.62 * 0.40 0.60 *
Phosphatase 0.83 ** 0.51 0.68 * 0.90 **

Dehydrogenase 0.43 0.60 * 0.80 ** 0.86 ** 0.81 **
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Table 12. Cont.

28 DAS/T in the year 2017

Parameters
Bacteria Fungi Actinomycetes Urease Phosphatase

1 2 3 4 5

Fungi 0.65 *
Actinomycetes 0.75 ** 0.71 *

Urease 0.73 * 0.16 0.55 *
Phosphatase 0.78 ** 0.56 * 0.50 0.48

Dehydrogenase 0.94 ** 0.77 ** 0.80 ** 0.72 ** 0.76 **

* Correlation is significant at a 5% level of probability (1-tailed); ** Correlation is significant at a 1% level of
probability (1-tailed).

3.4. Effect of Crop Establishment Methods and Weed Management Practices on Species Wise
Weed Count

Among grasses, E. colona and Leptochloa chinensis were prominent in DSR, while
E. crusgall and Paspalum distichum was prominent in WSR and PTR (Figure 2). Among
sedges, Cyperus iria was prominent in DSR while C. difformis and Fimbristylis miliacea were
prominent in WSR. Among BLWs, Eclipta alba, Ludwigia parviflora, and Spilanthes acmella
were prominent in DSR, Aeschynomene indica, Alternanthera philoxeroids, and Ammannia
baccifera were prominent in WSR.

Figure 2. Effect of crop establishment methods and weed management practices on species-wise
weed count at 50 DAS/T.

3.5. Effect of Crop Management Practices and Weed Management Practices on Grain Yield

Among the different crop establishment methods, PTR recorded the highest grain
yield (4717 and 5033 kg ha−1), followed by WSR (4579 and 4919 kg ha−1), NPTR (4549
and 4816 kg ha−1), and DSR (3257 and 3595 kg ha−1). Among the different weed man-
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agement practices (Figure 3), application of Bensulfuron methyl 0.6% + Pretilachlor 6%
(PE) 0.660 kg ha−1 + Hand weeding (HW) at 30 DAS/T recorded the highest grain yield
(5298 and 5675 kg ha−1, respectively) during both years, followed by the application of
Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) 0.495 kg ha−1 + Bispyribac-Sodium (POE)
0.025 kg ha−1 at 15 DAS/T (5205 and 5565 kg ha−1) and CW + HW (4659 and 4839 kg ha−1),
while the lowest was recorded in weedy check (1951 and 1790 kg ha−1, respectively) during
both years.

Figure 3. Effect of crop establishment methods and weed management practices on yield of rice.

4. Discussion

The impact of herbicides on soil microbiological and biochemical activity cannot be
described by simple relationships as pesticides may be composed of one or more than one
active ingredient that affects the soil microbial properties differently and may be toxic to
soil microbes [47].

4.1. Effect of Crop Establishment Methods and Weed Management Practices -on Soil
Microbial Activity

Significant inhibition of herbicides on microbial population exists that varies with the
type of herbicides and dose of herbicide applied. Herbicide application causes a transient
impact on microbial growth when applied at a recommended dose. There was an increasing
trend of inhibition of microbial growth from initial application to 15 days after application,
and no inhibition was found after 15 days after application (DAA) to harvest [48]. There
coexists the ability of some microorganisms to degrade the herbicide, while some others are
affected adversely by the type of herbicide and rate of application [49]. This has also been
confirmed by the results of Zain et al. [50] who opined that the impact of herbicide may be
stimulating or depressive on the growth of microorganisms, depending on the chemical
types and dose, microbial species, and environmental factors. Microorganisms can degrade
herbicides and utilize the products as a source of biogenic elements for their physiological
activity, however, the herbicides have a toxic effect on microorganisms, reducing their
abundance, activity, and diversity; while the toxic effect of herbicides is more severe
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immediately after application, at a later stage, microorganisms take part in the herbicides
degradation process, converting it into carbon-rich substrates that in turn maximizes the
microbial population in the rhizosphere [51].

Higher microbial activity (bacteria, fungi, and actinomycetes) was recorded under
unpuddled transplanted rice conditions. While an initial decline in microbial activity
was recorded immediately after both pre- and post-emergence herbicide application, that
increased afterward, the rate of decline was dose-dependent, where a higher decrease
was recorded with a higher concentration of herbicides. Similar results were also ob-
served by Latha and Gopal [34] and Ramalakshmi et al. [35]. A decrease in microbial
population was highest after the initial pre-emergence application of Bensulfuron methyl
0.6% + Pretilachlor 6% (PE) at 0.660 kg ha−1, followed by application of Bensulfuron methyl
0.6% + Pretilachlor 6% (PE) at 0.495 kg ha−1, while a continuous increase in microbial pop-
ulation was recorded where there were no chemical treatments applied. After the initial
decline, there was an increase in microbial population unless there was no further addi-
tional chemical application. These results are also supported by Chauhan et al. [52] who
revealed that the initial decrease followed by an increase in microbial population could
also be due to microbial multiplication on the increased supply of nutrients available by
the herbicide’s degradation. The highest increase in microbial population and enzymatic
activity was noticed in brown/green manuring plots. Jilani et al. [53] revealed that the
organic amendments hold great promise as a source of multiple nutrients and the ability to
improve soil characteristics.

4.2. Effect of Crop Establishment Methods and Weed Management Practices on Soil
Enzymatic Activity

The activities of the soil enzymes urease, phosphatase, and dehydrogenase, as affected
by different herbicides and weed management practices, have been discussed due to the
significant role of these soil enzymes on soil biochemistry, nutrient availability, and plant
growth. The urease enzyme catalyzes urea hydrolysis, which is susceptible to different
soil-applied herbicides. It is a very useful soil quality indicator that is also widely used
to analyze the xenobiotics’ effect on different metabolic activities in the soil [54]. Higher
urease activity was recorded under puddled transplanted conditions, followed by wet
seeded rice, un-puddled transplanted rice, and dry seeded rice, where urease activity
was higher under the flooded condition with a declining trend with the unflooded, dry
condition among various weed management practices. Increasing activity of urease with the
application of herbicides such as Alachlor, Butachlor, Propaquizafop, and Imazethapyr was
recorded under flooded conditions [55,56]. From the study on herbicide, it was recorded
that a higher dose of application of Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) at
0.660 kg ha−1 recorded a greater decrease in initial urease activity than application at a
dose of Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) at 0.495 kg ha−1, however, under
both cases, the urease activity increased on a later stage, which was little higher at higher
dose, that may be due to the degradation of the herbicide to biocarbon by microorganisms
and its utilization that in turn may have increased the activity of soil urease, while again
with the application of bispyribac sodium at 15 DAS/T at 0.025 kg ha−1 decreased the
urease activity recorded at 21 DAS/T, that again increased at 28 DAS/T. A decrease in soil
urease activity by increasing the concentration of various herbicides has also been reported
by various authors [57–59]. Some authors have also found no effect of herbicides such as
2,4-dichlorofenoxy acetic acid, butachlor, and oxyfluorfen on soil urease activity [60].

The soil enzyme phosphatase plays an important role in converting organically bound
phosphorous to an inorganic form, making it available for soil microorganisms as well as
for plants. Both the stimulatory and inhibitory impact of herbicides on soil phosphatase
activity has been reported by various researchers [54,61,62]. Higher activity of phosphatase
was recorded in unpuddled transplanted conditions, while the lowest trend was recorded
in puddled transplanted conditions. A similar report has been recorded by Rasool et al. [56]
from their study on butachlor, which was also found to have an inhibitory impact on
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phosphatase activity under flooded conditions, while its impact was stimulatory under un-
flooded conditions. A steady increase in phosphatase activity was recorded in brown/green
manured treatment and with the application of cono weeding and hand weeding treat-
ments; better soil aeration and/or higher root activity may be the cause behind higher
microbial and phosphatase activity, while the application of the pre-emergence herbicide
Bensulfuron methyl 0.6% + Pretilachlor 6% (PE) at a higher dose of 0.660 kg ha−1 recorded
a higher decrease in phosphatase activity at a dose of 0.495 kg ha−1, while the increase
in enzyme activity at a later stage was also higher where a higher dose of chemicals was
applied (W2). The stimulatory impact of the herbicide fomesafen has also been reported
by Vladoiu et al. [63], Filimon et al. [64], and Ba’cmaga et al. [54], while the inhibitory
effect of herbicides on phosphatase activity has been recorded by Filimon et al. [61] and
Muñoz-Leoz et al. [64].

An activity study of the soil enzyme dehydrogenase has been considered one of the
important methods of determining the effect of various chemical herbicides and pesticides
on soil biochemistry. In the present study, an increase in dehydrogenase activity was
recorded under brown/green manuring, which may be due to higher root activity, that may
have increased the microbial population in various soil conditions, while at 7 DAS/T, a
dose-dependent decline in dehydrogenase activity was recorded due to the pre-emergence
application of herbicide Bensulfuron methyl 0.6% + Pretilachlor 6% (PE), that later increased
at continuously after 14 DAS/T, and again, with the application of post-emergence herbicide
bispyribac sodium, a declining trend was recorded in W4 which increased at 28 DAS/T.
A dose-dependent decrease in dehydrogenase activity due to herbicide S-metolachlor has
also been reported by Filimon et al. [61] and Rasool et al. [56] whose studies found a
detrimental effect of the herbicide butachlor on dehydrogenase activity under an unflooded
soil condition while the impact was stimulatory under a flooded condition.

4.3. Effect of Crop Establishment Methods and Weed Management Practices on Weed Count
and Population

It is imperative to know the weeds associated with any crop before recommending a
control measure. Weeds present in any crop are mostly regulated by the growing season,
cultural factors adopted by the farmer, and agro-ecological factors. A thorough study of
weed taxonomy and biology is essential for success and efficient weed management. A
critical study from the commencement of the crop (rice) until harvest indicated that as
many as 15 different types of weeds existed in the crop field. Major weed flora in the
experimental site enlisted of grasses, viz., Echinochloa colona (L.) Link, Echinochloa crusgalli
(L.) Beauv, Leptochloa chinensis (L.) Nees, Paspalum distichum (L.), Sedges, Cyperus iria (L.),
Cyperus difformis (L.), Fimbristylis miliacea (L.) Vahl, broad leave weeds, viz., Eclipta alba (L.)
Hassk, Alternanthera philoxeroids (Mart.) Griseb, Aeschynomene indica (L.), Ammannia baccifera
(L), Cyanotis cucullata (Roth) Kunth, Spenoclea zeylanica, Spilanthes acmella (L.), and Ludwigia
parviflora (L.). Similar weed species in rice have been reported by Mahajan et al. [65] and
Mohanty et al. [66].

4.4. Effect of Crop Establishment Methods and Weed Management Practices on Grain Yield of Rice

Higher yield in PTR might be due to higher yield attributing characters which may
be the ultimate result of better availability and utilization of nutrients in properly spaced
transplanted rice during the panicle growth period [67]. Similar results of higher yield
were also observed by Jaiswal and Singh [68], Chauhan et al. [69], and Saharawat et al. [70]
who recorded 0.45–0.61 t ha−1 lesser yield in both dry and wet direct-seeded rice than
transplanted rice. Higher yield with the application of Bensulfuron methyl 0.6% + Preti-
lachlor 6% (PE) at 0.66 kg ha−1 + HW at 30 DAS/T might be the combined result of higher
yield attributing characters and the lowest crop weed completion due to better weed
control throughout the crop growth seasons, effective utilization of moisture, nutrients,
light, and space as a whole. Similar results have also been observed by Sunil et al. [71],
Reddy et al. [72], and Kumar et al. [73].
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5. Conclusions

The present study revealed that microbial activity varies with different crop establish-
ment methods and different weed management practices. A better microbial population
with the microbial activity of dehydrogenase and phosphatase was recorded after an initial
decline due to herbicide application in unpuddled transplanted conditions, providing
a suitable environment for soil activity and soil health. The application of Bensulfuron
methyl 0.6% + Pretilachlor 6% (PE) at 0.660 kg ha−1 recorded a greater decrease in initial
urease, phosphatase, and dehydrogenase activity than the application of a dose of Bensul-
furon methyl 0.6% + Pretilachlor 6% (PE) at 0.495 kg ha−1. However, in both cases, the
urease activity increased at a later stage, which was a little more than at a higher dose
of herbicide, which might have increased the degradation of the herbicide to biocarbon
by microorganisms, and its utilization, in turn, may have increased the activity of soil
enzymes. Higher and better microbial activity with increased activity with crop duration
was recorded in treatments where weed management was organically done. In treatments
with chemical weed control, microbial activity suffered immediately after application but
regained with time and the stage of the crop. Further study of different and new herbicides
and their effect on soil microbial activity, soil enzymes, and bioassays will help the scientific
community gain a better understanding of soil health.
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Abstract: Solanum rostratum Dunal is an invasive weed species that invaded Israel in the 1950s. The
weed appears in several germination flashes, from early spring until late summer. Recently, an
increase in its distribution range was observed, alongside the identification of new populations in
the northern part of Israel. This study aimed to investigate the efficacy of herbicide application for
the control of S. rostratum using two field populations originated from the Golan Heights and the
Jezreel Valley. While minor differences in herbicide efficacy were recorded between populations,
plant growth stage had a significant effect on herbicide response. Carfentrazone-ethyl was found to
be highly effective in controlling plants at both early and late growth stages. Metribuzin, oxadiazon,
oxyfluorfen and tembutrione showed reduced efficacy when applied at later growth stage (8–9 cm
height), as compared to the application at an early growth stage (4–5 cm height). Tank mixes of
oxadiazon and oxyfluorfen with different concentrations of surfactant improved later growth stage
plant control. Taken together, our study highlights several herbicides that can improve weed control
and may be used as chemical solutions alongside diversified crop rotation options. Thus, they may
aid in preventing the spread and further buildup of S. rostratum field populations.

Keywords: alternative weed management; buffalobur; crop and herbicide rotation; herbicide effi-
cacy; surfactant

1. Introduction

The family of Solanaceae counts many species widespread worldwide, either wild or
cultivated [1]. These species are of international importance and numerous studies related
to their biology and ecology as crops and weeds have been conducted. Several of these
species, such as the subgenus of prickly nightshades (Solanum spp.: subgenus Leptoste-
monum) are considered as significant invasive species in many parts of the world [2,3].
Originated from of the southeastern US, these species include some of the most noxious
weeds worldwide [3]. Two prickly nightshades, S. elaeagnifolium Cav. and S. rostratum
Dunal, invaded Israel in the 1950s [4]. These troublesome weeds infest pastures, crops,
roadsides and natural habitats. Their distribution range is quite different as S. elaeagnifolium
has become widely spread, while S. rostratum remains of limited dispersal. However, in the
last 10 years the distribution of S. rostratum increased, especially in agricultural habitats.

S. rostratum (common name buffalobur) is a native species of the Mexican highlands [5]
which has invaded several countries worldwide, including Canada, China, Russia and
Australia [6,7]. S. rostratum is a diploid, summer-annual, self-compatible weed species
with prickles on both leaves and stems. It is a noxious weed, as it grows aggressively
following habitat disturbance [6], and livestock abstains from grazing on vegetation where
it grows as thorns cover the entire plant. In minor crops, such as watermelon (Citrullus
lanatus Thunb.), onion (Allium cepa L.), chickpea (Cicer arietinum L.) and tomato (Solanum
lycopersicum L.), for which chemical control options are poor and hand weeding is common
practice, S. rostratum thorns may increase the difficulty of this task.
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Although S. rostratum is highly abundant in China, it is usually found in open, dis-
turbed habitats, such as roadsides, fallow fields and field margins [6]. In the US, this weed
was reported as an agricultural pest in Oklahoma [8], Nebraska and Wyoming [9]. Field
experiments conducted in cotton (Gossypium hirsutum L.) fields in Oklahoma showed that
crop plant heights were decreased at greater densities of S. rostratum [8]. In the same study,
yield reduction was also observed, with a damage of 480 kg ha−1 at a weed density of
64 plants/10 m row. In Israel, S. rostratum was first documented at the Jezreel Valley in
1953 [4]. Since then, several field populations were located in the Jordan Valley, the Golan
Heights, the Hulla Valley and at the Mediterranean Sea coastline (Figure 1). S. rostratum
may appear in several germination flashes, starting from spring and continuing throughout
the summer; thus, both young and mature plants may coexist at the same field. Different
sensitivity levels between young and mature S. rostratum plants can reduce the effectiveness
of chemical weed control.

Figure 1. Distribution and characterization of Solanum rostratum at different habitats across Israel.
(a) Geographical distribution of major Solanum rostratum populations. (b) View of mature Solanum
rostratum. Representative photos of S. rostratum plants in onion (c) and corn (d) fields.

Studies relating to S. rostratum management approaches are scarce, warranting re-
search into optimal weed control strategies, especially herbicide application. In two field
experiments conducted at Nebraska and Wyoming, broadleaf weed control was tested as
part of an overall strategy to reduce S. rostratum infestation in two summer cereal crops,
proso (Panicum miliaceum L.) and foxtail millet (Setaria italica P. Beauv.) [9]. Treatments with
carfentrazone-ethyl [protoporphyrinogen oxidase (PPO) inhibitor (group E), combined
with either 2,4-D amine (auxin inhibitor; group O) or prosulfuron (acetolactate synthase
inhibitor; group B), were highly effective in controlling S. rostratum plants. In Israel, PPO in-
hibitors such as oxyfluorfen and oxadiazon are registered for use in both onion and tomato,
while carfentrazone-ethyl is registered for use in chickpea. Although the oxyfluorfen or
oxadiazon herbicide labels do not require the addition of a surfactant, previous research
suggested that the effectiveness of PPO inhibitors may be ameliorated by the addition of a
nonionic surfactant to the tank mix [10,11].
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Due to the recent increasing infestation of S. rostratum plants in several fields across
Israel (Figure 1), this research aimed to evaluate the efficacy of herbicides with differing
modes of action for the control of S. rostratum at different growth stages. In addition, it
assessed the additive effect of surfactant to PPO inhibitors in S. rostratum control protocols.

2. Results

2.1. Herbicide Response of Ginegar (GO) Plants Treated at Different Growth Stages

The comparison of fresh final shoot weight indicated that plant response was sig-
nificantly affected by both the specific herbicides and growth stage of the weed at the
time of application. For plants that were sprayed at the 4–5 cm growth stage, both clo-
mazone and rimsulfuron showed low efficacy in reducing plant final weight, with mean
shoot fresh weights measuring 79.5% and 93.8%, respectively, of the untreated control
(Figure 2a; Table 1). Clopyralid showed a more significant effect, as presented by a shoot
fresh weight of 42.6% that of untreated plants. For plants treated at the 8–9 cm growth
stage, low efficacy was recorded for almost all tested herbicides, with the exception of
carfentrazone-ethyl, which reduced mean shoot fresh weight down to 0.2% of that of the
control plants (Figure 2b; Table 1). Oxadiazon and oxyfluorfen applied at this same growth
stage were significantly less effective in controlling GO S. rostratum plants, reducing final
shoot fresh weight down to 39.7% and 33.1%, respectively, of untreated control plants.
Metribuzin and tembutrione showed the same response as oxadiazon and oxyfluorfen and,
while achieving high control at the 4–5 cm growth stage, at the 8–9 cm growth stage, the
two herbicides provided poor weed control.

Table 1. Differences in mean shoot fresh weight among Solanum rostratum populations in response to
various herbicides.

Mean Shoot Fresh Weight (% of Control)

Population a Herbicide b 4–5 cm c 8–9 cm p-Value

GY Carfentrazone-ethyl 0.57 0.32 0.2567
Clomazone 36.34 87.56 <0.0001
Clopyralid 60.09 98.00 <0.0001
Metribuzin 0.89 47.75 <0.0001
Oxadiazon 3.01 30.44 <0.0001

Oxyfluorfen 4.77 48.75 <0.0001
Rimsulfuron 87.84 56.00 0.0008
Tembotrione 4.61 47.56 <0.0001

GO Carfentrazone-ethyl 0.22 0.19 0.8502
Clomazone 79.52 103.34 0.0084
Clopyralid 42.54 88.89 <0.0001
Metribuzin 6.42 75.93 <0.0001
Oxadiazon 5.65 39.69 <0.0001

Oxyfluorfen 2.76 33.13 <0.0001
Rimsulfuron 93.83 110.08 0.0134
Tembotrione 10.76 75.31 <0.0001

a GY—Givat Yoav and GO—Ginegar; b All herbicides were applied at the labeled field rate as specified in Table 3;
c Plants were sprayed at two different growth stages (4–5 cm and 8–9 cm); Shoot fresh weight was recorded 21
days after herbicide application.
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Figure 2. Shoot fresh weight (% of control) of Solanum rostratum plants from the Ginegar population treated with the
recommended field rate of various herbicides at the 4–5 cm (a) and 8–9 cm (b) growth stages. Shoot fresh weight was
recorded 21 days after herbicide application. Different uppercase letters indicate statistically significant differences among
treatments, as determined by a Tukey–Kramer HSD test (α = 0.05).

2.2. Herbicide Response of Givat Yoav (GY) Plants Treated at Different Growth Stages

The same trend of herbicide response was recorded for plants of the GY population
(Figure 3a,b). As in the case of GO plants, clomazone, clopyralid and rimsulfuron, showed
low efficacy on GY plants treated at the 4–5 cm growth stage. However, in contrast to the
GO responses, clomazone was more effective than clopyralid, as exhibited by the mean
shoot fresh weight values of 36.5% vs. 60.1%, respectively, as compared to untreated
controls (Table 1). Plants treated at the 8–9 cm growth stage showed low response to
herbicides, with mean shoot fresh weights not dropping below 40% for most treatments
(Figure 3b; Table 1). The only herbicides that induced shoot fresh weight reductions
below 40% were the two PPO inhibitors, oxadiazon and carfentrazone ethyl (30.5% and
0.3%, respectively).

Figure 3. Shoot fresh weight (% of control) of Solanum rostratum plants from the Givat Yoav population treated with the
recommended field rate of various herbicides at the 4–5 cm (a) and 8–9 cm (b) growth stages. Shoot fresh weight was
recorded 21 days after herbicide application. Different uppercase letters indicate statistically significant differences among
treatments, as determined by a Tukey–Kramer HSD test (α = 0.05).

2.3. Herbicide Effect on Plants Treated at Different Growth Stage

A negative correlation between plant growth stage and herbicide efficacy was recorded
in both GY and GO populations for all herbicides, except for carfentrazone-ethyl (Table 1),
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with lower control rates observed when plants were sprayed at later growth stage (8–9 cm).
However, the GY population response to rimsulfuron showed an opposite trend when
plants were treated at the 8–9 cm growth stage; plants exhibited lower shoot fresh weight
as compared to plants treated at the 4–5 cm growth stage.

2.4. Variation in Herbicide Response among Populations

For most herbicides, no significant differences in plant response were recorded at the
4–5 cm growth stage (Table 1). Clomazone was more effective in controlling plants from
the GY population, while clopyralid was more effective in controlling plants of the GO
population. However, while differences between populations, overall, both herbicides
showed poor performances in controlling GO and GY plants at the 4–5 cm growth stage
(clomazone 79.5% vs. 36.4% and clopyralid 42.5% vs. 60.1%, respectively). For the 8–9 cm
growth stage, differences among populations were more significant, with metribuzin,
oxyfluorfen rimsulfuron and tembutrione all showing differences in control efficacy of GO
vs. GY plants. Although differences were significant, herbicide efficacy rates were still low,
as shown by the high mean shoot fresh weight (Table 1).

2.5. Synergism of the Surfactant with PPO Inhibitors

The addition of surfactant to the herbicide treatments resulted in an increased sensitiv-
ity of the large size (8–9 cm) S. rostratum plants to both oxadiazon and oxyfluorfen (Table 2).
The application of 0.25% or 0.5% surfactant alone did not result in a significant reduction in
shoot fresh weight compared with the control. Remarkably, the use of 1% surfactant alone
resulted in an approximate 35% reduction in plant biomass, without affecting plant survival.
The effective surfactant concentration that increased herbicide activity was different for the
two herbicides. When applying oxadiazon with surfactant, shoot biomass declined by to
28 ± 8.0% of untreated controls when applied with 1% surfactant dose and to 9.9 ± 3.6%
when applied with 0.5% surfactant (Table 2). When combined with oxyfluorfen, the 0.5%
surfactant concentration resulted in a final shoot fresh weight of 6.6 ± 4.4% in comparison
to the controls, while the 1% dose brought to a final shoot biomass that was 3.4 ± 3.4% of
the untreated control (Table 2).

Table 2. Reduction of shoot fresh weight (mean ± SE) and survival rate of 8–9 cm tall Solanum rostratum Givat Yoav plants
following oxadiazon and oxyfluorfen application, with or without surfactant.

Treatment a Mean (SE) b Lower 95% Upper 95% Survival (%)

0.5% surfactant 103.40 (7.30) a 84.65 122.16 100%
Control 102.14 (5.51) a 89.67 114.61 100%

0.25% surfactant 94.04 (9.04) ab 71.92 116.16 100%
1% surfactant 65.50 (4.89) b 53.52 77.48 100%

Oxadiazon + 1% surfactant 28.00 (8.01) c 9.87 46.13 70%
Oxadiazon + 0.25% surfactant 26.18 (6.41) c 11.69 40.68 80%

Oxifluorfen 25.54 (9.73) c 2.54 48.54 50%
Oxadiazon 19.38 (7.26) c 2.94 35.81 50%

Oxadiazon + 0.5% surfactant 9.84 (3.54) c 1.84 17.85 40%
Oxifluorfen + 0.5% surfactant 6.57 (4.42) c −3.63 16.77 30%
Oxifluorfen + 0.25% surfactant 4.10 (4.08) c −5.14 13.34 20%

Oxifluorfen + 1% surfactant 3.38 (3.36) c −4.37 11.13 20%
a All herbicides were applied at the labeled field rate as specified in Table 3; b Different lowercase letters indicate statistically significant
differences among treatments, as determined by a Tukey–Kramer HSD test (α = 0.05); Shoot fresh weight was recorded 21 days after
herbicide application.
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Table 3. List of herbicides used in this study and their labeled field rates.

Common Name Trade Name MOA a Manufacturer
Rate

(g ai ha−1)

Oxyfluorfen Galigan® PPO ADAMA-Agan 352.5
Carfentrazone-ethyl Spotlight® PPO FMC 0.9

Oxadiazon Ronstar® PPO Bayer 875
Clopyralid Lontrel® Auxinic herbicide Corteva 50
Clomazone Comand® Carotenoid biosynthesis FMC 540

Tembotrione Laudis® HPPD Bayer 99
Metribuzin Sencor® PSII Bayer 175

Rimsulfuron Titus® ALS Corteva 25 b

a Mode of action; b Addition of a nonionic surfactant (Shatah 90®, ADAMA-Makhteshim, 0.05%) as part of the manufacturer recommendation.

3. Discussion

In this work, plants of two different populations were treated with several herbicides
at two growth stages. As evident from the presented data, growth stage had a significant
effect on herbicide control of S. rostratum. The fact that growth stage has a significant effect
on herbicide efficacy is known and was shown for both crop and weed plant species [12,13].
However, as S. rostratum may germinate in several germination flashes throughout the
season, both young and mature plants can coexist in the same field, thereby reducing the
overall efficacy of herbicide treatment. Thus, herbicides that effectively control a wider
range of growth stages are more desirable for the farmer.

Surfactants increase herbicide activity as they reduce the droplet surface tension,
thus increasing herbicide permeability and mobility through the leaf cuticular layer [14].
Surfactant interactions with both the herbicide and leaf cuticle may differ as a function
of their electrical charge (nonionic, ionic and anionic), thereby generating various levels
of synergism. Several herbicides, such as the acetolactate inhibitors trifloxysulfuron-
methyl [15] and bispyribac-sodium [16], as well as the PPO inhibitor fomesafen [11],
require the addition of surfactant to the spraying tank mix. In this study, the effect of
surfactant addition on oxadiazon and oxyfluorfen efficacy in larger size (8–9 cm tall)
S. rostratum plants, was evaluated. Overall, addition of the surfactant induced a synergistic
effect, manifesting by higher herbicide activity (Table 2). However, different surfactant
concentrations showed diverse synergism levels. For oxadiazon, the lower concentration
provided better outcomes, while for oxyfluorfen, the higher surfactant concentration was
more effective. Previous studies have demonstrated the synergistic effect of herbicide and
surfactant combinations [17,18]. However, evaluation of surfactants as adjuvant should
include phytotoxicity tests to ensure crop safety.

One of the most successful integrated weed management approaches is the use of
different herbicides in combination with smart crop rotation. Crop rotation is a highly
important component of good agricultural practice and can be used to increase productivity
and optimize weed control. For instance, nonlegume crop yield can be improved by
introducing a legume into the cropping sequence. In comparison to a continuous cotton or
wheat-cotton sequence, growing cotton in rotation with vetch (Vicia sativa L.), led to a 20%
increase in lint yield, even in the absence of N fertilizer [19]. In sugar beet (Beta vulgaris L.),
yield was 5% higher after introduction of pea (Pisum sativum L.), as compared to maize, as a
sequence crop [20]. Crop rotation may also be used to reduce weed infestation. A sequence
of corn–soybean vs. soybean–soybean crop was shown to decrease Conyza canadensis (L.)
Cronq. escapes [21]. However, crop rotation with no proper weed management approaches
may not be very efficient in reducing weed density [22]. Thus, the chemical management
tools that were successful in this study should be combined with adequate crop rotation,
in order to reduce S. rostratum threat. For instance, using metribuzin in tomato, followed
by clopyralid in onion and carfentrazone-ethyl in chickpea, may serve as a long-term
crop-herbicide combination that can effectively control S. rostratum in these fields. Besides
the crops mentioned above, as a summer irrigated crop, corn (Zea mays L.) is also an
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important part of crop rotation in the Israeli agriculture [23]. Although S. rostratum shows
no marked effect on corn yield, it can be found in high densities at field margins (Figure 1d),
where it may enrich the field seed bank for upcoming years. Moreover, this study included
herbicides that are registered for use in corn, such as tembutrione. High effectiveness of
this herbicide in controlling S. rostratum, mainly at the 4–5 cm growth stage, may serve as
an advantageous tool to prevent further buildup of S. rostratum field populations.

In conclusion, the presented experiments identified several herbicides with varying
levels of efficacy, dependent on the plant growth stage, tested on plants from two geo-
graphically distinct S. rostratum population. In addition, the combination of PPO inhibitors
with surfactant increased the susceptibility of S. rostratum to herbicides, even at a later
growth stage, increasing the overall efficacy of oxadiazon and oxyfluorfen. These findings
should be further evaluated under field conditions in order to validate their efficacy. Other
approaches, such as nonchemical weed management tools, should also be explored to
prevent future damage of agricultural habitats by S. rostratum.

4. Materials and Methods

4.1. Plant Material

As S. rostratum seeds possess high dormancy, which may prevent their germina-
tion [24], the presented herbicide application tests used field-collected seedlings. Seedling
were collected from two fields presenting high infestation of S. rostratum, located near
Moshav Givat Yoav (GY) (32.8012266548, 35.6977272346) and Kibbutz Ginegar (GO)
(32.6543271802, 35.2488696828) (Figure 1). To ensure appropriate representation of the field
population, seedlings at the three-four leaf stage were randomly selected from each field
population. Seedlings were then transplanted into 250 mL pots filled with commercial
potting medium (Tuff, Marom Golan, Israel), including Osmocote® slow-release fertilizer,
at the New-Yaar Research Center. Plants were maintained in a greenhouse under Israeli
summer conditions and watered daily.

4.2. Herbicides Application

Experiments were carried out in the summer of 2020, in a greenhouse at the Newe-Yaar
Research Center, under natural conditions. Plants from both GY and GO populations were
sprayed when reaching heights of 4–5 cm and 8–9 cm. Experiments were spaced in time
such that plants from the first group (4–5 cm) were sprayed two weeks prior to plants
from the second group (8–9 cm). Plants were treated with eight different herbicides at the
recommended field rate as specified in Table 3, using a chain-driven sprayer delivering
300 L ha−1, with a flat-fan 8001E nozzle (TeeJet®, Spraying Systems Co., Wheaton, IL, USA).
All experiments were arranged in a fully randomized-factorial design, with eight to ten
replicates for each treatment. Shoot fresh weight of each plant was recorded 21 days after
treatment (DAT).

4.3. Surfactant Effect

Both oxyfluorfen and oxadiazon, were applied in a tank mix with the nonionic sur-
factant alkyl phenol ethylene oxide (Shatah 90®, ADAMA-Makhteshim, Israel). The effect
of increasing surfactant concentrations on S. rostratum control was evaluated. Plants from
both populations, GY and GO, reacted similarly to oxadiazon at heights of 8–9 cm (Table 1).
However, plants from the GY population were less responsive to oxyfluorfen at the later
growth stage. Thus, advanced growth stage plants from the GY population were chosen for
this experiment. Plants were treated with three different surfactant concentrations (0.25%,
0.5% and 1%), applied with or without oxyfluorfen and oxadiazon (at recommended field
rate; Table 3). Experiments were conducted as specified above. Shoot fresh weight and
survival rate were recorded for each plant 21 DAT.
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4.4. Statistical Analyses

Shoot fresh weight data were analyzed using ANOVA in JMP (ver. 15) statistical
package (SAS Institute Inc., Cary, NC, USA). Data was visualized using SigmaPlot (ver. 13)
software (Systat Software Inc., San Jose, CA, USA). The assumptions of homoscedasticity
and normality were met using Levene′s tests. For both experiments, i.e., the response
of GO and GY populations to herbicide treatments at different growth stages and the
synergistic effect of surfactant application, interactions between experimental parameters
were observed. Thus, data from each experiment were analyzed separately as experiment-
by-treatment. For all experiments, shoot fresh weight was analyzed as percent of untreated
control. All parameters were subjected to one-way ANOVA and means were separated
using the Tukey-HSD test (α = 0.05).
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Abstract: Species of Phalaris have historically been controlled by acetyl-coenzyme A carboxylase
(ACCase)-inhibiting herbicides; however, overreliance on herbicides with this mechanism of action
has resulted in the selection of resistant biotypes. The resistance to ACCase-inhibiting herbicides
was characterized in Phalaris brachystachys, Phalaris minor, and Phalaris paradoxa samples collected
from winter wheat fields in northern Iran. Three resistant (R) biotypes, one of each Phalaris species,
presented high cross-resistance levels to diclofop-methyl, cycloxydim, and pinoxaden, which belong
to the chemical families of aryloxyphenoxypropionates (FOPs), cyclohexanediones (DIMs), and
phenylpyrazolines (DENs), respectively. The metabolism of 14C-diclofop-methyl contributed to the
resistance of the P. brachystachys R biotype, while no evidence of herbicide metabolism was found in
P. minor or P. paradoxa. ACCase in vitro assays showed that the target sites were very sensitive to FOP,
DIM, and DEN herbicides in the S biotypes of the three species, while the R Phalaris spp. biotypes
presented different levels of resistance to these herbicides. ACCase gene sequencing confirmed
that cross-resistance in Phalaris species was conferred by specific point mutations. Resistance in the
P. brachystachys R biotype was due to target site and non-target-site resistance mechanisms, while in
P. minor and P. paradoxa, only an altered target site was found.

Keywords: herbicide resistance; resistance mechanisms; NTSR mechanisms; TSR mechanisms; metabolism

1. Introduction

The genus Phalaris L. has a complicated taxonomic history. This genus comprises
22 species of annual and perennial grasses found in open habitats of temperate regions
around the world, affecting cereal, pasture fodder, and vegetable crops [1]. Phalaris spp.
are among the most frequent annual winter weeds in Iran, and they are represented mainly
by Phalaris minor Retz., Phalaris paradoxa L., and Phalaris brachystachys Link. [2]. These
species are distributed in various regions of the country, invading mainly wheat fields and
other arable crops [3,4]. In Iran, wheat is the most important crop, while weeds, mainly
Avena spp., Lolium spp., and Phalaris spp. grasses, can reduce the annual yield by ~23% [5].
In addition, Phalaris spp. are highly competitive plants with high seed production [6–8];
therefore, managing these grasses is essential to avoid compromising crop yields.

Acetyl-coenzyme A carboxylase (ACCase)-inhibiting herbicides (WSSA/HRAC group
1/A) are graminicides widely used to control grass weeds, mainly in cereal fields [9]. Their
post-emergence control of grass weeds in a wide variety of field crops accounts for their
intensive use since their introduction [10]. These graminicides inhibit the plastid form
of ACCase by blocking fatty acid biosynthesis, disrupting cell membrane integrity, and
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consequently causing metabolite leakage and rapid plant death [11]. Repeated applications
of ACCase inhibitors, sometimes two or three times per crop season, have led to the
selection of resistant plants of several grass weed species worldwide [12]. Herbicide
resistance is an adaptive evolutionary process, and its dynamics and impacts depend
on various factors, such as genetic diversity, weed biology, herbicidal and operational
components, and other environmental factors [10]. The resistance of grass weeds to
ACCase inhibitors is steadily increasing worldwide [4]. After the introduction of the
chemical families of aryloxyphenoxypropionates (FOPs), cyclohexanediones (DIMs), and
phenylpyrazolines (DENs), resistance to ACCase inhibitors was reported in Lolium rigidum
and Alopecurus myosuroides, and within a few years resistance had spread to other grass
weeds [4]. ACCase inhibitors have been the only postemergence herbicides available for
selective control of grass weeds in Iran [13]. The most troublesome annual grass weeds
found in Iranian wheat fields are L. rigidum, Phalaris spp. and Avena sterilis L. During the
last decade, these species have evolved several ACCase-resistant populations showing
differential patterns of cross-resistance [11,14,15].

Resistance to ACCase inhibitors in grass weeds may be due to two known mech-
anisms: (1) alterations of the gene encoding the herbicide target site (target-site-based
resistance: TSR) [11,16]; (2) a reduction in the amount of active herbicide molecules reach-
ing their target due to enhanced metabolism and reduced foliar penetration (non-target-site
resistance—NTSR) [17,18]. Regarding TSR, different amino acid substitutions at key posi-
tions in the carboxyl transferase (CT) domain have been reported at amino acid positions
1781, 1999, 2027, 2041, 2078, 2088, and 2096 in different species [5,16,19,20]; however, there
is only one documented case of ACCase overexpression [21].

Both TSR and NTSR mechanisms have been reported in Phalaris spp. populations
with resistance to ACCase inhibitors, including in Iran and neighboring countries of
the Middle East [22–24]. Because ACCase inhibitors have been applied for at least ten
years in the northern regions of Iran, populations of Phalaris spp. may have developed
increased resistance to ACCase-inhibiting herbicides. In this study, we describe and
compare the biochemical and molecular aspects involved in the resistance to ACCase-
inhibiting herbicides among three Phalaris species (P. minor, P. paradoxa, and P. brachystachys)
collected in winter wheat fields in Iran in 2018.

2. Results

2.1. Dose Response Assay

Dry weight values gradually decreased in all Phalaris spp. populations as the doses of
herbicides increased; however, the dry weight reductions differed between species depend-
ing on the herbicide. The S populations of the three Phalaris spp. were effectively controlled
with lower doses than the field doses of diclofop-methyl (DM), cycloxydim, and pinoxaden
(900, 250, and 40 g ai ha−1, respectively). The GR50 values of the S populations ranged
from 129.56 to 244.90 g ai ha−1 for DM, while for cycloxydim and pinoxaden, these values
were below 10.5 g ai ha−1 (Table 1). The P. brachystachys R populations showed resistance
to DM (RF = 10.31), although the RF values for cycloxydim and pinoxaden were 4.48 and
5.38, respectively. In addition, the GR50 values were much lower than the field doses of
DIM and very similar to the field doses of DEN herbicides. R populations of P. minor and
P. paradoxa showed cross-resistance to DM (RF = 7.48 and 11.87, respectively), cycloxydim
(RF = 19.65 and 24.05, respectively), and pinoxaden (RF = 6.81 and 17.12, respectively).
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Table 1. Estimated parameters of the log-logistic equation used to calculate the herbicide doses required for 50% reduction
of the dry weights (GR50) of R and S biotypes of Phalaris species.

Herbicides Species Biotype d b GR50 (g ai ha−1) RF a

Diclofop-
methyl
(FOP)

P. brachystachys R 99.04 ± 2.09 3.66 ± 0.79 1336.45 ± 109.29 10.31 ± 0.68
S 98.13 ± 2.10 1.21 ± 0.57 129.56 ± 7.52 -

P. minor
R 95.21 ± 3.09 3.85 ± 0.77 1832.34 ± 103.98 7.48 ± 0.73
S 96.18 ± 3.81 2.88 ± 0.75 244.90 ± 19.71 -

P. paradoxa R 95.69 ± 11.15 2.74 ± 0.93 2831.61 ± 129.18 11.87 ± 1.57
S 92.17 ± 7.43 1.63 ± 0.45 238.62 ± 31.87

Cyclocydim
(DIM)

P. brachystachys R 99.94 ± 2.14 1.73 ± 0.49 39.61 ± 2.12 4.48 ± 0.25
S 95.48 ± 1.10 1.42 ± 0.57 8.84 ± 0.95 -

P. minor
R 97.3 ± 5.55 1.77 ± 0.30 198.44 ± 25.13 19.65 ± 1.89
S 98.98 ± 5.73 1.33 ± 0.19 10.10 ± 1.63

P. paradoxa R 96.19 ± 4.44 2.09 ± 0.37 236.85 ± 22.67 24.05 ± 2.74
S 99.44 ± 4.67 1.47 ± 0.18 9.85 ± 1.21 -

Pinoxaden
(DEN)

P. brachystachys R 98.50 ± 4.74 0.69 ± 0.11 41.02 ± 3.89 5.38 ± 0.74
S 99.71 ± 2.57 1.23 ± 0.46 7.63 ± 0.41 -

P. minor
R 97.21 ± 5.88 1.48 ± 0.25 56.87 ± 9.25 6.81 ± 1.58
S 96.87 ± 9.25 1.34 ± 0.21 8.35 ± 1.38 -

P. paradoxa R 96.81 ± 4.56 1.72 ± 0.37 116.95 ± 17.28 17.12 ± 1.62
S 97.37 ± 6.04 1.63 ± 0.28 6.83 ± 1.03 -

d is the coefficient corresponding to the upper limits of the asymptotes and b is the slope of the curve; a Resistance factor (RF = GR50 resistant
biotype (R)/GR50 susceptible biotype (S)). FOP, aryloxyphenoxypropionates; DIM, cyclohexanediones; and DEN, phenylpyrazolines.

2.2. 14C-DM Metabolism

When plants were not incubated with ABT, the 14C-DM metabolism patterns were
similar between the P. minor and P. paradoxa R and S populations but not in P. brachystachys
populations. For the latter populations, the transformation rate of DM acid (toxic form) into
polar conjugates of 14C-DM (non-toxic metabolites) was ~3 times greater in the R biotype
than in its S counterpart (Table 2). Pretreatment with ABT solution severely decreased
this metabolic rate in the P. brachystachys R population, and the concentrations of DM acid
and polar conjugates reached concentrations similar to those observed in the S population
and in the other R and S populations of P. minor and P. paradoxa. In these populations, the
percentages of DM, DM acid, and D-conjugates ranged from 29 to 35%, from 55 to 67%,
and from 11 to 16%, respectively.

Table 2. 14C-Diclofop-methyl (DM) percentage and metabolites retrieved from shoots after application to leaves in resistant
(R) and susceptible (S) biotypes of Phalaris species 48 h after treatment (HAT).

Phalaris Species

% Extracted Radioactivity

DM D-Acid D-Conjugates

R S R S R S

P. brachystachys † 12.53 ± 2.13 b 26.72 ± 2.48 a 22.43 ± 1.83 b 67.50 ± 3.17 a 65.12 ± 3.42 a 16.83 ± 1.31 a
P. brachystachys ‡ 30.41 ± 4.24 a 28.71 ± 3.52 a 59.87 ± 1.05 a 58.65 ± 2.19 a 16.80 ± 0.81 b 15.61 ± 0.54 a

P. minor † 33.33 ± 1.45 b 35.18 ± 1.73 a 55.33 ± 4.33 a 56.66 ± 2.60 a 11.33 ± 2.90 b 12.37 ± 2.40 a
P. minor ‡ 34.33 ± 2.02 b 33.33 ± 1.45 a 62.04 ± 2.30 a 62.13 ± 1.52 a 12.66 ± 1.45 b 11.33 ± 0.66 a

P. paradoxa † 29.11 ± 0.47 b 32.33 ± 2.22 a 57.33 ± 2.37 a 56.33 ± 1.18 a 16.43 ± 1.88 b 14.56 ± 1.08 a
P. paradoxa ‡ 29.66 ± 1.18 b 30.66 ± 1.18 a 67.66 ± 1.65 a 66.66 ± 0.72 a 13.66 ± 0.54 b 12.39 ± 0.82 a

1-Aminobenzotriazole (ABT) was applied via root at 7.5 mg L−1 one week before DM application. † Without ABT and ‡ with ABT. Different
letters per column refer to treatments that are significantly different based on the Tukey test at the 95% probability. Mean values ± standard
errors of the mean are shown (n = 6).
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2.3. ACCase Enzyme Activity Assay

R and S plants presented similar ACCase basal activity profiles in the absence of
herbicides within Phalaris spp. (Figure 1). ACCase assays showed that the target site of
the S populations was very sensitive to the three herbicides tested, and in all cases I50 was
≤1 μL in the R populations of Phalaris spp. (Table 3). ACCase insensitivity was variable,
showing I50 values that ranged from 2.4 to 14.43 μL of herbicide. The RF values for R
biotypes ranged from 12.99 to 20.78 for DM, from 5.16 to 10.91 for cycloxydim, and from
13.71 to 19.36 for pinoxaden.

Figure 1. Basal ACCase activity (absence of herbicides) in R and S biotypes of Phalaris species
expressed as nmol HCO3 per mg of total soluble protein (TSP) per hour.

Table 3. Estimated parameters of the log-logistic equation used to calculate the enzyme activity levels (I50) of R and S
biotypes of Phalaris species.

Herbicide Species Biotype d b I50 (μM) RF a

Diclofop-methyl
(FOP)

P. brachystachys R 99.64 ± 0.83 0.67 ± 0.03 6.65 ± 0.78 20.78
S 101.99 ± 0.23 0.72 ± 0.02 0.32 ± 0.05 -

P. minor
R 94.90 ± 3.68 0.56 ± 0.09 11.04 ± 4.57 12.99
S 96.49 ± 4.56 0.49 ± 0.07 0.85 ± 0.03 -

P. paradoxa R 93.98 ± 3.46 0.55 ± 0.08 9.73 ± 3.80 16.37
S 97.91 ± 4.26 0.48 ± 0.06 0.59 ± 0.23 -

Cyclocydim
(DIM)

P. brachystachys R 103.11 ± 1.40 0.52 ± 0.03 2.40 ± 0.34 10.91
S 100.53 ± 1.58 0.69 ± 0.04 0.22 ± 0.02 -

P. minor
R 96.98 ± 2.90 1.76 ± 0.43 3.46 ± 1.87 5.16
S 97.87 ± 2.81 0.98 ± 0.57 0.67 ± 0.91 -

P. paradoxa R 98.76 ± 0.76 0.87 ± 0.32 2.86 ± 0.98 6.21
S 96.67 ± 0.67 1.11 ± 0.12 0.46 ± 0.06 -

Pinoxaden
(DEN)

P. brachystachys R 100.60 ± 1.40 0.90 ± 0.09 14.43 ± 1.90 18.50
S 102.93 ± 2.22 0.62 ± 0.06 0.78 ± 0.01

P. minor
R 97.76 ± 2.76 0.78 ± 0.98 8.09 ± 2.80 13.71
S 96.56 ± 1.98 0.87 ± 0.19 0.59 ± 0.07 -

P. paradoxa R 97.87 ± 2.98 0.76 ± 0.09 12.78 ± 2.87 19.36
S 95.56 ± 3.98 1.09 ± 0.09 0.66 ± 0.09 -

d is the coefficient corresponding to the upper limits of the asymptotes and b is the slope of the curve; a Resistance factor (RF = GR50 resistant
biotype (R)/GR50 susceptible biotype (S)). FOP, aryloxyphenoxypropionates; DIM, cyclohexanediones; and DEN, phenylpyrazolines.
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2.4. Molecular Analysis

CT-domain sequencing of the ACCase gene revealed the occurrence of several amino
acid substitutions in the R biotypes of Phalaris spp., all of them associated with resistance to
ACCase-inhibiting herbicides at the target site level (Figure 2). The amino acid substitutions
found in the R biotypes were Ile-1781-Leu (L) or Thr (T), Trp-2027-Cys (C), Ile-2041-Asn
(N), Asp-2078-Gly (G), and Gly-2096-Ser (S). In P. brachystachys, only the substitution of
Thr for Ile at position 1781 was found. P. minor showed Ile-1781-Leu, Trp-2027-Cys, and
Asp-2078-Gly substitutions, while P. paradoxa showed the substitutions of Ile-2041-Asn,
Asp-2078-Gly, and Gly-2096-Ser.

Figure 2. Amino acid substitutions in the A and B regions of the carboxyl transferase (CT) domain of the homomeric
chloroplast acetyl CoA carboxylase (ACCase) gene in susceptible (S) and resistant (R) Phalaris biotypes.

3. Discussion

Since the first study to detect weed biotypes resistant to herbicides in Iran in 1997,
several species, including Avena sterilis, L. rigidium, P. minor, and P. paradoxa, have shown
resistance to ACCase inhibitors in this country [25]. These reports of resistant weeds were
found in winter cereals in Iran, mostly wheat (Triticum aestivum L.) and barley (Hordeum
vulgare L.) [26]. Herbicide-resistant biotypes of P. minor are widely distributed around the
world, while resistant biotypes of P. paradoxa and P. brachystachys are less frequent; however,
these three species have been reported as having cross-resistance to all ACCase-inhibitor
herbicide chemical families [4]. It is probable that the few grass herbicide options for wheat
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in Iran and the lack of crop rotation aided in the selection of target site mutations in Phalaris
species and their consequent resistance to ACCase inhibitors [13].

In this study, dose–response experiments confirmed that the three Phalaris spp. as-
sayed at the whole-plant level were resistant to DM, cycloxydim, and pinoxaden. These
results are in agreement with those of other studies that reported similar resistance pat-
terns to the three groups of ACCase-inhibiting herbicides, such as those in P. minor [16,23],
P. paradoxa [22,26,27], and P. brachystachys [24].

Enhanced metabolism, regulated by detoxification enzymes Cyt-P450, glutathione-S-
transferase (GST), and Glycosyl-transferase (GT), which are able to metabolize herbicides
into non-toxic metabolites, may confer resistance to herbicides [28–32]; however, we found
no evidence that enhanced metabolism conferred resistance in P. minor and P. paradoxa, in
agreement with the results found by Cruz-Hipolito et al. [16,27], while for P. brachystachys,
this NTSR mechanism, mediated by the enzyme complex of Cyt-P450 monooxygenases,
was responsible for resistance to DM. This statement is based on the response observed in
P. brachystachys R plants incubated with ABT, a potent inhibitor of Cyt-P450, which after
incubation showed 14C-DM metabolism patterns similar to those of S plants. In general, in
susceptible plants, DM is de-esterified (activated) by an esterase enzyme into diclofop acid,
a compound more toxic than DM [17,33]. On the other hand, in R plants, DM is metabolized
into non-toxic compounds that are more polar, such as sugar ester conjugates of diclofop
acid and sugar conjugates of hydroxyl-diclofop, by Cyt-P450 [24]. DM metabolization
into sugar conjugates of hydroxyl-diclofop seems to be the main detoxification route of
this herbicide in P. brachystachys. Enhanced herbicide metabolism is an NTSR mechanism
documented in several grass weeds around the world, such as L. rigidum [17,34], Alopecurus
myosuroides [35], and Echinochloa phyllopogon [36], and in recent years this mechanism
has gained more attention because it is becoming an increasingly common resistance
mechanism, although comprehension of this mechanism is still limited [31]. Cyt-P450-
regulated herbicide metabolism can confer not only cross-resistance but also multiple
resistance to modes of action of herbicides that are never used [37]. Although multiple
resistance was not evaluated in the R biotype of P. brachystachys, its management may
require more diversification than simply rotating the mode of action.

The ACCase enzyme activity results showed clear cross-resistance to the three ACCase-
inhibiting herbicides in the Phalaris spp. R biotypes at the target site level. The resistance
was high to pinoxaden and diclofop methyl and moderate to cycloxydim. According
to these results, a less sensitive form of ACCase was responsible for cross-resistance to
ACCase-inhibiting herbicides in R populations; however, each R population of Phalaris spp.
showed a different susceptibility level for each herbicide. The level of insensitivity of the
target enzyme to ACCase-inhibiting herbicides depends on amino acid substitutions at
key positions that modify the binding of the herbicide [10,18,33]; therefore, the mutations
governing herbicide resistance may differ among Phalaris spp.

Target site resistance is essentially caused by amino acid changes in the CT domain,
which impact the effective binding of ACCase-inhibiting herbicides [10]. Substitutions in
seven locations (Ile-1781, Trp-1999, Trp-2027, Ile-2041, Asp-2078, Cys-2088, and Gly-2096)
in the ACCase gene have been described in grass weeds as conferring resistance to ACCase
inhibitors [18]. In this study, six different substitutions were found at five key amino acid
positions (Ile-1781-Leu/Thr, Trp-2027-Cys, Ile-2041-Asn, Asp-2078-Gly, and Gly-2096-Ser)
in the ACCase genes of the R biotypes of the Phalaris spp. The substitutions found at
key position 1781 occurred in P. minor (Ile by Leu) and P. brachystachys (Ile replaced by
Thr). Mutation Ile-1781-Leu has been reported in R populations of P. minor and other
grass species resistant to ACCase herbicides [16], conferring cross-resistance to the three
chemical families (FOPs, DIMs, and DENs). The Ile-1781-Thr mutation has been found in
P. brachystachys and A. myosuroides [18,24] and was suggested to confer resistance mainly
to FOP and DEN herbicides. In the same form, Trp-2027-to-Cys substitution endows
resistance to ACCase inhibitors [23], mainly to FOPs [18,19,38,39], although also confers
resistance to DENs [20]. This mutation was found in P. minor but not P. paradoxa or
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P. brachystachys. In addition to the mutation at the Ile-1781 position, the Asp-2078-Gly
mutation was found to confer resistance to the three families of ACCase inhibitors [22,38];
therefore, this mutation explains the cross-resistance to DM, cycloxydim, and pinoxaden
in our P. minor and P. paradoxa R biotypes. On the other hand, the Ile-2041-Asn and Gly-
2096-Ser mutations were found only in P. paradoxa. These mutations have been previously
reported in P. paradoxa from Israel [22] and Mexico [27]. The first mutation was related to
resistance only to FOPs [20], while the second was associated with cross-resistance to FOPs,
DIMs, and DENs [27].

4. Materials and Methods

4.1. Plant Materials

Seeds of resistant (R) populations of Phalaris spp. were collected from winter wheat
fields from Golestan Province in Iran (Figure S1, Table S1, Supplementary Materials). The
R P. brachystachys and P. minor plants survived field applications of diclofop-methyl (DM),
cycloxydim, and pinoxaden herbicides, while P. paradoxa presented medium resistance
levels to these herbicides, with low frequencies of R individuals; therefore, generation 0
(G0) plants from R P. paradoxa population were sown directly into trays (40 × 60 × 15 cm3)
containing a mixture of sand and peat (2:1, v/v) and placed in a greenhouse at 28/18 ◦C
day/night under a 16 h photoperiod with 850 μmol m−2 s−1 photon flux density and 80%
relative humidity. At the four-leaf stage, plants were treated with DM at 300 g ai ha−1, one
hour later with cycloxydim at 100 g ai ha−1, and finally one hour later with pinoxaden at
30 g ai ha−1, using a laboratory spray chamber equipped with a flat fan nozzle (TeeJet 8002
EVS) with a total output volume of 250 L ha−1 water at a pressure of 200 kPa. Four weeks
after herbicide treatment, plant survival of the resistant accessions was estimated, and seeds
produced from surviving plants were collected and stored in paper bags for subsequent
recurrent selection trials. Five months later, G1 seeds of P. paradoxa were treated as above,
although in this case with field doses of 900, 250, and 40 g ai ha−1 of DM, cycloxydim,
and pinoxaden, respectively. A similar approach was followed to produce G2 and G3. In
January 2020, dose–response assays were run to determine the multiple resistance levels in
these three Phalaris species. Seeds of susceptible (S) populations were harvested within
the same region in sites where herbicides had never been applied. Mature R and S seeds
of P. brachystachys and P. minor and F3 P. paradoxa populations were germinated in Petri
dishes (15 cm diameter) with filter paper moistened with distilled water. The Petri dishes
were placed in a growth chamber at 28/18 ◦C (day/night) with a photoperiod of 16 h,
850 μmol m−2 s−1 photosynthetic photon flux, and 80% relative humidity. Seedlings from
each population were transplanted individually into plastic pots (448 cm3) containing
sand/peat at a 1:2 (v/v) ratio, then they were then placed in a greenhouse at 28/18 ◦C
(day/night) with the same photoperiod.

4.2. Dose–Response Assays

Plants of the R and S biotypes of Phalaris spp. were treated at the BBCH 13–14
stage [40] with different doses of DM, cycloxydim, and pinoxaden (Table 4). Ten plants of
each biotype were treated per herbicide dose in a laboratory spray chamber equipped with
a Tee Jet 8002E-VS flat-fan nozzle at a pressure of 200 kPa calibrated to deliver 250 L ha−1

of herbicide solution. Twenty-one days after treatment (DAT), the plants were cut and
oven-dried to constant mass at 70 ◦C, then the dry weight of each plant was recorded. Dry
weight data were expressed as percentages relative to the untreated controls. The herbicide
rates required to reduce the dry weight by 50% (GR50) were determined for each biotype
and the resistance factors (RFs) were determined for each herbicide within each species as
GR50(R)/GR50(S). Dose–response assays were repeated twice.
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Table 4. Herbicide treatments for dose–response assays in Phalaris species.

Herbicides
Rate (g a.i. ha−1)

Biotype S Biotype R

Diclofop-methyl a 0, 45, 90, 180, 360, 720, 1080 0, 1000, 1500, 2000, 3000, 3500, 4000,
Cycloxydim b 0, 5, 10, 20, 40, 60, 100, 200 0, 50, 100, 200, 300, 400, 800,1200
Pinoxaden c 0, 4, 8, 16, 32, 64, 128, 256 0, 25, 50, 100, 200, 400, 600, 800

Trademark: a Iloxan (Bayer). b Focus Ultra 10% (BASF). c Axial (Syngenta)

4.3. 14C-DM Metabolism
14C-DM metabolism was studied following the methodologies described by Cruz-

Hipolito et al. [27] and De Prado et al. [17]. A labeled herbicide emulsion was prepared
by mixing commercially formulated DM plus 14C-DM (specific activity, 95.5 kBq μmol−1

provided by Bayer CropScience, Leverkusen, Germany) (Table 2). The 14C-DM emulsion
had a specific activity of 5000 Bq μL−1 and was applied to the adaxial surface of the second
leaves (10 droplets of 0.5 μL each) of Phalaris spp. plants (BBCH 13–14 stage) using a
microapplicator (mod. PB600-1 Hamilton, Reno, NV, USA). Sampling of plants was carried
out 48 h after treatment (HAT), starting by washing the non-absorbed 14C-herbicide from
the treated leaves with 1.5 mL of acetone. An aliquot of leaf wash solution was assayed
for radioactivity and the remaining solution was stored (−20 ◦C) until analysis. Then,
the shoots of each plant were ground in liquid nitrogen in a cold mortar. 14C-DM and its
possible metabolites were extracted from the fine powder with 4 mL of methanol (80%
methanol, 4 ◦C). The homogenate was centrifuged (20,000× g for 20 min). The resulting
pellet was subjected to two new extractions with methanol (80%) to recover as much 14C as
possible. The pellets were oven-dried and combusted in a biological oxidizer (Packard 307,
Packard Instruments, Meriden, CT, USA). Supernatants were combined and evaporated to
dryness (40 ◦C) under a stream of N2 (10 kPa), then samples were redissolved in 500 μL
of methanol (80%). DM and its metabolites in the supernatant were identified using thin-
layer chromatography on 20 cm × 20 cm × 250 μm silica gel plates (Merck, Darmstadt,
Germany; silica gel 60). A toluene–ethanol–acetic acid mixture (150/7/7; v/v/v) was used
as the mobile phase. Radioactive zones were detected using a radio chromatogram scanner
(Berthold LB 2821). Their chemical identity was identified by comparing RF values to those
of standards (DM, 0.70; diclofop acid, 0.44; hydroxy-diclofop, 0.34; polar conjugates, 0.00).
The experiment was performed twice with three replicates.

In a second experiment, three plants (BBCH 12–13 stage) per Phalaris spp. biotype
were collected from the pots and the roots were washed with distilled water. Subsequently,
plants were placed into 50 mL containers filled with a constantly aerated nutrient solu-
tion containing 7.5 mg L−1 1-aminobenzotriazole (ABT), a potent inhibitor of the enzyme
necessary for the metabolism of DM to non-toxic forms in plants, i.e., Cyt-P450 monooxyge-
nases [27]. After 1 week of incubation with ABT, the second leaf of each plant was treated
with 14C-DM 48 HAT and the methodology described above was followed again.

4.4. ACCase Enzyme Activity Assay

Young and fully expanded leaves (6 g fresh weight) of Phalaris spp. R and S popu-
lations were harvested from plants at the BBCH 13–14 stage. Leaf tissue samples were
ground in liquid N2 in a mortar and added to extraction buffer (24 mL) composed of
0.1 M N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid-KOH at pH 7.5, 0.5 M glycerol,
2 mM EDTA, and 0.32 mM PMSF. The homogenate was mixed for 3 min with a magnetic
stirrer and filtered sequentially through four layers of cheesecloth. The crude extract was
centrifuged (24,000× g, 30 min, 4 ◦C). The supernatant was fractionated with (NH4)2SO4
and centrifuged (12,000× g, 10 min, 4 ◦C). Material precipitating between 35% and 45%
(NH4)2SO4 saturation was resuspended in 1 mL of S400 buffer (0.1 M Tricine–KOH at pH
8.3, 0.5 M glycerol, 0.05 M KCl, 2 mM EDTA, and 0.5 mM DTT). The clarified supernatant
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was applied to a desalting column previously equilibrated with S400 buffer. ACCase
enzyme was eluted from the column in 2 mL of S400 buffer.

The enzyme activity was assayed by measuring the ATP-dependent incorporation
of NaH [14C]O3 into an acid-stable [14C]-product. The reaction product had previously
been shown to be [14C] malonyl-CoA [41]. Assays were conducted in (7 mL) scintillation
vials containing 0.1 M tricine-KOH (pH 8.3), 0.5 M glycerol, 0.05 M KCl, 2 mM EDTA,
0.5 mM DTT, 1.5 mM ATP, 5 mM MgCl2, 15 mM NaH [14C]O3 (1.22 MBq μmol−1), 50 μL
of the enzyme fraction, 5 mM acetyl-CoA, and different concentrations of DM acid for
a final volume of 0.2 mL. Activity was assayed for 5 min at 34 ◦C and the reaction was
stopped by adding HCl (30 μL at 4 N). A piece of filter paper was added to the reaction
vial and the sample was dried (40 ◦C) under a stream of air. After the sample was dried,
an ethanol–water mixture (1:1, v/v, 0.5 mL) was added to the vial. This was followed
by the addition of a scintillation cocktail (5 mL). Radioactivity was determined by liquid
scintillation spectrometry (LSS) on a Beckman LS 6000 TA. Background radioactivity values,
measured as acid-stable counts (dpm) in the absence of acetyl-CoA, were subtracted from
each treatment (16, 17, 24, 27). One unit of ACCase activity was defined as 1 μmol malonyl-
CoA formed per min. Herbicide concentrations resulting in 50% inhibition of enzyme
activity (I50 values) were estimated for each herbicide using the obtained concentration
response curves. The experiment was repeated twice with three replicates. Data were
pooled and a non-linear regression model (Equation (1)) was fitted to the data.

4.5. Molecular Analysis

Samples (~100 mg) of young foliar tissue were taken from 20 plants of the Phalaris
spp. R and S biotypes. Then, the plants were treated with doses of DM, cycloxydim, and
pinoxaden (900, 250, and 40 g ai ha−1, respectively), as described in the dose–response
assays. S plants died 21 DAT and surviving R-biotype plants were used for molecular
analysis. DNA was extracted using the Speedtools Plant DNA Extraction Kit (Biotools
B&M Labs S.A., Spain) following the manufacturer’s instructions, and the DNA amount
was quantified with a NanoDrop spectrophotometer (ThermoFisher, NanoDrop Products,
Wilmington, DE, USA). The DNA sample was diluted to a final concentration of 10 ng/μL
and was immediately used for polymerase chain reaction (PCR) or stored at −20 ◦C until
use. Primers were designed to amplify regions in the CT domain known to be involved in
the sensitivity to ACCase herbicides using Primer Premier 5.0 software (Premier Biosoft
International, Palo Alto, CA, USA). Two sets of primers covering all seven known mutation
sites in regions A (1781) and B (1999, 2027, 2041, 2078, 2088, and 2096) were designed
based on the sequences of chloroplastic ACCase from A. myosuroides (AJ310767). Ten
individual plants of each biotype were sequenced following the methods described by
Golmohammadzadeh et al. [24].

4.6. Statistical Analysis

Dose–response and enzyme activity data were pooled and fitted to a non-linear re-
gression analysis using a three-log-logistic model (Equation (1)), with the lower asymptote
(c) fixed at 0 for GR50 and I50.

Y = c +
d − c

1 + exp(b(log(x)− log(e)))
(1)

In the logistic model, d and c are the coefficients corresponding to the upper and lower
(fixed at 0) asymptotes, respectively; b is the slope of the curve; e is the herbicide rate (or
concentrations) at the point of inflection halfway between the upper and lower asymptotes;
x (independent variable) is the herbicide dose (or concentration). Non-linear regression
analyses were carried out in R software using the “drc” statistical package [42]. Data on
DM metabolism and basal activity were subjected to analysis of variance (ANOVA). The
percentage data were previously transformed (arcsine of the square root) to comply with
the model assumptions of normally distributed errors and homogeneity of variances. The

179



Plants 2021, 10, 1703

assumptions of the model were graphically inspected. Values of p < 0.05 were considered
statistically significant and mean comparisons were made using Tukey’s HSD test with a
probability of 5%. ANOVA was conducted using Statistix software version 10.0 (Analytical
Software, Tallahassee, FL, USA).

5. Conclusions

This study characterized cross-resistance patterns to ACCase-inhibiting herbicides
in populations of Phalaris spp. collected in wheat fields in Iran. It should be noted
that the metabolic resistance governed by Cyt-P450 found in P. brachystachys is a cause
for concern because it may provide widespread resistance to other modes of action and
compromise crop productivity; therefore, its management may require more diversification
than simply rotating the herbicide’s mode of action. On the other hand, choosing a suitable
herbicide to control the biotypes of Phalaris spp. with cross-resistance patterns to ACCase
inhibitors is risky due to the fact that a single amino acid substitution may lead to different
levels of resistance. In addition, the continued use of ACCase inhibitors may facilitate
the appearance of new Cyt-P450 genes in P. minor and P. paradoxa, as reported here for
P. brachystachys, or new ACCase mutations able to confer higher levels of resistance to these
herbicides. These results demonstrated the participation of TSR and NTSR mechanisms
in the resistance to ACCase-inhibiting herbicides in the P. brachystachys R population,
while only the TSR mechanism was involved in the resistant populations of P. minor and
P. paradoxa.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10081703/s1, Figure S1: Geographical position of Golestan Province in Iran and
distribution map of Phalaris genus, Circles represent P. minor, squares represent P. brachystachys,
triangles represent P. paradoxa, Table S1: Geographical location, collection site of Phalaris genus
biotypes
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Abstract: Only a limited number of contact herbicides exist in agricultural production. While
systemic herbicides are more efficient also at suboptimum spray coverage with long-lasting weed
control, contact herbicides provide several advantages. There is no translocation to fruits or roots
of plantation and other crop, low risk for resistance development, and minor risk for spray-drift
damage. Besides, synthetic products that often have toxicological or residues issues, natural fatty
acids, particularly pelargonic acid (PA), have contact activity and are safer for home and garden use.
We recently described a methyl capped polyethylene glycol ester of pelargonic acid (PA-MPEG) that
acts independent of acid formation. Both, PA-MPEG and PA are applied at high rates per hectare
to achieve excellent weed control. Here, we report about potential additives to increase PA-MPEG
efficacy. The herbicidal active, 1-decanol, and the non-phytotoxic alkylated seed oil-based adjuvant,
HastenTM, improved performance and outperformed a commercial PA herbicide. Both, PA-MPEG
and PA appear to mainly act by the disintegration of bio-membranes besides having effects on
transpiration. The main suggested effect is desiccation due to cutting the water continuum at the site
of evaporation in the intercellular spaces. The synergistic action of the adjuvant HastenTM and its
practical uses are also discussed.

Keywords: contact herbicide; pelargonic acid; esterified seed oil; foliar penetration; adjuvant; tank-
mix partner

1. Introduction

Most herbicides normally used for agricultural weed control are based on synthetic
active ingredients (AIs) and possess systemic properties [1,2]. The majority of foliar AIs
are low to moderately water-soluble non-electrolytes, with an octanol/water partition
coefficient (log P) below 4, that allows acropetal movement in the xylem. Other active
substances are weak organic acids or form such acids from pre-drug esters that move both
basipetally and acropetally through the plant (mobility in the phloem) [2]. In many cases,
systemic soil-applied herbicides are only xylem mobile after root or hypocotyl uptake,
and/or when sufficiently volatile to also distribute in the gas phase of soils [2,3]. Selective
weed control by such systemic herbicides is based on several complex and sophisticated
plant-herbicide interactions, such as herbicide-tolerant transgenic crops, combinations with
safeners, timing of applications or tolerance by a higher biomass, or the quick growth
compensation of damaged assimilation areas [1,2,4–6].

In contrast to more effective and systemic AIs, only a few available herbicides are not
translocated in plants. They are commonly known as contact herbicides and act only on
treated organs [1,6]. The most important ones are quaternary ammonium compounds of
bipyridines, and 1,1’-dimethyl-4,4’-bipyridylium dichloride (paraquat) is the most widely
used [7]. The advantages of such compounds are the rare occurrence of herbicide-resistant
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weeds (paraquat resistance is documented in 30 plant species in 72 situations vs. 53 species
in 339 scenarios for glyphosate use) and the low risk that sensitive weeds become resistant
over generation [8]. Other benefits are that they are harmless to non-target plants by spray
drift and their lack of translocation, e.g., to fruits in orchards [9]. However, given the
bipyridines’ mode of action (MoA)—formation of reactive oxygen species after accepting
electrons from photosystem I, causing the inhibition of photosynthesis—there are concerns
regarding safety. Nonselective, nonspecific damage and continuous action occur due to the
active ingredient regeneration causing oxidation of cell components, including membranes.
The toxicity and side effects of these herbicides on human and non-target organisms are
substantial [7]. Therefore, paraquat and related products are increasingly banned in various
regions [7,10].

Contact herbicides also include natural alternatives with practically zero toxicity such
as nonanoic or pelargonic acid (PA) and related octanoic (caprylic) and decanoic (capric)
acids [11–13]. Several commercial formulations of short chain fatty acids (FA) and their salts
are available for weed control [14–16]. With the advantage of having extremely rapid action
and being rainfast, they do not pose residual problems, and no resistant weed biotypes
have been reported [17–19]. However, FA herbicides are volatile, have an unpleasant
odor and are difficult to formulate [20,21]. For good and long-lasting effects on weed
control, FA should be applied at extremely high rates, and repeated applications must be
performed within short time intervals, which makes them very expensive for users [22–24].
Given their fast herbicidal activity, the combination with other synthetic or natural AIs is
a challenge. It is often impossible to achieve a synergistic or an additive effect on weed
control, particularly with systemic AIs [25,26].

We have recently shown that novel short chain FA derivatives, particularly the methyl
polyethylene glycol esters (MPEG) of C8–C10 FA, are as effective as the free acid, and do not
merely act as pre-drug [23]. Pelargonic acid ester of methyl polyethylene glycol (PA-MPEG)
is the preferred candidate [23]. PA-MPEG is liquid at the relevant temperature range, not
volatile and can be used as a straight product without further formulation efforts [23]. It is
also combinable in-can or in tank-mix with other herbicides and acts as a wetting agent
on its own [27]. With its very low animal and human toxicity as known to date, the use is
very encouraging in environmentally friendly and organic farming. The use rate and water
volumes of PA-MPEG are lower than those of various current PA formulations, but are still
higher than conventional herbicides [17,23]. Therefore, further reductions in the use rate
and spray volume, and increasing PA-MPEG performance, are essential for it to become an
alternative to the traditional contact herbicides.

Adjuvants and natural additives are often added to the spray tank of the herbicides
to enhance final performance. They can modify the characteristics of the spray mixture
or improve herbicidal activity [28,29]. Thus, adjuvants also have the potential to enhance
PA-MPEG activity by affecting spray deposition, bioavailability and/or the effect in the
transport across cuticles [28–31]. For example, a strong selected wetting agent can offer
better coverage, which is fundamental for contact herbicides, or an alcohol ethoxylated can
increase the mobility of a solute in cuticles [29,30].

In this study, we present the results of sustainable adjuvants and natural additives as
potential enhancers of PA-MPEG weed control efficacy. New insights into the likely mode
of action are also discussed.

2. Materials and Methods

2.1. Plant Species and Biological Test Conditions

Seeds of velvetleaf (Abutilon theophrasti M.), large crabgrass (Digitaria sanguinalis L.) and
black nightshade (Solanum nigrum L.) were acquired from Herbiseed (Reading, UK). Tomato
(Solanum lycopersicum L.), bell peppers (Capsicum annuum L.), soybean (Glycine max L.) and
maize (Zea mays L.) seeds were kindly provided by a local farmer in Bad Soden am Taunus
(Germany). Plant species seeds were sown separately in plastic pots (9 cm × 9 cm × 10 cm)
containing an artificial substrate named Typ B Hawita Fruhstorfer from Hawita Gruppe
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GmbH (Vechta, Germany). One week after emergence, plants were carefully thinned to
one plant per pot. Weeds and crops were grown in the Clariant phytotron (Frankfurt am
Main, Germany) under natural light and augmented with supplemental sodium vapor
lights that produced a photosynthetic photon flux density (PPFD) of 200 mE m−2 s−1. The
photoperiod was 16/8 h light/dark. Daytime temperature was 23 ± 1 ◦C, and night-time
temperature was kept at 18 ± 1 ◦C. Relative humidity (R.H.) fell within 55± 5% range.
Enough moisture was maintained in soil until the end of trials to avoid water stress and
keep plants in the optimum stage. Crop plants were irrigated with a standard fertilizer
solution once a week to prevent nutrient deficiencies.

2.2. Experimental Design of the Phytotron Trials

Trials were conducted as a randomized complete block (RCB) design with four repli-
cates per weed species. An untreated control was always included for comparison purposes.
Spray preparations were applied to D. sanguinalis in phenological stage 22 (with two tillers)
and S. nigrum in stage 16 (true six leaves) according to the Biologische Bundesanstalt, Bun-
dessortenamt und Chemische Industrie (BBCH) scale. They were approximately 18–20 cm
tall. Applications were carried out with a custom-built spray chamber (Ing-Büro CheckTec,
Braunschweig, Germany) equipped with two off-center flat nozzles and a mobile carrier of
the spray tank. Spray volumes of 200 and 400 L ha−1 were set by adapting the application
carrier speed, using OC2 nozzles from Lechler GmbH (Metzingen, Germany) mounted
50 cm above the weed canopy. Spray pressure was 300 kPa.

Herbicide efficacy was visually assessed at 1, 2 and 7 days after application (DAA) on
a percentage scale, where the value “0%” represents no weed control (weeds alive) and one
of “100%” denotes complete weed control (weeds killed) [23].

2.2.1. Herbicidal Compound and Tank-Mix Partners Tested

The experimental herbicide was the pelargonic acid ester of methylated polyethylene
glycol (PA-MPEG) which was synthesized by Clariant (Gendorf, Germany). This active
is liquid and was diluted directly in tap water. For comparison purposes, PA-MPEG
content is 340 g of PA acid equivalent (a.e.) per liter. Based on previous knowledge,
PA-MPEG was used at 7.5% v/v, alone or with selected tank-mix partners, at a spray
volume of 200 L ha−1 [17]. Phosphoric acid, D-glucose, potassium carbonate and 1-decanol
were selected as non-synthetic amendments. They were purchased from Sigma-Aldrich
Chemie GmbH (Merk KGaA, Darmstadt, Germany). The tested commercial adjuvants were
Synergen® TS 7, Polyglykol 400, Genapol® C 050 from Clariant ((Muttenz, Switzerland)
and HastenTM from Victorian Chemicals (Victoria, Australia) [30,31]. Table 1 is a more
detailed description of the tested compounds and the applied rates.

Table 1. Test compounds, applied concentrations used and the pH of spray solutions with PA-MPEG.

Test Compounds Description Use Rate (% v/v) 1 pH Spray Mixture 2

Phosphoric acid Solution–85 wt. % in H2O. 0.60 1.9
D-glucose 97.5% purity. 1.00 5.8

Potassium carbonate 99.0% purity. 1.00 10.3
1-decanol 99.0% purity. 1.00 6.1

Synergen® TS 7 3 Blend of docusate sodium and ethoxylated fatty alcohol
(sum 100%). 0.15 5.8

Polyglykol 400 3 Polyethylene glycol (PEG) with a molar weight of 400. 1.50 5.9
Genapol® C 050 3 Coconut fatty alcohol polyglycol ether with 5 EO. 1.00 5.8

HastenTM4 Emulsifiable concentrate of esterified vegetable oil and
non-ionic surfactants. 2.50 6.1

1 Rate based on label recommendation and previous trials. 2 Pelargonic acid ester of methyl polyethylene
glycol (PA-MPEG) at 7.5% v/v. PA-MPEG pH: 5.8. 3 Clariant, (Muttenz, Switzerland). 4 Victorian Chemicals
(Coolaroo, Australia).
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2.2.2. Interaction of the Hasten Concentration and the PA-MPEG Rate and Spray Volume

Two experiments were carried out to check the optimum conditions for the PA-MPEG
and Hasten. The first trial was conducted with a factorial arrangement of three Hasten use
concentrations (0, 1, 2, and 2.5% v/v), two spray volumes (200 and 400 L ha−1) and a single
PA-MPEG concentration of 7.5%. A commercial emulsifiable concentrate (EC) formulation
of PA (Beloukha, 680 g AI L−1, Belchim Crop Protection, Londerzeel, Belgium) according
to the label recommendation (10.9 kg a.i ha−1), was used as a standard reference [14]. In
the second experiment, different PA-MPEG concentrations alone or with 2.5% Hasten were
applied at 200 L ha−1. Based on earlier studies, the following herbicide concentrations
were employed: 5, 6, 7, 8, 9, and 10% [17]. No commercial reference was used because we
explored Hasten enhancement at different PA-MPEG concentrations and PA-MPEG and
the commercial PA herbicide gave closer weed control values at the selected 200 L ha−1 in
previous trials [17].

2.2.3. Phytotoxicity of Spray Tank Partners after Spraying and Single Droplet Application

The species used for this experiment were D. sanguinalis and S. nigrum, as described
in 2.1. The tested tank-mix partners were mixed in tap-water at the aforementioned
concentrations (Table 1). No herbicide (PA-MPEG) was employed in the spray solutions
at this time. Test preparations were applied by spraying the weeds and also using 10 μL
droplets. In the first experiment, spray applications were performed in the customized
spray chamber with the parameters described in Section 2.2. (OC2; 300 kPA; 200 L ha−1).
Treatments were replicated four times per weed species. The second trial evaluated the
phytotoxicity of a single droplet application on the adaxial leaf surface of weeds at room
temperature (25 ◦C and 56% RH). In addition, 10 μL droplets were also applied on the
adaxial leaf of A. theophrasti (BBCH 14), tomato (BBCH 16), soybean (BBCH 16), and maize
(BBCH 14), whose characteristics and wettability differ. An adjustable volume pipette
(Eppendorf, Hamburg, Germany) was used for droplet applications. Two leaves were
treated per plant, and two plants were treated for each plant species (four leaves in tall
for each plant species). After droplet evaporation, plants were placed in the phytotron.
Phytotoxicity was visually evaluated 1 day after treatment and was then assessed as
described in Table 2.

Table 2. Phytotoxicity assessment.

Rate Description

1 No damage
2 Slight symptoms (discoloration of tissue)
3 Slight necrotic spots
4 Strong symptoms (Complete necrosis)

2.3. Laboratory Experiments
2.3.1. Cuticular Penetration

The penetration tests of PA-MPEG and free PA (99%, Matrica, Porto Torres, Italy), with
and without additive, were studied with enzymatically isolated cuticular membranes as
described in detail in the literature [32,33]. Mature leaves of apple trees (Malus domestica
B.) cv. Gala, from plantations in Hofheim am Taunus (Germany), were taken in June, and
after a quick transfer to the laboratory, 2-cm diameter discs were punched with cork borers.
Leaf discs were vacuum-infiltrated in a pectinase-cellulase solution. After incubation in
the enzymatic solution for about 2 weeks, cuticles were separated, cleaned with deionized
water, and dried on Teflon plates.

Adaxial cuticles (stomata-free) were mounted on stainless steel chambers with original
outer surfaces exposed to air, and the inner cuticle surface came into contact with the
aqueous-acceptor solution from the chamber’s interior [32]. Under controlled conditions
(25 ◦C and 56% R.H.), 10 μL droplets of the spray solution were applied to the external
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cuticle surface of the cuticles and dried in room ambient with air circulation (approx.
25 min.). The aliquots of the acceptor solution that were drawn after different time points
were analyzed by a 1290 Infinity HPLC (Agilent, Santa Clara, CA, USA).

A geometric mean of the penetration values per treatment was obtained from 10 repe-
titions and three measurements (6, 24, 48 h after application). The kinetics indicated the
mean of active ingredient penetration across the cuticle at different times.

2.3.2. Characterization of Spray Deposits on Glass Slides

Spray deposits of PA-MPEG and PA with and without inert ingredients were charac-
terized on silanized glass slides on parallel to the cuticular penetration test. The physical
appearance of the 10 μL droplet was analyzed with a research light microscope (DM4000M,
Leica, Wetzlar, Germany) in the polarized light modus connected to a high-resolution color
digital camera (DFC450, Leica).

2.3.3. Scanning Electron Microscope (SEM)

The adaxial leaf samples of D. sanguinalis and S. nigrum were observed by a scanning
electron microscope JSM-5600 LV from JEOL (Tokyo, Japan). Test preparations (0.3 μL
droplets) were applied to leaves. After allowing for water evaporation under room condi-
tions (25 ◦C and 56% R.H.), for approx. 30 min., samples were prepared as described in
detail by Pathan et al. 2010 [34], frozen at −170 ◦C and sputtered with gold. Then samples
were analyzed at different magnifications. The resulting image of the adaxial leaf surface
showed minimal distortion, which allowed the product deposit characteristics on leaves to
be examined.

2.3.4. Cuticular Transpiration

The effect of PA and PA-MPEG on cuticular transpiration was measured with the
enzymatically isolated cuticles of mature ivy (Hereda helix L.) leaves. The method first
determined transpiration in the steady state before treatment, and then after applying and
drying the test compounds. In this experiment, 10 repetitions (individual cuticles) were
performed, where each cuticle is control (without treatment) and later treated, allowing
paired observations. This method is described in detail in the literature (e.g., Geyer and
Schönherr [35].

2.3.5. Stomatal Conductance

The impact of PA-MPEG on leaf transpiration was investigated on bell pepper leaves
because they have stomata on both leaf sides, with lower adaxial density, which are
similar to S. nigrum, but they do not have trichomes (S. nigrum leaves have them) that can
interfere with porometer measurements. Stomatal conductance was measured adaxially
and abaxially with an SC-1 Leaf Porometer (Meter, Pullman, US) at room temperature
(25 ◦C and 56% R.H.). PA-MPEG was only adaxially applied as 10 μL droplet, which was
spread over an area of about 1 cm2. Porometry measurement was carried out after droplet
evaporation on the treated surface (adaxial) and on the abaxial side for the first four hours
after application.

2.4. Statistical Analysis

The results of the efficacy trials were subjected to an analysis of variance (ANOVA)
using the ARM software (Gylling Data Management Inc., Brookings, OR, USA). The
individual treatment means were compared by the Student-Newman-Keuls least significant
difference (LSD) test at the 5% level of significance (p < 0.05). Prior to the analysis, data
normality and homoscedasticity were verified using the software’s functionalities. Data
were automatically transformed by the software whenever necessary. Data transformations
are indicated in the Tables as footnotes.
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3. Results and Discussion

3.1. PA-MPEG Herbicidal Activity Affected by the Test Compounds Added to the Spray Tank

We have previously reported that PA-MPEG is not just a pre-drug of PA, in con-
trast to the esters of auxins [23]. For example, the iso-octyl ester form of 2,4-D (2,4-
dichlorophenoxyacetic acid) is rapidly hydrolyzed to free acid, which is the active [36].
Other PA ester derivatives have not shown any herbicidal activity [23]. A comparable
extremely rapid action with symptoms of wilt and necrosis on treated organs only a few
hours after application, is observed with both PA and PA-MPEG [23].

Various adjuvants have been tested with PA in other studies [37,38]. The impact of
salts vs. free acid was also tested [39]. As far as we know, no significant economically
reasonable PA efficacy enhancement is known by means of formulation or using tank-mix
adjuvants. Since PA-MPEG is different from PA, being potentially both, pre-drug and drug,
nonelectrolyte, surface-active, and having a molecular weight 2.5-fold higher [23], we also
explored some potential enhancers of its herbicidal activity. Previous works have shown
that PA-MPEG efficacy is best at 10% concentration with a 500 L ha−1 spray volume on
tested weeds [17,23]. We evaluated the weed control of the test compound at the 7.5%
concentration with 200 and 400 L ha−1 volumes on medium-sized plants (approximately
18–20 cm tall). Table 3 and Table S1 report the effect of the test compounds on weed control
2 days after PA-MPEG application. We also determined weed control after 1 week, but
values were not significantly different and gave no further information on the performance
of the test compounds.

Table 3. Impact of the test compounds on weed control (Digitaria sanguinalis and Solanum nigrum)
2 days after applications with 7.5% pelargonic acid ester of methylated polyethylene glycol (PA-
MPEG) at 200 L ha−1 spray volume.

Test Compound Concentration (%) 1 Weed Control (%)

D. sanguinalis S. nigrum

None 29 d * 50 bc *
1-Decanol 1.00 43 a 74 a

Phosphoric acid 0.63 33 cd 59 b
D-Glucose 1.00 29 d 47 c

Potassium Carbonate 1.00 30 cd 48 c
Genapol C 050 1.00 31 cd 52 bc
Polyglycol 400 1.50 31 cd 53 bc
Synergen TS 7 0.15 36 bc 58 b

Hasten 2.50 39 ab 68 a
1 Concentration based on label recommendation and previous trials. * Means followed by common letters in a
column are not significantly different by the Student–Newman–Keuls test at the 5% level of significance.

Except for 1-decanol and Hasten, the proved products did not enhance the PA-MPEG
activity at the selected and tested concentrations. These concentrations were chosen based
on economic and potential maximum activity considerations. The extreme spray pH values
of pH 2 with phosphoric acid and pH 10 with potassium carbonate (Table 1) did not affect
PA-MPEG activity. Previous stability trials suggested that there is no hydrolysis of PA-
MPEG in the spray liquid until two days at pH below 10 [37]. Acid hydrolysis did even
not occur on the time scale of weeks to months. Spray droplet evaporation was extremely
quick and bulk droplet evaporation took only minutes [40]. However, the resulting spray
deposit was hydrated because PA-MPEG is a liquid. Alkaline hydrolysis was particularly
considered a possible process in the more concentrated spray deposit, resulting in free PA
with differentially response. Nevertheless, the obtained results (Table 1) suggested that
this was not the case. Thus, potential pH changes in the apoplast by phosphoric acid or
potassium carbonate did not affect PA-MPEG stability or efficacy, respectively.

Glucose, as both an osmotic agent and a potential energy source for epiphytic organ-
isms by enhancing the decay of damaged leaves, and PEG 400 as a hygroscopic liquid
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were neither effective. Since coverage is the key for the herbicidal activity of contact her-
bicides, another promising candidate was Synergen TS 7, which is a very strong wetting
and spreading agent. However, it did not sufficiently improve PA-MPEG efficacy, but
obtained better results on D. sanguinalis, with a slight increase in weed control than in
S. nigrum, for which no additional control was observed. No superior spreading probably
took place in the presence of the high already PA-MPEG concentration, which is also a
wetting agent on its own [23,27]. The lack of any significant influence on PA-MPEG efficacy
by strong penetration enhancer, Genapol C 050, was at first surprising [41,42]. However, in
the presence of 7.5% PA-MPEG in the spray, and assuming a cuticle/water partition coeffi-
cient of Genapol C 050 close to 1, the explanation of these results was that Genapol C 050
probably did not simply enter through leaf cuticles [43,44]. An 7.5% PA-MPEG application
at a spray volume of 300 L ha−1 by assuming 10% coverage on leaf area, resulted in an AI
load of approximately 3 mg cm−2. This was 10- to 100-fold more than the cuticle specific
mass and was, therefore, more than 10-fold in favor of the spray deposit [45]. Hence, the
amount of Genapol C 050 sorbed in cuticles was only 1% of the cuticle mass, or lower. This
was too low to increase AI mobility in cuticles, where 5% is needed to obtain significant
effects [33,44]. Hasten and 1-decanol are much more lipophilic, with a log P values of 4.5
for 1-decanol and one above 8 for Hasten. Therefore, both products have a better potential
to be quickly sorbed in cuticles after spray applications.

3.2. Phytotoxicity of 1-Decanol and Hasten

These two test compounds were also examined for their own phytotoxicity after
spraying on complete plants and also applying individual 10 μL droplets on the leaves of the
selected plants. The droplet volume was large, and thus doses per area were much higher
than with real sprays. Coarse spray droplets have mean droplet diameters close to 500 μm,
and most droplets are typically below the 0.5 μL volume [46,47]. While 1-decanol is usually
applied as a plant growth regulator for the sucker control of tobacco (Nicotiana tabacum L.)
plants and also can act as a contact herbicide, Hasten is an adjuvant that boosts the efficacy
of many AIs without own activity [31,48,49]. This was also reflected by the phytotoxicity
results of both these products on the selected weeds and crops, respectively.

On all tested weeds and crops, 1-decanol at 1% caused phytotoxicity symptoms when
applied as an individual droplet (Figure 1A), while spray application did not lead any
damage. The typical 1-decanol use concentration, e.g., for sucker control in tobacco is
above 3% [48]. In this experiment, necrotic tissues were already observed at the 1% use
concentration due to the 2- to 3-fold higher dose rate per area with 10 μL droplets. 1-
decanol volatility is very high with a vapor pressure of 1387 mPa, while PA-MPEG is
non-volatile [23,50]. The log P of PA-MPEG is around 2.5, while, 1-decanol has 100-fold
higher lipophilicity and has therefore, completely different bioavailability characteristics.
Alcohols with chain lengths of C8-C12 also increase mobility in the cuticles of other solutes
such as PA-MPEG [44,51]. Adding of 1-decanol to PA-MPEG enhanced its herbicidal
efficacy probably by causing additional penetration besides the desiccation effect provoked
by 1-decanol itself.

The situation was completely different with the adjuvant Hasten. This product is very
safe according to safety data sheet information and also possesses no herbicidal activity at
typical use concentration up to 1% [31,49,52,53]. When sprayed on plants, no phytotoxicity
symptoms were observed up to the highest tested concentration (5%), which also indicates
no own herbicidal activity. No phytotoxicity symptoms were observed on five of the six
selected weeds and crops tested after droplet application of 2.5% Hasten (Figure 1B). Only
S. nigrum showed necrotic spots after applying 10 μL droplets, while spraying Hasten
at even 5% exhibited no symptoms such as leaf curling, yellowing, or necrosis. The
S. nigrum results were relevant because it is considered a strong allelopathic plant with
herbicidal active secondary metabolites [54]. The glandular trichomes (Figure 1C) that
exist on both leaf sides contain products such as flavonoids and alkaloids that could be
released and enter leaf tissue to cause phytotoxicity even on S. nigrum itself [54]. Therefore,
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it is likely that the presence of Hasten caused the release of the allelopathic herbicidal
compounds from S. nigrum trichomes, and it enabled to enter the mesophyll tissue of the
leaf. When trichomes were damaged by a razor blade, no symptoms such as necrosis
were developed in the absence of Hasten, but symptoms appeared when 2.5% Hasten was
later applied. Apparently, Hasten also acted as a penetration enhancer for substances in
glandular trichomes, but it did not cause phytotoxicity on its own [53].

Figure 1. Phytotoxicity of the 10 μL droplet application on the adaxial side of mature leaves after 24 h.
(A) 1-Decanol at 1%. (B) Hasten at 2.5%. (C). SEM micrographs showing the glandular trichomes on
the adaxial leaf of Solanum nigrum.
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3.3. Concentration Dependence of the Adjuvant Effect on PA-MPEG Herbicidal Activity

After considering the positive effect of Hasten on the herbicidal activity of PA-MPEG,
this adjuvant was used in further experiments. As previously mentioned, PA-MPEG was
tested at 7.5% instead of at the previously reported optimum 10% PA-MPEG to better
differentiate its herbicidal activity [23]. The employed benchmark, Beloukha, was a high
load PA formulation (680 g/L) applied at the recommended use rate and water volumes
(Figure 2 and Table S2). With a 400 L ha−1 spray volume, Beloukha (10.9 kg a.i ha−1) showed
an inferior efficacy than PA-MPEG at 7.5% (10.2 kg a.e ha−1). However, at 200 L ha−1 both
PA-MPEG 7.5% (5.1 kg a.e ha−1) and Beloukha achieved very low level weed control. The
addition of Hasten at 1.0–2.5% to the spray tank positively affected the PA-MPEG efficacy
in a concentration-dependent way. Weed control increased for both the water volumes
tested up to 20%, with slightly stronger effects on weed control percentage at 400 L ha−1.
With Hasten, PA-MPEG performance was clearly boosted and superior to the commercial
PA formulation (Figure 2 and Table S2). Obviously, the effect of water volumes dominated
the differences in PA vs. PA-MPEG, and the adjuvant’s impact on PA-MPEG efficacy [17].
On the other hand, PA-MPEG efficacy was increased by the adjuvant even at 400 L ha−1,
reaching a higher weed control level after 2 days, and being approximately 30% better than
the benchmark.

Figure 2. Effect of the Hasten rate and spray volume on the weed control of Digitaria sanquinalis with
pelargonic acid ester of methylated polyethylene glycol (PA-MPEG) at 7.5%. Visual assessment at
2 days after application. Common letters above bars indicate that the means are not significantly dif-
ferent by the Student-Newman-Keuls test at the 5% level. Bars represent standard errors. Beloukha’s
rate was 10.9 kg a.i. ha−1.

The beneficial impact of the larger water volume was not related to coverage per se,
i.e., the absolute area of the treated weed plant surfaces. This was practically complete
at 200 L ha−1 for D. sanguinalis after treatment with both products, PA-MPEG and the
benchmark. Both, spray liquid adhesion and capillary wetting of monocots with surfactant
solutions below critical surface tension (35 mM m−1) ensure full treated leaf area cover-
age [55]. Spraying with fluorescent tracers displayed full coverage [17]. At a higher load
liquid (400 L ha−1) there was more run-off to the leaf angles of the vertical grass leaves [39].
So, the better performance of 7.5% PA-MPEG at the 400 L ha−1 spray volume could be
caused by the higher dose per area of PA-MPEG and its basipetal run-off of spray liquid
with uneven distribution [17,55].

At the 2.5% adjuvant concentration and the 200 L ha−1 spray volume, we examined
the optimum use concentrations of PA-MPEG on D. sanguinalis and S. nigrum (Figure 3 and
Table S3). Previous results have not shown either herbicidal activity or phytotoxicity at
3% PA-MPEG [17]. While the maximum control with 10% PA-MPEG was not exceeded
much by adding Hasten at 2.5%, there was a consistent increase at lower use PA-MPEG
concentration. The results suggest that 7.5% PA-MPEG plus the adjuvant was comparable
to 10% PA-MPEG. The enhancing effect of Hasten was given at all PA-MPEG concentrations
for both weeds, but there was no hint for a particular ratio for optimum increases.
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Figure 3. Effect of 2.5% Hasten on the weed control of Digitaria sanguinalis and Solanum nigrum
at different concentrations of pelargonic acid ester of methylated polyethylene glycol (PA-MPEG),
2 days after application. Spray volume of 200 L ha−1. Bars represent standard errors.

3.4. Pelargonic Acid and PA-MPEG Cuticular Penetration

Previous studies have demonstrated that Hasten does not significantly enhance PA
activity [37]. We have also found that it is neutral and sometimes antagonistic for salts such
as ammonium PA and C8–C10 FA at equal amounts of active substance per hectare [39]. In
contrast, PA-MPEG performance was significantly improved by Hasten (Figures 2 and 3
and Table S3). As wetting agent related effects and others such as drift or volatility can be
excluded, we checked the potential effects on PA-MPEG penetration compared to free PA.
Figure 4 illustrates how Hasten acts as penetration enhancer of PA-MPEG but conversely
decreased PA penetration, which was faster penetrating than PA, with about 30 % more
absorbed a few hours after application. The penetration level, at the very high doses per
area, corresponding to the 25 g a.e. L−1 solute concentration, was also generally high. The
difference in penetration correlated well with the observed shifts in herbicidal activity in
the presence of the adjuvant. Hasten belongs to the class of alkylated or methylated seed oil
(MSO) type adjuvants that are swelling agents for cuticles [32]. This increases the mobility
of the AI and a several-fold faster penetration through more liquid-like cuticles [44].

Figure 4. The impact of Hasten at 2.5% on the cuticular penetration of (A) pelargonic acid ester of
methylated polyethylene glycol (PA-MPEG) at 25 g a.e. L−1 and (B) straight pelargonic acid (PA)
at 25 g a.i. L−1. Each curve is the mean of seven to nine repetitions. (Temperature was 25 ◦C and
relative humidity was 56%). Bars represent standard errors.

In the presence of Hasten, PA-MPEG reached the PA penetration level after 2 days,
while it was still slightly below PA at shorter times. The penetration of both PA and
PA-MPEG was very fast and similar to the quickly penetrating alcohol ethoxylates, such
as the previously mentioned Genapol C 050, where a fraction of 60–80% of the applied
amount penetrates within one day the cuticle of different species [51]. Free PA is a very
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small molecule with 110 cm3 mol−1 [20]. The PA mobility is so high that adjuvants such
as Hasten cannot increase mobility [44]. The negative effect of Hasten on PA penetration
was similar to the one observed effect with Genapol C 050 on PA-MPEG, and it is probably
related to a change of partitioning coefficient [32,44]. The mixtures of Hasten with large
amounts of PA reduced the sorption in cuticles. In contrast to the free PA, PA-MPEG is
a bulkier molecule with a molecular weight over 400 g mol−1 which results in a 3-fold
bigger molar volume than PA. Although linear molecules were found to have higher
mobilities, this does not apply to PA-MPEG, which has a central ester group and, thus, sp2
hybridization. It was found that ethoxylates of fatty acids (esters) having the same degree
of ethoxylation penetrate much slower than alcohol ethoxylates (ethers). This structure and
molecular weight caused a 10-fold lower mobility in cuticles. Clearly, the swelling effect of
Hasten increased mobility in such a way that enhanced cuticular permeability resulted in
better weed control [44].

3.5. Characterization of Spray Deposits on Glass Slides

Spray deposits showed a homogeneous and amorphous PA-MPEG and Hasten mix-
ture, which indicates good bioavailability (Figure 5). The light microscopic evaluation of
deposits on glass slides suggested that PA always forms some crystalline particles with
counterions from water, which were also visible in the presence of Hasten (Figure 5).

 

Figure 5. Optical microscope images of spray deposits on glass slides. (A) Straight pelargonic acid
(PA) at 25 g a.i. L−1, (B) PA plus Hasten 2.5%, (C) pelargonic acid ester of methyl polyethylene glycol
(PA-MPEG) at 25 g a.e. L−1, and (D) PA-MPEG plus Hasten 2.5%.

3.6. Scanning Electron Microscope (SEM)

Figure 6 shows for single droplet application that Hasten closed the gaps not covered
with PA-MPEG in the spray droplet deposits on S. nigrum leaves, which could result in the
recovery of the leaf tissue below. On D. sanguinalis, the deposit area also appeared more
homogeneous than with the straight PA-MPEG application.

3.7. The Mechanistic Aspects and High Use Rates of PA-MPEG and PA

The high use rates of both PA-MPEG and PA are still a limiting factor for their use
in conventional crop production, even though the products are comparable in costs per
hectare to for example, glufosinate, and are more environmentally friendly. PA is quite
volatile, and loss of product could be one reason for the necessity of high PA rates. However,
also for non-volatile PA-MPEG, high rates are needed for good weed control [17]. So, this
property does not appear to be very relevant. The phytotoxic symptoms with both PA and
PA-MPEG typically start with wilting several hours after application and desiccation of
the treated plant parts and, if sufficiently extensive, weed death. A second application is
sometimes needed to exhaust weeds. The generally suggested MoA for PA and PA-MPEG
are changes in the leaf epidermal structure, such as erosion of surface waxes, a related
higher leaf transpiration, the disintegration of bio-membranes, and likely as a consequence,
decreased photosynthesis [13,37].

193



Plants 2022, 11, 279

 

Figure 6. SEM micrographs of the Solanum nigrum (upper row) and Digitaria sanguinalis (lower row)
leaves, 2 h after the 0.3 μL droplet application of pelargonic acid ester of methyl polyethylene glycol
(PA-MPEG) at 25 g a.e L−1 with (C,F) and without (B,E) Hasten 2.5%. Untreated leaves (A,D).

Unexpectedly, the application of individual droplets at the very high PA and PA-
MPEG concentrations of did not lead to striking changes in the epidermal fine structure
(Figure 6). Later observable epidermal changes were the consequences of the destruction
of the mesophyll structure, and thus, the quick initial increase in transpiration was not
causing lethal desiccant effects. This was also suggested by the fact that the still high use
PA-MPEG concentration of about 30 g L−1 increased transpiration, but did not cause any
phytotoxicity, even though this concentration resulted (see the calculation above) in a 5-fold
higher dose per area than the cuticle mass (0.03–0.3 mg cm−2 for different species). Neither
the increased efficacy with the used concentration nor the Hasten effect suggested a key role
of transpiration. Although the transpiration effects of PA and PA-MPEG were measurable,
they did not give a clear picture. For example, about 2 h after the adaxial application of
PA-MPEG to amphistomatic pepper plants (experimentally preferred to S. nigrum due to
lack of trichomes), adaxial transpiration rose from 20 (SD 4.6) mmol m−2 s−1 for untreated
plants to 35 (SD 6.8) mmol m−2 s−1. In contrast, on the abaxial side with a higher stomatal
number, transpiration rates decreased on average from about 66 mmol m−2 s−1 for the
untreated plants to 44 mmol m−2 s−1, and the daily maximum transpiration rates were
generally much higher with values of around 200 mmol m−2 s−1.

Cuticular transpiration was also measured with enzymatically isolated cuticles [56].
The addition of PA-MPEG to very dense common ivy cuticles increased transpiration by
more than 10-fold. Cuticular transpiration is only minor contributing to total leaf water
loss (a few percent with open stomata) of mature leaves. Not even significantly increased
cuticular transpiration alone can explain phytotoxicity. However, for young expanding
leaves or growing weeds, cuticular transpiration is the main source of water loss, and at
least juvenile plant organs might be completely damaged.

Thus, we conclude that even when cuticular and/or stomatal transpiration increased,
the observed wilting and desiccation symptoms were not caused by them. Instead, we
suggest a combination of three factors that makes PA and PA-MPEG contact herbicides
with desiccant action. First, high amounts of both herbicides are needed because the
main targets are thylakoid membranes or chloroplast lipids. Plants can flexibly react to
temperature or other stress factors and permanently repair membranes, having distinct
membrane lipids and lipid metabolism with galactolipids and sulfolipids that directly come
from photosynthetic products [57,58]. Disturbing this key plant function and large lipid
compartment and the permanently running repair mechanism, requires high amounts,
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and a 30% load of the lipid. To cause such damage, PA and PA-MPEG need to reach
that target. To do so, not only cuticular penetration, but also migration in the apoplast of
cell walls and the xylem are required. Some alcohol ethoxylates (non-ionic surfactants)
have been reported to increase transpiration at 0.5%, which cause phytotoxicity as necrotic
tissues [43]. However, not even very high use concentrations (of these surfactants) such as
that typical for PA or PA-MPEG, bring about a comparable desiccant effect such as that with
PA and PA-MPEG. The putative reason is that such alcohol ethoxylates are not mobile in
the mesophyll, and do not even allow locosystemic movement in treated leaves. In contrast,
PA and PA-MPEG are probably more mobile, given their lower affinity to bio-membranes,
but high amounts are still needed to disturb the thylakoid assembly. PA is a small anionic
solute that is particularly mobile. We still do not know whether PA-MPEG is hydrolyzed
after entering the epidermis or the mesophyll to form free PA, but with an octanol/water
partition coefficient of a log P value of 2.5, it is already as nonmetabolized PA-MPEG a
very mobile solute once it has penetrated the cuticle [59]. Yet still, high amounts of PA and
PA-MPEG continue to be needed to disturb the thylakoid assembly.

Another aspect that we consider to be highly relevant, and even causal for desiccant
action, is that as large amounts of PA or PA-MPEG enter the plant tissue, the bio-membranes
in the chloroplast disintegrate and cause the release of lipids galactolipids and sulfolipids
as well as FA from membrane lipids and/or PA to the cell walls and xylem and thus the
total apoplast [11,57]. The surface tension of PA-MPEG is below 30 mN m−1, and both
phospholipids and soaps have surface tensions of 35–40 mN m−1. This breaks the cohesion
of water such that water supply for transpiration is reduced and causes wilting rather
than increased transpiration rates at the cuticle or epidermal level. This could be the real
cause of the observed desiccation effect. Further research is already underway to confirm
these findings.

This should not be mixed up with recent observations showing that surfactants such as
phospholipids in the xylem can contribute to stabilize water flow at negative pressure [60].
Schenk et al. [60] suggest that xylem surfactants have a high affinity to lipophilic areas in
vessels, and while surfactants increase the probability and number of air bubbles, they can
reduce embolism by their action to limit bubble size and ease re-bubble dissolution in xylem
sap. In contrast, we suggest that the large amounts of surfactants resulting from either
PA or PA-MPEG applications together with those released from membrane disintegration,
potentially destroy this very stable mechanism of water uptake via the cohesion-tension.
The site of actions is in the cell wall where the capillaries of cellulose fibers supply water
that evaporates at the interface to the intercellular. Negative effects of surfactants on water
transport by increased embolism have been shown to occur in the xylem, but not in the
context of the MoA for killing weeds by affecting the capillary system in mesophyll cell [61].
With PA, water can no longer follow the steep gradient to the more negative water potential
of unsaturated air. This could be a new target for other novel contact herbicide principles
by interfering with the water cohesion-tension in the apparent free space of the cell wall.

4. Conclusions

Contact herbicides based on free PA have several disadvantages such as high use
rates and water volumes, bad smell, and irritant factors, and they also require complex
formulation. A novel ester, PA-MPEG, can reach and outperform the best PA benchmark,
and is a ready-to-apply liquid with exceptional use properties. In contrast to free PA,
the PA-MPEG is a significantly larger molecule that benefits from penetration enhancing
adjuvants. An alkylated seed oil product (Hasten) increased cuticular permeability, directly
giving better weed control. Even though performance was boosted with this adjuvant, the
high application rates remained almost unchanged. Therefore, the product is preferred for
precision application to specific sites, such as furrow application or with weed detection
application systems, and drone application appears particularly interesting.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11030279/s1, Table S1. Weed control percentage (visual
control ratings) of Digitaria sanguinalis and Solanum nigrum, 2 days after application of pelargonic
acid ester methyl polyethylene glycol (PA-MPEG) at 7.5% alone and with tested compounds. Spray
Volume 200 L ha−1; Table S2. Weed control percentage (visual control ratings) of Digitaria sanguinalis,
2 days after application of pelargonic acid ester methyl polyethylene glycol (PA-MPEG) at 7.5%
with the addition into the spray tank of Hasten at different concentrations; Table S3. Weed control
percentage (visual control ratings) of Digitaria sanguinalis and Solanum nigrum, 2 days after application
of pelargonic acid ester methyl polyethylene glycol (PA-MPEG) at 7.5% alone and with tested
compounds. Spray Volume 400 L ha−1.
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Abstract: Chinese elm [Celtis sinensis Pers.] is an emerging environmental weed naturalised through-
out the coastal and riparian (creek-banks, river margins, and streams) regions of eastern Aus-
tralia. Throughout this introduced range, its management is limited to the application of syn-
thetic herbicides and mechanical clearing operations (terrain and soil type permitting). The cur-
rent mechanisms of chemical control (basal bark spraying, stem-injection, and cut-stump applica-
tions) often result in collateral damage to non-target native species (such as Eucalyptus spp. and
Casuarina cunninghamiana Miq.) through herbicidal drift, runoff or leaching into adjacent habitats.
This has raised concerns regarding the suitability of synthetic herbicides in ecologically sensitive
(e.g., riparian zones, rainforest margins, and woodlands) or low-value habitats, thereby promoting
significant developments in the fields of integrated weed management. This study investigated the
effectiveness of a novel stem-implantation system for controlling woody weed species in the context
of a conserved habitat. A replicated trial (n = 315) was established among a naturally occurring
population of C. sinensis. This trial involved the mapping, measurement, and treatment of this
invasive species with five encapsulated synthetic herbicides, as well as an untreated control and
benchmark treatment (diesel + AccessTM). A significant effect (p < 0.05) on plant vigour and functional
canopy was discerned for each assessment period following trial establishment. The highest inci-
dence of mortality was observed among the individuals treated with glyphosate (245 mg/capsule),
aminopyralid and metsulfuron-methyl (58.1 and 37.5 mg/capsule) and picloram (10 mg/capsule),
achieving a similar response to the basal bark application of diesel and AccessTM (240 g/L triclopyr,
120 g/L picloram, and 389 g/L liquid hydrocarbon). This was also evidenced by a rapid reduction
in functional canopy (i.e., no or little living leaf tissue) from three weeks after treatment. Unlike their
industry counterparts, these encapsulated herbicides are immediately sealed into the vascular system
of the target species by a plug. This significantly minimises the possibility of environmental or operator
exposure to synthetic compounds by providing a targeted, readily calibrated herbicide application.

Keywords: Chinese elm; woody weed; weed management; chemical control; stem implantation

1. Introduction

Chinese elm (Celtis sinensis Pers.) is a deciduous or semi-deciduous tree native to
the slopes of eastern Asia, most notably China, Korea, Taiwan and Japan [1,2]. However,
this species has spread from its endemic habitat to the coastal and sub-coastal regions
of Australia, New Zealand and South Africa through its deliberate introduction as an
ornamental plant [2]. In Australia, its naturalisation throughout the riparian zones (creek-
banks, river margins, and streams) of south-eastern Queensland (Brisbane, Nambour,
Toowoomba, Dalby) and north-eastern New South Wales (Lismore, Kyogle, Tweed Har-
bour, Coffs Harbour) has caused the displacement of existing native vegetation, thereby
threatening the biodiversity, resilience, and integrity of natural ecosystems [1–4]. This
adversely affects populations of resident fauna (e.g., Koala Phascolarctos cinereus, Com-
mon Brushtail Possum Trichosurus vulpecula, Greater Glider Petauroides volans, Rufous

Plants 2022, 11, 444. https://doi.org/10.3390/plants11030444 https://www.mdpi.com/journal/plants
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Rat-Kangaroo Aepyprymnus rufescens, and Black Wallaby Wallabia bicolor) by altering habi-
tat conditions or resource availability (foliage, seeds, nectar, or sap) [1,4–6]. It has also
formed dense infestations in disturbed sites such as urbanised bushlands, parklands and
roadsides [1,3]. Given this evidence of invasiveness, C. sinensis is ranked in the ten highest
invasive species in south-east Queensland alongside other notable woody weeds such
as Lantana (Lantana camara var. camara), Camphor Laurel (Cinnamomum camphora) and
Broad-Leaf Pepper Tree (Schinus terebinthifolius) [7].

The management of C. sinensis is currently limited to the application of synthetic
herbicides and mechanical clearing operations (terrain and soil type permitting). The
manual removal of individual plants may be practical for the initial clearing of higher-
density (>150 plants/ha) or isolated infestations [4]. This can be achieved through the
hand pulling of small seedlings (height < 30 cm), bulldozing or controlled grazing [4,5,8].
However, these manual attempts at control are largely ineffective due to the vigorous
resprouting capacity of severed plants [4,5].

Although the herbicides registered for its management are limited, the minor use
of agricultural and veterinary (AGVET) chemical products is authorised under a permit
(APVMA Permit PER11463) for the control of environmental weeds in non-agricultural
areas [5,9]. In particular, the cut-stump or basal application of synthetic auxin chemi-
cals (i.e., fluroxypyr, triclopyr or picloram) is recommended with compliance to label
directions and permit conditions [5,8,9]. The latter is performed at the base of the tar-
get species (plants with <20 cm basal diameter) with a mixture of oil-soluble herbi-
cide and diesel distillate to assist penetration through the bark [9,10]. This has been
proven effective for the management of scattered, lower-density infestations of parkin-
sonia (Parkinsonia aculeata L.) [11], mimosa (Mimosa pigra L.) [12], mesquite (Prosopis L.
species) [13], bellyache bush (Jatropha gossypiifolia L.) [14], calotrope (Calotropis procera) [15],
yellow oleander (Cascabela thevetia (L.) Lippold) [9] and white weeping broom (Ratama raetam
(Forssk.) Webb) [16] in the Australian landscape. For larger woody weeds, the cut-stump
method involves the painting or spraying of herbicide to the exposed surface of a felled
stump [10]. (Whilst their efficacy is undisputed, there are concerns regarding the suitabil-
ity of these application methods in ecologically sensitive (e.g., riparian zones, rainforest
margins, and woodlands) or low-value habitats [10,17].) The imprecise or excessive ap-
plication of herbicides may result in collateral damage to non-target native species (such
as Eucalyptus spp. and Casuarina cunninghamiana Miq.) through herbicidal drift, runoff or
leaching into adjacent habitats [10,17]. The movement of herbicide between the anasto-
mosed roots of neighbouring plants has also been documented [10,18] with conventional
stem-injection methods such as ‘frill and fill’ [19] or ‘drill and fill’ [9]. This greater apprecia-
tion for environmental stewardship has promoted significant developments in the field of
woody weed management by reducing dosage or improving application methods [9,10].

This study investigated the effectiveness of BioHerbicides Australia’s (www.bioherbicides.
com.au) proprietary stem-implantation system (InJecta 800®) and Di-Bak® range of syn-
thetic herbicides for controlling C. sinensis in the context of a conserved habitat. This
lightweight, handheld device was initially developed for the encapsulated delivery of
three endophytic fungal species (Lasiodiplodia pseudotheobromae, Macrophomina phaseolina,
Neoscytalidium novaehollandiae) for the management of parkinsonia (P. aculeata) on Aus-
tralian rangelands [20,21]. This novel technology has since been expanded for the applica-
tion for other endophytic organisms, as well as synthetic compounds (herbicides, fungi-
cides, and insecticides) available in dry formulations [10,20,21]. More recently, the synthetic
herbicide formulations have been trialed against a range of woody weed species such as
parkinsonia (P. aculeata), prickly acacia (Vachellia nilotica), leucaena (Leucaena leucocephala),
camphor laurel (Cinnamomum camphora) and privet (Ligustrum lucidum) [10,21,22]. These
studies demonstrated that encapsulated glyphosate (~350 mg per capsule) was highly
efficacious against all species except for parkinsonia (P. aculeata) [10]. Other formulations
under evaluation include metsulfuron-methyl, picloram and imazapyr [10]. Unlike its
industry counterparts, these encapsulated synthetic herbicides are immediately sealed into
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the target species, thereby minimising the possibility of unintentional chemical exposure to
the neighbouring native vegetation or human operator [10].

2. Results

2.1. Weather Data

A record of monthly rainfall (mm) from January 2018 to March 2020 was retrieved
from Old Hidden Vale Station, Grandchester [23] (Figure 1). A significant rainfall event
(180 mm) was recorded during the establishment of the trial in mid-March 2019. Although
this corresponds with the wet season (November to April) in Queensland, the intensity of
rainfall was greater than the previous (2018) and subsequent year (2020). The following
nine months (April 2019 to December 2019) were unusually dry with a total rainfall of
80.5 mm relative to the 312 mm of rainfall recorded in the previous year (2018). However,
the rainfall returned to expected levels in the latter months of the wet season (January,
February, and March of 2020).

Figure 1. The monthly rainfall (mm) records at Old Hidden Vale Station, Grandchester, Queensland
from January 2018 to March 2020. The line is indicative of the long-term (2000–2019) monthly rainfall
means (μ).

2.2. Encapsulated Synthetic Herbicide Trial

A significant effect (p < 0.05) on plant vigour was discerned for each assessment period
following trial establishment (week 3, 8, 15, 20, 25, 35, and 52) (Table 1). The benchmark
treatment (diesel + AccessTM) and glyphosate had the most immediate effect on plant
vigour, whereby all treated individuals were deemed ‘dead’ (stress score of three) or ‘dying’
within fifteen weeks (Table 1, Table 2). A similar trend in plant mortality was observed
with aminopyralid and metsulfuron-methyl and picloram, as evidenced by their steadily
increasing stress scores (Table 1). However, there was no significant difference (p > 0.05)
between these four treatments at the conclusion of the trial (i.e., week 52) (Table 1, Table 2).
There was also a high incidence of mortality (82.22%) among the individuals treated with
metsulfuron-methyl (Table 1). However, the transition from being ‘distressed’ (stress score
of two) to ‘dead’ (stress score of three) was slower relative to the preeminent treatments
(Table 1). Whilst the effect of imazapyr plateaued from week eight to week twenty-five,
achieving the lowest degree of mortality (46.67% at week fifty-two) among the encapsulated
treatments (Table 1, Table 2). The health of the untreated plants (i.e., control treatment) was
unaffected throughout the trial period (Table 2). Hence, a change in the condition of the
target species was attributed to the explanatory variable (i.e., synthetic herbicide) rather
than an unaccounted-for factor, such as drought stress, nutrient deficiency or plant disease.

Similarly, a significant effect p < 0.05 was discerned for functional canopy at each
assessment period weeks 3, 8, 15, 20, 25, 35, and 52 Table 3. This value is referring to the
aboveground portion of the plant with photosynthetic capacity i.e., healthy, living foliage.
The benchmark treatment diesel + AccessTM and glyphosate caused a rapid reduction
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in functional canopy, whereby no living tissue 0% was remaining at fifteen weeks after
treatment Table 3, Figure 2. A similar downward trend in functional canopy was also
observed with aminopyralid and metsulfuron-methyl and picloram, as shown in Table 3.
However, there was no significant difference p > 0.05 between these four treatments from
week twenty onwards in terms of foliage loss or functional canopy Table 3, Figure 2. The
individuals treated with metsulfuron-methyl and imazapyr experienced a more progressive,
steady reduction in functional canopy Table 3. Despite there being no living tissue 0%
remaining at week twenty, their canopies recovered slightly at the conclusion of the trial
Table 3, Figure 2. This may be epicormic growth in response to herbicidal injury or distress
rather than a flashback attempt. The untreated plants i.e., control were also affected between
week twenty and week thirty-five Table 3, Figure 2. This is characteristic behaviour in the
autumn March, April, and May and winter June, July, and August months i.e., prolonged
dry conditions given the deciduous and semi-deciduous nature of this tree species [24]. The
condition of the untreated plants was restored following consistent rainfall in the summer
months January, February, and March Table 3.

Figure 2. The mean (μ) foliage loss (0 = 0%, 1 = 1–10%, 2 = 11–20%, 3 = 21–30%, 4 = 31–40%,
5 = 41–50%, 6 = 51–60%, 7 = 61–70%, 8 = 71–80%, 9 = 81–90%, 10 = 91–100%) of the six chem-
ical treatments ( = diesel + Access®; = glyphosate; = picloram; = imazapyr;

= aminopyralid + metsulfuron-methyl; = metsulfuron-methyl) and the control treatment
( ) for each assessment period (week 0, 3, 8, 15, 20, 25, 35 and 52) under field conditions. The error
bars represent the standard error (SE).
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3. Discussion

The result of this study suggests that the successful management of C. sinensis in con-
served habitats (e.g., riparian zones, woodlands, and rainforest margins) is possible through
the implantation of encapsulated synthetic herbicides. The highest incidence of mortality
was observed among the individuals treated with glyphosate (245 mg/capsule), aminopy-
ralid plus metsulfuron-methyl (58.1 and 37.5 mg/capsule) and picloram (10 mg/capsule),
achieving a similar response to the industry accepted standard (i.e., basal bark application
of diesel + AccessTM). This is evidenced by their rapidly increasing stress scores that
translated to entirely (100%) ‘dead’ C. sinensis plants by the conclusion of the trial. Other
symptoms of herbicidal injury were also apparent such as the puckering, longitudinal
cracking and bleaching of the outer bark tissue. Despite causing considerable distress,
the least effective synthetic treatments were metsulfuron-methyl (198 mg/capsule) and
imazapyr (262.5 mg/capsule) on a comparative basis. The health of the untreated plants
was unaffected (0% mortality) throughout the trial period. However, a slight reduction in
functional canopy was recorded from week twenty to week thirty-five. This is characteristic
behaviour in the autumn and winter months (i.e., prolonged dry conditions) given the
deciduous and semi-deciduous nature of this species [24]. As expected, the condition of
the untreated plants was restored following consistent rainfall (247.5 mm cumulative) in
the summer months (January, February, and March).

There are a limited number of herbicides registered by the Australian Pesticides
and Veterinary Medicines Authority (APVMA) for the management of C. sinensis. How-
ever, the use of agricultural and veterinary (AGVET) chemical products is authorised
in non-agricultural areas under an off-label use permit (APVMA Permit PER11463) [5].
In particular, the basal bark application of fluroxypyr (200 g/L, 333 g/L or 400 g/L) or
triclopyr (240 g/L) plus picloram (120 g/L) with diesel distillate is recommended for the
treatment of saplings or regrowth with a basal diameter of ≤20 cm [3,5,25]. The latter
(triclopyr + picloram) is also registered for the management of other woody weed species
such as parkinsonia (Parkinsonia aculeata L.), prickly acacia (Vachellia nilotica), lantana
(Lantana camara), leucaena (Leucaena leucocephala), mimosa bush (Mimosa pigra L.), camphor
laurel (Cinnamomum camphora) and brigalow (Acacia harpophylla) [22,25]. This supported
its selection as the benchmark treatment for this study. Unsurprisingly, the benchmark
treatment caused a rapid deterioration in plant health (100% mortality at fifty-two weeks).
However, there was no significant difference (p > 0.05) between the most efficacious encap-
sulated synthetic herbicides (glyphosate, aminopyralid + metsulfuron-methyl, picloram)
and the benchmark treatment at the conclusion of the trial. This infers that the stem-
implantation technology meets the current industry standard.

The delivery of encapsulated synthetic herbicides has been proven successful for
the management of other woody weed species such as prickly acacia (V. nilotica), leu-
caena (L. leucocephala), mimosa bush (M. pigra), camphor laurel (C. camphora) and privet
(Ligustrum lucidum) [10,21,22]. These trials followed the guidelines of the Australian Pesti-
cides and Veterinary Medicines Authority (APVMA) for research on pesticide efficacy [21].
Typically, this efficacy criterion requires (≥) fifteen plants per treatment group with a mini-
mum of three replications in a randomized complete block design (RCBD) [21]. These stud-
ies demonstrated that encapsulated glyphosate (~350 mg/capsule) was highly efficacious
against all species except for parkinsonia (P. aculeata) [10,21]. The effectiveness of stem-injected
(i.e., ‘drill and fill’ and ‘frill and fill’) glyphosate has also been documented in mimosa bush
(M. pigra), yellow oleander (Cascabela thevetia) and tree of heaven (Ailanthus altissima) [9,22,26].
The results of this study support these previous findings that encapsulated glyphosate
(~245 mg/capsule) is a promising candidate for woody weed management.

The stem-implantation technology (InJecta®) has many benefits by providing a tar-
geted, readily calibrated herbicide application. This methodology delivers a minimum
recommended lethal dose of chemical directly into the vascular system of the target species,
thereby fully capturing (100%) the active agent internally [10,21]. The possibility of en-
vironmental or operator exposure (through dermal absorption or respiratory inhalation)
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to synthetic compounds is greatly reduced compared to its industry counterparts, such
as canopy application or stem spraying [21]. In our study, there was no visual indication
of herbicidal injury or distress (e.g., distorted growth, foliage loss, interveinal chlorosis,
and necrosis) [27] among the untreated C. sinensis plants or adjacent non-target vegetation.
This indicates that little or no translocation occurred between treated and untreated plants.
Hence, this method is deemed broadly appropriate for the management of woody weed
species in ecologically sensitive habitats (e.g., riparian zones, rainforest margins, national
parks, woodlands, and wetlands).

Despite being highly efficacious, these encapsulated chemical formulations also con-
tain less (20% to 30%) herbicidal active ingredients relative to other control options (e.g.,
basal bark spraying, cut stump, and ‘drill and fill’) [10]. For example, a single dose (1 mL) of
undiluted RoundUp® has 360 mg of active ingredient (glyphosate) for ‘axe-cut’ applications.
Whilst a single glyphosate capsule (size 0 hypromellose capsule) contains 245 mg of active
ingredient. The occurrence of ‘flashback’ will be reduced under these lowered dosages [10], as
well as the development of herbicide resistance or tolerance in targeted species [28].

The primary intent of this study was to investigate the effectiveness of BioHerbicides
Australia’s (BHA Pty Ltd., Brisbane, QLD, Australia) proprietary stem-implantation system
and Di-Bak® range of synthetic herbicides for controlling C. sinensis in the context of a con-
served habitat. It was found that the most effective encapsulated herbicides were glyphosate
(245 mg/capsule), aminopyralid and metsulfuron-methyl (58.1 and 37.5 mg/capsules) and pi-
cloram (10 mg/capsule), achieving similar degree of plant mortality relative to the benchmark
treatment (i.e., basal bark application of diesel + AccessTM). Unlike its industry counterparts,
this novel technology (InJecta®) delivers concentrated dry formulations directly into the
vascular system of the target species where all (100%) of the active ingredient is captured
internally [10,21]. This has the potential for (i) reducing the amount of active agent required,
(ii) preventing environmental exposure to plant protection chemicals and (iii) improving
operator safety [10,21]. Hence, this methodology could be a replacement for stem-injection or
cut-stump applications in ecologically sensitive habitats (riparian zones, rainforest margins,
national parks, woodlands, wetlands) [10], as well as for the management of root and stem
disorders in plantation crops (e.g., rubber Hevea brasiliensis and oil palm Elaeis guineensis) [21].
Further research to optimise the dosage level and placement of the most effective treatments
(glyphosate, aminopyralid and metsulfuron-methyl) is currently underway.

4. Materials and Methods

4.1. Experimental Site, Design and Treatments

A replicated trial (n = 315) was established among a naturally occurring population
of C. sinensis located on the banks of Franklin Vale Creek (near Grandchester, southeast
Queensland: 27◦44′46′′ S, 152◦27′17′′ E). This trial involved the mapping, measurement
and treatment of individual plants with five encapsulated synthetic herbicides sourced
from BioHerbicides Australia’s (Bioherbicides Australia Pty Ltd., Brisbane, QLD, Australia)
Di-Bak® range of registered and developmental products (Table 4). A control (untreated
plants) and benchmark treatment were also included for performance comparison, this
being the basal bark application of diesel + AccessTM herbicide (240 g/L triclopyr, 120 g/L
picloram, and 389 g/L liquid hydrocarbon).
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Table 4. Treatment name, active ingredient(s) concentration and dosage (mg/capsule) of the five
encapsulated herbicides. All capsules were sourced from BioHerbicides Australia (BHA Pty Ltd.).

Treatment Active Ingredient(s)
Active Ingredient

Concentration (g/kg)
Dose

(mg/Capsule)

Di-Bak AM® Aminopyralid + Metsulfuron
Methyl 375 & 300 58.1 & 37.5

Di-Bak M® Metsulfuron Methyl 600 198
Di-Bak G® Glyphosate 700 245
Di-Bak I® Imazapyr 750 262.5
Di-Bak P® Picloram 100 10

The trial was established in mid-March 2019 using a randomised complete block
design (RCBD) with three blocks. Within each block, the seven treatments were randomly
assigned to a total of fifteen plants (of similar age) complying with the recommendations
of the Australian Pesticides and Veterinary Medicines Authority (APVMA) for efficacy
evaluation on woody weed species. The plants (stem circumference range of ≥15 cm to
90 cm) within each treatment plot were clustered into small groupings or rows along the
creekbank. Treatment plots were differentiated from one another by coloured flagging tape,
clearly labelled and their respective GPS waypoints determined using a handheld Garmin®

62s GPS device (Garmin Australasia Pty Ltd., Eastern Creek, NSW, Australia).

4.2. Treatment Application

The encapsulated synthetic herbicides were administered via the InJecta® handheld
device (Bioherbicides Australia Pty Ltd., Brisbane, QLD, Australia) Figure 3a]. This appli-
cator is powered by a cordless drill using an 8 mm drill bit creating a hole (25 mm depth)
into the plant stem at an approximate height of one metre (Figure 3b) [29]. The withdrawal
of the drill backwards is followed by the rotation of the magazine, thereby priming a single
capsule (21.6 mm × 7.6 mm) containing the dry herbicide formulation and plug for delivery
(which are in-tandem within each of the thirty chambers of the magazine) (Figure 3c) [22,29].
The capsule and plug are then simultaneously inserted into the drilled hole through the
forward movement of the non-rotating drill [29]. The synthetic herbicide is immediately
sealed into the target species by a polypropylene plastic plug (Figure 3d) [22,29]. This
exclusion of an oxidizing atmosphere to the wound tissues facilitates the absorption of
xylem and phloem fluids by the capsule (i.e., dissolving the herbicide) [29].

The applied dosage was determined by the stem circumference of the plant or each
branch (multiple-stemmed plant) at chest height. A single capsule was administered for
every 15 cm incremental increase in stem circumference. In the case of multiple doses, the
capsules were spaced evenly around the plant stem.
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Figure 3. (a) Implanting a synthetic herbicide capsule into the stem of a C. sinensis plant using the
InJecta® handheld device; (b) rotating drill bit (8 mm) creating a hole into the plant stem; (c) loading
the magazine with synthetic herbicide capsules and polypropylene plugs; (d) polypropylene plug
partially protruding from the implantation site of a treated C. sinensis plant.

The basal application of AccessTM (Corteva Agriscience Pty Ltd., Sydney, NSW, Aus-
tralia) herbicide (240 g/L triclopyr, 120 g/L picloram, and 389 g/L liquid hydrocarbon)
with diesel (dilution rate of 1 L/60 L) was achieved with a manual pressure sprayer (Nylex
8 L Heavy Duty Shoulder Sprayer; Ames Australia, Doncaster, Victoria, Australia). The
entirety of the stem and root collar area was treated liberally from ground level to an
approximate height of 60 cm (as per manufacturer’s instructions) for sufficient penetration
through the bark. The appropriate safety equipment (Bossweld elbow-length gloves (Dy-
naweld, Prestons, NSW, Australia), valved activated carbon respirator (3M Australia Pty
Ltd., North Rhyde, NSW, Australia, and covered clothing) was worn during the preparation
and application of the solution.

4.3. Trial Assessment

The trial was rated at approximate monthly intervals by recording the percentage of
foliage loss, the colour composition (percentage green, yellow and brown) of the remaining
canopy and the overall vigour of each individual plant. Based upon visual observation,
a rating of 0 to 10 (0 = 0%, 1 = 1–10%, 2 = 11–20%, 3 = 21–30%, 4 = 31–40%, 5 = 41–50%,
6 = 51–60%, 7 = 61–70%, 8 = 71–80%, 9 = 81–90%, 10 = 91–99%, 11 = 100%) was given for
each plant indicating the percentage (%) of total foliage loss since the establishment of the
trial. The overall vigour of each plant was also recorded and expressed as a stress score
(1 = healthy, 2 = distressed, 3 = dead). This was discerned by removing the outermost layer
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of the bark with a rasp to reveal the colour of the tissue beneath. Additionally, an auditory
assessment of the degree of hydration was conducted by tapping the stem with a hammer.
Other observable symptoms of stress were recorded such as the splitting or discolouration
of the bark, sap seepage from the implantation site and insect damage.

The ’functional canopy’ of each plant was also calculated from the percentage (%) of
foliage loss and the colour composition of the remaining canopy.

Functional Canopy =

(
Percentage Existing Canopy

100

)
×

(
Percentage Green Canopy

100

)

This rating refers to the aboveground portion of the tree canopy that is functional, living
tissue. This is expressed on a scale of zero to one, whereby a value of one is indicative of a
highly functional or healthy canopy (i.e., full, green canopy).

4.4. Data Analysis

The treatment effects on stress score and functional canopy were analysed using
RStudio® (RStudio Inc., Boston, MA, USA). Although stress score is an ordinal scale (i.e.,
quantitative data), a one-way analysis of variance (ANOVA) was performed by taking the
mean (μ) value from each replicate. The functional canopy was also analysed using the
same approach (i.e., one-way ANOVA). All pairwise comparisons among treatment means
(μ) were estimated with the emmeans (estimated marginal means) package.
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Abstract: In all farming systems, weeds are the most expensive pest to manage, accounting for 30%
of potential losses. In organic farming, the problem may be further amplified by restrictions on
herbicides, thus making weeds the main problem faced by organic farmers in the field. In this sense,
much research is focusing on the allelopathic potential of plants as an ecological weed control tool.
Many plant species can release allelopathic compounds with high phytotoxicity that can be used in
weed control. Species belonging to the Lamiaceae family have been studied widely for this purpose,
and their essential oils (EOs) appear to be promising bioherbicides. However, there are still many
challenges for their development. Considering these aspects, a review of the bioherbicidal effect of
EOs from Mediterranean Lamiaceae could help identify the most effective ones and the challenges
for their actual development.

Keywords: terpenes; mechanism of action; germination inhibitors; crops

1. Introduction

The emerging worldwide need to find alternatives to synthetic herbicides for sustain-
able weed control has prompted considerable interest in exploiting the natural herbicidal
potential in plants [1]. Bioherbicide sources are sought out by both conventional and
organic farming systems: the former wish to identify new sites of action to cope with weed
resistance, the latter seek potent alternatives to synthetic herbicides that can be integrated
in an overall management approach [2]. In this context, weed control research has recently
focused on extracts from allelopathic species. These are species that can release secondary
metabolites able to interfere with the growth and functions of surrounding plants [3].

A well-established group of allelopathic plants is that of the Lamiaceae family. They
are known to contain high concentrations of volatile allelochemicals, which are responsible
for their aroma, and are reported to give the species a competitive advantage in their
natural habitats [4]. In this context, extracts of different Lamiaceae species were studied
extensively and found to inhibit the germination and growth of many weed species [5–12].
Essential oils (EOs) from species such as oregano, thyme, rosemary, sage and mint are
reported to be particularly strong bioherbicide candidates.

The phytotoxic effect of these species extracts, notably EOs, has mainly been linked
to the presence of volatile bio-active compounds such as α-pinene, limonene, 1,8-cineole,
carvacrol, camphor and thymol, which have been shown to have varying individual phyto-
toxicity levels [4,11–15]. Some phenolic compounds present in the EOs were also reported
to be involved in allelopathic interactions and were even used to develop commercial
bioherbicides. The mechanisms by which these allelochemicals can affect weeds was not
discussed in detail. Only a few individual compounds were studied [16–18], in addition to
the mechanism behind some naturally occurring allelopathic interactions [16,19–21].
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Although there are numerous studies reporting on the successful use of EOs in weed
control, to date there are still many constraints limiting their practical application in
commercial bioherbicides. For instance, the role of the EO composition is still not clearly
described. The mechanisms of action and the observed selectivity are also very poorly
understood, limiting their rational implementation. Moreover, studies concerning the
possible side effects of these EOs on beneficial soil microorganisms are still lacking.

This review will address all the above-mentioned issues pertaining to the use of EOs
from Lamiaceae species in weed control in order to further highlight their potential uses
and perspectives for future studies. It will also review the literature on certain species most
frequently studied.

2. Weed Management in Organic Agriculture

2.1. Objectives and Methods of Weed Management in Organic Agriculture

To understand the aims of weed control in organic farming one must understand
the overall objective of this production system. How to maximize yields and economic
gain are major concerns for organic farmers, like others. However, in this system the
emphasis is on the long-term outcome and overall health of the soil, plants, animals, and
humans rather than just immediate maximum profitability [22]. In this context, many
operational techniques have been defined to meet what could be regarded as the main
goals of organic farming. Kirschenmann [23] presented four techniques related to the
different aspects of management: nutrients, insects, plant disease and weeds. As for the
latter, the overall goal was “to achieve weed control using crop rotation systems to deprive
weeds of favorable growing conditions”. Liebman et al. [24] defined more detailed, equally
important objectives. These can be summarized as follows:

• reducing weed density to a tolerable level, instead of targeting 100% control or to-
tal suppression;

• reducing the damage that a given density of weeds can cause, by increasing the
competitive ability of crops and minimizing that of weeds through different preventive
and cultural tools (competitive varieties, fertilization, irrigation and false seed beds);

• shifting the composition of weed communities to less aggressive, more easily man-
aged species.

These goals may be achieved through a knowledge-intensive process. A good under-
standing of weed ecology, of the site and of the crop-weed interactions is required.

Kirschenmann [23] claims in this context that the organic system seeks to farm like
nature, which implies knowing and understanding the natural processes and incorporating
those principles on the farm.

Managing weeds in an organic system is more complicated than in a conventional
system, mainly because of restrictions on the use of herbicides [25]. The latter are easy
to apply and aggressively marketed, although in recent years there has been a tendency
to restrict the use of chemicals in agriculture to preserve human health and the environ-
ment. [24]. Therefore, a combination of tools and practices that take into account the natural
system’s cycles and interactions are increasingly being adopted to manage weeds. The
management system is consequently an integrated approach, one that adopts different pre-
ventive, cultural, and direct control methods to achieve the goals detailed in the paragraph
above [25,26].

• Preventive methods

Prevention aims at reducing the density of the actual weed vegetation by exhausting
the potential weed vegetation (e.g., weed seedbank in the soil). This means reducing in-crop
weed emergence and weed seed dispersal. Operational techniques include crop rotation,
tillage systems, the false seedbed technique, cover crops, mulching and soil solarization.

• Cultural methods

Cultural methods are commonly used to reduce the need for direct weed control (e.g.,
herbicides) and increase its effectiveness. This is achieved by choosing cultural techniques
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that favor the competitive ability of crops against weeds. Cultural weed management
techniques include crop genotype choice, planting pattern, polyculture production systems,
fertilization, and irrigation strategies.

• Direct methods

Direct methods aim at intervening directly during the crop cycle to eliminate the
weeds, mainly using physical or chemical tools.

Physical tools include mechanical weeding or cultivation, which is based on a va-
riety of equipment. Recent technical innovations focusing on intra-row weed control in
arable and vegetable crops have proven to be effective [26]. Robotic control is another
technological innovation increasingly adopted by organic farmers. Post-emergence flame
weeding, which can be used after planting or crop emergence, is another physical technique.
Flaming can be used to eliminate weeds within the row where cultivation is difficult or
can considerably damage the crop. Lastly, manual weeding is also widely used in organic
management, notably when other measures are not feasible, such as within rows or when
the crop is susceptible to damage by cultivation.

Bioherbicides are the main chemical tools. The latter are compounds and secondary
metabolites derived from microbes, phytotoxic plant extracts or single compounds [2].

2.2. Challenges of the Current Weed Management Methods in Organic Agriculture

Effective weed management in the organic system necessarily involves integration of
the highest number of available tools and approaches [27,28]. Preventive methods based
on ecological principles and building biodiversity such as rotation or cover cropping are of
particular interest to this system. However, direct methods are still contributing the most
to weed control in many organic farms [27,29,30]. Therefore, serious weed competition
problems may arise when few direct control methods are available or applicable. Moreover,
those currently available present serious limitations (Table 1).

By studying existing limitations in direct weed control methods, it is possible to define
research needs and opportunities. This is particularly true of bioherbicides, especially
considering the limitations and the numerous potential sources of active compounds in
nature. This research field is increasingly important due to increasing consumer awareness
and environmental problems related to synthetic herbicides (residues, weed resistance).
Usually, the EOs have various modes of action, and therefore it is more complicated for
weeds to develop easily resistance against them [10,31]. This aspect increased the attention
to their bioherbicidal potential, widely investigated in the hope of finding effective, viable
products that can meet registration requirements.

Table 1. Limitations to current direct weed control methods in organic farming.

Direct Method Limitations Reference

Mechanical weeding (Tillage/
Cultivation)

Weather and soil moisture conditions
Excessive soil disturbance

Difficult to control perennial weeds
Damages to crops root system
No/reduced tillage systems

Difficult to control within rows
Stimulation of latent weed seed germination

Most energy-consuming task (Fossil fuel)

[27,28,30]

Flame weeding
Possible damage to the crop

Effectiveness depends on weed tolerance to heat and weather conditions
High machine cost initially

[27,30]

Manual weeding Large surfaces
High cost [27]

Bioherbicides

Limited products available (only 13 registered products for organic farming; only
one is based on plant extract)

Nonselective products
Too expensive considering the necessary rates

Marginal efficacy

[2,27,32]
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3. The Use of Plant-Based Bioherbicides

3.1. Bioherbicidal Potential in Plants

The interest in exploiting the natural herbicidal potential of plants stems from a
worldwide need to find new sustainable weed control strategies [1].

As plants are the richest source of active organic compounds on Earth, the bioherbi-
cidal potential of a long list of plant species has been explored [32]. A Scopus literature
search using the keywords « Bioherbicides AND plant extracts » and « Bioherbicides AND
Essential oils » found 130 articles (excluding review articles) on the bioherbicidal potential
of species from 38 different families (Figure 1).

 

Figure 1. Plant families studied for their bioherbicidal potential. (Source: elaborated from a search
on Scopus, 2019).

Plant species can be considered for investigations due to their known composition in
terms of biologically active compounds, or an observed allelopathic effect in their natural
environment. Allelopathy is a characteristic of many plant species, and can be defined
as a form of interaction between plants through chemical inhibitors released from living
or decaying tissues [3]. Evidence that some plants are able to inhibit the growth of other
plants in their surroundings has long been known and reported, and studies have linked
these interactions to the presence of compounds named “allelochemicals” [4,21,33]. This
can justify the high interest in the Lamiaceae family species—accounting for 43% of the
total studied species from the papers covered by the search—which are known to possess
high concentrations of volatile allelochemicals. In this context, much effort has been made
to extract allelochemicals from plants and test their bioherbicidal activity in bioassays;
many were successful (Table 2). Other studies evaluated the activity of single compounds
isolated from plants, such as flavonoids, alkaloids and terpenoids. These different classes
of secondary metabolites have different importance in term of bioherbicidal activity. In
extracts from the same species, they can occur in different proportions, depending on the
type of extract and the extraction method [34].
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Table 2. Examples of frequently tested families for bioherbicidal activity.

Species Family Bio Herbicidal Effect Reference

Xanthium strumarium L. Asteraceae Significant inhibition of germination and growth of the noxious
weed Bidens pilosa L. [35]

Thymus fontanesii Boiss.
et Reut.

Satureja calamintha subsp.
nepeta Briq.

Lamiaceae
Wide herbicidal effect on seed germination and 3–4 leaf stage of
Sinapis arvensis L, Avena fatua L., Sonchus oleraceus L., Xanthium

strumarium L., Cyperus rotundus L.
[36]

Ulex europaeus L.
Cytisus scoparius L. Fabaceae Pure volatile organic compounds extracted caused irreversible

phytotoxicity for Digitaria sanguinalis L. [37]

Trachyspermum copticum L. Apiaceae
Germination and shoot/root length of Zea mays L. and Lepidium
sativum L. significantly reduced by all concentrations of EO and

methanol extract.
[38]

Eucalyptus citriodora Hook Myrtaceae
Parthenium hysterophorus L.: Germination completely inhibited.

Chlorophyll content and respiratory activity decreased for
4-week-old plants.

[39]

3.2. Types of Active Compounds and Plant Extracts Tested as Bioherbicides
3.2.1. Active Compounds with Bioherbicidal Potential

The term active compounds usually refers to secondary metabolites occurring in
plants, known for having diverse biological activities. These are the compounds with no
relevance to vital functions (like respiration, photosynthesis and reproduction), but in-
volved in interactions between plants and their surrounding environment, notably as part
of their mechanism of defense against stress [40,41]. Secondary metabolites in plants have
been classified differently by different authors; a recent review by Yasri et al., [42] defined
four main groups: terpenoids, phenolics, sulphur-containing secondary metabolites and
nitrogen-containing secondary metabolites. Not all of these groups of secondary metabo-
lites were found to be implicated in allelopathic interactions or showed a bioherbicidal
potential. Although some authors included amino acids and proteins among the phytotoxic
compounds, terpenoids and phenolics were the ones most frequently studied [4]. Only
these two groups will therefore be considered in detail in this paragraph.

(a)—Terpenoids

The terpenoid group is present in the majority of secondary metabolite classifications
and is reported to be very important in allelopathic interactions [4,21,43]. The compounds
of this group, sometimes referred to as volatile allelochemicals, can be divided into monoter-
penes, sesquiterpenes, diterpene, triterpenes and polyterpenes [42]. Monoterpenes are the
major constituents of essential oils and have been shown to inhibit seed germination and
seedling growth [14]. They are the most frequently described secondary metabolites for
bioherbicidal activity [4,14,42–46]. Some monoterpene-based commercial herbicides have
been developed such as cinmethylin, which is a derivative of 1,4-cineole [14]. Compounds
having different chemical functions (Table 3) belonging to this sub-group were found to
have varied inhibition effects.

Most authors considered that ketone-containing compounds such as camphor and
pulegone are the most toxic, followed by alcohol compounds such as cineol and citronellol,
and by ether, diene and monoene compounds such as α-pinene, which are the least
toxic [47]. This was confirmed by many other authors [14,47]. Considering that plant
species and chemotypes have different monoterpene composition, the phytotoxicity of
extracts can vary between plant materials with different percentages of effective compounds
(e.g camphor). However, there is no clear evidence reported in the literature as to how the
active compounds of a plant extract define its activity level. In other words, it is not clear
whether the observed toxic effect of plant extracts is due to the potent phytotoxicity of a
single compound or to the synergic action of many constituents.
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Table 3. Examples of monoterpenes and their phytotoxic effect.

Monoterpene
Representative

Structure
Chemical
Function

Containing Plant
Species

Germination
Inhibition

Reference

α-pinene Monoene
Eucalyptus grandis W.

Hill ex Maiden
Rosmarinus officinalis L.

Amaranthus hybridus L. *
Portulaca oleracea L. *

Pisum sativum L.
Cicer arietinum L.

[47]
[48]

Limonene Monoene Citrus limon (L.) Burm. f.
Apium graveolens L. Amaranthus viridis L. * [49]

1,8-cineole

 

Ether Eucalyptus spp.
R. officinalis L. Ageratum conyzoides L. * [50]

α-phellandrene Diene Ligusticum marginatum
C.B. Clarke Raphanus sativus L. * [44]

Linalool Alcohol Mentha spp.
Lavandula hybrida L.

Echinochloa crus-galli L. **
at highest concentration [51]

Camphor Ketone Lavandula abrialis L.
R. officinalis L.

Amaranthus retroflexus L.
**

L. multiflorum L.** at low
concentation

[14]

Pulegone Ketone
Mentha piperita L.

Calamintha arkansana
(Nutt.) Shinners

R. sativus L. **
at low concentation [44]

Menthol Alcohol Helianthus annuus L.
Mentha spp.

A. retroflexus L. **
Lolium multiflorum L. **

Lactuca sativa L.*

[14]
[49]

Citronellol Alcohol Rosa spp.
Eucalyptus spp.

Chenopodium album L. *
A. retroflexus L. *

E. crus-galli L. ** at
highest concentration

[18]
[52]

Borneol Alcohol Salvia officinalis L.
R. officinalis L.

Lepidium sativum L.
R. sativus L. * [53]
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Table 3. Cont.

Monoterpene
Representative

Structure
Chemical
Function

Containing Plant
Species

Germination
Inhibition

Reference

Carvacrol Alcohol Origanum vulgare L.
Thymus capitatus L.

L. perenne L. **
A. retroflexus L. ** [31]

* Significant effect; ** Total inhibition; N: no significant effect.

(b)—Phenolics

Plant phenolics include phenolic acids, flavonoids and tannins. They are synthetized
by plants as a response to ecological and physiological conditions, mainly when they are
under biotic or abiotic stress [54]. Like the terpenoids, an important focus exists on the
identification of phenols with bioherbicidal activity. This was attributed to the easiness of
their extraction and their water solubility [47]. They are usually the main components in
aqueous and organic solvents extracts, and their polarity determines the type and amount
of phenols extracted. An example of a well-studied phenolic for this effect is juglone
(Figure 2) produced by walnuts [55].

Figure 2. Representative structure of juglone.

3.2.2. Types of Plant Extracts Tested for their Bioherbicidal Activity

The extraction method is a determining factor in the recovery of active compounds
from plants, considering that secondary metabolites of different groups have varying
chemical properties (volatility, polarity etc.). For instance, anthocyanins, tannins, saponins
and terpenoids can be recovered using water, whereas polyphenols, flavonoids, flavones
and alkaloids require organic solvents [34]. Like the terpenoids, much research focuses on
identifying phenols with bioherbicidal potential. This is because they are easily extracted
and are soluble in water [43]. They are usually the main components in aqueous and
organic solvent extracts, the polarity of which determines the type and amount of phenols
extracted. An example of a well-studied phenolic with this effect is juglone (Figure 2),
produced by walnuts [55]. These different extracts often show different levels of toxicity. In
a study conducted to test Calamintha nepeta L. (Savi) as a source of phytotoxic compounds,
solvents of varying polarity (n-hexane, chloroform, ethyl acetate and n-butanol) were used
to fractionate the leaves’ methanol extract. The study defined the following hierarchical
phytotoxicity: ethyl acetate > n-hexane > chloroform > n-butanol [56].

In general, three main groups of extracts can be found in the literature: essential oils
(EOs), aqueous extract and organic solvent extracts.

• Essential oils: Sometimes called volatile oils, these are natural substances that can be
extracted from aromatic plants by distillation or by appropriate mechanical process
without heating. EOs mainly contain compounds that can be volatilized during
extraction, making this an effective means of extracting plant terpenoids in the purest
form [18,57]. These, the most frequently tested extracts from aromatic plants, can
cause higher phytoxicity compared to aqueous or organic solvent extracts [38,56,58].

• Aqueous extracts: These are obtained simply by soaking in water ground dry material
from plants, from which water-soluble compounds are extracted. Several phenols
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are water soluble and can successfully be extracted using this method. Aqueous
extracts have been used to investigate the bioherbicidal potential of many plants and
have been found to produce significant effects mainly at the highest tested concentra-
tions [1,59,60].

• Organic solvent extracts. This group consists mainly of phenols. As the type of solvent
(mainly differing in polarity) affects the amount and type of phenols extracted, authors
have used various solvents. Methanol, ethanol, acetone, ethyl acetate, n-hexane and
chloroform are among those used most frequently [54]. The choice of solvent depends
on the types of phenol present in the tested plant, and many authors have tested
different ones simultaneously in order to compare the composition and phytotoxicity
of the resulting extract [56,61].

3.3. Modes of Action of Plant Allelochemicals

After investigating the type of active compounds in the plants’ extracts, research
has also explored the mechanisms of toxicity to weeds. The most frequently described
effects are from single allelochemicals rather than whole plant extracts; the modes of action
of terpenoids and phenolic acids, which are reported to be the most relevant secondary
metabolites in allelopathic interactions, have been studied by many authors. However, stud-
ies on this topic are still lacking and the mechanism of only a few phytotoxic compounds
has been described. This paragraph therefore focuses mainly on toxicity mechanisms
reported for single allelochemicals, as well as allelopathic mechanisms observed in nature.
Note that to determine the stage in which plants are most sensitive to allelochemicals, the
latter were often tested in two different periods (pre-germination and post-emergence),
and different features and mechanisms were analyzed accordingly.

3.3.1. Effect on Cells Division, Elongation and Structure

The size and weight of weed seedlings are the features most often measured to
assess their reaction to the application of allelopathic compounds. The application of plant
extracts usually results in a significant decrease of these parameters compared to the control.
The substances undoubtedly affect the responsible physiological processes: cell division
and elongation [21]. In this sense some studies have reported that some allelochemicals
affect mitosis: the process was either slowed down [19], interrupted in the anaphases or
hindered altogether [16,19,20,62,63]. All the cited studies measured the number of cells and
their ultrastructure at specific times as indicators. Muller [16] also reported that volatile
terpenes extracted from Salvia leucophylla Greene (mainly cineol and camphor), prevented
the elongation of root and hypocotyl cells. Cineole is in fact the most widely described of
all monoterpenes [64]. It is generally reported to strongly inhibit all stages of mitosis. The
suggested mechanism can therefore result in considerable damage to weeds by reducing
their growth or retarding it, which can give the crop a competitive advantage.

3.3.2. Effect on the Cells Membrane Integrity and Permeability

Cell membrane integrity is critical for cell functions and survival. Any alteration may
compromise its role as a barrier, affecting permeability to nutrients or toxins or inducing the
leakage of solutes [65,66]. A number of allelochemicals seem to alter plant cell membranes.
Due to lipophilic nature of the cell membranes, monoterpenes can cause their destruction
by increasing permeability or inhibiting enzymes [18]. Moreover, some monoterpenes
are reported to induce oxidative stress; α-pinene, for example, caused lipid peroxidation
when applied to young seedlings of Cassia occidentalis L., resulting in an increase in solute
leakage [48]. Furthermore, some compounds produced changes to the permeability of
membranes; Varona et al. [67] found that linalool caused an increase in permeability,
whereas Muller et al. [16] found that permeability decreased after applying cineole and
dipentene from S. leucophylla. This suggests that allelochemicals can result in important
damage to weeds by acting at the membrane level.
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3.3.3. Effect on Photosynthesis

There is evidence of a relationship between the visible effects on weeds and photo-
synthetic functions. Early studies found a correlation between the reduction in growth
caused by a plant-extracted phenolic substance, “scopoletin”, and net photosynthesis in
Amarantus retroflexus L. [68]. Many other studies found that a number of phenolic acids
affect photosynthesis, and this was linked to changes to stomatal conductance or to plant
chlorophyll contents [68,69]. Furthermore, many monoterpenes were also found to inhibit
photosynthesis and chlorophyll synthesis [70]. Citronellol and 1,8-cineole, for example,
showed a similar effect on the invasive weed species Ageratum conyzoides L.: its chlorophyll
content decreased by 60% and 66%, respectively [18,50]. Eugenol, another monoterpene,
has a similar effect: it induced photosynthetic inhibition by reducing chlorophyll content in
C. occidentalis and Bidens pilosa L. [71]. These examples suggest that photosynthesis-related
processes could be behind the observed damage. However, only a few of the allelochem-
icals were tested, and the actual cause-effect between the described processes is not yet
well understood.

3.3.4. Effect on Nutrients Availability and Uptake

Because of the observed effects on the root appearance, some research has focused
on whether allelochemicals inhibit nutrient uptake [21]. The uptake of phosphorous,
potassium, calcium and zinc, for example, was affected either by the direct application of
some phenolic acids or by growing plants in association with allelopathic species [72–77].
Moreover, some early studies found that toxic excretions from plants reduce the availability
of nutrients by affecting nutrient cycling mechanisms; mineralization, for example, was
suppressed by the root excretion of some natural forest vegetation due to its toxicity to
the nitrification process [78]. This suggests that phytotoxic compounds from plants may
affect soil microbial activity, which plays an essential role in making important nutrients
like nitrogen available to plants.

All the presented modes of action suggest that allelochemicals have a strong potential
as weed control tools. However, they also highlight the many challenges to their prac-
tical application. For instance, no clear selectivity can be concluded from the reported
mechanisms, which means that crops may also be susceptible. Moreover, the impact on
crop and soil health is also of concern if the allelochemicals have a detrimental effect on
beneficial soil microbes. This, in addition to other possible challenges, will be detailed in
the next paragraph.

3.4. Challenges and Perspectives to the Use of Plant Extracts as Bioherbicides
3.4.1. Challenges to the Use of Plant Extracts as Bioherbicides

(a)—Unclear selectivity

Although allelochemicals may affect specific functions like photosynthesis or respira-
tion, they lack site specificity, which excludes their use as selective bioherbicides. This also
means they could be phytotoxic to crops and must be managed carefully when applied.
However, many studies that tested plant extracts on different weed species revealed vary-
ing degrees of sensitivity. In most cases monocots were more resistant than dicots [7,8,79].
Moreover, it was frequently reported that many crops were less affected than weeds; for
instance, when applying the EO of Satureja hortensis L. and Laurus nobilis L. at low concentra-
tions, A. retroflexus germination decreased significantly whereas tomatoes were unaffected.
However, at the highest tested concentration, tomato germination also decreased, albeit at
a lower rate than A. retroflexus [8]. Similar results were obtained when applying Origanum
onites L. and Rosmarinus officinalis L. on Avena sterilis L., Sinapis arvensis L. and a number of
wheat cultivars, where the latter were less affected [7]. This suggests that careful dosage
may resolve phytotoxicity to crops. Nevertheless, studies were not able to explain this
variation in sensitivity, which makes it difficult to predict and exploit. Further research is
required to better understand the mechanism of action of different allelochemicals and the
synergies by which they operate in plant extracts.
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(b)—Toxicity to soil microorganisms

Organic farming relies on soil health and natural soil processes to satisfy crop nutrient
needs and ensure long term fertility. In fact, one of the serious drawbacks of synthetic chem-
icals is their impact on soil biodiversity and their harmful effect on beneficial organisms.
Plant extracts with similar effects cannot be recommended regardless of their possible effec-
tiveness on weeds. Only a few studies have addressed this important aspect. As mentioned
in the “effect on nutrients uptake and availability” paragraph, some allelochemicals may
be detrimental to nitrification bacteria [78]. Moreover, many plant extracts, notably those
from the Lamiaceae family, have been shown to possess antimicrobial properties [80–82].
Doubts may thus arise about their possible harmful effects on soil microbes. However,
other studies have reported a positive impact in this respect; volatile substances from
alfalfa (Medicago sativa L.), for example, induced a rapid increase in microbial respiration
and fungi mycelium growth when added to the soil. Results thus suggest a possible
beneficial effect on the initial colonization stage of plant residue decomposers [83]. The
different findings may be ascribed to variations in the concentration of compounds in
contact with microorganisms.

In summary, the soil microbial community seems to be affected by allelochemicals
(either negatively or positively). Hence, when assessing the use of plant extracts as agro-
chemicals, care should also be taken to detect any possible negative repercussions on soil
life, a crucial component of any sustainable management strategy.

(c)—Degradation of plant extracts in the environment

While the incorporation of allelopathic plant species biomass into the soils is con-
strained by the difficulty in accumulating active concentrations [21], the direct use of
concentrated extracts is mainly limited by susceptibility to environmental elements. Once
released in the environment, the extracts are subject to decomposition either by microor-
ganisms or by chemical reactions. Blum [84] reported in the book chapter «Fate of phenolic
allelochemicals in soils − the role of soil and rhizosphere microorganisms» that because
microorganisms use phenolic acids as a source of carbon or energy, they are thus more
subject to microbial transformation and utilization than to other processes (ionization,
oxidation, sorption onto soil particles, fixation into the recalcitrant organic matter (e.g.,
polymerization)). In this chapter the author reports results from many studies suggesting
that this degradation is very likely and that phenolic acids are unlikely to produce any
phytotoxic effects. Moreover, Marmulla and Harder [85] report that monoterpenes such as
d-limonene, α-pinene, γ-terpinene and terpinolene are readily biodegradable. They also
found that different monoterpenes show different susceptibility to degradation. In addition,
many allelochemicals are highly susceptible to spontaneous decomposition; abiotic photo-
chemical processes in the atmosphere can result in lifetimes of minutes to hours, as cited
by the same authors [21]. However, very little is known about their abiotic degradation
in soil [81]. These aspects suggest that allelochemicals may lack the necessary persistence
to be effective bioherbicides. This may be remedied by selecting critical stages of weed
growth. Even a brief period of phytotoxicity could affect the competitive ability of weeds
with respect to crops [81]. Another approach recently under study is the use of innovative
formulations that could regulate the rate of release without compromising the desired
concentration levels. For instance, experiments with rosemary EO encapsulated in a starch
matrix were successful [86].

3.4.2. Perspectives for the Use of Plant Extracts as Bioherbicides

Despite the many constraints, the use of plant extracts for weed control is still consid-
ered a field with great potential. However, to address limitations, research should focus on
better understanding the phenomena in terms of:

• Linking the observed effects of extracts to the action of specific compounds and
their synergies;
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• Defining the mechanisms behind the phytotoxicity to enhance it and understand
the selectivity;

• Defining the most sensitive stages of weed development to increase effectiveness and
tackle the problem of the limited duration of the effect;

• Defining innovative formulations that take into consideration the interactions of the
extracts with field conditions (soil texture, microorganisms and abiotic factors such as
light and temperature);

• Defining innovative techniques for the cultivation and extraction of essential oils to
guarantee the commercial feasibility of a mass production large quantity of EOs;

• Defining formulations that allow for containing the concentrations of EOs within
technical limits for an easy application on an agricultural scale.

4. Examples of Lamiaceae Species with Bioherbicidal Potential

4.1. Oregano

In the literature, oregano is used to refer to a number of species in different genera
and families, the leaves and flowers of which have a common characteristic odor and
flavor [87,88]. The major oregano species belonging to the Lamiaceae family, Poliomintha
longiflora L., Origanum vulgare L. and O. onites, are mainly found in the Mediterranean
basin [87,88]. O. vulgare, and O. vulgare subsp. hirtum (Link) Iestwart plants in particular
are extremely rich in essential oils (up to 8% dry weight) [87]. The famous odor and flavor
of these species are mainly linked to their carvacrol content, which in addition to thymol,
p-cymene and γ-terpinene, is known to be the major component of oregano essential
oil [31,89,90]. As for the bioherbicidal effect, pure carvacrol and the EO from some species
(mainly O. vulgare and O. onites) have been widely investigated, with interesting findings.
In a study by De Mastro et al. [31] on A. retroflexus and Lolium perenne L., carvacrol at the
concentration of 0.3 μL/mL completely inhibited the germination of both species. The
same study assessed the application of dry biomass of an oregano hybrid (O. vulgare ssp.
virilidum x O. vulgare L. ssp. hirtum) in a pot trial, and promising results were obtained using
20 g per kg of soil. In another investigation by Atak et al. [7], O. onites EO was tested against
A. sterilis and S. arvensis L., and severe inhibition was observed on both species starting
from 0.2 μL/mL. In this experiment the EO was also tested on a number of wheat cultivars,
which were found to be less sensitive: this led the authors to suggest a possible dosed
application of the EO as a bioherbicide in wheat fields. Ibáñez and Blázquez [91] also tested
an EO dominated by carvacrol (60.42%) against Portulaca oleracea L., Lolium multiflorum L.
and Echinochloa crus-galli L. They found that germination was completely inhibited in all
the species starting from the lowest tested dose: 0.125 μL/mL. Hanana et al. [92] found
the same high effectiveness at low doses on some important weed species (S. arvensis L.,
Phalaris paradoxa L. and Lolium rigidum Gaud) using a carvacrol- and δ-terpinene- rich EO
from O. vulgare. Its high yield and strong anti-germination and phytotoxic effect make
oregano EO a promising bioherbicide candidate.

4.2. Rosemary

Rosemary (R. officinalis), an evergreen shrub that can grow up to 2 m high, has aromatic
leaves and flowers rich in essential oils [87,93]. Native to the Mediterranean region, it
is characterized by high tolerance to heat, drought, and poor, dry, sandy and rocky soil
types [87]. It is grown in different parts of the world, such as Europe, Africa and Asia, and
is used in various culinary, pharmaceutical and cosmetics industries [94]. There are three
species in the Rosmarinus genus, R. officinalis, R. eryocalix and R. tomentosus, but R. officinalis
is the most widely distributed and important for its valuable EO, which can be extracted in
amounts ranging from 0.9 to 2.5%, depending on many factors [93,95,96]. Rosemary EO is
appreciated in cosmetics for its strong camphorous aroma, and in medicine for its content
in biological compounds of high value [87,97].

The compounds generally found to be dominant in R. officinalis EO are 1,8-cineol, cam-
phor, α-pinene, borneol, p-cymene and verbenone, as reported in Hernández et al. [96]. The

221



Plants 2021, 10, 818

proportions of these, however, vary considerably among chemotypes [98,99]. R. officinalis
is one of the Lamiaceae species that has received considerable attention in plant-based bio-
herbicide research. Many recent studies have investigated the phytotoxicity of its extracts
to weeds, and in this respect significant results were obtained on a number of important
weed species, such as A. retroflexus L., Bromus tectorum L., Cynodon dactylon L., Digitaria san-
guinalis L. and L. perenne [5,8,99]. All the studies reported a concentration-dependent effect:
some even found that at very low concentrations, such as 100 or 200 μL/L, the extracts
had a stimulatory effect rather than a phytotoxic one [8]. Nevertheless, for some species,
significant decreases in germination were found at concentrations as low as 400 μL/L [8,99].
More resistant species (mostly monocots), however, were only sensitive to higher tested
doses [5,7,8,99]. A range of concentrations were therefore always tested. As EOs are very
susceptible to environmental conditions, recent studies are now investigating innovative
formulations to support their practical implementation as bioherbicides. For instance,
nanoformulation and encapsulation in starch were successfully tested as germination and
early growth inhibitors [100].

4.3. Thyme

The genus Thymus L. from the Lamiaceae family consists of over 200 species of herba-
ceous perennials and small shrubs [101,102]. Many of these species are widespread in the
world, but the center of the genus is considered to be in the Mediterranean region [101,103].
Thymus is one of the most studied genera for bioactive activity due to its wide use in folk
medicine [102]. This bioactive activity can be linked to its high phenolic monoterpene
content (e.g., carvacrol and thymol are the major compounds in the species EO), in addition
to α-terpinene, α-cymene and borneol [6,92,101]. One of the emerging bioactivity investi-
gations of Thymus spp. EO is in weed control research. Similar to oregano, low doses of EO
from thyme were reported to have potent phytotoxic effects on a number of problematic
weed species. For instance, Hanana et al. [92] tested the EO from Thymus capitatus against
S. arvensis, P. paradoxa and L. rigidum, and germination inhibition was significant at concen-
trations as low as 0.25 μL/mL. A recent study by Sarić-Krsmanović et al. [104] also tested
the bioherbicidal effect of T. vulgaris EO, which is dominated by carvacrol (17.0%), thymol
(11.6%) and p-cymene (11.6%), against Abutilon theophrasti Medik. Complete germination
inhibition was obtained at a concentration of 1% EO. After applying Thymus spp. EO, other
weed species such as A. retroflexus, Avena fatua L., Datura stramonium L., Lepidium sativum L.
and Agrostemma githago L. were also significantly affected, either at germination or at the
seedling growth stage [6,105]. These findings indicate that different species of Thymus (T.
fallax Fisch. et Mey, T. vulgaris L., T. capitatus (L.) Hoffmanns. & Link, T. daenensis Celak.),
even if somewhat varied in chemical composition, have great potential as bioherbicides.
Kashkooli and Saharkhiz [6] tested different ecotypes of the same species (T. daenensis
Celak.), and despite the important chemical variations in the EOs, no significant differences
were observed in their effect on weeds.

4.4. Mint

Mentha L. is another important genus of the Lamiaceae family that is widely dis-
tributed and cultivated in most parts of the world thanks to its adaptation to diverse
environments. About 42 species and 15 hybrids fall under this genus: they are commonly
characterized by odorous secondary metabolites that make its EO famous [106,107]. In fact,
most Mentha species are industrially cultivated for EO production. Members of the genus
Mentha show a great variability in chemical composition, both intra- and inter-species, re-
sulting in different chemotypes. Nevertheless, most of the species are either C3-oxygenated
p-menthane types (e.g., pulegone, menthone, menthol) or C6-oxygenated p-menthane
(e.g., carvone) types [107,108]. The EOs of species from both types figure in bioherbicide
research. For instance, the EOs of M. dumetorum Schult, Mentha × piperita L. cv. Mitcham
(Peppermint), M. pulegium L. and M. spicata L. were successfully tested on different weed
species as germination and growth inhibitors. Different studies tested them on a variety
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of weed species with varying results. Onaran et al. [105] found that M. dumetorum EO
suppressed the germination of A. theophrasti better than other tested EOs such as O. vulgare
and T. fallax. Another test used the EO from a specific Peppermint cultivar (Mentha ×
piperita L. cv. Mitcham) with 35% menthol on tomato (Lycopersicon esculentum Mill.) and
radish (Raphanus sativus L.), in addition to three weeds: Convolvulus arvensis L., P. oleracea
and Echinochloa colonum L. The EO caused varying degrees of inhibition, depending on the
species; tomato was particularly sensitive, and germination was completely suppressed
at 900μL/L, whereas field bindweed and purslane were still able to germinate even at
1500μL/L [109]. Similarly, a study by Argyropoulos et al. [110] assessed the effects of a
Mentha species EO (M. spicata) on two horticultural crops (cotton and tomato), besides
weeds (A. retroflexus, E. crus-galli, Oryza sativa L., P. oleracea and Setaria verticillata). The EO
containing 82% trans piperitone oxide severely inhibited all the tested species, but with a
greater effect on cotton. The EOs of Mentha, like that of the other species discussed above,
mainly have dose- and species-dependent effects. The reason for this selectivity and the
mechanisms involved are still unclear.

4.5. Other Species

With fewer occurrences in the literature than those detailed above, other species in the
Lamiaceae family were used to produce bioherbicidal extracts, mainly EOs. Among these
number the Salvia, Satureja, Nepeta and Lavandula species [8,79,111,112]. Findings reveal
differences among tested species and in resulting toxicity levels, but all conclude that the
tested monoterpene-rich EOs are promising.

5. Conclusions

In summary, many Lamiaceae species are valuable for the bioactive compounds they
contain. They are widely distributed throughout the Mediterranean area and are currently
cultivated in most parts of the world. Many yield significant amounts of EOs (up to 8%) rich
in terpenes, which are considered important in allelopathic interactions, and may thus have
potential as bioherbicides. To this end, a considerable amount of research is still needed on
technical aspects, such as exploring the mechanism of action, understanding selectivity,
investigating side effects on beneficial plants, and exploring innovative formulations for
effective application. Furthermore, studies are required to assess cost-benefits and define
the target value for the class crops, as well as the environmental impact of production.
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Abstract: The allelopathic effect of various concentrations (0, 6.25, 12.5, 50 and 100 g L−1) of Parthe-
nium hysterophorus methanol extract on Cyperus iria was investigated under laboratory and glasshouse
conditions. No seed germination was recorded in the laboratory when P. hysterophorus extract was
applied at 50 g L−1. In the glasshouse, C. iria was mostly injured by P. hysterophorus extract at
100 g L−1. The phytochemical constituents of the methanol extract of P. hysterophorus were analyzed
by LC-ESI-QTOF-MS=MS. The results indicated the presence of phenolic compounds, terpenoids,
alkaloids, amino acids, fatty acids, piperazines, benzofuran, indole, amines, azoles, sulfonic acid
and other unknown compounds in P. hysterophorus methanol extract. A comparative study was
also conducted between P. hysterophorus extract (20, 40 and 80 g L−1) with a synthetic herbicide
(glyphosate and glufosinate ammonium at 2 L ha−1) as a positive control and no treatment (negative
control) on Ageratum conyzoides, Oryza sativa and C. iria. The growth and biomass of test weeds
were remarkably inhibited by P. hysterophorus extract. Nevertheless, no significant difference was
obtained when P. hysterophorus extract (80 g L−1) and synthetic herbicides (glyphosate and glufosinate
ammonium) were applied on A. conyzoides.

Keywords: allelopathy; phytochemicals; P. hysterophorus; germination; growth

1. Introduction

Cyperus iria L. (family: Cyperaceae) is a smooth, tufted sedge weed of lowland rice
worldwide and is also a common weed in upland fields of 22 countries [1]. This weed is
also reported to appear in dry, direct-seeded rice fields in 21 countries and wet-seeded
rice in 11 countries [2]. The roots of C. iria are numerous, yellowish-red, short and fibrous.
The leaves are usually shorter than culm, 1–8 mm wide and the inflorescence is simple or
compound. A prolific nature (5000 seeds from a single plant) and a very short life cycle
of C. iria help it to establish a second generation in the same growing season [3,4]. It is
estimated that approximately 64% of rice yield reduction occurs due to this weed [5].

Weed management in the crop field is a challenging task in agriculture. Chemical
herbicides are mainly preferred by the farmers to control weeds due to their higher efficacy,
affordable cost and more rapid out return. The migration of labor away from agriculture
to industries or other countries for employment is also a major concern for dependence
in some countries [6]. However, the excessive use of synthetic herbicides can lead to an
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increase in the number of herbicide-resistant biotypes [7], low agricultural production,
environmental pollution and health hazards [8,9]. On the other hand, the introduction of
allelopathic plants or bio-herbicide develop from allelochemicals can play an important
role as a substitute for the chemical dependence on synthetic chemical herbicides to control
weeds in sustainable agriculture [10].

Invasive weed species have the potential to release allelopathic substances to the
surrounding environments to suppress their neighboring competing plants [11–15]. Parthe-
nium hysterophorus L. has taken the shape of a noxious weed and is becoming a threat
to crop production, animal husbandry and human health due to its strong allelopathic
effects [16–19]. The isolation and identification of the allelopathic substances from P. hys-
terophorus could be used as a tool for the development of a natural-product-based herbicide
for weed control.

Bioassays are generally designed to test the allelopathic properties of a plant species.
However, a plant that shows strong phytotoxicity on the target plant species in laboratory
conditions might not be so strong in the field condition due to the influence of several
environmental factors [20,21]. In this context, two experiments were conducted in both lab-
oratory and glasshouse conditions to evaluate the allelopathic properties of P. hysterophorus
with a view to developing natural-product-based bioherbicides. The identification of its
phytochemical constituents was analyzed by using LC-ESI-QTOF-MS=MS.

2. Results

2.1. Laboratory Experiment
Effect of Methanol Extracts on Germination and Initial Growth of C. iria

The results showed that P. hysterophorus extracts significantly (p ≤ 0.05) reduced the
germination percentage as well as coleoptile and radicle length of C. iria (Table 1). The
inhibitory activity was concentration-dependent. By the application of methanol extracts,
the seed germination was significantly (p ≤ 0.05) reduced. No seed germination was
recorded when P. hysterophorus extract was applied at 50 g L−1.

Parthenium hysterophorus extract decreased the coleoptile and radicle elongation of C.
iria. The magnitude of inhibition increased with an increase in extract concentration. At
a concentration of 50 g L−1 or above, P. hysterophorus extract reduced the coleoptile and
radicle length of C. iria by 100%.

Table 1. Effects of P. hysterophorus on germination, coleoptile and radicle length of C. iria.

Dose (g L−1) Germination (%) Coleoptile Length (cm) Radicle Length (cm)

0.00 100.00a (0) 1.51a (0) 1.66a (0)
6.25 80.00b (20) 1.20b (20.72) 1.10b (33.68)
12.5 47.00c (53) 0.86c (43.14) 0.60c (64.02)
25 19.00d (81) 0.36d (76.24) 0.24d (85.65)
50 0.00e (100) 0.00e (100) 0.00e (100)
100 0.00e (100) 0.00e (100) 0.00e (100)

Data are expressed as means. Means with same letters in the column for concentrations are not significantly different at p > 0.05. Values
inside the parenthesis are inhibition percentages relative to the control.

2.2. Glasshouse Experiment
2.2.1. Effect of Methanol Extract on Plant Height, Leaf Area and Dry Weight of C. iria

Table 2 showed the effect of P. hysterophorus methanol extract on the plant height, leaf
area and dry weight of tested weeds. Dose-dependent inhibitory activity was also observed
here. Parthenium hysterophorus showed significant inhibition on plant height at the highest
concentration (100 g L−1). At the concentration of 100 g L−1, P. hysterophorus extract 44.40%
inhibition was observed on the plant height of C. iria. A decline in leaf area of the tested
weed was also observed with an increase in P. hysterophorus methanol extract concentration.
The leaf area inhibition of C. iria ranged from 7.63 to 52.03% from 6.25 g L−1 to 100 g L−1
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concentrations of P. hysterophorus extract. The control obtained the highest dry weight. The
extract reduced 60.81% of the dry weight of C. iria at 100 g L−1 compared to the control.

Table 2. Effect of P. hysterophorus methanol extracts on the plant height (cm), leaf area (cm2) and dry weight (g pot−1) of C.
iria.

Dose (g L−1) Plant Height Leaf Area Dry Weight

0 64.75a (0) 151.05a (0) 5.12a (0)
6.25 63.37ab (2.13) 139.52b (7.63) 4.89ab (4.46)
12.5 62.02ab (4.20) 132.24c (12.44) 4.53b (11.44)
25 57.42b (11.29) 115.22d (23.70) 3.86c (24.55)
50 50.31c (22.31) 91.15e (39.63) 3.00d (41.20)
100 36.00d (44.40) 72.45f (52.03) 2.00e (60.81)

Data are expressed as means. Means with same letters in the column for each extract concentrations are not significantly different at p > 0.05.
Values inside the parenthesis are inhibition percentages relative to the control.

2.2.2. Effect of Methanol Extract on Fv/Fm, Photosynthesis Rate, Stomatal Conductance
and Transpiration Rate of C. iria

No significant difference was observed when C. iria was treated with 6.25 and 12.5 g L−1

of P. hysterophorus extract (Table 3). The extract reduced the Fv/Fm value by 46.32% at
100 g L−1. The significant effect of extracts concentrations was observed on the photosyn-
thesis, stomatal conductance and transpiration rate of C. iria. The photosynthesis rate of C.
iria was inhibited by 44.41% when treated with the highest concentrations (100 g L−1) of P.
hysterophorus extract. The lowest stomatal conductance (0.25 mol m−2 s−1) was recorded at
100 g L−1, and the inhibition value was 39.63% (Table 4). The lowest transpiration rate was
observed at the highest concentration (100 g L−1), and the inhibition value was 40.98%.

Table 3. Effects of P. hysterophorus methanol extract on Fv/Fm, photosynthesis rate (μmol m−2 s−1), stomatal conductance
(mol m−2 s−1) and transpiration rate (mmol m−2 s−1) of C. iria.

Dose
(g L−1)

Fv/Fm Photosynthesis Rate Stomatal Conductance Transpiration Rate

0 1.47a (0) 45.14a (0) 0.42a (0) 11.50a (0)
6.25 1.41a (3.90) 43.50ab (3.64) 0.41ab (3.43) 10.83b (5.82)
12.5 1.34a (8.56) 42.50ab (5.86) 0.40ab (6.04) 10.41c (9.52)
25 1.20ab (17.84) 40.00b (11.37) 0.38b (10.07) 9.35d (18.69)
50 1.08ab (26.19) 35.29c (21.86) 0.34c (20.31) 8.20e (28.67)
100 0.79b (46.32) 25.13d (44.41) 0.25d (39.63) 6.79f (40.98)

Data are expressed as means. Means with same letters in the column for each extract concentrations are not significantly different at p > 0.05.
Values inside the parenthesis are inhibition percentages relative to the control.

Table 4. LC-MS profile of methanol extract of P. hysterophorus.

Sl.
No

RT (min) Proposed Compound
Molecular
Formula

Mass Fragment
(m/z)

Polarity

1 1.436 Valine C5H11NO2 117.0802 Positive
2 1.418 Glyceryl sulfoquinovoside C9H18O10S 318.063 Negative
3 1.575 Lotaustralin C11H19NO6 261.1215 Positive
4 3.162 Trazolopride C20H23N5O2 365.1851 Positive
5 3.571 Pirenzepine C19H21N5O2 351.1694 Positive

6 3.92 1-Cyclopropyl-3-[[1-(4-hydroxybutyl)benzimidazol-2-
yl]methyl]imidazo [4,5-c]pyridin-2-one C21H23N5O2 377.1848 Positive

7 4.239 Umbelliferone C9H6O3 162.0317 Positive
8 4.244 Quinic Acid C7H12O6 192.0638 Negative
9 4.941 Atevirdine C21H25N5O2 379.2002 Positive
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Table 4. Cont.

Sl.
No

RT (min) Proposed Compound
Molecular
Formula

Mass Fragment
(m/z)

Polarity

10 5.253 Dihydrophaseic acid 4-O-beta-D-glucoside C21H32O10 444.1998 Negative
11 5.536 2-(2-Ethoxyethoxy)ethanol;4-methylbenzenesulfonic acid C13H22O6S 306.1136 Negative
12 5.475 4-Azidobenzyl benzyl 1,4-butanediylbiscarbamate C20H23N5O4 397.175 Positive

13 5.823
4-(N-hydroxyamino)-2r-isobutyl-2S-(2-

Thienylthiomethyl)succinyl-L-Phenylalanine-N-
Methylamide

C20H31NO3S2 397.176 Positive

14 6.08 Branaplam C22H27N5O2 393.2162 Positive
15 6.257 Pulchellamine G C21H31N O6 393.2151 Positive
16 6.503 Hymenoxynin C21H34O9 430.2208 Negative
17 6.939 Chlorogenic acid C16H18O9 354.0957 Negative
18 7.006 Parthenin C15H18O4 262.1202 Positive
19 7.006 Gaillardilin C17H22O6 322.1415 Positive
20 7.006 Dehydroleucodine C15H16O3 244.1095 Positive
21 7.264 N-Propyl-3-(1,3-thiazol-2-yl)thian-3-amine C11H18N2S2 242.0928 Positive
22 7.266 Oleacein C17H20O6 320.1252 Positive
23 7.49 Bendazac lysine C22H28N4O5 428.2053 Negative
24 7.641 Lajollamide A C30H55N5O5 565.4206 Positive
25 7.673 Isochlorogenic acid A C25H24O12 516.127 Negative
26 7.673 Chlorogenic acid C16H18O9 354.0958 Negative

27 7.897 4-[(6-Chloro-2-naphthalenyl)sulfonyl]-1-[[1-(4-pyridinyl)-
4- piperidinyl]methyl]-2 piperazinecarboxylic acid C27H41ClN4O6 552.2699 Positive

28 7.905 N-Chloro-9-(diaminomethylideneamino)-3-
hydroxynonanamide C10H21ClN4O2 264.1358 Positive

29 7.908 1-(N-6-Amino-n-hexyl)carbamoylimidazole C10H19ClN4O 246.1253 Positive
30 8.042 2,4-Toluene Diisocyanate Dimer C18H12N4O4 348.0862 Positive
31 8.044 Alaptide C9H14N2O2 182.1063 Positive
32 8.05 Carbocyclic-3′-amino-ara-adenosine C11H16N6O2 264.1339 Positive
33 8.054 Tris(pyrazolyl)ethane C11H12N6 228.1118 Positive
34 8.055 Descyclopropyl Abacavir C11H14N6O 246.1225 Positive
35 8.058 1-Boc-3-oxopiperazine C9H16N2O3 200.1162 Positive
36 8.13 Teroxalene hydrochloride C28H42Cl2N2OS 524.2364 Positive

37 8.132 Ethane;(3-oxo-6′-sulfanylcarbonyloxyspiro [2 -benzofuran-
1,9′-xanthene]-3′-yl)oxymethanethioicS-acid;propane C31H38O7S2 586.206 Positive

38 8.133 (2-Aminoethylamino) 2,2-diaminooxyacetate C4H12N4O4 180.0845 Positive

39 8.134 N-[(S)-2-Benzo[1,3]dioxol-5-yl-4-(4-phenyl-piperidin-1-
yl)-butyl]-N-methyl-benzenesulfonamide C29H34N2O4S 506.2237 Positive

40 8.135 3-Diazo-1-hexylsulfanyl-1-methylurea C8H16N4OS 216.1055 Positive
41 8.135 Ethylene oxide-b-maleic hydrazide C6H12N8O3 244.103 Positive
42 8.136 N-[3-(1H-Imidazol-4-yl)propyl]-N′-methylthiourea C8H14N4S 198.0952 Positive
43 8.136 1-Methylpiperazine-1,4-Diium Bis C5H14N4O6 226.0914 Positive
44 8.136 3-(2-Methylpropylthio)-1H-1,2,4-triazol-5-amine C6 H12N4S 172.0801 Positive
45 8.136 Benzylamidinoisothiourea C9H12N4S 208.0792 Positive
46 8.136 1-Amino-3-(propylamino)thiourea C4H12N4S 148.0798 Positive
47 8.136 9-hydroxyellipticine C17H14N2O 262.1122 Positive
48 8.136 4-Phenylamino-3-quinolinecarbonitrile deriv. 28 C27H30Cl2N4O4 544.16 Positive
49 8.136 1-(3-ethyl-1,2,4-thiadiazol-5-yl)azetidin-3-amine C7H12N4S 184.0793 Positive

50 8.413 1,8,15,22,29,36-Hexaazacyclodotetracontane-
2,7,16,21,30,35-hexone C36H66N6O6 678.504 Positive

51 8.415 2,4,6-tris(3-methylbutoxy)-1,3,5-triazine C18H33N3O3 339.2522 Positive
52 8.435 Arginyl-tyrosyl-aspartic acid C19H28N6O7 452.2022 Positive
53 8.636 8-(2,4,6-Trimethoxyphenyl)-9H-purine-2,6-diamine C14H16N6O3 316.1282 Positive
54 8.818 Dimethyl 2-(heptane-1-sulfonyl)butanedioate C13H24O6S 308.1298 Negative
55 8.721 AC-Ala-gln-ala-pna C19H26 N6O7 450.1864 Positive
56 9.065 Laciniatin C17H14O8 346.0693 Positive
57 9.067 2-[(3,5-Dinitrobenzoyl)amino]benzoic acid C14H9N3O7 331.0461 Negative
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Table 4. Cont.

Sl.
No

RT (min) Proposed Compound
Molecular
Formula

Mass Fragment
(m/z)

Polarity

58 9.243 3-Ethyl-1-propyl-8-(1H-pyrazol-4-yl)-1H-purine-
2,6(3H,7H)-dione C13H16N6O2 288.134 Positive

59 11.645 Apnea C18H22N6O4 386.1696 Positive
60 11.844 Thyroliberin N-ethylamide C18H26N6O4 390.2011 Positive
61 11.996 Hexadecasphinganine C16H35NO2 273.2672 Positive
62 12.034 Phytosphingosine C18H39NO3 317.2935 Positive
63 12.176 Dihydroxyethyllauramine oxide C16H35NO3 289.262 Positive
64 12.193 Lauramine oxide C14H31NO 229.2405 Positive
65 12.308 Rishitin C14H22O2 222.161 Negative
66 12.316 Dioctylnitrosamine C16H34N2O 270.2673 Positive
67 12.343 Dodecylacrylamide C15H29NO 239.2251 Positive
68 12.349 Tetrabutylurea C17H36N2O 284.2832 Positive
69 12.703 Aminopregnane C21H37N 303.2934 Positive
70 12.778 Tridecylglycerol C16H34O3 274.2512 Positive
71 13.164 2,3,3-Tris(1,2-diaminoethyl)-2-ethylhexanoic acid C14H34N6O2 318.2769 Positive
72 13.633 4-dodecylbenzenesulfonic acid C18H30O3S 326.1916 Negative
73 14.691 Angoletin C18H20O4 300.1357 Positive
74 14.694 Phthalic anhydride C8H4O3 148.069 Positive
75 15.406 Eicosasphinganine C20H43NO2 329.3298 Positive
76 16.483 Lauryl sulfate C12H26O4S 266.1551 Negative
77 16.957 Dodecandial-disemicarbazon C14H28N6O2 312.2282 Positive
78 18.267 Benzenesulfonic acid, tridecyl- C19H32O3S 340.2072 Negative
79 19.135 3-[5-(3-Dimethylamino-1,2,4-thiadiazol)-yl] quinuclidine C11H18N4S 238.125 Positive
80 19.496 Benzenesulfonic acid, undecyl- C17H28O3S 312.176 Negative
81 19.918 N,N-bis(2-hydroxyethyl)stearylamine C22H47NO2 357.3609 Positive
82 20.245 Benzoyl benzenecarboperoxoate;dodecane-1-thiol;toluene C33H44O4S 536.2965 Positive

2.3. Identification of Phytotoxic Components from Methanol Extract of P. hysterophorus

LC-MS analyses of P. hysterophorus methanol extract revealed the presence of 82
known compounds that appeared between 1 and 20 mins. The list of proposed com-
pounds with their retention times, molecular formula, polarity and mass fragment (m/z)
is shown in Table 4. For most of the constituents, [M-H]+ and [M-H]− ions were ob-
served. The total ion current chromatography in positive and negative ESI mode is shown
in Figures 1 and 2. Eight amino acids (Valine, Lajollamide A, Alaptide, Arginyl-tyrosyl-
aspartic acid, Thyroliberin N-ethylamide, Hexadecasphinganine, Phytosphingosine and
Eicosasphinganine) were identified, which usually provides [M-H]+ ions as the best peak
positive ESI mode. The amino acids were identified at 1.436, 7.641, 8.004, 8.435, 11.844,
11.996, 12.034, 15.406 min, with 117.0802, 565.4206, 182.1063, 452.2022, 390.2011, 273.2672,
317.2935, 329.3298 m/z, respectively, in the positive ionization mode. A total of seven phe-
nolic compounds (Umbelliferone, Quinic Acid, Chlorogenic acid, Oleacein, Isochlorogenic
acid A, Laciniatinand Phthalic anhydride) and three terpenoids (Parthenin, Dehydroleu-
codine and Rishitin) were also identified. Among the phenolic compounds, chlorogenic
acid (C16H18O9) was detected with its [M-H]− ion at 6.939 min with 354.0957 m/z. In
positive ionization mode, parthenin (C15H18O4) was detected at 7.006 min with 262.1202
m/z. A fragment ion at 262.1122 m/z was displayed for 9-hydroxyellipticine (alkaloid)
in positive ionization mode at 8.136 min. A number of other organic compounds were
also detected in P. hysterophorus (Table 4). Descyclopropyl Abacavir (C11H14N6O) is a
carbohydrate and was detected from the extract at 8.055 min 246.1225 m/z. At 229.24 m/z,
Lauramine oxide (C14H31NO) was identified as a detergent at 12.193 min. Glycolipid
(Glyceryl sulfoquinovoside, C9H18O10S) and glycoside (Dihydrophaseic acid 4-O-beta-D-
glucoside, C21H32O10) were identified at 1.418 and 5.253 min with 318.063 and 444.1998
m/z, respectively in the negative ionization mode. One ketone (Angoletin, C18H20O4)
was also identified in the positive ionization mode at 14.691 with 300.1357 m/z. Two

233



Plants 2021, 10, 1445

sulfonic acids, namely, 4-dodecylbenzenesulfonic acid (C18H30O3S) and Benzenesulfonic
acid, tridecyl- (C19H32O3S) at 13.633 and 18.267 min with 326.1916 and 312.2282 m/z in
negative and positive ionization modes, respectively.

Figure 1. LC-MS chromatograms chemical compounds of P. hysterophorus in the positive ion mode (1. Valine, 2. umbellifer-
one, 3. parthenin, 4. 9-hydroxyellipticine, 5. laciniatin, 6. phytosphingosine, 7. tridecylglycerol, 8. phthalic anhydride, 9.
eicosasphinganine, 10. N,N-bis (2-hydroxyethyl) stearylamine).

Figure 2. LC-MS chromatograms chemical compounds of P. hysterophorus in the negative ion mode (1. Quinic acid, 2.
hymonoxynin, 3. chlorogenic acid, 4. isochlorogenic acid, 5. laciniatin, 6. Rishitin, 7. 4-dodecylbenzenesulfonic acid, 8.
lauryl sulfate, 9. tridecyl-benzenesulfonic acid, 10. 4-undecyl benzene sulfonic acid).

2.4. Efficacy of P. hysterophorus Extract in Comparison with Commercial Herbicides

All treatments had significant effects (p ≤ 0.05) on plant height and fresh and dry
weight (Table 5). The phytotoxicity effects of P. hysterophorus and synthetic herbicide on
A. conyzoides, C. iria and O. sativa were evaluated based on visual observation at 21 days
after spray (Table 5). The visual injury of A. conyzoides was higher compared to C. iria
and O. sativa at the applied concentrations of P. hysterophorus methanol extract. At the
highest concentration (80 g L−1), A. conyzoides, C. iria and O. sativa were injured severely
with an injury rating scale of 9.00, 5.25 and 4.50, respectively. Cyperus iria and O. sativa
were alive and showed either green foliage or minor chlorosis or minor leaf curling at
the lowest concentration (20 g L−1). All tested weeds died after treated with synthetic
herbicide (glyphosate and glufosinate ammonium). However, only A. conyzoides died when
P. hysterophorus was sprayed at 80 g L−1 (Figures 3 and 4).
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Table 5. Effect of P. hysterophorus on the visual injury, plant height, fresh weight and dry weight of A. conyzoides, C. iria and
O. sativa.

Tested Weeds P. hysterophorus Synthetic Herbicides

0 g L−1 20 g L−1 40 g L−1 80 g L−1 Glyphosate Glufosinate-Ammonium

A. conyzoides 1.00d 2.75c 5.50b 9.00a 9.00a 9.00a
Visual injury (Scale) C. iria 1.00e 2.50d 4.00c 5.25b 9.00a 9.00a

O. sativa 1.00e 2.25d 3.00c 4.50b 9.00a 9.00a

A. conyzoides 32.00a
(0)

24.62b
(23.02)

14.62c
(54.32)

0.00d
(100)

0.00d
(100)

0.00d
(100)

Plant height (cm) C. iria 64.75a
(0)

55.75b
(13.58)

44.25c
(37.71)

37.00d
(42.97)

0.00e
(100)

0.00e
(100)

O. sativa 67.00a
(0)

58.50b
(12.68)

49.50c
(26.08)

39.53d
(41.02)

0.00e
(100)

0.00e
(100)

A. conyzoides 26.45a
(0)

18.34b
(30.66)

3.14c
(88.10)

0.45d
(98.28)

0.22d
(99.17)

0.27d
(98.96)

Fresh weight (g pot−1) C. iria 25.95a
(0)

20.21b
(22.10)

15.70c
(39.45)

12.80d
(50.60)

0.30e
(98.86)

0.50e
(98.08)

O. sativa 12.70a
(0)

8.89b
(29.97)

6.99c
(44.93)

5.44d
(57.13)

0.14e
(98.92)

0.19e
(98.48)

A. conyzoides 5.13a
(0)

3.04b
(40.78)

0.50c
(90.36)

0.07c
(98.63)

0.03c
(99.42)

0.05c
(99.08)

Dry weight (g pot−1) C. iria 6.29a
(0)

4.95b
(21.12)

3.98c
(36.53)

2.28d
(63.80)

0.06e
(98.97)

0.10e
(98.43)

O. sativa 3.36a
(0)

2.25b
(32.27)

1.75bc
(47.49)

1.24c
(62.76)

0.03d
(99.05)

0.04d
(98.77)

Data are expressed as means. Means with same letters in the row are not significantly different at p < 0.05. Values inside the parenthesis are
inhibition percentages relative to the control.

 

Control 
(Untreated) 20 g L 1 40 g L 1 80 g L 1 

Control 
(Untreated) 

20 g L 1 40 g L 1 80 g L 1 

Figure 3. Effect of P. hysterophorus extract on A. conyzoides at 24 h after spray.
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P. hysterophorusControl 

treated) 

Glufosinate am-
monium

Glyphosate 

Figure 4. Effect of P. hysterophorus extract at 80 g L−1 concentration on A. conyzoides at 24 h after spray compared with
glufosinate-ammonium and glyphosate herbicides.

The plant height of A. conyzoides, C. iria and O. sativa was inhibited by 54.32%, 37.71%
and 26.08%, respectively, when treated with P. hysterophorus extract at 40 g L−1. The
complete inhibition of plant height of A. conyzoides was observed on those pots where
80 g L−1 of P. hysterophorus extract was sprayed, whereas 42.97% and 41.02% plant height
inhibitions were observed for C. iria and O. sativa, respectively, at the same concentration.
In general, there was a reduction in the fresh and dry weights of treated weeds in pots
receiving P. hysterophorus extract. The differences in inhibitory activity among the three
doses, viz. 20, 40 and 80 g L−1 of P. hysterophorus, on the fresh and dry weight of weeds,
were significant. The dry weights of A. conyzoides, C. iria and O. sativa were inhibited by
98.63%, 63.80% and 62.76%, respectively, when P. hysterophorus extract was sprayed at
80 g L−1. This result exhibited that there is no significant difference between the foliar
spray of P. hysterophorus at 80 g L−1 and positive control when applied on A. conyzoides,
whereas C. iria and O. sativa were less sensitive to P. hysterophorus extract compared to the
positive control.

3. Discussion

The allelopathic potential of P. hysterophorus on C. iria was studied in this study. The
methanol extract of P. hysterophorus influenced C. iria seedling growth and germination
percentages. The extracts had a dose-dependent effect on the germination percentage,
coleoptile and radicle growth of the tested weed. Plant extracts are hypothesized to impede
the germination process due to the osmotic effects on the fate of imbibition, which in
turn reduce the commencement of germination and, in particular, cell elongation [22]. C.
iria seed germination and seedling growth were completely suppressed by 50 g L−1 of
P. hysterophorus extract. Batish et al. [23], Singh et al. [24] and Mersie and Singh [25] all
observed that P. hysterophorus extract or its residues inhibited the growth and development
of several field crops. Furthermore, when compared to germination percentage and the
coleoptile length, the radicle length of the test species was more sensitive to extracts. As
radicles are the first organ to be exposed to phytochemicals and have more permeable tissue
than other organs [21,26,27], and/or low mitotic division in the root apical meristem [28],
radicle growth is more sensitive to allelopathic plant extract. Furthermore, phytochemicals
can inhibit the development of radicle tissues and endoderm by affecting genes involved
in cellular characterization [29].

The glasshouse experiment gave more support for the high allelopathic potential of P.
hysterophorus extract seen in the lab. The results revealed that extracts of P. hysterophorus
at 50 and 100 g L−1 greatly showed the growth of 21-day-old C. iria. At the mature stage
of C. iria, the maximum concentration (100 g L−1) of P. hysterophorus extract resulted in
the greatest decrease. Many researchers from all around the world have demonstrated
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dose-dependent inhibitory activity [21,27,30,31]. Only untreated C. iria continued flowering
21 days after spray, indicating that allelochemicals stress may have suppressed the other
treated plants. Aslam et al. [32] investigated the phytotoxic effect of Calatropis procera,
Peganum harmala and Tamarix aphylla on mustard and wheat shoot and root length, finding
that wheat was susceptible to all three extracts at all dosages.

As the concentration of P. hysterophorus extract was raised, reduced dry weights and
leaf area were reduced. The reduction in plant height and leaf area was discovered to
be associated with a reduction in total dry weight. Several studies show that different
extracts reduce the leaf area of plant species [33,34]. The dry weight of soybeans was
greatly changed by the castor beans leaf aqueous extract, according to Da Silva et al. [35].

Foliar spray of P. hysterophorus extract reduced the Fv/Fm, photosynthesis rate, stom-
atal conductance and transpiration of C. iria. The value of Fv/Fm was significantly de-
creased by the foliar spray of P. hysterophorus extract. Thylakoid membrane damage and
inhibition of energy transfer from antenna molecules to reaction centers can lead to photo-
inhibition damage and lower Fv/Fm [36]. Allelochemicals can significantly affect the
performance of thylakoid electron transport during light reactions, stomatal control of
carbon dioxide and the carbon cycle in dark reactions [37].

The reduction in leaf photosynthesis was attributed to a decrease in photosynthetic
metabolites, carboxylation efficiency, impairment of chloroplast activity, increase in enzyme
activities [38] and production of ROS caused impediment of photosynthetic mechanism [39].
Stomatal control is a vital property through which the plants limit water loss and gas
exchange. These features are influenced by several determinants, including stress [40], and
indicate the lower photosynthetic efficiency of plants. The carboxylation and water-use
efficiency was also reduced in the plants subjected to P. hysterophorus extract.

The reduction in the transpiration rate is certainly associated with stomatal conduc-
tance. This study reveals that P. hysterophorus extract played a notable role in decreasing
the transpiration rate for test plants at different exposure times. The concentration of
phenolic acids resulted in a decline in overall water utilization and transpiration of cu-
cumber seedlings in a linear manner [41]. The solution of cinnamic acid and benzoic acids
decreased the stomatal conductance and transpiration of cucumber seedlings [42].

It was also observed in the present study that the application of plant extracts in
laboratory conditions caused more inhibition compared to glasshouse as a foliar spray.
Al-Humaid and El-Mergawi [43] also reported the same. The inhibition by foliar spray may
occur through various mechanisms, such as a decreased rate of ion absorption, hormone
and enzyme activity, cell membrane permeability and certain physiological processes, e.g.,
photosynthesis, respiration and protein formation [44]. Thus, the seedling and mature
stage of target plants may vary in their sensitivities to plant extracts.

In this research, the methanol extract of P. hysterophorus was also investigated for
the identification of active phytochemical constituents using LC-MS QTOF and also for
their allelopathic potentiality on C. iria. Methanol was reported to be an efficient extrac-
tion solvent of lower molecular weight polyphenols [45] and a highly efficient solvent
for extracting phenolic compounds compared to ethanol [46]. The results indicated the
presence of phenolic compounds (flavonoids, phenols, coumarins, carboxylic acids, benzoic
acids), terpenoids, alkaloids, amino acids, fatty acids, piperazines, benzofuran, indole,
amines, azoles, sulfonic acid and other unknown compounds in P. hysterophorus. Among
the proposed compounds, some of them have been reported as toxins in different studies.
The hydroxyl group of phenolic compounds is directly attached to an aromatic ring. Phe-
nolic allelochemicals are major allelochemicals that inhibited photosynthesis in plants [42]
and modified the permeability of root cell membranes, decreased energy metabolism and
inhibited cell division and root branching [47]. Research studies revealed that phenolic
compounds from Chenopodium murale L. affect the growth and macromolecule content in
chickpeas and peas [48].

Umbelliferone, a coumarin derivative, was found in P. hysterophorus, and, as
Pan et al. [49] reported, it shows strong inhibition on lettuce and two field weeds, Setaria
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viridis and Amaranthus retroflexus. Phthalic anhydride, another compound of P. hysteropho-
rus, formed Phthalic acid in the presence of water, which inhibited the fruit germination of
Lactuca sativa L. [50]. Three terpenoids (Parthenin, Dehydroleucodine, Rishitin) and one
alkaloid (9-hydroxyellipticine) were also found in P. hysterophorus extract. Many past and
recent research reports revealed that terpenoids and alkaloids are also known for their
allelopathic effect. Parthenin reduced the germination and growth of Avena fatua L. and
Bidens pilosa L. and a dose–response relationship was observed by Batish et al. [51]. Valine
is an amino acid found in P. hysterophorus, which significantly inhibited peach seedling
growth [52]. Some fatty acids, amines and sulfonic acids were also observed in the LC-MS
analysis of P. hysterophorus.

The efficacy of P. hysterophorus extract was increased with an increasing application
rate. Similarly, the extract phytotoxicity level of Zingiber officinale increased with increasing
concentration [53]. At 80 g L−1, P. hysterophorus extract produced similar efficacy to
glyphosate and glufosinate on A. conyzoides. Many researchers found the efficacy of
bioherbicide for weed control. For instance, Aglaia odorata leaf extract has bioherbicide
properties that can hinder the growth and development of weeds [54].

Furthermore, the results also indicated that the inhibition magnitude of applied
methanol extract of P. hysterophorus was species-dependent. The selectivity of an herbicide
depends on application rate, the growth stage and morphological characteristics of the tar-
get plants and other environmental factors, which might affect the absorption, translocation
and metabolism of the herbicide [55].

4. Materials and Methods

Graphical scheme of experimental design was presented in Figure 5.

4.1. Test Plants

Cyperus iria L. (Rice flatsedge) (voucher specimen#UPMWS019), Ageratum conyzoides L.
(Billygoat-weed) (voucher specimen#UPMWS001), Oryza sativa f. spontanea Roshev (Weedy
rice) (voucher specimen#UPMWS025) were collected from the rice field of Sekinchan, Kuala
Selangor, Selangor, Malaysia.

4.2. Extraction Procedure

The extraction was carried out conducted at Universiti Putra Malaysia’s Weed Science
Laboratory, which is a part of the Department of Crop Science. Methanol extracts were
prepared using the method reported by Aslani et al. [56]. Parthenium hysterophorus (voucher
specimen#UPMWS0031) was obtained at its matured stage in Ladang Infoternak, Sungai
Siput, Perak, Malaysia. The plants were properly washed under running tap water to
remove dust particles and other debris, and then air-dried for 3 weeks in open trays under
shaded conditions at room temperature (25 ± 1 ◦C). In a Willey mill, the plants were then
chopped and crashed. An amount of 100 g powder of P. hysterophorus was soaked in
a conical flask with 1000 mL methanol: distilled water (80:20, v/v%) and the flask was
wrapped in paraffin. An Orbital shaker was used to shake the flask for 48 h at room
temperature (25 ± 1 ◦C). The solution was filtered through four layers of cheesecloth before
being centrifuged at 3000 rpm for 1 hour. Then, a 0.2 mm Nalgene filter was used (Becton
Dickinson Labware, Lincoln Park, NJ) to re-filter the solution. A rotary evaporator was
used at 40 ◦C to evaporate the methanol from the extract. The mean extraction yield was
18.56 g from 100 g powdered sample of P. hysterophorus.

Extraction percentage = [Extract weight (g)/powder weight (g)] × 100 (1)

The crude sample (20 mg) was diluted into 100% HPLC GRADE methanol (20 mL) and
filtered with 0.2-μm, 15-mm syringe filters (Phenex, Non-sterile, Luer/Slip, LT Resources,
Malaysia) for LC-QTOF-MS/MS analysis.
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Figure 5. Graphical scheme of study design.

4.3. Laboratory Bioassay

From January to March 2019, the experiment was carried out in a growth chamber at
the Seed Technology Laboratory, Department of Crop Science, Universiti Putra Malaysia
(3◦02′ N, 101◦42′ E, 31 m elevation). Seeds were gathered that were healthy and uniform,
then soaked for 24 h in 0.2 percent potassium nitrate (KNO3), rinsed with distilled water
and incubated at room (24–26 ◦C) temperature until the radicle emerged for about 1 mm.
Twenty uniform pre-germinated C. iria seeds were inserted in disposable plastic Petri
dishes with a 9.0-cm-diameter and two sheets of Whatman No. 1 filter paper. After that,
the filter paper on the Petri dishes was wetted and soaked with 10 mL of P. hysterophorus
methanol extracts at six different concentrations: 0 (distilled water only), 6.25, 12.5, 25, 50
and 100 g L−1. The treatment was replicated 5 times in a completely randomized design.
The Petri dishes were then incubated under fluorescent light (8500 lux) in a growth chamber
at 30/20 ◦C (day/night) with a 12 h/12 h (day/night cycle). The relative humidity ranged
from 30% to 50%. To facilitate gas exchange and avoid anaerobic conditions, the lids of the
Petri dishes were not sealed.
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All seedlings germination %, coleoptile and radicle length were assessed after 7 days.
Image J software [57] was used to measure the length of the coleoptile and radicle, and the
inhibitory effect was calculated using the equation below [56]:

I = 100 (C−A)/C (2)

where “I” represents the percent inhibition, “C” represents the mean length of coleoptile
and radicle of the control and “A” is the mean length of coleoptile and radicle of the
methanol extracts treated seeds.

4.4. Glasshouse Experiment

The glasshouse experiment took place at Universiti Putra Malaysia’s Faculty of Agri-
culture in Ladang 15 from April to June 2020. The effects of foliar application of P. hys-
terophorus methanol extracts on the growth and development of C. iria were investigated.
Pre-germinated seeds were placed in each pot (15 cm diameter × 12 cm height) and covered
with 1 cm soil, then moistened with water. Only five healthy seedlings of equal size were
maintained in each pot after germination. With four replications, the pots were arranged in
a randomized complete block design. Methanol extracts of P. hysterophorus were sprayed on
examined plants (2–3 leaf stage) at doses of 6.25, 12.5, 25, 50 and 100 g L−1 concentrations
on tested plants (2–3 leaf stage) using a 1 L multipurpose sprayer (Deluxe pressure sprayer).
Water was used to make spray volume (100 mL m−2) [22]. At two-day intervals or when the
soil became dry, plants in the control treatment were sprayed with 200 mL water without
extract. Three weeks after spray, plant height, leaf area, dry weight, Fv/Fm, photosynthesis
rate, transpiration and stomatal conductance were determined. Plant height was measured
using 1 m ruler from the ground level in the pot. The leaf area was determined using leaf
area meter (LI-3000, Li-COR, USA) and expressed as cm2 plant−1. Samples were dried
in an oven at 60 ◦C for 72 h; then, dry weights were determined using a digital balance.
The efficiency of photosystem II in each leaf was measured with a Multi-Function Plant
Efficiency Analyser (Hansatech Instruments, King’s Lynn, United Kingdom). The Fv pa-
rameter (variable fluorescence) was calculated as the difference between the Fm (maximum
fluorescence) and Fo (minimum fluorescence). The rate of photosynthesis, transpiration
and stomatal conductance were measured from randomly selected four leaves from each
test weed species using LICOR (LI-6400XT) portable photosynthesis system, (LI-COR-Inc
Lincoln, Nebraska, USA) between 9:00 am to 11:00 am under bright daylight. The mea-
surements were taken on the abaxial surface at CO2 flow rate of 400 μmol m−2 s−1 and the
saturating photosynthetic photon flux density (PPFD) was 1000 mmol m−2 s−1 [58].

Another experiment was conducted to compare the phytotoxicity level of P. hysteropho-
rus with synthetic herbicides. Therefore, the seeds of A. conyzoides, C. iria and O. sativa were
seeded in the pots (15 cm diameter) and moistened with tap water. After germination, five
equal-sized healthy seedlings were kept in each pot. The pots were arranged in a random-
ized complete block design with four replications. Methanol extracts of P. hysterophorus
were sprayed with 20, 40 and 80 g L−1 concentration on tested plants (4–6 leaf stage for
broadleaf and 2–3 for grasses and sedges). Plants in the negative control treatment were
sprayed with 200 mL water without extract at 2 day intervals or when the soil became dry.
Plants in the positive control treatment were sprayed with glyphosate 41% a.i. (Roundup®)
and glufosinate-ammonium 13.5% a.i. (Basta®) without extract (2 L ha−1/4.4 mL L−1) at
the same time when P. hysterophorus was sprayed.

Injury symptoms, plant height (cm) and fresh and dry weights (g pot−1) were mea-
sured 3 weeks after spray. Injury symptoms were visually evaluated on test weeds using
the European Weed Control and Crop Injury Evaluation scale (Table 6).
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Table 6. Injury rating scale [59].

Scale Injury (%) Effects on Weeds

1 0 No effect (all foliage green and alive)
2 1–10 Very light symptoms
3 11–30 Light symptoms
4 31–49 Symptoms not reflected in yield
5 50 Medium
6 51–70 Fairly heavy damage
7 71–90 Heavy damage
8 91–99 Very heavy damage
9 100 Complete kill (dead)

4.5. LC-QTOF-MS/MS Analysis

Agilent 1290 Infinity LC system coupled to Agilent 6520 Accurate-Mass Q-TOF mass
spectrometer with dual ESI source was used for analyzing chemical constituents from the
methanol extract of P. hysterophorus. The types of the column, solvent systems and MS
parameters were optimized for better analysis of the chemical profiling. ACQUITY UPLC
BEH C18 column (150 mm × 2.1 mm × 3.5 μm) was selected and held at 50 ◦C with a
constant flow rate of 0.4 mL min−1 for providing fast and efficient separations at lower
column pressures [60] and total LC run time was 26 min. Sample elution was performed in
a gradient manner using a mobile phase comprised of water (LC-MS Grade) containing
0.1% Formic acid (solvent A) and acetonitrile (LC-MS Grade) containing 0.1% Formic acid
(solvent B). Nebulizer pressure was 40 psi, drying gas flow and temperature was set at
10 L min−1 and 325 ◦C, respectively, to perform the MS/MS experiments. In order to obtain
the most sensitive ionization effect for analytes, positive and negative ion modes were
investigated at different collision energy (CE) to optimize the signals and obtain maximal
structure information from the ions for the mass range of 100–3200 m/z. Data processing
was performed by Mass Hunter Qualitative Analysis software and peak identification was
carried out based on comparison with literature values and online database [61].

4.6. Statistical Analysis

For all trials, a one-way analysis of variance (ANOVA) was used to see if there were
any significant differences between the treatments and the control. The Tukey test with a
0.05 probability level was used to pool the differences between the treatment means. The
analysis was carried out using SAS (Statistical Analysis System) software (version 9.4).

5. Conclusions

The current study reveals that the P. hysterophorus extract was capable of inhibiting the
germination and growth of weeds and also confirmed the herbicidal potential compared
with synthetic herbicides. The presence of 82 known compounds was also confirmed in
the extract of P. hysterophorus and some of them have been reported as toxins in different
studies. The great efficacy and selectivity of this weed could be characterized as a natural
product to control weeds. The use of plant-based bioherbicide for weed management
can increase crop yields as well as provide an alternative method of sustainable weed
management. The most phytotoxic compounds from P. hysterophorus can be synthesize to
develop new natural herbicides with novel modes of action. Metabolomics identification
and the isolation of the major potential allelopathins, coupled with formulation techniques
via multiple surfactants/nano-formulation, are also required to enhance the penetration
and absorption of active compounds.
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Abstract: Rye brome is a rare and nuisance weed in winter wheat canopies. In recent years, farmers
have complained about the inadequate chemical control of this species. This study aimed to assess
the effectiveness of seed meals obtained from allelopathic crops as an environmentally-friendly
alternative for the control of herbicide-susceptible (S) and -resistant (R) rye brome biotypes in winter
wheat. The pot experiment was conducted in a greenhouse at the Swojczyce Research and Training
Station in Wrocław (Poland) to determine the impact of seed meals from: Fagopyrum esculentum,
Sinapis alba, Phacelia tanacetifolia, Lupinus luteus, Raphanus sativus var. oleiformis and Ornithopus
sativus, at 1 and 3% doses. Wheat emergence (>90%) and early growth were not affected by the
presence in the soil of seed meals (only at 1% concentration) from P. tanacetifolia and R. sativus. The
efficacy of these meals (reduction of aboveground biomass) at rye brome control was the same as the
herbicide or higher. Seed meals from P. tanacetifolia reduced the emergence of the S and R biotypes by
approximately 70 percentage points (p.p.) and 30 p.p., respectively, and limited the initial growth
of both biotypes. Addition to soil meals from F. esculentum and R. sativus generally reduced only
initial weed growth.

Keywords: non-chemical weed management; rare weeds; herbicide resistance; weed control; allelopathy;
winter wheat

1. Introduction

Bromus L. is a genus belonging to the Poaceae family [1–3] and comprises about
150 species [4]. The most frequently occurring species of brome-grasses worldwide in-
clude: downy brome (Bromus tectorum L.), great brome (syn. ripgut brome; B. diandrus
Roth, syn. Anisantha diandra (Roth) Tsvelev), meadow brome (B. commutatus Schrad.), rye
brome (syn. cheat; B. secalinus L.), soft brome (B. hordeaceus L.), smooth brome (B. race-
mosus L.), sterile brome (B. sterilis L. syn. Anisantha sterilis (L.) Nevski) and rescue brome
(B. willdenowii Kunth). All of these species pose a threat to arable crops as competitive
weeds [1,5–7].

One of the most common and harmful weed species among the Bromus genus is
rye brome. The infestation of numerous crops with B. secalinus can be observed on al-
most all continents. Rye brome is widespread in European countries such as the United
Kingdom [1,7], France [2], Germany [8], Romania [9] and Poland [3,10–15]. It is a signif-
icant problem in North America [6], especially in the USA and Canada in winter wheat
production areas of the Great Plains [16,17]. In the last decade, the occurrence of rye brome
has been confirmed in Asia—including in Iran [18] and Taiwan [5].

Rye brome is an annual, speirochoric plant [12], which may grow in a spring or winter
form; however, winter forms are more common [15]. In Poland, in the past, B. secalinus
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was a troublesome weed in winter crops [11]. Between the 1970s and the end of 20th
century, it vanished from arable fields almost completely [19,20]. The regression of rye
brome caused it to be classified as a rare species threatened with extinction [21]. In recent
years, the weed has unexpectedly re-emerged on arable lands and poses a serious threat
to crops. Nowadays, B. secalinus grows mostly in winter wheat and rye. It can be found
sporadically in pastures and meadows, as well as in ruderal habitats such as field borders,
wastelands or roadsides [9,11,19,20]. An increased occurrence of the species was observed
in the southern [10,11], northern-eastern [20] and central [22] regions of Poland.

The reasons for this re-expansion of rye brome are to be found not only in the simplifi-
cation of crop rotation, climate change, and the use of more selective herbicides, but also in
the rapid co-evolution of the weed with winter crops and other segetal species [12,17,20].
Davies et al. [7] have pointed to the increased use of minimum tillage and the evolution
of herbicide resistance as possible causes of the more frequent occurrence of rye brome in
arable fields.

The increase of rye brome’s occurrence in cereals is not reflected in the registra-
tion of herbicides for its control. Currently, in Poland, in the Recommendations for the
Protection of Agricultural Plants of Institute of Plant Protection [23] for the control of
B. secalinus in cereals, only four active ingredients are registered (mesosulfuron-methyl,
propoxycarbazone-sodium, pyroxsulam, sulfosulfuron). All of them have one mode of
action (MoA); they are ALS inhibitors and, according to the Herbicide Resistance Action
Committee (HRAC), belong to Herbicide MoA Group 2. Moss et al. [24] classify active
ingredients from the group of ALS inhibitors as substances with a high risk of developing
resistance. In Herbicide MoA Group 2, the number of resistant biotypes is increasing most
quickly, and, of the 524 resistant biotypes, as many as 32% are biotypes resistant to active
ingredients belonging to this group. Wheat (in which brome grasses occur most frequently)
is the crop with the highest confirmed number of biotypes of herbicide-resistant weeds
(73 unique cases) [25]. Both worldwide and in Poland, it is a staple grain. In 2019, it was
cultivated over an area of 239.6 and 2.5 M ha, respectively [26].

There are currently 24 confirmed herbicide-resistant biotypes of the Bromus genus
worldwide. Half of these have been recorded in the last 10 years. In total, 13 resistant
biotypes were found in the cultivation of wheat, of which 11 showed resistance to ALS
inhibitors. There are currently two confirmed unique cases of herbicide-resistant biotypes
of B. secalinus. They are characterized by resistance to active ingredients from Herbicide
MoA Group 2 (imazamox, propoxycarbazone-sodium, pyroxsulam and sulfosulfuron) [25].

A relatively small variation in the mode of action (approx. 350 chemical compounds
against weeds represent 26 different MoA) results in the selection of biotypes resistant
to herbicide [27]. For many years, agricultural development has been focused on max-
imizing productivity, but currently the need to ensure the sustainable development of
agroecosystems has become the dominant concept in agriculture. One of the goals of
sustainable development and the Green Deal policy is to maintain biodiversity in the agroe-
cosystem. The withdrawal of herbicides and the limitation of their use are coherent with
the pro-ecological policy that is being promoted, as is the implementation of integrated
weed management, which is considered to be the most desirable concept of weed control.
There are thus several aspects to the management of weeds, such as their mechanical,
cultural, ecological, biological and chemical aspects and allelopathy [28,29]. The use of the
allelopathic potential of crops in the form of catch crops, living mulches, or seed meals,
for example, may have a positive effect on the agroecosystem, including by providing an
opportunity for inhibiting weed germination and development, and stimulating the growth
of crops [30,31]. In agriculture and gardening, there is a growing interest in the production
and addition into the soil of seed meals from plants belonging to various botanical families,
as a non-chemical method of weed control [32–34]. In relation to the increase in the number
of rye brome biotypes resistant to herbicides and the implementation of the EU Green Deal
policy, the use of seed meals to control B. secalinus could be an interesting alternative.
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The aim of this research was (1) to evaluate the effect of seed meals on the emergence
and initial development of winter wheat and herbicide-susceptible or -resistant biotypes of
rye brome; (2) to assess the possibility of using seed meals to reduce weed infestation with
herbicide-susceptible or -resistant biotypes of rye brome in winter wheat; (3) to compare
the effectiveness of rye brome control by seed meals with herbicide spraying.

The research hypothesis assumes that the presence of seed meals in the soil will limit
the emergence and initial development of herbicide-susceptible and -resistant biotypes of
rye brome, and will not affect the initial development of wheat.

2. Results

2.1. Influence of Seed Meals on Winter Wheat

The origin and dose of the seed meal already had a clearly differentiating effect on the
development of winter wheat at the emergence stage (BBCH 09) (Figure 1).

Figure 1. The mean emergence of winter wheat depending on type and concentration of seed
meals applied. The symbols mean: C—control and seed meals from FE—Fagophyrum esculentum,
SA—Sinapis alba, PT—Phacelia tanacetifolia, LL—Lupinus luteus, RS—Raphanus sativus, OS—Ornithopus
sativus; 1—1% concentration of seed meals, 3—3% concentration of seed meals.

There was differentiation not only in the dynamics of emergence, but also in the
number of wheat seedlings per pot. The wheat started to emerge earliest (day 3 after
sowing) when treated with meal PT1; and latest (day 7 after sowing) when treated with
meal LL3. The fastest rate of emergence (4 days) was found in wheat growing on the soil
with meal LL1. In pots where a higher concentration of yellow lupine meal (LL3) was
applied, a lengthening in the emergence of cereal shoots and a reduction in their number
were observed. The fastest rate of emergence (8 days) was observed for wheat growing
in the soil with the addition of FE3, SA3 and OS3 meal. The highest percentage of wheat
seedlings was found in the pots without meal, i.e., in the control treatment (C)—96%. A
similar percentage of emerging plants (>90%) was recorded for wheat mixed with FE1,
PT1 and RS1 meals. In the case of meals of a lower concentration, the lowest percentage
of grain seedlings (39%) was observed in the treatment with meal SA1. An increase in the
concentration of the SA meal in the soil to 3% also resulted in the lowest percentage of
seedlings among the meals tested (26%).

The addition of seed meals to the soil also led to a modification in the aboveground
biomass per one plant of winter wheat (Figure 2).
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Figure 2. The mean aboveground biomass per one plant of winter wheat depending on origin of
seed meals and their concentration. Means with various letters are significantly different, according
to Tukey test (p ≤ 0.05). The symbols mean: C—control, HC—herbicide control, and seed meals
from FE—Fagophyrum esculentum, SA—Sinapis alba, PT—Phacelia tanacetifolia, LL—Lupinus luteus,
RS—Raphanus sativus, OS—Ornithopus sativus; green line—1% concentration of seed meals, rose
line—3% concentration of seed meals.

After the application of seed meals at a concentration of 1%, overall a non-significant
reduction in the mass of aboveground parts of wheat was found, compared to the C
(0.989 g) and HC (0.887 g) treatments. Only the SA1 meal significantly inhibited the growth
of wheat biomass, by multiples of 5.1 and 4.6 respectively, compared to C and HC. In turn,
the OS1 meal resulted in a significant limitation of the aboveground biomass of wheat by
34.7%, only in comparison to C. The addition to the soil of meals at a higher concentration
inhibited growth of fresh mass of aboveground parts of wheat—compared both to C and
HC. The exception was wheat growing on the substrate soil with the addition of RS3 meal.
In this case, the aboveground biomass of wheat was on the same level as in the C and
HC treatments. Moreover, the application of the OS3 meal resulted in a limitation in the
aboveground biomass of wheat by 38.9%, only in comparison to C.

The type of meal and its concentration in the soil did not result in any differences
in the belowground biomass per one plant of wheat compared to C and HC (Figure 3).
Root biomass was found to be significantly lower only after application of the LL3 meal
compared to FE1 and PT1—by multiples of 7.4 and 8.5, respectively.

The addition to the soil of seed meals from various crop species in differing concentra-
tions had an impact on the average length of aboveground parts of the winter wheat plants
(Figure 4).
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Figure 3. The mean belowground biomass per one plant of winter wheat depending on origin of
seed meals and their concentration. Means with various letters are significantly different, according
to Tukey test (p ≤ 0.05). The symbols mean: C—control, HC—herbicide control, and seed meals
from FE—Fagophyrum esculentum, SA—Sinapis alba, PT—Phacelia tanacetifolia, LL—Lupinus luteus,
RS—Raphanus sativus, OS—Ornithopus sativus; green line—1% concentration of seed meals, rose
line—3% concentration of seed meals.

Figure 4. The mean length of aboveground parts of winter wheat depending on origin of seed
meals and their concentration. Means with various letters are significantly different, according
to Tukey test (p ≤ 0.05). The symbols mean: C—control, HC—herbicide control, and seed meals
from FE—Fagophyrum esculentum, SA—Sinapis alba, PT—Phacelia tanacetifolia, LL—Lupinus luteus,
RS—Raphanus sativus, OS—Ornithopus sativus; green line—1% concentration of seed meals, rose
line—3% concentration of seed meals.

In the majority of cases, the addition of meals led to a significant limitation of up
to several centimeters in the length of the aboveground parts of the wheat. After the
application of meals at a lower concentration (1%), less of an inhibitory impact on the
tested parameter was found overall. On average, compared to treatment C, the inhibition
of growth was 41%. Only the PT1 meal enabled the length of the aboveground parts of
wheat to be maintained at the same level as in the C and HC treatments, while RS1 enabled
it to be maintained at the level of C. It is worth emphasizing that in treatments with the
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same meals (PT1 and RS1), an emergence of wheat at the level of >90% (cf. Figure 1) was
observed, as well as a non-significant limitation of the fresh mass of aboveground parts
of the tested crop (cf. Figure 2). The shortest (7.0 cm) parts were found in wheat growing
on the soil mixed with meal SA1. An increase in the concentration of the meals applied
led to a significant limitation in the length of wheat overall. SA3 was found to have the
most inhibitory effect on the increase in the length of aboveground parts of wheat (length
2.1 cm). After the application of RS and OS meals, the assessed parameter remained at the
same level at both concentrations.

Meals from tested species of donor plants at a concentration of 1% and the application
of herbicide (HC) significantly limited (by 11 cm2 on average) development in the above-
ground area of wheat compared to treatment C (21.2 cm2) (Figure 5). In the case of meals
FE1, LL1 and RS1, no decrease in the aboveground area of wheat was found compared
to the treatment HC. Interestingly, these same meals (FE1, LL1, RS1) also did not cause
any significant decrease in the mass of aboveground parts (cf. Figure 2) or in the mass of
belowground parts (cf. Figure 3) of the wheat tested, compared both to HC and to C. The
reduction in emergence was 13 percentage points (p.p.) at most for LL1 (cf. Figure 1). After
application at a higher concentration, a further decrease in the area of the aboveground
parts of the wheat (by 4 cm2 on average) was found overall, compared to the treatments C
and HC. Only the addition to the soil of the RS3 meal did not limit the aboveground area
of wheat, compared to HC. The application to the soil of this meal also did not result in a
reduction in the aboveground biomass of wheat (cf. Figure 3). This may be evidence of the
neutral impact of this meal on the tested crop variety.

Figure 5. The mean plant area of winter wheat depending on origin of seed meals and their concen-
tration. Means with various letters are significantly different, according to Tukey test (p ≤ 0.05). The
symbols mean: C—control, HC—herbicide control, and seed meals from FE—Fagophyrum esculentum,
SA—Sinapis alba, PT—Phacelia tanacetifolia, LL—Lupinus luteus, RS—Raphanus sativus, OS—Ornithopus
sativus; green line—1% concentration of seed meals, rose line—3% concentration of seed meals.

2.2. Effectiveness of Seed Meals in Reduction of Rye Brome Growth

The type and dose of meal added to the soil led to differences in the number of
seedlings of rye brome of both the susceptible (Figure 6a) and the resistant (Figure 6b)
biotype. The emergence of seedlings of the herbicide-susceptible biotype was inhibited
most weakly on the soil with the addition of FE1 and RS1 and RS3 meals. The percentages
of seedling emergence were 85%, 87% and 76% respectively. Independently of the biotype,
the lowest percentage of seedling emergence was recorded after the application of the SA
meal (2% or lack of seedling emergence). It should, however, be noted that these meals also
significantly limited the development of the wheat (cf. Figures 1–5). For this reason, the
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use of SA meals in the cultivation of wheat to limit the development of rye brome may be
of limited significance.

Figure 6. The mean emergence of herbicide-susceptible (a) and -resistant (b) biotypes of rye brome
depending on origin of seed meals and their concentration (14 days after sowing). The symbols
mean: C—control and seed meals from: FE—Fagophyrum esculentum, SA—Sinapis alba, PT—Phacelia
tanacetifolia, LL—Lupinus luteus, RS—Raphanus sativus, OS—Ornithopus sativus; 1—1% concentration
of seed meals, 3—3% concentration of seed meals.

Moreover, in the resistant biotype, a weaker reaction of emerging seedlings to the
applied meals was observed in comparison to the susceptible biotype. The FE3 meal was
fairly effective at limiting emergence (along with the SA meal). After the application of this
meal, the percentage of seedling emergence for the resistant biotype of rye brome was 30%.
With an increase in the concentration of the meals, an increase in the limitation of seedling
emergence was observed, although the difference between the concentrations was not as
big as in the case of the herbicide-susceptible biotype.

Application of herbicide resulted in a limitation in the length of aboveground parts of
the herbicide-susceptible biotype of rye brome by 23% compared to C (15.9 cm) (Figure 7a).

Figure 7. The mean length of aboveground parts of herbicide-susceptible (a) and -resistant
(b) biotypes of rye brome depending on origin of seed meals and their concentration. Means with
various letters are significantly different, according to Tukey test (p ≤ 0.05). The symbols means:
C—control, HC—herbicide control, and seed meals from: FE—Fagophyrum esculentum, SA—Sinapis
alba, PT—Phacelia tanacetifolia, LL—Lupinus luteus, RS—Raphanus sativus, OS—Ornithopus sativus;
green line—1% concentration of seed meals, rose line—3% concentration of seed meals.

In each case, the assessed parameter was found to have decreased in length after
addition of the meal. The application of meals FE1, LL1 and RS1 allowed the weed plants
to be shortened to the same level as with the spraying of herbicide (HC), i.e., by 26% on
average, compared to C. This effect increased after the addition of the meals OS1, PT1 and
SA1. It is worth underlining that the addition of the meals PT1 and RS1 did not have an
impact on the length of the aboveground parts of the wheat (cf. Figure 4). For the FE and
LL meals only, an increase in concentration from 1% to 3% caused a significant increase in
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the inhibition of the development of the length of the aboveground parts of the susceptible
biotype of rye brome—by 70% and 96%, respectively.

There were no differences in the length of aboveground parts of the resistant biotype
of rye brome as a result of the application of herbicide and the majority of meals at a
concentration of 1% compared to C (17.4 cm) (Figure 7b). The exception was the meal
SA1. It limited the tested parameter by 95% compared to C. Similarly, as in the case of the
susceptible biotype of rye brome, it was only after an increase in the concentration of FE
and LL meals from 1% to 3% that there was found to be a further decrease in the length of
the aboveground parts of the weed; this decrease was by 52% and 31%, respectively.

The efficacy of the tested meals in the reduction of the aboveground biomass of the
herbicide-susceptible biotype of rye brome was on the same level as the efficacy with the
herbicide treatment (HC) (Figure 8a). On average, it was 80%. The application of the meals
LL3, OS3, SA1 and SA3 resulted in a limitation on the biomass of the aboveground parts of
over 95%. There was found to be a significant increase, by 29 p.p., in efficacy together with
an increase in the concentration of meal only for the OS meal.

Figure 8. The mean efficacy in reduction of aboveground biomass of herbicide-susceptible (a) and
-resistance (b) biotypes of rye brome depending on origin of seed meals and their concentration.
Means with various letters are significantly different, according to Tukey test (p ≤ 0.05). The sym-
bols mean: C—control, HC—herbicide control, and seed meals from: FE—Fagophyrum esculentum,
SA—Sinapis alba, PT—Phacelia tanacetifolia, LL—Lupinus luteus, RS—Raphanus sativus, OS—Ornithopus
sativus; green line—1% concentration of seed meals, rose line—3% concentration of seed meals.

There were differences in the effectiveness of limitation of the biomass of aboveground
parts of the herbicide-resistant biotype of rye brome after the application of seed meals
(Figure 8b). In the weeds growing on the soil with the addition of the FE1, PT1, RS1 and
OS1 meals, the efficacy was found to be on the same level as with the chemical control, i.e.,
approximately 35%. Moreover, the application of the aforementioned meals did not cause
any significant decrease in the biomass of the aboveground parts of the wheat in relation to
HC (cf. Figure 2). The SA1 meal caused an increase in efficacy by 38 p.p. with reference to
HC. In turn, the LL1 meal caused an increase in the biomass of aboveground parts of the
weed by 8 p.p. in relation to C. Together with an increase the concentration of the LL meal
to 3%, a further decrease in the efficacy of reduction of aboveground biomass by 47 p.p.
was observed.

The application to the soil of selected meals—namely SA and PT at a concentration
of 1% caused a significant increase in efficacy in reduction of belowground biomass of the
susceptible biotype of rye brome in relation to the application of herbicide (HC; 29.5%)
(Figure 9a).
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Figure 9. The mean efficacy in reduction of belowground biomass of herbicide-susceptible (a) and
-resistance (b) biotypes of rye brome depending on origin of seed meals and their concentration.
Means with various letters are significantly different, according to Tukey test (p ≤ 0.05). The sym-
bols mean: C—control, HC—herbicide control, and seed meals from: FE—Fagophyrum esculentum,
SA—Sinapis alba, PT—Phacelia tanacetifolia, LL—Lupinus luteus, RS—Raphanus sativus, OS—Ornithopus
sativus; green line—1% concentration of seed meals, rose line—3% concentration of seed meals.

The increase in the efficacy of the aforementioned meals compared to the HC treatment
amounted to 70 and 47 p.p. respectively. A significant increase in the efficacy of the meal (by
42 p.p.) was found, together with an increase in its concentration in the soil for the OS meal
only. Moreover, the meals FE3, SA3, LL3 and OS3 significantly limited the development of
the belowground biomass of the weed with reference to HC. The increase in the efficacy of
the reduction in the growth in mass amounted to: 48, 71, 70 and 68 p.p. respectively.

The application of meals from tested donor plants had a varying impact on the
development of biomass of belowground parts of the herbicide-resistant biotype of rye
brome (Figure 9b). After the application of nearly all the meals at a concentration of 1% (FE,
LL, RS, OS), a reduction in the fresh mass of the aboveground parts of a level comparable
to that seen after spraying with herbicide (HC; 12%) was observed. In the case of the SA1
meal, the efficacy was found to be over three times higher (55%) than after the application
of herbicide. It should be emphasized that the SA1 meal also resulted in a significant
limitation in the growth of the mass of the aboveground parts of the herbicide-susceptible
biotype of rye brome compared to HC (cf. Figure 9a). In the case of the application of the SA
meal at a higher concentration (3%), a significant increase, in relation to HC, was observed
in the efficacy of the reduction of belowground biomass (by 85 p.p.). A significant increase
in the efficacy of the meal was found, together with an increase in its concentration in the
soil, only for the LL meal. It is worth underlining that, in the case of wheat (cf. Figure 3),
the application of meals did not lead to any differences in its belowground biomass.

3. Discussion

On cereal fields, it is especially difficult to control monocotyledonous weed species,
including those from the Bromus genus, which are also highly competitive with crop
plants [35,36]. The chemical control of brome grasses has been the focus of much research
worldwide. However, an effective and dependable solution is still to be found [6,16,17,37].
A significant problem in the management of Bromus spp. is the occurrence and evolution
of herbicide resistance [7,38,39], as a consequence of the limited rotation of herbicides,
as well as the application of simplifications to crop rotations and monocultures [40–42].
Additionally, herbicides pose toxicological and ecological threats, especially toward non-
target organisms [43].

There are numerous works in the international body of research concerning non-
chemical methods of control of brome-grasses [44–46]. Their authors show that rhizobacte-
ria can be used in the biocontrol of Bromus spp., including—B. secalinus [47]—one of the
most widespread and damaging weeds of the Bromus genus on a global scale [1,2,6–8,15].
Some authors point out that using crop rotation reduces the density of rye brome panicles
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per unit area, but does not eliminate it entirely [17]. Stone at al. [17], show that the rotation
out of winter wheat for one growing season in comparison to continuous cropping winter
wheat reduced up to 87% rye brome panicles. In non-chemical weed control, biological
methods play a significant role alongside cultural methods, whereas suppressing weeds by
using the allelopathic phenomenon is considered to be one of the most innovative methods
of weed control [48,49]. Different agronomic methods enable the practical utilization of
allelopathic plants in the form of seed meals [32–34,50].

Based on our own experiments, meal from white mustard (Sinapis alba; SA) proved
to be the most effective at inhibiting initial growth of herbicide-susceptible and herbicide-
resistant biotypes of rye brome. After its application, the percentage of germinating seeds
of B. secalinus was 3.7% at most, and the average length of the aboveground parts of
plants that emerged was less than 1 cm. Our results are consistent with the work of
many authors [32,34,51], who also underline the strong inhibitory action of meal from
S. alba in relation to weeds. These authors show that seed meals from white mustard
reduced the growing seedlings of the following weeds: monocotyledonous (Poa annua L.,
Digitaria ischaemum (Schreb.), Panicum dichotomiflorum Michx.), dicotyledonous (Stellaria
media L., Oxalis corniculata, Physalis angulata L., Amaranthus spinosus L., Cyperus esculentus
L.), as well as liverwort (Marchantia polymorpha L.). In our research, the reduction in the
aboveground biomass of the herbicide-susceptible biotype after application of the SA meal
was approximately 98–100% and, in the case of the herbicide-resistant biotype, it was
73–100% (for concentrations of 1 and 3%, respectively). Dastgheib et al. [6] show that a
mixture of terbutryn + terbuthylazine applied at the tillering stage of wheat results in a
similar level of efficacy, with more than a 90% reduction in ripgut brome (Bromus diandrus
Roth) biomass. In our study, the efficacy of herbicide with propoxycarbazone-sodium in
aboveground biomass reduction was 35–82% for the resistant and susceptible biotype of rye
brome, respectively. Unfortunately, in our research, SA meal also had an inhibiting effect
on the initial development of winter wheat—the crop in which B. secalinus occurs most
frequently [10,13,17,37]. In relation to this, its use as a biological herbicide in the cultivation
of winter wheat is impossible. Our finding is supported by [32–34], who also confirm the
inhibitory action of S. alba seed meal on the growth of various species of crops: maize (plant
number and biomass), cucurbits (severely reduced yield) and lettuce (emergence).

This study revealed that meal from lacy phacelia (Phacelia tanacetifolia; PT) and from
fodder radish (Raphanus sativus var. oleiformis; RS) at a concentration of 1% limited the
development of the aboveground biomass of the herbicide-susceptible biotype of rye brome
in the same way as spraying with herbicide. Importantly, in our research, meals from PT1
and RS1 did not result in any significant limitation of germination and development in the
mass of aboveground parts of winter wheat compared to the control (C) and the herbicide
control (HC). Partly similar results were obtained by Pużyńska et al. [32]. The authors
assessed the impact of seed meal from wild radish (Raphanus raphanistrum L.) on maize
(Zea mays L.) and two weed species—barnyard grass (Echinochloa crus-galli (L.) P.Beauv.)
and redroot pigweed (Amaranthus retroflexus L.). As in our experiment, meal from wild
radish was not found to have any significant impact on the dry mass of maize shoots.
Pużyńska at al. [32] show that meal from wild radish also did not impact on the dry
mass of aboveground parts of barnyard grass and redroot pigweed. Many authors draw
attention to the allelopathic properties of lacy phacelia and the possibility of its use as a
natural product in non-chemical weed management (weeds monocotyledonous: Sorghum
halepense (L.) Per., E. crus-galli, weeds dicotyledonous: Portulaca oleracea L., Chenopodium
album L., Solanum nigrum L., A. retroflexus, Convolvulus arvensis L., Tribulus terrestris L.,
Sisymbrium officinale (L.) Scop.) [52–56]. The situation is similar with buckwheat. Most
authors focus, however, on the potential for the limitation of the development of weeds by
root secretions from this species [57–60]. Our own studies found the emergence of both
biotypes of rye grass to be strongly limited after the addition of a higher dose of meal
into the soil. The application of this dose of seed meal from buckwheat also resulted in a
significant limitation in the length of the aboveground parts of both the weed and the wheat.
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In studies by Mioduszewska et al. [61], a limitation on the initial development of wheat
after the application of extract from the aboveground parts of buckwheat was also found.

4. Materials and Methods

4.1. Plant Materials

In the experiment, two acceptor species were tested. The first was the crop, common
wheat (Triticum aestivum L. cv. ‘Agil’) and the second was the weed, rye brome (B. secalinus).
Winter wheat seeds were certified and marked as a degree C/1 (certified seed from the
first multiplication, obtained after one multiplication of the basic seed). The herbicide-
susceptible (S) and -resistant (R) biotypes of rye brome were harvested from winter wheat
fields in July 2020. The characteristics of both the S and R biotypes of rye brome are
presented in Table 1. The resistant biotype of weed was characterized by a low resistance
index (2 ≤ R ≤ 4) to propoxycarbazone-sodium.

Table 1. Characteristics of herbicide-susceptible (S) and -resistant (R) biotypes of rye brome (Bromus
secalinus L.) used in the pot experiments. ED50 values express the effective dose of propoxycarbazone-
sodium (HRAC 2) causing a 50% reduction in plant biomass (ED50).

Biotype
ED50

(g ha−1)
Site

(Coordinate)

S 16.26 Wrocław
(51.132663 N 17.117230 E)

R 48.86 Wielowieś
(51.339435 N 16.373906 E)

4.2. Seed Meals and Their Preparation

Qualified seeds of selected crop species (Table 2) were milled the day before the pot
experiment was started. All the collected commercial seeds were grounded to meals in a
Fritsch Pulverisette 11 laboratory mill (Idar-Oberstein, Germany).

Table 2. Crop species and cultivars used to prepare the seed meals.

Name
Cultivar Abbreviation

English Latin

Common buckwheat Fagopyrum esculentum Moench. Panda FE

White mustard Sinapis alba L. Bardena SA

Lacy phacelia Phacelia tanacetifolia Benth. Anabela PT

Yellow lupin Lupinus luteus L. Mister LL

Fodder radish Raphanus sativus L. var.
oleiformis Pers. Adagio RS

Common birdsfoot Ornithopus sativus Brot. Bydgoska 1 OS
1 Variety not included in the national register.

4.3. Herbicide Characteristics

The active ingredient of the herbicide used in the experiment is propoxycarbazone-
sodium (70%). According to the HRAC classification, it is classified as belonging to Herbi-
cide MoA Group 2. The active ingredient presents a systemic type of action. Recommended
application per leaves. It is a selective herbicide and has the formulation of water-soluble
granules (SG).

4.4. Soil Characteristics

A soil that was used in the experiment was formed from light loamy sand underlaid
with poorly loamy sand and was classified as IVb quality class (in Poland, equivalent to
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good rye complex). The topsoil (0–30 cm) was characterized by the following parameters:
pHKCl 5.82; P 86.4; K 27.5; Mg 131.0 (mg·kg−1 of soil) and Corg 0.41%. The soil was taken
after harvesting the forecrop of organic forage pea cv. ‘Roch’.

4.5. Set-up and Management of Pot Experiments

Two series of pot experiments were carried out during 2020 and 2021. Series I began
in November and series II started in March, in a greenhouse at Wrocław University of
Environmental and Life Science’s Research and Training Station in Swojczyce (Wrocław,
Poland). In both, the lighting and thermal conditions were regulated. The first experimental
factor was the type of seed meal; the second was the dose of seed meal. Each acceptor
(winter wheat and herbicide-susceptible and -resistant biotypes of rye brome) was analyzed
individually.

Before starting the experiment, the soil was sieved over 1 cm mesh screens to rid the
soil of post-harvest residue. The experiment was set up as a totally randomized design with
three pots as replications. Production pots 0.5 L in volume were filled up with a mixture
of 500 g of soil and one of the seed meals in an amount of 1 or 3% (w/w), separately. The
control (C) and herbicide control (HC) pots did not contain any addition of meals. Nine
grains each of either winter wheat or either of the biotypes of rye brome (S or R) were
sown into soil-filled pots. Fourteen days after sowing, the number of plants per pot was
equalized to five if the number of seedlings allowed. The HC treatment was sprayed on the
two leaves of unfolded-stage (BBCH 12) rye brome in the spray chamber (APORO Sp. z
o.o., Poznań, Poland). The dose of propoxycarbazone-sodium was 56 g ha−1·200 L of water.
Experiments were harvested when the plants of winter wheat in the C treatment were at
the four leaves unfolded stage (BBCH 14).

4.6. Measurement Range
4.6.1. Winter Wheat

Wheat emergence was counted daily for 14 days after sowing. At the end of each
series, the plants were pulled out and counted. The fresh weight of aboveground and
belowground parts was determined (roots were washed and dried on a paper towel) using
a WTC 2000 scale from RADWAG (Cracow, Poland). The length of the aboveground parts
was measured. The next day, the area of the aboveground parts of wheat was measured
with using a CI-202 LASER LEAF AREA METER from CID Bio-Science (Camas, WA, USA).

4.6.2. Rye Brome

During the harvest, the plants were pulled out and counted. The fresh weight of above
and belowground parts (roots were washed and dried on a paper towel) was determined
using a WTC 2000 scale from RADWAG (Cracow, Poland). On this basis, the efficacy of
biomass reduction of the tested treatments in relation to the control treatment (C) was
calculated. A minus value of the index indicates an increase in the mass of rye brome with
the applied seed meals. The length of aboveground parts of the weeds were also measured.

4.7. Statistical Analysis

Statistical analysis was carried out with using the two-way variance analysis (type
of seed meal and dose of seed meal), using Statistica 13.3 software (TIBCO Software Inc.,
Tulsa, OK, USA). In order to check the normality of the distribution, the Shapiro–Wilk
test was performed. The homogeneity of variance was checked using the Levene test. In
order to determine and verify the relationships, Tukey’s post-hoc test was performed with
a significance level of p ≤ 0.05.

5. Conclusions

The study found that selected seed meals can constitute an alternative to herbi-
cide management strategies for the control of herbicide-susceptible and -resistant (to
propoxycarbazone-sodium) biotypes of rye brome in winter wheat. Wheat emergence and
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initial growth were not affected by the presence of seed meals from common buckwheat
(Fagopyrum esculentum), lacy phacelia (Phacelia tanacetifolia) and fodder radish (Raphanus
sativus var. oleiformis) at 1% concentrations in the soil. The efficacy of these seed meals at
the control of rye brome was at the same level as the herbicide or higher. An increase in the
concentration of seed meals is not recommended due to the reduction in wheat emergence.
Seed meals obtained from lacy phacelia reduced the emergence and initial growth of both
biotypes of weeds, but seed meals from common buckwheat and fodder radish limited
only the initial weed growth. Furthermore, despite the high efficacy of seed meals from
white mustard at reducing emergence of rye brome, they are not recommended for the
control of herbicide-susceptible and resistant biotypes of rye brome due to their inhibition
of wheat growth. Future experiments should focus on a more comprehensive examination
of seed meals in weed management by taking other herbicides, another level of herbicide
resistance and other species of crops or weeds.
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Abstract: With allelopathic composts, potential merits for preventing initial weed infestations have
been observed in crop transplantation. However, previous studies have rarely investigated whether
high temperatures, generated during composting, decrease allelopathic ability. This study evaluated
the thermal allelopathic effect of two coniferous plants (Pinus densiflora and P. koraiensis) on Brassica
napus germination and seedling growth using their characterized allelochemical destinations. The
90 ◦C dry treatment of P. densiflora extract exhibited stronger inhibitory effect on germination than its
30 ◦C dry treatment. In a range from 0.25 to 1 mg mL−1, the germination rate was decreased to 38.1
and 64.3% of control with P. densiflora extract dried at 90 and 30 ◦C, respectively. However, P. koraiensis
showed potent inhibition of the germination process with no statistical difference in inhibitory effects
regardless of the dry temperature. Regarding B. napus seedling root growth, the allelopathic effects
of aqueous extracts of both conifers were not reduced with the 90 ◦C treatment, but it was lost in
seedling shoot growth. GC-MS/MS confirmed that high temperature treatment drastically decreased
volatile contents to 53.2% in P. densiflora, resulting in reduced allelopathic abilities. However, a
relatively lower decrease to 83.1% in volatiles of P. koraiensis accounts for less loss of the root-specific
inhibitory effect on B. napus seedlings even after 90 ◦C treatment. Foliar tissues of both conifers with
species-specific thermal resistance have potentially valuable functions regarding allelopathic use in
horticultural compost processing ingredients, demonstrating their weed control ability during the
early cultivation season where crops are transplanted in the facilitated area.

Keywords: allelopathy; bioherbicides; compost processing; coniferous volatiles; Pinus densiflora;
Pinus koraiensis; thermal resistance

1. Introduction

Pinus (Pinaceae) is the largest genus of extant gymnosperms, widely distributed in the
Northern Hemisphere [1]. Among the Pinus group, two conifer species, including Pinus
densiflora Siebold and Zucc., in addition to Pinus koraiensis Siebold and Zucc., have been
identified. Subsequently, they have been regarded as an essential forestry resource in China,
Japan, and Korea. The number of needle-shaped leaves in their fascicle, two needles of
P. densiflora and five needles of P. koraiensis, characterizes these two species [1].

Weed infection is a significant problem interrupting normal crop growth, potentially ac-
counting for approximately 50% of crop yield loss [2]. Besides, weeds not only reduce crop
quality but also harbor insect pests and diseases [3]. Although the use of chemical herbi-
cides is increasing to control agricultural weeds, the indiscriminate use of herbicides results
in severe ecological and environmental problems, such as soil and water contamination,
occurrence of resistant weeds, weed population shifts, and dominance of minor weeds [2,4].
Therefore, current researchers are increasingly focusing on developing eco-friendly her-
bicides using natural products, and allelochemicals are being verified as an alternative
to the use of chemical herbicides worldwide [5,6]. For example, Jabran et al. [7] reported
that allelopathic plants can potentially reduce weed pressure, resulting in improved crop
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yields and reduced synthetic pesticide use. It has also been reported that P. densiflora and
P. koraiensis are allelopathic plants, whose allelopathic effects are derived from non-volatile
and volatile compounds including phenolics, flavonoids, and monoterpenes [8]. Therefore,
P. densiflora can inhibit herbaceous invasion by releasing resin acids into the soil. Afterward,
these resin acids are degraded in the soil and transformed into growth inhibitors, such as
15-hydroxy-7-oxodehydroabietate and 7-oxodehydroabietic acid [9]. Studies have further
proven the allelopathic activities of P. densiflora and P. koraiensis needle tissues. As observed,
aqueous methanolic extracts of P. densiflora needles prevented certain seedlings’ initial
growth, including cress, lettuce, and alfalfa [10]. In addition, P. koraiensis needle water
extracts inhibited the germination and growth of Echinochloa crus-galli, Plantago asiatica,
Achyranthes japonica, Ocnothera odorada, and Lactuca sativa [11].

The application of allelopathy in cropping systems can be easily conducted by mix-
ing the allelopathic plant residues with soil, like composts. However, this application
remains limited within certain areas due to less information on allelopathic mechanisms
and chemical properties. Though the organic composting materials can be encountered
to substantial changes by high temperatures which are generated during the compost-
producing process [12], only a few studies have investigated whether the allelopathic
efficacy of plant tissue is affected by the thermal process. Furthermore, most researchers
have mainly focused on compost values as nutritional suppliers to crops [13–15]. Instead,
we tried to evaluate the allelopathic efficacy of volatile and non-volatile components in
thermally processed needles. Therefore, we conducted this study to identify the allelopathic
characteristics of volatile and non-volatile components in two Pinus needles against initial
seedling growth and to determine whether thermal processes affect the allelopathic efficacy
of the needles.

2. Results

2.1. Non-Volatile Assay

The germination rate of Brassica napus seeds, treated using needle extracts of P. densiflora
and P. koraiensis, is shown in Figure 1. As shown, the germination rate rapidly decreased to
71 and 48% of the control with 0.25 mg mL−1 extract of the P. densiflora needle dried at 30 and
90 ◦C, respectively (Figure 1A). Reduction of the germination rate hardly occurred despite
the concentration increase. In contrast, with P. koraiensis, the germination rate continually
decreased to 57 and 38% of control after using 0.5 mg mL−1 extract of the needle dried at 30
and 90 ◦C, respectively.

Figure 1. Germination patterns of Brassica napus seeds treated with needle extracts of Pinus densiflora
(A) and P. koraiensis (B) dried at 30 or 90 ◦C. Asterisks indicate significant difference on Tukey’s HSD
test followed by * (p < 0.05) and ** (p < 0.01). NS indicates no significant difference.

Figure 2 shows the growth parameters of B. napus seedlings affected by P. densiflora and
P. koraiensis needle extracts dried at 30 and 90 ◦C. As shown, P. densiflora and P. koraiensis
needle extracts inhibited hypocotyl elongation to 62 and 48% of the control during the non-
thermal treatment, using 0.25 mg mL−1 of the treatment (Figure 2). Furthermore, hypocotyl
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length was not further suppressed using treatment quantities above 0.25 mg mL−1. Unlike
the inhibition pattern of hypocotyl growth, root growth was dose-dependently inhibited
during the treatment with the two coniferous extracts. As observed with 1 mg mL−1 of
P. densiflora and P. koraiensis extract treatment, root length was decreased to 40 and 56%
of the control during non-thermal treatment, respectively (Figure 2). After the thermal
process, the inhibitory effect only disappeared on hypocotyl growth. For example, when
1 mg mL−1 of the extract was treated, although hypocotyl elongation was inhibited to 85%
in P. densiflora and 77% in P. koraiensis, root elongation was inhibited to 47 and 42% of the
control in P. densiflora and P. koraiensis, respectively (Figure 2).

Figure 2. Relative growth parameters of Brassica napus seedlings inhibited by needle extracts of
Pinus densiflora (A) and P. koraiensis (B) dried at 30 or 90 ◦C. Asterisks indicate significant difference
on Tukey’s HSD test followed by * (p < 0.05), ** (p < 0.01), and *** (p < 0.001). NS indicates no
significant difference.
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2.2. Profiles of Non-Volatiles Using HPLC and LC-MS/MS

High-performance liquid chromatography (HPLC) detected nine peaks in the P. den-
siflora needle extract (Figure 3A). Among the nine peaks, four components were identi-
fied using liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS)
(Table 1), including isoquercetrin (peak 2; m/z = 463.41), catechin-O-glucose-malonate
(peak 3; m/z = 537.65), chrysoeriol-7-O-glucoside (peak 6; m/z = 461.49), and kaempferol
3-O-rutinoside-7-O-rhamnoside (peak 9; m/z = 739.57). Thermal treatment reduced most
peak areas. Moreover, the 9th peak area was significantly reduced by 26% after thermal
treatment at 90 ◦C. Alternatively, eight peaks were detected as major components in the nee-
dle extract from P. koraiensis (Figure 3B). Different from P. densiflora, after thermal treatment
at 90 ◦C, the area of the 8th peak increased by 16%. Among these eight peaks, seven com-
ponents were identified (Table 1), including schisandrin (peak 1; m/z = 431.91), isosteviol
(peak 3; m/z = 363.53), lithospermic acid (peak 4; m/z = 537.83), quercetin-O-xylo-pentoside
(peak 5; m/z = 579.70), oleuropein (peak 6; m/z = 539.89), tiliroside (peak 7; m/z = 593.75),
and kaempferol 3-O-rutinoside-7-O-rhamnoside (peak 8; m/z = 739.57).

Figure 3. HPLC chromatograms and peak areas detected at 278 nm of separated compounds in
needle extracts of Pinus densiflora (A) and P. koraiensis (B) dried at 30 or 90 ◦C. Asterisks indicate
significant difference between dry temperatures on Tukey’s HSD test followed by * (p < 0.05) and
** (p < 0.01). NS indicates no significant difference.

2.3. Volatile Assay

The allelopathic effects of volatiles from fresh P. densiflora and P. koraiensis needles on
B. napus seedlings’ growth are shown in Figure 4. We observed that coniferous volatiles
inhibited more root growth than hypocotyl growth. Furthermore, although the inhibitory
effect on root growth increased with the P. densiflora needles’ concentration, volatiles
did not affect the hypocotyl length of the P. densiflora needle, exhibiting 94.2% of control
despite the 8 g needle treatment (Figure 4A). Alternatively, with P. koraiensis, both root
and hypocotyl growth were dose-dependently inhibited. As observed, the dry weight of
roots and hypocotyls exhibited 15.6 and 26.3% of control with 8 g fresh needle treatment,
respectively (Figure 4B).

Subsequently, the allelopathic capacity of volatiles in the steamed needles of the two
conifers was evaluated (Figure 5). After 4 h of steaming, the ability to inhibit hypocotyl
growth was similar in both P. densiflora and P. koraiensis needles. However, the allelopathic
capacity to inhibit root growth gradually decreased after one hour of steaming both conif-
erous needles. After more than one hour of steaming, the inhibitory power of P. densiflora
disappeared, whereas that of P. koraiensis was sustained, inhibiting root length to 97.4% of
the control after four hours of steamed needle treatment (Figure 5).
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Table 1. Metabolites identified in needle extracts of Pinus densiflora and P. koraiensis by
LC-MS/MS analysis.

Species No.
RT

(min)
[M−H]− MS/MS Identification

P. densiflora

1 26.40 − − NI 1

2 34.00 463.41 179.0/271.0/301.1/343.1/417.4/445.2 Isoquercetrin

3 34.33 537.65 299.3/327.1/328.8/469.1/490.9/515.8 Catechin-O-
glucose-malonate

4 34.50 509.54 163.0/179.0/311.1/367.3/385.2/473.3/491.2 NI
5 35.84 551.88 327.2/329.2/341.1/358.8/359.5/491.1 NI

6 40.70 461.49 139.1/165.1/193.1/243.1/29.0/298.1/299.0/
341.0/342.1/433.2

Chrysoeriol-7-O-
glucoside

7 41.40 493.82 315.2/316.4/447.2/448.3 NI
8 42.70 493.68 259.1/315.2/426.0/447.2/447.9 NI

9 48.80 739.57 229.0/285.1/286.1/289.1/435.2/453.2/454.2/
575.3/593.3/620.3/885.5

Kaempferol
3-O-rutinoside-7-

O-rhamnoside

P. koraiensis

1 26.30 431.91 153.0/223.0/307.3/343.1/385.1/386.2/399.3 Schisandrin
2 29.60 571.37 316.1/375.3/467.3/525.4/541.3 NI

3 30.67 363.53 135.0/147.0/165.0/179.1/201.2/221.1/239.0/273.3/
315.1/345.1/346.2 Isosteviol

4 34.30 537.83 163.1/207.4/299.1/327.3/329.2/345.0/477.3/
491.1/519.5 Lithospermic acid

5 43.93 579.70 178.9/255.1/301.1/343.0/433.0/434.2/489.2/561.2 Quercetin-O-
xylopentoside

6 46.11 539.89 207.0/331.3/372.9/432.9/492.9 Oleuropein

7 46.40 593.75 178.9/203.0/285.1/293.1/299.0/300.1/316.2/417.2/
447.3/547.1/576.4 Tiliroside

8 48.80 739.70 229.1/285.0/286.1/289.0/429.1/453.1/454.3/
575.1/593.2/594.3/638.9/680.3

Kaempferol
3-O-rutinoside-7-

O-rhamnoside
1 NI: not identified.

Figure 4. Changes of growth rates of Brassica napus seedlings depending on fresh weight needles of
Pinus densiflora (A) and P. koraiensis (B) in volatile assay.
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Figure 5. Changes of growth rates of Brassica napus seedlings depending on steam time of Pinus
densiflora and P. koraiensis needles. Asterisks indicate significant difference on Tukey’s HSD test
followed by * (p < 0.05). NS indicates no significant difference.

2.4. Volatile Identification and Quantification using GC-MS/MS

Volatile compounds were identified in P. densiflora and P. koraiensis needles, after
which changes in the volatile content after 2 h of steaming were analyzed using gas
chromatography tandem mass spectrometry (GC-MS/MS) (Table 2 and Figure 6). The
results identified 63 and 54 volatiles in the fresh needles of P. densiflora and P. koraiensis,
respectively. After steam treatment, 16 volatiles were entirely evaporated in each coniferous
needle, and 7 volatiles were the same among the evaporated volatiles. Furthermore,
although the number of evaporated volatiles was similar, total volatiles’ net contents
differed between the two steam-processed needles. Compared to the fresh needle of each
conifer, results also showed that the total volatile content decreased to 53.2 and 83.1% in
steamed P. densiflora and P. koraiensis needles (Table 2 and Figure 6). Moreover, as shown in
Table 2 and Figure 6, α-pinene contained the highest content in both needles, representing
75.9 and 70.7% in fresh P. densiflora and P. koraiensis needles, respectively. However, the
content decreased to 36.0 and 53.9%, respectively, after steaming.

Table 2. Profiles and relative contents of volatile compounds in either fresh or steamed needles of
Pinus densiflora and P. koraiensis by GC−MS/MS analysis.

Compound RT m/z
P. densiflora P. koraiensis

Fresh Steamed Fresh Steamed

(3R)-3-phenyl-2,3-
dihydroisoindol-1-one 6.52 209.24 0.24 ± 0.02 0.25 ± 0.01 0.14 ± 0.00 0.14 ± 0.00

Ethanol 9.18 46.07 0.32 ± 0.01 0.02 ± 0.00 ND 1 ND
3,3,5-Trimethylheptane 11.04 142.28 0.11 ± 0.00 0.01 ± 0.00 ND ND

α-Pinene 11.48 136.23 75.91 ± 0.82 35.95 ± 0.33 70.69 ± 0.10 53.90 ± 0.00
Ethyl vinyl ketone 11.56 84.12 0.25 ± 0.00 0 ND ND

Hexanal 13.09 100.16 0.46 ± 0.03 0.01 ± 0.00 0.34 ± 0.01 0.01 ± 0.00
pent-1-en-3-ol 14.69 86.13 0.45 ± 0.00 0 0.14 ± 0.00 0.07 ± 0.00

2-Hexenal 16.39 98.14 3.37 ± 0.09 0.01 ± 0.00 2.08 ± 0.06 0
Isoamyl alcohol 17.98 88.15 ND ND 0.66 ± 0.00 0
cis-2-Penten-1-ol 18.55 86.13 0.20 ± 0.00 0 ND ND

1-Hexanol 19.41 102.17 0.62 ± 0.05 0 ND ND
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Table 2. Cont.

Compound RT m/z
P. densiflora P. koraiensis

Fresh Steamed Fresh Steamed

cis-3-Hexen-1-ol 20.46 100.16 1.34 ± 0.12 0 0.19 ± 0.00 0
2-Hexen-1-OL 21.07 100.16 1.54 ± 0.02 0.01 ± 0.00 ND ND

1,2,3-Trichloropropane 23.16 147.43 0.48 ± 0.01 1.30 ± 0.03 0.27 ± 0.00 0.36 ± 0.00
Benzyldimethyldecy-
lammonium chloride 26.19 311.90 0.11 ± 0.00 0.10 ± 0.00 ND ND

6-Fluoro-6-
methylheptanol 29.10 148.22 0.36 ± 0.00 0 0.34 ± 0.00 0.30 ± 0.00

3-Nonen-2-one 29.11 140.22 2.72 ± 0.01 2.25 ± 0.02 2.55 ± 0.01 2.25 ± 0.00
Limonene 30.45 136.24 0.05 ± 0.00 0.08 ± 0.00 0.11 ± 0.00 0.21 ± 0.00

α-Amorphene 32.81 204.35 1.52 ± 0.01 1.89 ± 0.01 ND ND
δ-Cadinene 35.87 204.35 4.47 ± 0.02 6.40 ± 0.06 12.35 ± 0.13 15.29 ± 0.00
9,10-Octalin 36.10 136.23 3.55 ± 0.08 3.52 ± 0.02 8.69 ± 0.10 9.50 ± 0.00

2-(hydroxymethyl)
benzoic acid 37.10 152.15 0.42 ± 0.01 0.63 ± 0.02 0.24 ± 0.00 0.29 ± 0.00

Methionol 37.46 106.19 ND ND 0.19 ± 0.00 0.21 ± 0.00
trans-2-Hexenoic acid 43.90 114.14 0.30 ± 0.04 0 ND ND

Trace compounds
(below than 0.1%) 1.21 ± 0.00 0.77 ± 0.01 1.02 ± 0.00 0.56 ± 0.00

Total 100.0 53.2 100.0 83.1
1 ND: not detected.

Figure 6. Heatmap describing relative contents of major (A); semi−major (B); semi−minor (C); and
minor (D); volatiles and allelopathic volatile compounds (E) in either fresh or steamed needles of
Pinus densiflora and P. koraiensis.

3. Discussion

This study established that seed germination and seedling growth are inhibited under
the allelopathic effects of P. densiflora and P. koraiensis needles. Notably, their inhibitory
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effects on seedling growth were higher in root growth than hypocotyl growth. This
difference is proposed to be because the roots directly had contact with the extracts, causing
them to have a higher sensitivity to allelopathy [16–18]. Our study also showed that
thermal treatment did not remove the allelopathic effect of the two conifer needles on
root growth. Quantitative HPLC results distinctly showed the destination of each non-
volatile allelochemical in coniferous extracts. As observed, most flavonoid contents were
significantly decreased in P. densiflora needles after thermal treatment, whereas those in
P. koraiensis needles increased. Several studies have reported a positive correlation between
allelopathic efficacy and allelochemical contents [19–22]. Considering the thermal effects,
the positive correlation between bioassays and HPLC results was found with the highest
dose (1 mg mL−1) in our results. According to the other study, certain allelopathic extracts
did not negatively affect seedling growth at low concentration, causing leaf extension
and total biomass increase of lettuce seedlings [23]. Furthermore, it was mentioned that
dose is a critical factor for exhibiting the inhibitory effects of allelochemicals in rice hull
extracts [24]. Therefore, we tentatively propose that enough dose is needed to confirm the
effects of allelochemicals on bioassays when extracts are applied.

Our volatile assay identified terpenoids mainly in P. densiflora and P. koraiensis needles.
Results also showed that the primary compound was α-pinene, exhibiting more than 70%
of the content in both conifer species. Moreover, the inhibitory effects of the volatiles
on fresh foliage revealed a dose-dependent root-specific inhibition. However, unlike the
extract treatment in the non-volatile assay, volatiles indirectly contacted the seedling roots.
Nevertheless, constituents of essential oil and aromatic volatiles, such as monoterpenes,
are easily absorbed in the soil and exhibit allelopathic effects on the rhizosphere of other
plants [25–27]. Similarly, it has been reported that volatiles can be released from conifer
needles, adsorbed onto a filter paper, and accumulated in high concentrations [26]. An-
other plausible explanation for root-specific inhibition is a growth characteristic difference
between the root and hypocotyl. According to cellular basis, hypocotyl growth relies on
elongating each cell already developed in the embryo within the seed. Besides, root growth
requires proliferation and elongation of cells [28]. Yet, although volatile monoterpenes did
not significantly inhibit cell expansion in both the root and hypocotyl, they inhibited cell
proliferation and DNA synthesis in the root apical meristem [26].

The root-specific inhibition of the volatiles was also shown after thermal treatment. As
observed, although the inhibitory effect of P. densiflora needles was practically eliminated
through steam processes for more than one hour, that of P. koraiensis needles remained slight
despite the increase in steaming time. However, compared to P. koraiensis, more volatiles
were included in P. densiflora needles, and the total content was largely reduced through
thermal treatments. After synthesis, monoterpenes are commonly stored in specialized
structures, such as resin ducts, oil glands, and secretory cells in conifer needles [29]. The
emission of the monoterpenes from these storage structures is related to their volatility and
diffusion rate, promoted with temperature increase [30]. Additionally, volatile emission is
proposed to be related to the morphological characteristics and chemical composition of
storage structures. Moreover, although more resin duct quantities have been discovered in
P. densiflora than in the P. koraiensis needles, they are primarily placed at the external side [1].
Therefore, compared to P. densiflora, P. koraiensis resin ducts are placed at the inner side,
surrounded by the hypodermis with thickened cell walls [1]. In contrast, lower nitrogen,
lignin, and cellulose contents characterize the chemical composition of the P. densiflora
needle than the P. koraiensis needle [31]. These chemical properties guaranteed a relatively
high resistance during thermal treatments and stability in mass reduction when P. koraiensis
needles were decomposed [31,32].

4. Materials and Methods

4.1. Botanic Materials

Fresh P. densiflora and P. koraiensis needles were collected during the 2019 summer from
a field at the Kyung Hee University Global Campus (N 37◦14′36.0′ ′ and E 127◦04′52.6′ ′,
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Yongin, Korea). B. napus seeds were purchased from a seed company (Budnara Co.,
Gwangju, Korea).

4.2. Preparation of Conifer Needle Extracts

Fresh P. densiflora and P. koraiensis needles were rinsed with distilled water. After
removing moisture, the needles were dried in a heat dry machine (KED-066A, C&T Co.,
Gwangju, Korea) at 30 ◦C for seven days or 90 ◦C for three days without light. Then, dried
samples were coarsely ground using a commercial grinder and passed through a 100-mesh
sieve. Subsequently, the resulting powder (10 g) from each sample was dissolved in 200 mL
of 80% aqueous methanol (v/v) and agitated using a shaker (Daewonsci Inc., Bucheon,
Korea) at 20 ◦C for 24 h. Next, the solution was filtered through qualitative filter papers
(Whatman No. 2, Maidstone, UK). Finally, the solvent was removed using a vacuum rotary
evaporator (Eyela, Tokyo, Japan). To remove residual solvent, the extracts were dried using
a freeze dryer (IlShinBioBase Inc., Dongducheon, Korea) and maintained at 15 ◦C until use
for non-volatile assay.

4.3. Non-Volatile Assay

The germination rate and seedling growth of B. napus were tested to evaluate the
allelopathic efficacy of non-volatiles in each P. densiflora and P. koraiensis needle extract,
dried at 30 or 90 ◦C. To test the germination rate, we selected 20 B. napus seeds, excluding
wrinkled and cracked seeds, followed by inoculation in a Petri dish, containing 4 mL
distilled water (control) or serial concentrations (0.25, 0.5, and 1 mg mL−1) of each extract,
diluted using distilled water. Subsequently, the dishes after seed inoculation were sealed
with a parafilm, after which they were maintained in a growth chamber (Daewonsci Inc.,
Bucheon, Korea), completely randomized under controlled light (16 h fluorescent light per
day with 50 μmol m−2 s−1), humidity (80%), and temperature (25 ◦C). Seed germination
rate was determined by counting the number of seeds generating 1 mm or longer root daily.

Alternatively, to test seedling growth, 20 B. napus seedlings generating 3 mm roots
were selected and inoculated in a Petri dish containing 4 mL distilled water and serial
concentrations (0.25, 0.5, and 1 mg mL−1) of each extract. On day five after culture,
10 similarly grown seedlings were selected among the 20 seedlings, after which their
hypocotyl and root lengths were measured. Then, to measure the dry weight of the two
organs, each hypocotyl and root bundle collected from the ten seedlings was entirely dried
at 30 ◦C for 48 h. All treatments were replicated thrice.

4.4. HPLC Analysis

Chemical components in the needle extracts of the two conifers were analyzed using
reversed-phase HPLC (Waters 2695 Alliance HPLC; Waters Inc., Milford, MA, USA), cou-
pled with a 250 × 4.6 mm octadecylsilane column (Prontosil 120-5-C18-SH 5.0 μm; Bischoff,
Leonberg, Germany). Two solvents were used as mobile phases; water with 0.1% formic
acid (solvent A) and MeOH with 0.1% formic acid (solvent B). The gradient flow was as
follows: 0–5% of solvent B for 0–10 min, 5–10% of solvent B for 10–20 min, 10–20% of
solvent B for 20–30 min, 20–40% of solvent B for 30–50 min, and 40–70% of solvent B for
50–62 min. Furthermore, the flow rate of the mobile phases was 1.0 mL min−1, and the
sample injection volume was 5 μL. Then, resulting peaks were monitored at 278 nm using
a Waters 996 photodiode array detector.

4.5. LC-MS/MS Analysis

Molecular weights of the flavonoids in the two coniferous extracts were determined
using an LC-MS/MS with a Thermo-Finnigan LTQ-Orbitrap instrument (Thermo Fisher
Scientific, Waltham, MA, USA) at NICEM in Seoul National University (Seoul, Korea). Then,
data acquisition was conducted with XcaliburTM software (ver. 4.3., Thermo Fisher Scientific
Inc., MA, USA). In contrast, MS and MS/MS were operated through an electrospray
ionization source in the negative ion mode, recorded in the range of 150 to 2000 m/z and
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50 to 2000 m/z, respectively. Besides, nitrogen gas was used as the sheath gas, whose flow
rate was kept at 10 L min−1. The capillary temperature was also maintained at 300 ◦C,
nebulizer pressure was set at 45 psi, whereas fragmentation and capillary voltages were
0.2 kV and 4.5 kV, respectively. Additionally, the collision energy was set at 35 Ev, after
which individual compounds were identified by comparing mass data and λmax results to
previously reported values.

4.6. Volatile Assay

The volatile assay was conducted using a method described in a previous study [33],
with some modifications. First, fresh or steam-processed needles were coarsely mashed
using a mortar with simultaneous liquid nitrogen pouring. Then, the fresh needles were,
respectively, weighed (0.125, 0.25, 0.5, 1, 2, 4, and 8 g) and packaged using one layer of
cheesecloth. For the steaming process, fresh needles were placed in boiling water for 0.5, 1,
2, and 4 h, after which 4 g of the steam-processed needles were weighed and packaged with
one layer of cheesecloth. Next, each sample package was positioned above 10 cm from the
bottom of a glass bottle (500 mL), after which 20 B. napus seedlings, generating 3 mm root,
were inoculated on a moistened filter paper (Whatman No.3, Maidstone, UK) placed in the
glass bottle. The bottles were tightly sealed with caps and wrapped in a parafilm to avoid
any leak of volatiles. Finally, the seedlings were cultured in a growth chamber (Daewonsci
Inc., Bucheon, Korea) under the same conditions as the non-volatile assay. On day five after
culture, seedling growth was evaluated using the same method as the non-volatile assay.

4.7. GC-MS/MS Analysis

Fresh or two-hour steamed needles were ground using a mortar with simultaneous
liquid nitrogen pouring, after which 1.5 g ground sample and 1 g NaCl were added to
the ground samples in a solid-phase microextraction (SPME) amber vial containing 6 uL
1,2,3-trichloropropane. Subsequently, an SPME system (XcaliburTM ver. 4.3, Thermo Fisher
Scientific Ind., Waltham, MA, USA) was used to isolate the volatile compounds using a fiber
coated with a 65 μm polydimethylsiloxane/divinylbenzene film layer (fused silica 24 Ga).
Then, analysis was conducted using a GC (Trace1310, Thermo Fisher Scientific Inc., Waltham,
MA, USA), equipped with a triple quadrupole mass spectrometer (TSQ8000, Thermo Fisher
Scientific Inc., Waltham, MA, USA) and a DB-Wax column (60 m × 0.25 mm, 0.50 μm, Agilent
Technologies, Santa Clara, CA, USA). Additionally, a helium carrier gas was used at a flow
rate of 2 mL min−1 and 230 ◦C inlet temperature. Next, we maintained the ramp temperature
in the GC oven at 40 ◦C for 5 min, increased the temperature to 120 ◦C for 8 ◦C min−1, then
to 160 ◦C for 2 ◦C min−1, and 240 ◦C for 4 ◦C min−1. The sample was finally held at the
final temperature for another 10 min. Afterward, volatile compounds were identified using
the NIST/EPA/NIH Mass Spectral Library (ver. 2.0), then the volatiles’ quantification was
represented as each compound’s relative peak area (%).

4.8. Statistical Analysis

Statistical analyses were conducted using the SAS Enterprise Guide (ver. 4.3, SAS
Institute Inc., Cary, NC, USA). Then, significant differences among the treatments in these
experiments were evaluated using Tukey’s studentized range test at p < 0.05.

5. Conclusions

The allelopathic capacity of two Pinus species showed root-specific inhibition, revealed
using dose-dependent needle extracts. In the coniferous needle extracts, flavonoid gly-
cosides were identified as non-volatile allelochemicals. A positive correlation between
bioassays and chemical contents was revealed in the application of high doses of the extracts.
In addition, from the volatile assay results, seedlings were root-specifically suppressed
through allelopathic volatiles in the two coniferous needles. Moreover, both coniferous nee-
dles contained large terpenoid and α-pinene quantities. However, after the thermal process,
the decrease in volatile contents was lesser in P. koraiensis than in P. densiflora. It has been
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proposed that keeping the allelopathic capacity from thermal treatment is attributed to the
chemical and morphological properties of P. koraiensis needles. Considering the allelopathic
characteristics of the needles on germination and initial root growth, the application of
allelopathic compost is considered more beneficial for a cropping system. In addition, it is
proposed that coniferous needles have potential as eco-friendly herbicides to control initial
weed growth due to their thermal stability and root-specific inhibition.
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Abstract: Durum wheat is one of the largest cultivated crops across Mediterranean areas. The high
demand for sustainable crop productions, especially concerning weed management, is driving the
return to local landraces. In the present work, the in vitro allelopathic effects of the extracts of three
durum wheat landraces (‘Timilia’, ‘Russello’ and ‘Perciasacchi’) and a modern variety (‘Mongibello’),
obtained from three different plant parts (ears, stems and roots), were tested on seed germination
(G) and mean germination time (MGT) of Portulaca oleracea L. and Stellaria. media (L.) Vill., two
weeds commonly infesting wheat fields. In addition, the total polyphenol (TPC) and total flavonoid
(TFC) content of extracts was determined. All extracts reduced G and increased MGT in both weeds
compared to the control. The magnitude of phytotoxicity was strongly affected by the influence of
genotype, plant part and extract dilution. Overall, the landraces ‘Timilia’ and ‘Russello’ showed
the highest allelopathic effects, ear extracts were the most active, and the maximum extract dilution
induced higher phytotoxicity. Extracts’ TPC and TFC corroborated these results. The findings
obtained here encourage the use of local landraces as a source of allelochemicals and suggest that
they could be left on soil surface or soil-incorporated after harvest for a possible weed control.

Keywords: allelopathy; durum wheat; weed management; seed germination; polyphenols; flavonoids;
Portulaca oleracea; Stellaria media

1. Introduction

Wheat is the most important grain crop worldwide, native to South-East Asia and
widely cultivated since prehistoric times in the temperate zones. Nowadays, the world
harvested area is about 215 × 106 ha with ~765 × 106 Mg of grain [1]. Most of these
data refer to the hexaploidy species Triticum aestivum L. (bread wheat), while the only
tetraploid (2n = 4x = 28) species of economic importance is durum wheat [Triticum turgidum
subsp. durum (Desf.) Husn.]. It is mainly grown in the European Union (EU) on above
2.1 × 106 ha with a 7.6 × 106 Mg grain production, of which Italy is the main EU producer
with 1.2 × 106 ha and 3.8 × 106 Mg harvested production [2]. Durum wheat is cultivated
across the Mediterranean Basin and other semiarid regions, where it is appreciated for its
high cooking quality and for the production of pasta, semolina, couscous, flatbread and
bulgur [3,4]. In this area, local landraces are specifically adapted to environmental condi-
tions and soil properties, so much so that the pool of Mediterranean landraces contains
the largest genetic diversity within the species [5]. These landraces were largely cultivated
for centuries, when in the middle of the 20th century they were progressively replaced
with more productive and genetically-improved semi-dwarf cultivars. In addition to this,
durum wheat yields have been consistently enhanced thanks to the advancements in the
agronomic management, in particular herbicide application. Despite some differences
between durum and bread wheat in the response to herbicides, both species need consid-
erable amounts of herbicides against monocotyledonous and dicotyledonous weeds [3,6].
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However, the irrational use of herbicides caused the development of resistance and shifts in
weed populations, the emergence of a substitution weed flora, an important environmental
pollution and subsequent health hazards [7]. Exploring the application of alternative and
sustainable strategies for weed management in wheat agroecosystems has therefore become
mandatory. Within this scenario, allelopathy is a novel tool that is gaining more and more
popularity across the scientific community [8].

Allelopathy, a term firstly coined by the Austrian physiologist Hans Molisch in 1937
to indicate the biochemical interactions between all plants, refers to any direct or indirect,
beneficial or detrimental effect by one plant on another through the release of chemical com-
pounds into the environment [9]. These chemical compounds, known as allelochemicals,
are secondary metabolites or waste products of primary metabolic pathways produced by
living organisms, including plants and microorganisms, belonging to different chemical
classes and playing a defensive role for the plant [10]. There are different mechanisms
by which allelopathy can be exploited to manage weeds: crop rotation with allelopathic
species, cover cropping, green manuring, intercropping and use of plant extracts [11]. The
latter, in particular, have been largely adopted alone or in combination with reduced doses
of herbicides. Increase of reactive oxygen species (ROS) production, alteration of cell struc-
ture and membrane permeability, alteration of photosynthesis and respiration, reduction
and/or inhibition of seed germination and seedling growth, are extensively documented
as common effects of plant extract [12].

Allelopathy in wheat has been deeply studied and demonstrated by a consolidated
scientific literature [13,14]. There are many allelochemicals involved in wheat allelopathy,
belonging to three main chemical classes: phenolic acids (e.g., p-hydroxybenzoic, ferulic,
syringic, vanillic, p-coumaric, etc.), benzoxazinoids (DIMBOA, MBOA, HMBOA, DIMBOA
glycoside, BOA) and short-chain fatty acids (e.g., propionic, acetic, butyric, etc.) [13,14].
The allelopathic traits and the synthesis of these allelochemicals are genetically controlled
and characterised by a high polygeneticity. For instance, it is known that the genes coding
for benzoxazinoids (DIMBOA) accumulation are located on chromosomes 4A, 4B, 4D and
5B [15]. In addition, Wu et al. [16] identified two major quantitative trait loci on chro-
mosome 2B related to wheat allelopathy. Allelopathic genetic variability among wheat
cultivars is very common and the breeding of cultivars with improved allelopathic poten-
tial is now under investigation [17]. One of the first studies is that of Spruell [18], who
screened 286 bread wheat accessions for their allelopathic effects against Bromus japonicus
L. and Chenopodium album L. Later, Wu et al. [19] firstly evaluated the allelopathic potential
of 92 wheat cultivars against annual ryegrass, and then screened 453 wheat accessions
from 50 countries, reporting a 10 to 91% range of root growth inhibition [20]. The pro-
duction and amount of allelochemicals as expression of the allelopathic potential varied
in relation to plant parts and plant age. For instance, it was found that the concentration
of benzoxazinoids in wheat seeds was similar to that in foliage and roots [21], whereas
Mogensen et al. [22] reported a lower concentration of DIMBOA in roots than in leaves.
Generally, the concentrations of these compounds decline with plant age [22]. The allelo-
pathic effects of wheat extracts were investigated in laboratory by testing the effects of
aqueous and straw extracts on seed germination and seedling growth of selected weeds, as
well as under field conditions by evaluating its inclusion in crop sequences and residue
incorporation [13,14]. However, most of these studies refer to bread wheat straw and other
plant parts, while durum wheat allelopathy has been very little studied.

Given the well-known effect of genotype and plant part on the allelopathic expression
of plants, the return to local landraces by virtue of their genetic importance and market
demand, and considering also the higher weed suppressive ability of landraces than mod-
ern cultivars, we hypothesise that durum wheat landraces could be more allelopathic than
modern cultivars, with genotype- and plant part-dependent allelopathic effects. Indeed,
in our experience, fields of landraces show a lower weed density than modern ones. To
test these hypotheses, a systematic study was performed with the aim of screening the
allelopathic potential of three durum Sicilian wheat landraces compared to a modern vari-
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ety by testing the allelopathic effects of root, stem and ear extracts on two weed species
commonly infesting wheat fields (Portulaca oleracea L. and Stellaria media (L.) Vill.). Further-
more, the total polyphenol content (TPC) and total flavonoid content (TFC) of durum wheat
extracts were determinate to detect possible interactions between extracts phytotoxicity
and polyphenols amount.

2. Results

2.1. Allelopathic Effects of Durum Wheat Extracts

From the ANOVA, it emerged that the two target weeds were differently affected by
durum wheat extracts (Table 1).

Table 1. F-Fisher values of main factors and their interactions resulting from analysis of variance
(ANOVA) on final seed germination percentage (G) and mean germination time (MGT).

Source of
Variation

Df
Portulaca oleracea Stellaria media

G MGT G MGT

Main factors
Wheat

genotype (G) 3 0.83 ns 1.45 ns 4.86 ** 0.90 ns

Plant part (P) 2 2.74 ns 22.09 *** 28.81 *** 15.28 ***
Extract

dilution (D) 2 28.39 *** 58.22 *** 292.44 *** 904.85 ***

Interactions
(G) × (P) 6 2.21 * 4.50 *** 1.73 ns 1.93 ns
(G) × (D) 6 3.59 ** 0.84 ns 3.18 ** 1.66 ns
(P) × (D) 4 8.41 *** 11.80 *** 27.01 *** 4.75 **

(G) × (P) ×
(D) 12 2.83 ** 2.28 * 0.79 ns 0.60 ns

Notes: F-Fisher values are referred to log(x+1)-transformed data; df: degrees of freedom; ***, ** and * indicate
statistical significance at p ≤ 0.001, p ≤ 0.01 and p ≤ 0.05, respectively; ns: not significant.

2.1.1. Allelopathic Effects on Portulaca oleracea

The three-way interaction ‘wheat genotype × plant part × extract dilution’ was
significant for both G (p ≤ 0.01) and MGT (p ≤ 0.05), with the ‘extract dilution’ showing
the highest contribution to variance (58% and 57%, respectively) (Table 1).

Concerning G (Figure 1), ear extracts caused lower G values than stem and root
extracts in ‘Timilia’ (respectively −12.9% and −7.6%) and ‘Russello’ (−6.2% and −1.0%),
while in ‘Perciasacchi’ the roots extracts were the most allelopathic (80% vs. 88% of ears
and 85% of stems). The lowest seed germination was observed with the 100% ear extract
from ‘Timilia’ (47.5%), followed by the 100% ear extract from ‘Mongibello’ (66.3%); on the
contrary, in ‘Russello’ the most active extract was that obtained from the ears diluted at
50% (71.3%), while in ‘Perciasacchi’, it was the 50% root extract (70%). Pooling over wheat
genotypes and plant parts, pure extracts (100%) showed a higher inhibitory activity (77.5%)
than 50% dilution (80.3%) and the control (92.4%).

Mean germination time showed a similar response to G, with the exception of the
significant effect provided by plant part (Table 1). In ‘Timilia’ and ‘Perciasacchi’, the ear
extracts at 100% caused the highest MGT (4.9 and 3.3 days, respectively), whereas the
100% and 50% stem extracts were, respectively, the most active in ‘Russello’ (3.1 days) and
‘Mongibello’ (2.8 days) (Figure 2). Regardless of wheat genotypes and extract dilution, the
extracts obtained from ears determined a higher MGT than stems and roots (2.5 vs. 2.2 and
2.1 days, respectively). Moreover, 100% dilution increased more MGT than 50% and 0%
(2.7 vs. 2.3 and 1.9 days, respectively).
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(a) (b) 

  
(c) (d) 

Figure 1. Seed germination percentage of Portulaca oleracea as affected by durum wheat genotype,
plant part and extract dilution. (a) ‘Timilia’; (b) ‘Russello’; (c) ‘Perciasacchi’; (d) ‘Mongibello’; Least
Significant Difference (LSD) interaction was calculated with the LSD test at p < 0.05. Bars indicate ±
standard error.

 

(a) (b) 

Figure 2. Cont.
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(c) (d) 

Figure 2. Mean germination time (MGT, days) of Portulaca oleracea as affected by durum wheat geno-
type, plant part and extract dilution. (a) ‘Timilia’; (b) ‘Russello’; (c) ‘Perciasacchi’; (d) ‘Mongibello’;
Least Significant Difference (LSD) interaction was calculated with the LSD test at p < 0.05. Bars
indicate ± standard error.

2.1.2. Allelopathic Effects on Stellaria media

In S. media, seed germination was significantly affected by the two-way ‘wheat geno-
type × extract dilution’ and ‘plant part × extract dilution’ interactions (Table 1). Regarding
the former (Figure 3a), the trend 0% < 50% < 100% was constant for all the wheat genotypes,
with an average reduction of 64% (pure extracts) and 48% (extracts diluted at 50%) of G
compared to the control. ‘Timilia’ extracts at 100% showed the highest allelopathic effect
(29.2% vs. 37.5% on the average of the other three genotypes), while ‘Perciasacchi’ extracts
at 50% had the lowest (55.3%). Concerning the ‘plant part × extract dilution’ interaction,
a trend of 0% < 50% < 100% was found for the three plant parts (Figure 3b). Among the
maximum dilutions (100%), ear extracts caused the lowest G (19.7%), whereas stem extracts
were the most efficient in terms of G reduction among the 50% dilutions (44.4%). Root
extracts showed the lowest inhibitory activity at both 100% and 50% dilution.

  

(a) (b) 

Figure 3. Effect of durum wheat ‘genotype × extract dilution’ (a) and ‘plant part × extract dilution’
(b) interactions on Stellaria media seed germination percentage. Least Significant Difference (LSD)
interaction was calculated with the LSD test at p < 0.05. Bars indicate ± standard error.

‘Plant part × extract dilution’ was the only significant interaction affecting MGT in
S. media (Table 1). Pure extracts at 100% better performed than 50% and 0% dilutions in
increasing the MGT for both ears, stems and roots (Figure 4). Stem extracts determined the
highest MGT at both 100% (8.8 days) and 50% (7.7 days) dilution, followed by ears (8.6 and
7.1 days) and roots (7.8 and 6.6 days).
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Figure 4. Effect of durum wheat ‘plant part × extract dilution’ interaction on Stellaria media mean
germination time (MGT, days). Least Significant Difference (LSD) interaction was calculated with the
LSD test at p < 0.05. Bars indicate ± standard error.

2.1.3. Synthesis of the Allelopathic Effects

Table 2 shows the allelopathic effect response index (RI) and the synthesis effect (SE)
of main factors for the two target weeds. RI values are not described since they are still
incorporated in SEs. The synthesis effect of wheat genotype was significant for both weeds.
In particular, ‘Timilia’ showed a significantly higher SE than the other genotypes in P.
oleracea. Similarly, significantly higher SEs were obtained by ‘Timilia’ and ‘Mongibello’
extracts in S. media. ‘Perciasacchi’ extracts showed the lowest SEs in both weeds. Regarding
plant part, SE of ears was significantly higher than stems and roots in P. oleracea; also, S.
media roots showed the significantly lowest SE. Moreover, it can be easily seen that the
allelopathic effect was enhanced by increasing the dilution of extracts (0.45 vs. 0.36 SE in P.
oleracea and 1.13 vs. 0.87 SE in S. media).

Table 2. Allelopathic effect response index (RI) and synthesis effect (SE) of durum wheat extracts on
final seed germination (G) and mean germination time (MGT) of Portulaca oleracea and Stellaria media.
RI and SE values are pooled over main factors.

Main Factors

Portulaca oleracea Stellaria media

RI
SE

RI
SE

G MGT G MGT

Wheat
genotype

Timilia −0.17 a 0.25 a 0.46 a −0.58 a 0.45 a 1.03 a
Russello −0.14 a 0.21 a 0.40 b −0.56 a 0.43 a 0.99 a

Perciasacchi −0.12 a 0.18 a 0.39 b −0.50 a 0.44 a 0.92 b
Mongibello −0.13 a 0.24 a 0.40 b −0.60 a 0.43 a 1.02 a

Plant part
ears −0.17 a 0.32 a 0.53 a −0.63 a 0.46 a 1.08 a

stems −0.11 b 0.23 b 0.36 b −0.57 a 0.47 a 1.04 a
roots −0.15 a 0.11 c 0.33 b −0.45 b 0.40 b 0.86 b

Extract
dilution

100% −0.26 a 0.25 a 0.45 a −0.64 a 0.49 a 1.13 a
50% −0.12 b 0.17 b 0.36 b −0.48 b 0.38 b 0.87 b

Different letters between each column indicate statistical significance at p < 0.05 with the LSD test.

2.2. Total Polyphenol (TPC) and Flavonoid Content (TFC) of Durum Wheat Extracts

The ANOVA showed that both TPC and TFC values of durum wheat extracts were
significantly affected by both durum wheat genotypes (p < 0.0001 TPC, TFC) and plant parts
(p < 0.0001 TPC, TFC), whereas any two-way interaction was significant (p = 0.1584 and
p = 0.3459, respectively). Regardless of plant part, ‘Timilia’ showed the highest TPC and
TFC values (1.04 and 0.69 g kg−1 DM, respectively), followed by ‘Russello’, ‘Mongibello’
and ‘Perciasacchi’ (Figure 5a). In relation to the plant part, the trend of ears > stems > roots
was found for both TPC and TFC, with ear extracts showing a +72% of TPC and +286%
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of TFC compared to root extracts (Figure 5b). In detail, ‘Timilia’ showed the highest TPC
values in all plant parts (1.33 g kg−1 DM in ears, 0.94 g kg−1 DM in stems and 0.83 g kg−1

DM in roots), followed in decreasing order by ‘Russello’ (1.22, 0.85 and 0.68 g kg−1 DW,
respectively, in ears, stems and roots), ‘Mongibello’ (1.01, 0.73 and 0.57 g kg−1 DM) and
‘Perciasacchi’ (0.84, 0.59 and 0.46 g kg−1 DM) (Figure 6). The same trend was found for
TFC, with ‘Timilia’ and ‘Perciasacchi’ showing, respectively, the highest and the lowest
values (Figure 6).

 

(a) (b) 

Figure 5. Total polyphenol (TPC) and total flavonoid (TFC) content in roots, stem and ears of durum
wheat extracts in relation to the genotype (a) and plant part (b). Different letters (a–d) indicate
significant differences for the TPC (p ≤ 0.05). Different letters (A–C) indicate significant differences
for the TFC (p ≤ 0.05). Bars indicate ± standard error. DM: dry matter.

(a) 

(b) 

Figure 6. Cont.

279



Plants 2022, 11, 1021

(c) 

Figure 6. Total polyphenol (TPC) and total flavonoid (TFC) content in root (a), stem (b) and ear (c)
extracts of durum wheat genotypes. Different letters (a–c) indicate significant differences among
genotypes for the TPC (p ≤ 0.05). Different letters (A–C) indicate significant differences among
genotypes for the TFC (p ≤ 0.05). Bars indicate ± standard error. DM: dry matter.

3. Discussion

Most of the research about wheat allelopathy have been conducted on bread wheat and
on the allelopathic effects of wheat crop residues, leachates and mulch/cover crop [13,14].
Durum wheat allelopathy, on the contrary, is still poorly understood. This study demon-
strated that durum wheat extracts have a significant allelopathic activity against two
common weeds infesting wheat fields. The allelopathic activity was evaluated in terms of
weed G and MGT, which are two well-known secondary expressions derived from primary
effects such as the increase of reactive oxygen species (ROS), reduction or inactivation of
the physiological activity of phytohormones, alteration of cell membrane permeability,
division and elongation [12]. In particular, plant extracts generally inhibit seed germination
by disrupting mitochondrial respiration and oxidative pentose phosphate pathways [23].
The phytotoxicity level varied in relation to genotype, plant part and extract dilution, as
commonly found in many other similar studies. Genotype- and dose-response allelopathic
effects are widely reported in the literature. Scavo et al. [24,25], for instance, indicated that
the allelopathic activity of Cynara cardunculus L. depends on the botanical variety—with
the wild cardoon being more phytotoxic than cultivated cardoon and globe artichoke—and
extract concentration. Allelopathic genetic variability has been thoroughly studied in bread
wheat [18–20], while to the best of our knowledge this is the first time in durum wheat. The
allelopathic activity of two Tunisian durum wheat varieties, ‘Karim’ and ‘Om rabii’, was
evaluated by Oueslati [26] on seed germination and seedling growth of barley and bread
wheat. The same author, investigating the effect of plant part, also found that leaf extracts
were the most active, whereas root and stems extracts showed no effect in reducing radicle
length and seed germination.

Here, two local landraces (‘Timilia’ and ‘Russello’) showed higher allelopathic effects
than a modern variety (‘Mongibello’) on both target weeds. Moreover, ear extracts provided
better results in terms of phytotoxicity than stems and roots. These findings were corrobo-
rated by the phytochemical analysis of aqueous extracts. Indeed, significantly higher TPC
and TFC values were detected in ‘Timilia’ and ‘Russello’ extracts. Moreover, both TPC
and TFC followed the trend ears > stems > roots, as found for phytotoxic effects. Wheat
polyphenols mainly include hydroxybenzoic and hydroxycinnamic acid derivatives such
as p-hydroxybenzoic, ferulic, syringic, vanillic, caffeic and p-coumaric [4,27]. They were
detected in the whole grains and in bran fractions, while no information was available for
other wheat plant parts. In general, these secondary metabolites are produced as a defence
mechanism in adaptation to biotic and abiotic stresses (water-deficit and high intensity
of solar radiation in Mediterranean environments). In contrast with Bertholdsson [28],
who underlined how bread wheat landraces and old cultivars were less allelopathic than
modern varieties, in this study the landraces ‘Timilia’ and ‘Russello’ were more allelopathic
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than the modern variety ‘Mongibello’. This is not strange since agronomic practices such as
herbicide application have resulted in the competitive loss of modern cultivars with weeds.
Giambalvo et al. [29], in fact, suggested the choice of old and tall landraces such as ‘Russello’
in weedy and low-N conditions due to their high competitive capacity with weeds. The
higher weed-suppressive ability of old landraces compared to modern varieties could be
therefore attributable not only to competition, but also to allelopathy, as demonstrated in
this study. The decrease of G and increase of MGT mediated by allelochemicals is a strategy
adopted by certain crops, such as durum wheat landraces, to win the competition with
weeds, thus decreasing the herbicides supply.

4. Materials and Methods

4.1. Location and Agronomic Management of Wheat Field

Durum wheat genotypes were cultivated in the experimental farm of the University
of Catania, located in Eastern Sicily (South Italy, 37◦25′ N; 15◦30′118” E; 10 m a.s.l.). The
soil, Typic and/or Vertic Xerochrepts (Soil Survey Staff, 1999), showed the following
physio-chemical properties in the 0–40 cm profile: sand 27%, clay 45%, silt 28% (clay
texture), organic matter 1%, total N 1.1 g kg−1, available P2O5 10 mg kg−1, exchangeable
K2O 300 mg kg−1, pH 8.1 and cation exchange capacity 169 meq 100 g−1. The climate
of the zone is typically semiarid Mediterranean, characterised by ~500 mm of annual
precipitations, mild rain winters and hot dry summers.

Durum wheats under study included three Sicilian landraces (‘Timilia’, ‘Russello’ and
‘Perciasacchi’) and a modern variety (‘Mongibello’), recently bred by the University of
Catania from a ‘Trinakria × Valforte’ cross. They are autumn-sowing genotypes with late or
medium-late maturity, and mean yields in Sicily ranged between 1300–2800 kg ha−1. Plants
were arranged in a randomized block design with three replicates, within a 35 × 36.5 m
experimental area. Each cv. had a net plot size of 30 m2, for a total of 12 plots of 10 m2

with 6 rows spaced 21 cm apart. Sowing was carried out in December 2018 by means of a
self-propelled plot seeder (Winterstaiger, Ried, Austria) at the rate of 400 viable seeds m−2

to reach a mean target ear density of ~300 ears m−2.
Wheat genotypes were grown by applying a low-input agricultural management.

Seedbed preparation was realized with a shallow hoeing (20 cm deep) in early autumn
followed by a disk harrow. The fertilization program consisted of 54 kg N ha−1 and 108 kg
P2O5 ha−1 before sowing, combined with 26 kg N ha−1 (ammonium nitrate, 27% N) at
tillering stage. Weeds were controlled by hand and by brush cutter.

4.2. Sampling of Plant Materials and Extracts Preparation

About 30 plants for each variety were randomly sampled in June 2019 at full maturity
stage. In the laboratory, the plants were washed with tap water and separated into roots,
stems and ears. Extracts were prepared by combining the methodologies proposed by
Oueslati [26] and Wu et al. [20], with some modifications. In detail, the three plant parts
were finely chopped and dried in an oven at 45 ◦C up to constant weight. Ten grams of
DM of each plant material were soaked with 150 mL of distilled water for 48 h at room
temperature (20 ◦C ± 1) in the dark. Then, the mixtures were filtered through a Whatman
no. 2 filter paper and centrifuged at 200 rpm for 15 min at 10 ◦C to remove debris. Finally,
each extract was diluted with distilled water to obtain three final dilutions: 100% (pure
extracts), 50% and 0% (distilled water) as control. The prepared extracts were stored in a
refrigerator at 3 ◦C for further uses.

4.3. Seed Collection and Germination Bioassay

The allelopathic effects of the above-mentioned durum wheat extracts were tested
on seed germination of P. oleracea and S. media. The former is a cosmopolitan spring–
summer annual weed, therophyte, belonging to the Portulacaceae family; the latter is a
Caryophyllaceae member, biennial and hemicryptophyte weed, with an autumn–winter
cycle. Both weeds highly infest Mediterranean durum wheat fields, where they exert a
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severe pressure, respectively, at the end and at the beginning of the crop’s biological cycle.
The seeds of P. oleracea were collected around the experimental farm of the University of
Catania, whereas S. media seeds derived from natural populations sited in Calatabiano
(Sicily, 37◦49′ N, 15◦13′ E; 50 m a.s.l.). Mature collected seeds were cleaned from inert
materials (debris, pebbles, etc.), selected for size and colour homogeneity with a MS5 Leica
stereomicroscope (Leica Microsystems, Wetzlar, Germany), and stored in paper bags at
room temperature.

Germination bioassays were carried out in 9 cm Petri dishes by moistening a double
Whatman no. 2 layer with 5 mL of root, stem and ear extracts at two different dilutions
(100% and 50%). Distilled water was used as a control. There were four replicates of 25
seeds for each extract and dilution. Petri dishes of P. oleracea were incubated in continuous
darkness at 35 ◦C and wrapped with an aluminium foil, while S. media ones were kept in
alternating light (dark/light cycle 14/10 h) at 17 ◦C. These temperatures and photoperiods
are the optimal conditions for seed germination of each species [24,30]. In both cases, Petri
dishes were sealed with parafilm to prevent evaporation of the solution. Seed germination
was counted daily, considering the seeds as germinated when the radicle protruded over
2 mm. Germination bioassays ended when no seeds had germinated for 3 consecutive days.

4.4. Total Polyphenol Content of Aqueous Extracts

The total polyphenol content was quantified using a modified method proposed by
Pandino et al. [31]. About 10 mL of each extract was evaporated under vacuum using a
rotary evaporator (Buchi rotavapor). The residue was redissolved in 1.5 mL methanol 80%
and stirred at room temperature for 1 h, with shaking. The mixture was centrifuged at
5000× g for 5 min at 25 ◦C. A diluted aliquot was mixed with Folin—Ciocalteu reagent at
room temperature for 2 min. Sodium carbonate (5%, w/v) was added and the mixture was
allowed to rest at 40 ◦C for 20 min in thermostatic bath. The absorbance was read at 725 nm
by a Shimadzu 1601 UV–Visible spectrophotometer (Shimadzu Corp., Tokyo, Japan). The
content was determined on the basis of a standard calibration curve generated with known
concentrations of ferulic acid. All data presented are mean values of two independent
experiments and expressed as g kg−1 of DM.

4.5. Total Flavonoid Content of Aqueous Extracts

Flavonoid content of the extracts was quantified using the aluminium chloride assay
method performed by Zendehbad et al. [32]. In brief, 500 μL of redissolved extract was
dissolved in 1.5 mL of ethanol (95%) and 0.1 mL of 10% aluminium chloride. Then, 0.1 mL
of 1 M sodium acetate were added. The volume was made up to 5 mL with bidistilled water.
The absorbance was measured at 725 nm by a spectrophotometer at 415 nm after 30 min.
The content was determined on the basis of a standard calibration curve generated with
known concentrations of rutin. All data presented are mean values of two independent
experiments and expressed as g kg−1 of DM.

4.6. Data Analysis

In order to evaluate the allelopathic effects of wheat extracts on seed germination of
the two target weeds, the following parameters and indices were considered:

G (%) =
(ni

N

)
× 100 (1)

MGT (days) =

(
∑k

i=1 niti

∑k
i=1 ni

)
(2)

RI =
[(

T
C

)
− 1

]
if T < C or RI =

[
1 −

(
C
T

)]
if T ≥ C (3)

SE = RI|G| + RI|MGT| (4)
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where: G = final germination percentage; ni = number of seeds germinated in the ith time;
N = total number of seeds used in each Petri dish; MGT = mean germination time; ti = time
from the start of the experiment to the ith observation; RI = allelopathic effect response
index; T = treatment value; C = control value; SE = allelopathic synthesis effect. Equation (2)
was computed according to Ranal et al. (2009). RI was determined following Williamson
and Richardson (1998), with positive values indicating stimulation by treatments and
negative values indicating inhibition. SE, which represents the intensity of the allelopathic
effect, was calculated as the sum of the corresponding absolute value of RI for germination
percentage (|G|) and mean germination time (|MGT|), in accordance with Ma et al. (2020).
Laboratory experiments, repeated twice, were arranged in a completely randomized design
(CRD) with four replications.

4.7. Statistical Analysis

Data were analysed using analysis of variance (ANOVA) followed by the Fisher’s
protected LSD test for means multiple comparisons. Statistically significant differences
were set at p ≤ 0.05. Deviations from normality and homoscedasticity were determined
before ANOVA, respectively, by graphically inspecting the residuals and with the Bartlett’s
test. In particular, to meet the basic assumptions for linear models, G and MGT data were
log(x+1)-transformed in accordance with Scavo et al. (2020). Mean ± standard error of
untransformed data is presented and discussed. A generalized linear model (GLM) was
initially applied considering ‘wheat genotype’, ‘plant part’, ‘extract dilution’ and ‘target
weeds’ as main factors. Considering that the latter factor showed a high significance
(p ≤ 0.001) for all the variables, data were therefore processed according to a generalized
linear mixed model (GLMM) with ‘target weeds’ as a random factor. Two-way ANOVAs
were conducted for the second order interactions between main factors, whereas one-way
ANOVAs were applied to pooled RI and SE data. Data about TPC and TFC were analysed
according to a factorial two-way ANOVA model (4 wheat genotypes × 3 plant parts).
The CoStat® software version 6.003 (CoHort Software, Monterey, CA, USA) was used for
statistical analysis.

5. Conclusions

The present research documented the allelopathic effects of selected durum wheat
landraces on seed germination of two common weed species infesting wheat (P. oleracea
and S. media). The magnitude of phytotoxicity was related to genotype, plant part and
extract dilution. In detail, two landraces (‘Timilia’ and ‘Russello’) were more allelopathic
than the modern variety ‘Mongibello’, ears were more active than stems and roots, and
seed germination was increasingly inhibited with increasing extract concentration. These
findings were supported by extracts’ TPC and TFC, since their highest values were found
in ‘Timilia’ and ‘Russello’ among genotypes, and ear extracts among plant parts. These
results suggested that plant residues of local landraces could be left on the soil surface
or soil-incorporated after wheat harvest for weed control. Furthermore, durum wheat
landraces can be considered potential plants for the possible future production of bioherbi-
cides. However, more research is required in this regard to identify, purify and isolate the
allelochemicals involved in durum wheat allelopathy and to evaluate their effects under
field conditions on a broader spectrum of weeds and soil seed banks.
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