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Nebojša Nikolić 1,* , Donato Loddo 2 and Roberta Masin 1

����������
�������

Citation: Nikolić, N.; Loddo, D.;
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Abstract: Weed behaviour in crop fields has been extensively studied; nevertheless, limited knowl-
edge is available for particular cropping systems, such as no-till systems. Improving weed manage-
ment under no-till conditions requires an understanding of the interaction between crop residues
and the seedling emergence process. This study aimed to evaluate the influence of maize and wheat
residues, applied in three different quantities (1, the field quantity, 0.5, and 1.5-fold amounts of the
field quantity), on the emergence of eight weed species: Abutilon theophrasti, Amaranthus retroflexus,
Chenopodium album, Digitaria sanguinalis, Echinochloa crus-galli, Setaria pumila, Sonchus oleraceus, and
Sorghum halepense. The experiment was conducted over two consecutive years. The results showed
that the quantities 1 and 1.5 could suppress seedling emergence by 20 and 44%, respectively, while
the quantity 0.5 seems to promote emergence by 22% compared with the control without residues.
Weed species showed different responses to crop residues, from C. album showing 56% less emer-
gence to S. halepense showing a 44% higher emergence than the control without residues. Different
meteorological conditions in the two-year experiment also exhibited a significant influence on weed
species emergence.

Keywords: seedling emergence; deal mulch; conservation agriculture; no-till

1. Introduction

Weeds, being superior competitors than crops in contention for available resources,
have become one of the major agricultural problems worldwide [1]. Different cropping
systems experience this problem differently, depending on the soil characteristics from
where weed seeds germinate and the obstacles they face in the early growth, such as crop
residues present as post-harvest crop residues or used as mulches [2,3]. Crop residues are
materials left on cultivated land after the crop has been harvested. Besides being used to
suppress weed emergence, crop residues, coupled with good agricultural management
practices, can also have many positive impacts on soil quality. They are considered an effec-
tive anti-erosion measure; they can improve soil structure, increase organic content in the
soil, reduce evaporation, and help fix carbon dioxide (CO2). Therefore, they can also be an
asset for seed germination [4]. Crop residues can also decrease evapotranspiration, reduce
the soil temperature, and retain soil moisture, which can also be beneficial for germination
and growth of both crops and weeds [5]. Seed germination is the passage from a dormant
to a metabolically active embryo, accompanied by the use of natural resources, such as
oxygen and water, and the release of CO2. Therefore, seeds need a favourable environment
for germinating and emerging [6]. The fate of the seed may differ depending on the species
and the dissemination period. Some may germinate immediately after dissemination,
and others may have to pass a certain period of dormancy before germinating, caused by
seed physical or physiological effects [7]. Seed germination and emergence are mainly
influenced by four factors: Temperature, water and oxygen quantity and availability, and
light. The effects of all these factors, even though essential, are species-specific, meaning
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that not all species have the same requirements. Some may germinate better with less
light, some with depressed temperatures, and others only with high levels of humidity.
Therefore, the local differences in these environmental factors may have a meaningful
impact on seed germination and emergence [6,7]. Some crop residues may obstruct or
prevent water infiltration, and may therefore, be detrimental to seed germination; the
thickness of crop residues has been proposed as a possible cause for this phenomenon [8,9].
Crop residues can also inhibit light transmittance to the seeds underneath, which may
also inhibit germination [10]. These findings confirm that crop residues can act as an
obstacle for water and light penetration and can reduce temperature fluctuations, which
can lead to a deceleration, reduction, or a complete absence of seed germination and plant
emergence [5,11]. The effect of crop residues on weed plant emergence has been exploited
to control weeds in almost all agricultural practices, using different mulches. Permanent
soil cover is one of the three main pillars upon which conservation agriculture (CA) is
built [12,13]. The three characteristics of CA are minimum soil disturbance, crop rotation,
and maintenance of soil cover by crop residues and living mulch [13]. The influence of
crop residues on seed germination and emergence is significant when no-till practices are
applied because the absence of mechanical soil disturbance means seeds always remain on
the soil surface in a micro-environment created by crop residues [11,14,15]. Even though
positive effects on the reduction of weed emergence by covering the soil with crop residues
have been demonstrated [16,17], some questions remain unanswered. Some of the most
important questions include single weed species’ response to these measures and what
effects different quantities of residues might have. The uniformity of residue distribution
may also be critical, regardless of the amount used.

Some studies concerning the effect of different residue quantities on weed species
emergence have been conducted with different crops and cover crop residues [18]. Nev-
ertheless, there is a lack of information on the weed species-specific emergence response
to different types and amounts of residues. This kind of knowledge could be useful for
understanding the residue required to effectively reduce specific weed infestations.

This work tackles some of these issues to fill the gap and contribute more to the knowl-
edge of the weed emergence processes under crop residues. The trials were conducted in
Northern Italy by using maize and wheat residues, therefore representing the two major
cereal crops grown in Europe [19], and eight weed species commonly found in the fields of
Northern Italy.

2. Materials and Methods

The trials were conducted at the ‘Lucio Toniolo’ experimental farm of the University
of Padova, located in Legnaro in the Veneto region, Northern Italy. For the trials, two types
of crop residues were selected: Maize (Zea mays) and wheat (Triticum aestivum). In order
to assess the quantities that are typically left in the field after harvest, maize and wheat
residues from 1 m2 plots were collected where average yields were obtained and their dry
matter was determined. The established amount was then set as quantity 1 and was used
as a reference value for determining other quantities to be used. In order to simulate the
amount of residues left by crops with increasing levels of productivity (low, average, high),
three different quantities were used: 0.5, 1, and 1.5-fold of the amount collected per square
meter. The weights of the three quantities for each crop residue are shown in Table 1.

Table 1. Quantities of maize and wheat residues used for the trials.

Quantity Residue (kg/m2)

Maize Wheat

0.5 0.308 0.176
1 0.616 0.352
1.5 0.924 0.528
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The experiment was laid out in a factorial design with eight weed species, two crop
residues, three residue quantities, and three blocks, with one plot without residues for each
species and for each block, marked as 0. The seeds of each species were sown in a square
area (plot) of 20 cm × 20 cm.

The eight weed species selected are commonly found in the fields of Northern Italy:
Abutilon theophrasti Medik. (ABUTH), Amaranthus retroflexus L. (AMARE), Chenopodium
album L. (CHEAL), Digitaria sanguinalis (L.) Scop. (DIGSA), Echinochloa crus-galli (L.) Beauv.
(ECHCG), Setaria pumila (Poir.) Roem. & Schult. (SETPU), Sonchus oleraceus L. (SONOL),
and Sorghum halepense (L.) Pers. (SORHA). Each species was sown in each block for each
residue quantity used plus one control replicate (without residues), for both types of crop
residue used. For each species, 200 seeds were sown per plot. Seeds were hand-harvested
in summer 2018 from natural populations at the experimental farm. After being collected,
the seeds were cleaned and dry stored at room temperature until used in the experiment.

Before sowing, the first 5 cm of soil were removed from the rows and heat sterilised at
105 ◦C for 48 h in a stove. Soil sterilisation was conducted to eliminate the seeds present
in the natural seed bank. After sterilisation, the soil was redistributed in the rows. The
seeds of each of the eight species were then sown in their respective plots on the soil and
were not uniformly distributed, imitating the natural dispersal of seeds from the mother
plant. After the sowing operations, the plots were covered with different residue types and
quantities or left uncovered (control) according to the experimental plan. The appearance
of the experimental site during and after the previously described operations is shown in
Figure 1.
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The seeds were sown in winter, creating conditions for vernalisation and dormancy
release. The experiment was repeated for two consecutive years, following the same
experimental design; the first experiment started on the 18 December 2018 and the second
one on the 20 December 2019. After the beginning of seedling emergence, mid-March for
the first experiment and the beginning of March for the second, emergence was monitored
every two to three days. The emerged seedlings were removed and counted, and the
number was recorded. The first experiment was concluded on the 26 June 2019, and the
second on the 1 July 2020, following a period without emergence. For the same period, data
concerning temperature and rainfall were recorded by the meteorological station at the
Regional Agency for Environmental Protection (ARPA), located at the experimental farm.

Statistical Analysis

The total number of emerged seedlings was calculated for each replicate, and means
± standard error (SE) were determined for each treatment. Total emergence was calculated
as the mean of replicates with residues and normalized with the means of control replicates
without residues. Finally, the total emergence (expressed as a percentage of the total
emergence observed in the control without residues), after verifying homoscedasticity and
normality, was statistically analysed by a factorial ANOVA. Year (Y, two levels), Species (S,
eight levels), Crop residue type (Cr, two levels), and residue quantities (Rq, three levels)
were considered as experimental factors. Significance of differences between means was
evaluated using Tukey’s HSD test (p < 0.05).

3. Results

The total number of emerged seedlings in the control plots (no residues) varied
between species and years, with the highest percentage of emergence observed for E. crus-
galli and S. pumila and the lowest for C. album and A. retroflexus. Data on emergence
percentage for the different species in the different treatments are reported in Appendix
A (Figures A1–A8). The results of the ANOVA on total emergence data showed that only
the residue quantity (Rq) and weed species (S) were significant as factors as well as the
interaction between the two years and weed species (Y × S) (Table 2). The effects of these
two factors and the year × species interaction are explained in detail hereafter.

Table 2. Full factorial ANOVA on total emergence monitored in the two years.

Factors Df F-Value p-Value

Years (Y) 1 1.209 ns
Species (S) 42 1.455 0.048
Crop residues (Cr) 24 0.605 ns
Residue quantities
(Rq) 32 2.078 0.001

Interactions

Y × S 7 3.155 0.004
Y × Cr 1 0.203 ns
Y × Rq 2 2.050 ns
S × Rq 28 0.704 ns
S × Cr 21 0.375 ns
Cr × Rq 16 0.558 ns
Y × S × Cr 7 0.174 ns
Y × S × Rq 14 0.664 ns
Y × Cr × Rq 2 1.253 ns
S × Cr × Rq 14 0.395 ns
Y × S × Cr × Rq 14 0.294 ns

ns = not significant, Df = Degrees of freedom.
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3.1. Quantity of Residues

The effect of the quantity of crop residues on weed emergence is presented as percent-
ages, relative to that of the control (Figure 2). Values above 100% indicate that under those
residues, emergence was greater than without residues, while values below 100% indicate
that the emergence was lower than in the control.
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It is interesting to note that under quantity 0.5, weeds emerged better than they did
without residues; in fact, the overall emergence was 22% higher than the control without
residues. With quantity 1, the field quantity, the overall emergence was 20% lower than
the emergence without residues. The quantity 1.5 produced the highest overall reduction
(44%) of seedling emergence.

3.2. Weed Species

Emergence data for each of the eight species studied were analysed separately. As for
the residue quantities, the emergence percentages were calculated based on the emergence
of control plots-without residues. The results are shown in Figure 3.

The most interesting result was the emergence percentage of S. halepense which was
41% more with residues than without residues. A. retroflexus had approximately 2% more
emergence in the presence of residues. All other species had an emergence percentage
that was 12 to 56% lower with residues than without residues. The lowest emergence
percentage observed was 44% which was exhibited by C. album.

In summary, the results indicated that the presence of crop residues favoured S. halepense,
A. retroflexus emergence was not affected by residues, while for S. pumila, S. oleraceus, E.
crus-galli, A. theophrasti, and D. sanguinalis, the presence of crop residues negatively affected
emergence. C. album was subject to the most severe inhibition effect of the presence of crop
residues on seedling emergence.
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Figure 3. Differences in emergence between weed species in the presence of crop residues. The emergence is expressed as a
percentage relative to control (no residues). Emergence values are means of the two types of residues (wheat and maize)
and three levels (0.5, 1, and 1.5) of residues quantities. Different letters indicate significant difference (p-value < 0.05), and
the bars indicate the standard error.

3.3. Year-Weed Species Interaction

The same species showed differences in seedling emergence between the two years of
study, likely resulting from the different meteorological conditions, as illustrated in Figure 4.
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Figure 4. Daily soil temperature and precipitations in 2019 (a) and 2020 (b).

In Figure 4, it can be observed that during the emergence period (from May to July),
soil temperature and precipitation differed between years. The first year (2019) was
characterised by a moderate and constant increase in temperatures in spring until the
beginning of June when the temperature rose abruptly. The year was also characterised
by low early spring precipitation, with most of the rainfall occurring during late spring.
On the other hand, the second year (2020) suffered an extended dry period during most of
spring with an important amount of rainfall during the late spring/early summer period.
The temperature increased progressively from spring to summer.

Differences in weed species emergence between the two years are shown in Figure 5.
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Figure 5. Differences in emergence between weed species in different years in the presence of crop residues. The emergence
is expressed as a percentage of control (no residues). Emergence values are means of the two types of residues (wheat and
maize) and three levels (0.5, 1, and 1.5) of residues quantities. Different letters indicate significant difference (p-value < 0.05),
and the bars indicate the standard error.
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It is interesting to observe that some species (S. halepense, A. retroflexus, and S. oler-
aceous) emerged by approximately the same amount in both years. Other species, such
as A. theophrasti and E. crus-galli, showed an emergence favoured by or indifferent to the
presence of crop residues in 2019, respectively, and reduced by the presence of residues
in 2020. On the contrary, the emergence of S. pumila and D. sanguinalis was negatively
influenced by residues only in 2019.

4. Discussion

Residues covering seeds are known to prevent their germination by obstructing light
penetration, decreasing soil temperature, affecting soil moisture, and reducing oxygen
availability. Our results demonstrated significant suppression of seedling emergence with
a higher amount of residues, but with fewer residues, there was a favourable effect on
emergence for some species. This finding could be explained considering that with a
low amount of residues, light and oxygen reach the seeds, the soil temperature is little
affected, and residues can retain moisture which is then available for the seed germina-
tion process [11,20]. The results of our study agree with the findings of Liebman et al.
and Ranaivoson et al., [21,22], who reported that low residue quantities stimulate weed
emergence.

With high quantities of residues, weed emergence reduction is quite visible. Similar
results were reported by Chauhan and colleagues [18]. In their study, rice (Oryze sativa)
residues were used in two different quantities (0.3 kg/m2 and 0.6 kg/m2), similar to the
wheat quantities used in our experiment. The authors found that both quantities negatively
influenced weed emergence, which decreased with an increase in residue quantities, thus
confirming the existence of a general trend of weed emergence suppression with an increase
in crop residue quantities. However, it should be highlighted that Chauhan et al. [18]
experiments used different types of residues and different weed species than our study,
which could also influence the emergence.

There are different studies that argue that seed mass determines species emerging capacity
under residues. Larger seeds have a higher germination rate than smaller seeds [23–25]. This
is because larger seeds have more nutrient reserves than smaller seeds and can therefore,
overcome obstacles for their germination and emergence more easily, giving young plants
more time to adapt to the conditions of the environment [26–28]. Moreover, other studies
indicated that large seeds need less light to germinate [29]. Furthermore, imbibition of large
seeds can be difficult when they are on the soil surface because of poor seed–soil contact;
the presence of crop residues might increase moisture on the soil surface and facilitate
seed imbibition. This general rule could justify S. halepense behaviour (e.g., increase in
emergence) as the presence of the residues favoured it, but in our study, this was not
observed for all the other species with large seeds (e.g., A. theophrasti). Moreover, although
C. album emergence, a species with small seeds, was inhibited by residue cover, A. retroflexus
emerged even under residues. It seems clear in our findings that species do not follow the
supposed rule on the positive relationship between seed size and emergence under residues.
However, there are other authors who found that some of the small seed-size species, such
as Sonchus asper (L.) Hill, Taraxacum officinale F. H. Wigg, Alopecurus myosuroides Huds.,
Veronica persica Poir., Plantago lanceolata L., and Portulaca oleracea L., could emerge under
residues [30,31]. They proposed that these species have lower requirements for light and
water to start germinating, compared to larger seeds. Moreover, given their thin seedling
form and emergence speed, they are able to find a way and penetrate above the residue
cover before exhausting nutrient reserves.

Since temperature and soil moisture are the most important factors for seed germi-
nation and seedling emergence [32], the absence of precipitation and too high or low
temperatures may decrease germination, while rainfall during spring promotes it [33–35].
Therefore, weather conditions undoubtedly played a role in the observed differences in
weed species total emergence between the two years of these experiments, and the emer-
gence patterns of the species were different between 2019 and 2020 (emergence patterns of
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all eight species are in Appendix A). Seedling emergence was lower in 2020 than in 2019
due to drier conditions, with the exception of S. oleraceus. Although total emergence was lower
in 2020, some species sensitive to drought, such as D. sanguinalis and S. pumila [36–38] in 2020
showed greater emergence under the residues compared to control, probably because the
residues were able to retain some of the moisture in the upper soil layer. This level of
moisture was probably enough to allow seed imbibition and germination for S. oleraceus,
S. pumila, and D. sanguinalis but not for the remaining species. This could be related to
inter-specific differences in base water potential for germination or in seed traits, such as
size, coat or shape, involved in imbibition process.

In general, it was observed that the presence of crop residues tended to delay weed
emergence, with a few exceptions for some species in some years. These exceptions include
the small seeded species such as S. oleraceus that showed no delay in emergence in both
years, and C. album that showed no delay in emergence in 2019, and a slight delay in
2020. In 2019, emergence anticipation of S. halepense was observed, going from two weeks,
with the smallest amount, to several days, with the highest number of residues, compared
to control. However, this was not the case in 2020. Another interesting result was the
emergence pattern of D. sanguinalis in 2020 where the amounts 0.5 and 1 of both residue
types anticipated the emergence for more than a month, compared to control. Yet the
quantity 1.5 of both residues delayed the emergence for almost two weeks. A. theophrasti
emergence was delayed in both years from one to several weeks with the increasing
amount of residues, and similar results were observed in the emergence patterns of E. crus-
galli with emergence delay of few weeks up to a month, with the increasing amount of
residues. These results are probably the product of the interaction between the specific
microclimatic conditions created by the residues and the biology of these species that
have different requirements of light, moisture, and temperature for dormancy breaking
and germination [38–43]. However, we can comment on these results only hypothetically,
considering that no measurements of microclimatic conditions underneath the residues
were conducted, as it was not the goal of this work. These results are interesting because
weeds emerging later are less competitive against crops and cause less yield loss. Moreover,
these weeds could produce a lower amount of seeds or immature seeds; therefore, they
could be less problematic in the future. In any case, the findings underline that, depending
on the weather conditions, crop residue quantity, and weed species, the effects of crop
residues on weed emergence dynamics could be very different. Additional research is also
necessary to determine the exact impact of residues on altering the weather conditions and
the species-specific response to that alteration.

From a practical point of view retaining crop residues on soil surface could lead to
a lesser need for weed control treatments that would result in reduced production cost.
Furthermore, sufficient residue quantity could improve soil properties and water retention
and availability, that can influence the crop yield positively [21,43,44]. Some studies
have found a significant yield increase by using mulches obtained from crop residues,
compared to the scenarios without mulches [45,46]. In their study, Gill et al. [47] compared
different scenarios for suppressing weeds in maize fields by also adding crop residue base
mulches, also taking into account the effect on crop yield. Mulches consisted of grain
legumes and were used in quantities of 5, 10, 15, and 20 t/ha, the authors determined
that the residues had only a slightly positive effect on the yield, but the reduction of weed
emergence was sufficient to justify the use of mulches. Nevertheless, for many farmers
leaving crop residues on their fields is not economically convenient because they employ
them for other uses, for example for livestock feed, compost, or bioenergy. It should be
also underlined that high amounts of residues can interfere with crop emergence and yield.
Thick layers of residues on soil surface can hinder sowing operations and, due to the same
processes conferring their weed suppression ability, can cause delayed emergence of crop
seedlings and a reduction of their number and biomass [44,45]. Moreover, the presence of
crop residues can negatively affect crop growth immobilizing soil nitrogen and reducing
nitrogen use efficiency of the crops [46,47]. However, several tactics and precautions can be
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adopted to minimize the negative impact on crop yield of retaining residues on soil surface.
Specific tools and practices can facilitate sowing operation in presence of residues and
improve crop emergence and establishment [48]. Crop cultivars with longer coleoptile can
better tolerate during the germination-emergence phase the presence of residues on soil
surface [45]. Finally, alternating cereals with legumes in crop rotation can provide residues
with different chemical composition in order to reduce soil nitrogen immobilization and
increase crop yield [46,47]. Farmers should therefore choose and implement according to
their local conditions a set of tactics and management operations to maximise the beneficial
effects, and to control the potential drawbacks, of retaining crop residues on soil surface.

5. Conclusions

Given the rise of agricultural land under conservation management and the increasing
use of different mulches containing crop residues as part of integrated weed management,
it becomes even more important to understand the behaviour of weed species under these
conditions. From the results presented, it is clear that crop residues do not always inhibit
the emergence of weed species. Specifically, it can be promoted by small amounts of
residues, capable of maintaining the moisture and allowing enough light to reach the
seeds underneath. Therefore, when using crop residues as mulches or when they are
left on the soil after harvest as permanent cover, it is of extreme importance to spread
residues uniformly on the soil surface to suppress or at least not favour weed emergence.
However, for some agronomical practices such as false sowing, where the goal is to
eliminate emerged weed seedlings before crop sowing, a quantity of residues that would
promote weed emergence could be beneficial.

The general conclusion is that by increasing the quantity of residues, the emergence of
all species is reduced, in what seems to be a synergy between the influence of soil moisture
and temperature and the physical obstacle for seedling emergence. Given that low crop
productivity reduces also the amount of residues left after the harvest, obtaining good crop
establishment and grow is vital to achieve sufficient levels of residues for weed suppression.
Using crop varieties with larger size can be another tactic to increase the amount of
crop residues. Another important point to consider is that slowly decomposing crop
residues could extend the weed suppression period. Residue cutting level could therefore
be important, intact residues are decomposed slowly than shredded residues. Weed
suppression caused by crop residues could be further increased with the introduction of
cover crops during the inter-cropping periods. Cover crops, which produce high amounts
of biomass, could indeed provide high amounts of suppressive residues in addition to crop
residues.

It is important to remember that the experiments in this work were conducted on
sterilised soil, and the situation in a no-till field could be more complex. In the surface layer
of a mature no-till soil, crop residues interact with the soil and affect physical, chemical, and
biotic soil properties. Therefore, weed seeds could also be affected by this interaction [3,49–51].
Given the complexity of the factors involved, more studies in no-till fields, with different
weed species and different types and amounts of residues, are necessary to improve our
knowledge of weed–residue cover interactions. Understanding whether crop residues
retained on the soil surface can be a viable option for weed control would be of great utility
for farmers and decision-makers in conservation agriculture and conventional agriculture
when crop mulches are applied.
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Figure A1. Cumulated emergence (CE) expressed as percentage of total emerged seedlings (a) and as percentage of sown
seeds (b) of Abutilon theophrasti in 2019 and 2020 with different types (wheat on the left and maize on the right) and amounts
of crop residues.
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Figure A2. Cumulated emergence (CE) expressed as percentage of total emerged seedlings (a) and as percentage of sown
seeds (b) of Amaranthus retroflexus in 2019 and 2020 with different types (wheat on the left and maize on the right) and
amounts of crop residues.
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Figure A3. Cumulated emergence (CE) expressed as percentage of total emerged seedlings (a) and as percentage of sown
seeds (b) of Chenopodium album in 2019 and 2020 with different types (wheat on the left and maize on the right) and amounts
of crop residues.
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Figure A4. Cumulated emergence (CE) expressed as percentage of total emerged seedlings (a) and as percentage of sown
seeds (b) of Digitaria sanguinalis in 2019 and 2020 with different types (wheat on the left and maize on the right) and amounts
of crop residues.
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Figure A5. Cumulated emergence (CE) expressed as percentage of total emerged seedlings (a) and as percentage of sown
seeds (b) of Echinochloa crus-galli in 2019 and 2020 with different types (wheat on the left and maize on the right) and
amounts of crop residues.
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Figure A6. Cumulated emergence (CE) expressed as percentage of total emerged seedlings (a) and as percentage of sown
seeds (b) of Setaria pumila in 2019 and 2020 with different types (wheat on the left and maize on the right) and amounts of
crop residues.
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Figure A7. Cumulated emergence (CE) expressed as percentage of total emerged seedlings (a) and as percentage of sown
seeds (b) of Sonchus oleraceus in 2019 and 2020 with different types (wheat on the left and maize on the right) and amounts
of crop residues.
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Figure A8. Cumulated emergence (CE) expressed as percentage of total emerged seedlings (a) and as percentage of sown
seeds (b) of Sorghum halepense in 2019 and 2020 with different types (wheat on the left and maize on the right) and amounts
of crop residues.
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