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1. Introduction

The rich biodiversity of agricultural fields and their surroundings enhances natural
ecosystems and has a positive impact on their productivity and resistance, e.g., by main-
taining a balance between crop pathogens and pests, ensuring pollination and nutrient
cycles [1]. Segetal flora, commonly known as weeds, are present in all types of crops, and
their composition, density and biomass depend on many factors, including the species of
crop, habitat conditions, the performance of crop management procedures, and the time of
year [2]. From the point of view of human management, weeds are undesirable species in
fields, because their presence reduces the yield of crops and contributes to the deterioration
of the crop quality. Some weeds are also harmful because they can be hosts of pests or
crop pathogens, parasites or semiparasites, or have poisonous properties towards animals
and humans. However, apart from the negative aspects, weeds also have many positive
functions in agrocenoses, such as increasing the number of pollinators, providing habitats
and food for beneficial insects, and some secrete substances that inhibit the development
of pests [3].

Weed control is important in growing systems, requiring the integration of different
plant protection strategies and methods. The Special Issue “Weed Ecology and New Ap-
proaches for Management” contains 14 original research articles and 1 review article covering
topics related to the biology and damage of weeds, especially related to the health and
yielding of crops and the biodiversity of segetal weeds, as well as integrated methods of
weed control and herbicide resistance. It includes articles related to the effects of tillage and
management intensity on species diversity and weed abundance in winter cereals [4,5] and
legumes e.g., soybean [6], pea [7] and lupine [7,8]. Several articles have shown that crop
species and habitat conditions significantly affect the abundance and botanical composition
of the associated flora (segetal weeds) [4,5,9]. Moreover, it was found that the effectiveness
of the use of plant protection products in wheat cultivation depended on the cultivar [10].
Increasing the intensity of the production also affects the yields of lupine [8] and spelt
wheat [10], as well as the health of soybean [6] and chamomile [11]. In perennial crops
(willow), segetal weeds are the dominant flora, although with the age of the plantation their
number decreases in favor of apophytes [12]. Dangerous to the native flora are invasive
species that require monitoring, such as exotic Tamarix species, introduced to South Africa
as ornamental plants [13]. Two articles on potato cultivation stated that good results in
weed control can be achieved by combining mechanical and chemical methods [14] or by
the pre-emergence application of the mixture of herbicides with an adjuvant [15]. In turn,
la Cruz et al. [16] identified glyphosate resistance in a new species of Amaranthus viridis
in citrus orchards. Furthermore, it was confirmed that the level of damage after herbicide
application and the regeneration rate of camelina plants depended on the cultivar [17]. The
review article presents the ecosystem advantages of legume cover crops, including their
effect on weed control [18].
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2. Biodiversity of Weeds and Tillage Systems

During the period of the intensive development of conventional agriculture, human
activity was directed mainly at the elimination of undesirable flora in crops, therefore many
weed species are now threatened with extinction. Studies carried out in eight European
countries on the effects of pesticides on the biodiversity of segetal flora showed a negative
relationship between grain yield and weed diversity. Changes in agricultural production
occurring in the last 50 years resulted in a threefold reduction in the diversity of weeds
in wheat cultivation [19]. The studies by Chamorro et al. [20] carried out in Catalonia
showed not only a reduction in total weed infestation (69%), but also the frequency of
weeds (58%) and species richness (47%) over a period of about 50 years, with the most
dramatic decreases in the groups of segetal (75%) and rare species (87%).

An opportunity for the maintenance of the population of segetal flora is the promotion
of the idea of sustainable and organic agriculture, in which the aim is to reduce the number
of species accompanying cultivated plants to such a level that they do not significantly
reduce crop yields [21]. On organic farms, weed infestation is limited without the use of
herbicides, e.g., through crop management practices. Farmers on organic farms are also
allowed to use biostimulants, organic foliar fertilizers which can increase the resistance of
cultivated plants to stressful conditions, improve the health of plants and even reduce weed
infestation [22], as can be seen from the use of Herbagreen Basic and Bio-algeen, which
reduced the infestation chamomile by pathogens and reduced the number and increased
biodiversity of weeds [11]. In the organic cultivation of soft-stemmed species, it is good
practice to use low support plants that do not compete for with the main crop for light,
protect it against lodging and, by taking up additional space, increase its competitiveness,
and effectively reduce weed and fungal pathogen pressure [23].

On a correctly managed organic farm, the occurrence of weeds is effectively reduced
but, in principle and in practice, they are not completely eliminated. It is considered
that the greater the diversity in the species composition of a weed community, the less
harmful it is to the crop [24,25]. Berbe¢ et al. [4] showed higher species diversity and weed
abundance in the ecological system than in the conventional low-input system, but in both
farming systems the Shannon-Wiener diversity index had high values, while the Simpson
dominance index had low values, indicating their high importance for biodiversity.

The germination rate of weed seeds and their subsequent growth and competitiveness
against the crop depend on the tillage [26]. In intensive ploughing systems, weed seeds
are evenly distributed in the arable layer, while in reduced tillage systems, a large number
of them are concentrated in the surface layer of the soil [27]. Feledyn-Szewczyk et al. [5]
showed that weed infestation and soil weed seed bank in winter wheat were considerably
higher in simplified systems (reduced tillage, direct sowing) than in the ploughing system,
although not in all years of the study. Bojarszczuk and Podlesny [7] showed that simplified
tillage significantly increased the weed infestation in legume. The high importance of the
tillage system on the biodiversity of the segetal flora was confirmed by the biodiversity
indices. Gaweda et al. [6] found that the abundance and dry weight of the weeds in the
soybean cultivated in the no-till system was higher than in the conventional plough system.
Tillage simplification also contributes to changes in the species composition of weeds [28],
and to an increase in plant infection by fungal pathogens in soybean [6].

3. Biodiversity of Weeds in Annual Crops

There is a conflict between the productivity of the crop and the weeds, which compete
with the crop for limited environmental resources. Oerke [29] found that potential yield
losses due to competition between weeds and crops can amount to around 34%. The most
unfavorable situation occurs when there is dominance of one or several weed species, e.g.,
in fields treated with herbicides. Weed compensation may consequently lead to a significant
decrease in the yield of the cultivated crop [30]. Faligowska et al. [8] showed that the seed
yield and its quality (protein content) of lupine was determined mainly by the intensity of
farming. The yield and quality of narrow-leaved lupine seeds in the conventional system
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was higher than in a low-input or a medium-input system. The low-input technology
provided the lowest seed production cost and the highest income, despite the fact that
the weed infestation in lupines in this cropping system was higher than in conventional
cropping [8,31].

The large percentage of cereals in the structure of crops in Poland facilitates the
growth of segetal plants in arable fields, but the abundance and botanical composition
of the associated flora depend primarily on the crop species and habitat conditions [4,5].
Assessment of the diversity of the segetal flora carried out by Sawicka et al. [9] showed
a higher abundance of weeds in spring wheat and triticale than in winter wheat. In turn,
the highest species diversity was observed in triticale, and the lowest in winter wheat
cultivation.

Haliniarz et al. [10] showed that the effectiveness of the use of plant protection prod-
ucts in the cultivation of spelt wheat depended on the cultivar. Under intensive cultivation,
lower weed infestation and higher yields were obtained for the cultivar Rokosz compared
to Schwabenspelz. Further, Andruszczak [32] showed that the chemical protection of spelt
wheat improved yield and quality of grains, but this depended significantly on the wheat
cultivar.

4. Biodiversity of Weeds in Permanent Crops

A relatively new agricultural practice is the cultivation of perennial species on arable
land for energy purposes. However, replacing annual with perennial crops has an impact
on biodiversity in terms of the genetic, species and habitat levels [33]. Feledyn-Szewczyk
et al. [34] conducted a study assessing the impact of perennial energy crops on the diversity
of associated flora, and showed changes in the flora communities, which consisted in an
increase in the proportion of perennial species at the expense of annual species typical for
agricultural crops, and an increase in the abundance of species characteristic for ruderal
habitats, meadows and forests.

In perennial plantations, the accompanying flora have different development condi-
tions than in annual crops due to different cultivation technologies. In the case of trees
and bushes intended for energy purposes, the long period between harvests (2-3 years)
influences the habitat conditions related to temperature, humidity and limited light, which
determine the species composition and abundance of weeds. The age of the crop and soil
conditions are also important [35]. The study of Janicka et al. [12] showed that a significant
proportion of the flora in cultivation Salix viminalis constituted segetal weeds occurring
commonly in cereals and root crops. With an increase in the age of the plantations, the num-
ber of segetal species decreased in favor of apophytes. Salix plantation included several
medicinal and melliferous species important for humans and biodiversity, but also invasive
species dangerous for native flora that need monitoring. Examples of plants with high
invasive potential are the exotic species Tamarix, which were introduced to South Africa
as ornamental plants and are now threatening riparian ecosystems over 10 million ha of
land [13]. Setshedi et al. [13] state that in order to protect local biodiversity, the continuous
monitoring of these species and the constant and consistent removal of dangerous plants
are needed to restore native ecosystems.

5. Chemical and Nonchemical Methods of Plant Protection

To successfully manage weeds it is important to understand the interactions between
weed control methods and the weed spectrum, and to properly manage the cultivation
system to prevent weed emergence and keep the weed seed bank in the soil low [36].
Proper cultivation and agricultural practices, including a well-planned crop rotation,
sowing cover crops, early sowing dates and optimal row spacing are important aspects of
weed management in all farming systems [9].

Chemical weed control, on the other hand, should be based on a detailed knowledge of,
among other things, the environmental factors influencing the effectiveness of herbicides,
both during and after their application [37]. The factors determining the absorption,
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translocation and degradation of active substances in the plant, like air temperature and
humidity are also very important [38]. Pszczétkowski et al. [14] confirmed that the variable
course of the atmospheric conditions in the years of the study affected the effectiveness
of the herbicides, which differentiated both the abundance of monocotyledonous and
dicotyledonous weeds, their dry and fresh weight and the species composition of segetal
weeds.

The selection of herbicides, or combinations of herbicides, doses, and timing of appli-
cations should be adapted to the degree of the weed infestation, with the aim of controlling
a wide range of weeds [37]. In the study of Pszczétkowski et al. [14], good effects in
reducing weed infestation in potato cultivation were obtained by combining mechanical
and chemical methods (linuron and clomazone). In turn, Barbas et al. [37] showed that
the pre-emergence application of herbicides (metribuzin and rimsulfuron) with an added
adjuvant (SN oil) can contribute to better weed control, reduce herbicide dosage, environ-
mental impact and costs and above all, provide a broader spectrum of the active substance
action as compared to mechanical weed control.

At the same time, the use of covers (polyethylene film or polypropylene agrotextile)
in very early potato cultivation caused an increase in the number and weight of weeds
and enriched the species composition of segetal weeds, probably due to higher air and soil
temperature [14].

During the action of herbicides on weeds, a selection process occurs by which the
least sensitive plants survive, but each weed population is more or less uniform and
the process of resistance development can vary in intensity and speed [39]. La Cruz
et al. [16] identified glyphosate resistance in a new species, Amaranthus viridis. Based on
the enzymatic activity tests, it was found that at least one target site-type mechanism was
involved in the resistance mechanism. Therefore, a number of procedures should be used
to prevent or significantly delay weed resistance to herbicides [15].

The toxicity and rate of degradation of biocides depend primarily on the rate and the
structure of the active substance, which is the primary plant protection product [40]. In
addition, determining the effects of herbicides on crop development is also important in
the context of different cultivars, which is related to their intraspecies variability, which can
be observed in the example of Camelina sativa [17]. Sobiech et al. [17] showed that camelina
cultivar Przybrodzka showed the lowest level of damage after herbicide application, and
that plant damage after p-ethyl quizalofop and propakisafop completely disappeared (after
42 days). Herbicides can directly reduce photosynthetic activity or indirectly damage
plants, which in turn reduces photosynthetic efficiency [41]. Sobiech et al. [39] found that
picloram contributed the most damage to camelina, which also had the biggest effect on
PSII function. However, the level of chlorophyll fluorescence parameter values of the
plants indicated little damage to PSII for all substances and the possibility of subsequent
regeneration of the plant.

The benefits of agricultural conservation practices have increased farmers’ interest in
cropping legume cover crops (CCs) [42]. Legume CCs are considered a systemic approach
to weed control. They reduce weeds and provide other benefits to farming systems, such
as improving soil quality [43]. In particular, the wider use of legume CCs is justified in
cropping systems with the limited use of mineral fertilizers and pesticides [18].

6. Conclusions

It can be expected that further popularization of the idea of sustainable and organic
agriculture, in which the abundance of segetal weeds in agricultural crops is kept at a
sufficiently low level, will bring measurable effects by obtaining yields at an acceptable
level and by maintaining the biodiversity of arable fields. Attention should also be paid to
solutions that allow for a better understanding of the interactions between weed control
methods and the extent of their occurrence, which is helpful for effective weed management
in plant crops. In chemical protection, weed resistance is an important problem that has
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increased in recent years and is directly linked to the effectiveness of the crop protection,
so research should be intensified to address this issue.
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Abstract: In recent years, the European Union has been paying particular attention to the problem
of biodiversity loss. The possibilities of its assessment and conservation are included in the latest
European Union (EU) policies and reflected in the European Biodiversity Strategy. The biodiversity
of weeds in winter cereals in organic and conventional low-input farms in Eastern Poland was
investigated during a 3-year period. Significantly more species and larger abundance were found in
organic than in conventional farming systems. The biodiversity of these communities was described by
Shannon’s diversity and Simpson’s dominance indices, which showed diversity to be well maintained
in both farming systems; however, significantly higher Shannon’s index and significantly lower
Simpson’s index values were observed in organic farms. Both farming systems were the mainstay of
endangered and rare species, as well as some invasive weed species. Weed communities of organic
farms were dominated mostly by Setaria pumila and Elymus repens, while conventional farms were
dominated by Juncus bufonius and Setaria pumila. The study showed the importance of organic farming
systems for biodiversity conservation. It was also shown that low-input (traditional) conventional
farms are also beneficial for biodiversity conservation.

Keywords: biodiversity; weed; organic farming; low-input conventional farming; Shannon’s index;
Simpson’s index

1. Introduction

An agri-ecosystem is an exceptional living environment for wild species of plants (weeds) but
also other organisms, such as microorganisms, invertebrates and other higher organisms, which all,
including the crop diversity, build up the biodiversity of agricultural lands. Biodiversity is inextricably
linked with the provision of ecosystem services. High biodiversity of microorganisms and predatory
invertebrates can, for example, bring positive results in the form of biological pest control, organic
matter decomposition rate, carbon cycle enhancement, etc. [1]. Higher biodiversity means greater
stability of the ecosystem and hence better delivery of ecosystem services. This has a direct impact
on the results of agricultural production, especially in farming systems based on these services
(e.g., organic farming) [2-5]. The European Union has implemented the European Biodiversity Strategy
as one of the major objectives of the EU policies. The main goals of the strategy are conservation of



Agriculture 2020, 10, 413

biodiversity, ecosystem services and loss prevention in all ecosystems and also in agricultural areas [6].
Lately, the intensification of agricultural production, excessive water consumption and environmental
pollution (mostly with pesticides and nutrient contamination) caused the loss of plant, invertebrate
and vertebrate species on arable fields [7-9]. The main aim of the strategy is to prevent further species
loss, conservation of their natural habitats and sustainable use of biodiversity of species. Plants occupy
the lowest level in the trophic chain; therefore, conservation of their biodiversity will enhance species
richness of organisms at higher trophic levels (e.g., animals) [10-12].

Weed infestation is currently one of the most important factors limiting agricultural production,
especially in organic farming. Weeds cause loss of both yield quality and quantity. According to
Oerke [13], the potential crop losses due to weed—crop competition can amount to around 34% and
can be higher than losses caused by pests (18%) and pathogens (16%). On the other hand, weeds are
an important, integral part of the agro-ecosystem as they are the basis of the food chain [12]. Some
authors reported that the limited abundance of weeds in agricultural production (by even up to 64%) is
mostly due to use of herbicides and fertilizers but also due to agricultural practices that promote crop
competitiveness against weeds (indirect weed control practices like new varieties of crops) [14-16].
Currently, a few species that were able to adapt to the intensive production conditions of conventional
agriculture are dominating the weed species community. According to Arslan [17], the changes in
agricultural production in the last 50 years resulted in a threefold reduction in the biodiversity of
weeds in wheat production. The abundance of some species, common on arable fields in the past,
is currently dramatically low. Moreover, species that used to represent the greatest threat to crops
and crop yield are currently disappearing, which was confirmed by Chamorro et al. [18]. Those
authors also showed the loss of biodiversity of weed species that are particularly important for birds,
pollinators and other animals by nearly 50%. The investigation into weed functional groups showed a
reduction in the number of segetal and rare species by 75% and 87%, respectively. Interestingly, the
biodiversity of weeds in organic farming systems was twice as high for segetal and species important
for fauna and four times as high for rare species compared to the conventional farming system [18].
Travlos et al. [19] reported that, in many cases, organic farming causes on average 30% higher species
richness than conventional farming systems and also favors the existence of habitats for rare weed
species. Successful agricultural production under organic farming conditions requires a high provision
of ecosystem services to ensure efficient functioning of key processes such as biological pest control,
cycling of carbon and nutrients, soil fertility building and proper water management [20].

Organic farming is an environmentally friendly alternative to conventional farming. However,
the agriculture of Poland is strongly polarized, with high-input agriculture in the northern—-western
regions of the country and low-input, traditional family farms in the east. This polarization of the
county is clearly visible in the numbers shown by Kopiriski and Matyka [21], e.g., the average farm size
in western regions is more than twice as high (14-18 ha) as that in eastern regions (6 ha), the average
nitrogen, phosphorus and potassium fertilizers (NPK) usage is also almost twice as high in western
regions (139-194 kg ha™!) than in eastern regions (113 kg ha™!), and annual work unit (AWU) per
hectare of agricultural land is also more than three times lower in western regions (8-11 AWU ha~! AL)
than in eastern regions (29 AWU ha~! AL). The differences are caused by many natural, organizational
and production conditions. It would be interesting to evaluate how these agricultural conditions are
reflected in the biodiversity of wild flora, especially when compared to organic farming systems, in
which biodiversity of weeds should be well-maintained. The aim of the study was to compare species
diversity in two farming systems—organic and low-input conventional—in Eastern Poland.

2. Materials and Methods

2.1. Site Characteristics and Experimental Design

The study on the biodiversity of weeds in winter cereals was carried out in 2012-2014 within
the project on the protection of species diversity of valuable natural habitats on agricultural lands on
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Natura 2000 areas in the Lublin Voivodeship (KIK/25). Biodiversity monitoring took place annually,
between 10 June and 5 July. Fourteen pairs of study surfaces (study squares of a surface of 9 ha), with a
predominant share of conventional farming system or a predominant share of certified organic farming
system, were selected. Each square had at least a 50% share of organic or conventional agricultural
area. Pairs of organic—conventional squares were located as close to each other as possible, to ensure
similar soil and climate conditions. Moreover, study squares were at least 500 m away from forests
and other shelterbelts to minimize the impact of non-agricultural ecosystems. The fields with winter
cereals—wheat (Triticum L.), rye (Secale cereale L.), triticale (X Triticosecale Wittm. ex A. Camus), barley
(Hordeum L.) or cereal mixtures—were selected annually within 14 pairs of study squares. In the
first year of the study (2012), each study square was included in the study, as there was at least
one field with winter cereals. In the following years (2013 and 2014), the number of tested pairs of
organic—conventional fields was lower due to lack of appropriate crops (winter cereals) within the
given squares. The total sample size (2012-2014) involved 38 conventional and 38 organic winter cereal
fields (14 pairs in 2012, 12 pairs in 2013 and 12 pairs in 2014). All fields were located in the valleys
of Wieprz, Tysmienica and Bug rivers, in the vicinity of Natura 2000 areas in one of the easternmost
regions of Poland—the region of Lublin. Light, sandy soils dominated on tested fields. The locations
of Lublin region in Poland and fourteen study squares in the Lublin region are shown in Figure 1.

(e Biata P‘Iaska

Wilodawa

Figure 1. The locations of fourteen pairs of study squares.
2.2. Weed Infestation Analyses

All plant species present in the winter crop field that were not winter cereals were considered as
weeds (wild flora). Weed species and their abundance were counted on each field once during the
growing season in late June or early July. Five surfaces (replications) of 1 m? each were investigated
on all selected fields. The surfaces were lined up in a straight line with 10 m spacing between them.
Species that were not recorded within the surface, but present in its direct vicinity (2 m?), were also
recorded and added to species list (with the minimal abundance of 1 plant m~2). The biodiversity of
weeds was described with the total number of species and their abundance, Shannon’s diversity index
(H") [22] and Simpson’s dominance index (SI) [23]. Shannon’s diversity index (H’) and Simpson’s
dominance index (SI) were calculated according to the following equations:

s
H’ = - Zpl ll’lpi (1)
i=1
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where p—the proportion (n/N) of individuals of one particular species found (n) divided by the total
number of individuals found (N), In—the natural log, s—the number of species.

Shannon’s index (H”) depends on the number of species and their mutual quantitative proportions.
The higher the value of the index, the more diversified the community is. Simpson’s dominance index
(SI) can range from 0 to 1; values close to 1 indicate a clear dominance of one or several species.

2.3. Statistical Analyses

Non-parametric Mood’s test (median-based) was used to determine the significance of differences
as most of the biodiversity parameters deviated from the normal distribution. The significance level of
the test was set at o = 0.05. The significance of differences of diversity indices was calculated using
t-test for diversity indices also set at « = 0.05. The differences between years of the study was estimated
on the basis of single factor ANOVA and pairwise Mann-Whitney post-hoc test (x = 0.05). All results
of statistical analysis with p-values lower than or equal to 0.05 were considered statistically significant.
The statistical analysis was done with Real Statistic add-in for Microsoft Excel.

2.4. Weather Conditions

The average temperature and the sum of precipitations on test sites was similar in all 3 years of
the study, with a few exceptions. The year of 2013 had almost twice as much precipitation in May as
years 2012 and 2013 (Figure 2). In 2012, the average temperature in the first decade of February was
twice as low as in 2013 and 2014 (Figure 3).
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Figure 2. The 10-day sum of precipitations in following months in the years of investigation. I, II,
II—the first, the second and the third ten days of month.
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Figure 3. The 10-day average temperature in following months in the years of investigation. I, II,
II—the first, the second and the third ten days of month.

2.5. Organic and Conventional Farms

A survey with farm owners of winter cereal fields was conducted annually in November (after
harvesting of crops) to gather the details of agricultural practices on the fields included in the
study. Selected features of tested organic and conventional farms are given in Table 1. Organic and
conventional farms had similar agricultural areas, of 28.3 and 24.5 ha, respectively. Organic farms
included in the study were slightly larger than the regional average (average area of organic farm in the
region of Lublin—15.6 ha) [24]. This was most probably due to the study squares (preselected 9 ha study
surface) selection criteria (fields at least 500 m away from forest and possible biodiversity reservoirs),
which promoted fields of larger area. Farms of both farming systems had similar quality of soils
(mostly sandy soils of IV and V class) (Table 1). The use of some certified mineral fertilizers of natural
origin is allowed in organic farming systems in Poland. However, the share of fields with natural
mineral fertilization was so low (5%) that the median of the sum of mineral NPK for organic farms was
0 kg ha™! (Table 1). The main difference between organic and conventional farms was the fertilization
strategy. In total, 92.1% of conventional and only 42.1% of organic fields were fertilized. More fields
were organically fertilized in organic than in conventional farms (36.8% and 13.2%, respectively). There
were no organic fields with mixed organic and mineral fertilizers, while 21.0% of conventional fields
were treated with both organic and mineral fertilizers. The amount of used mineral fertilization was
significantly higher in conventional farms (Table 1). Plant protection products (PPP) were used only
in conventional farming systems. Ninety-five percent of fields were sprayed with PPP, 74% of fields
were sprayed with only herbicides, while 21% of fields were sprayed with insecticides or fungicides.
The average yield of winter cereals was significantly higher in conventional farming systems than in
organic farming systems (3.1 and 2.0 Mg ha™?, respectively).

11
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Table 1. The main features (medians) of the tested organic (ORG) and conventional (CONV) farms.

Median
Feature
ORG CONV
Soil class (I—best; VI—worse) IVand V IVand V
Agricultural area of the farm (ha) 283 a 245a
Sum of mineral NPK (kg ha™1) Oa 121b
Number of mechanical weed control treatments la la
Number of plant protection product treatments Oa 1b
Average yields of cereals (Mg ha™1) 2.0a 31b
Share (%) of fields with:
Single harrowing 44.7 50.0
Double harrowing 36.8 26.3
More than two harrowings 10.5 53
No mechanical weed control 7.9 184
Only mineral fertilization 5.3 57.9
Only organic fertilization 36.8 13.2
Mineral and organic fertilization 0.0 21.0
No fertilization 57.9 79
Herbicide use 0 74.0
Use of PPP other than herbicides 0 21.0

PPP—plant protection products; different lowercase letters indicate significant differences according to Mood’s test
(p <0.05).

2.6. Correlation Analysis

Spearman’s correlation coefficients were calculated to determine the influence and strength of the
relationship between various habitat and agrotechnical factors on the diversity of segetal flora. For the
analysis of the correlation, some survey data characterizing the habitat and management strategy were
selected, which could affect the biodiversity of flora and soil seed bank, such as area of the tested winter
cereal field, number of commercial crops cultivated (complexity of crop rotation), amounts of nitrogen
(N), phosphorus (P) and potassium (K) brought in along with mineral and natural fertilization, number
of mechanical and chemical treatments of weed infestation, grain yield and share of fields in farms
that are covered with vegetation during winter period (share of “green” fields). The correlation was
considered significant if correlation coefficient was equal or lower than 0.05 (¢ < 0.05).

3. Results and Discussion

3.1. Number of Species and Their Abundance

The results showed significant differences in the number and the abundance of weed species
between the years of the study (Figure 4). This was most probably due to the differences in weather
conditions in subsequent years of research. In 2013, March was colder than in 2012 and 2014, with snow
cover lasting even until mid-April, which caused a delay in cereals development. The sum of rainfall in
2013, which was almost twice as high as in 2012 and 2014, could also have been particularly important
as it made it impossible for some farmers to perform weed control at the optimal time (local inundations
of fields). In connection with the above, further statistical analysis was conducted separately for each
year of the study.

In total, there were 149 weed species found in both organic and conventional farming systems.
No statistically significant differences between the number of species in organic (133) and conventional
farming systems (123) were found (Table 2). In total, 107 species were found in fields of both farming
systems (72%). Significantly more (26) weed species occurred only in organic farming systems than
only in conventional winter cereals (16).

Most of the unique species for both farming systems were found only in one year and on one field.
Trifolium repens, Bromus hordeaceus, Persicaria amphibia, Rhinanthus serotinus and Scutellaria galericulata
were found in organic winter cereals in more than one year and in more than one place, while Lamium
purpureum and Hypericum perforatum were found in more than one year and more than one place in
the conventional farming system (these were the most widespread and the most constant over time,

12
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unique species for the given farming system). A list of species that were unique for organic and
conventional farming systems is given in Table 3. In the previous study (unpublished data) on the
biodiversity of weeds in spring cereals (the same study area), more unique weed species were found in
organic than in conventional farming systems. Moreover, Rhinanthus serotinus was also found to be
one of the species unique to the organic farming system (it was found in two years of the study in
one field of spring cereals). The average (median) number of species was significantly higher in all
years of the study in the organic farming system. The same refers to the abundance of weeds (Table 2).
According to Kleijn et al. [25], there are many weed species adapted to extensive agriculture, but it is
hard to choose species that are typical for the intensive conventional farming conditions of Western
Europe. There is a common trend that weed abundance and richness are positively affected by organic
farming [26]. Furthermore, diversity of weed species seems to be enhanced under low-input farming
system conditions, while low N fertilization enhanced the effective control of weeds [18]. Moreover,
a low frequency of PPP application supported the biodiversity of weed flora.

25 500
b
20 400
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15 300
a a s
10 200 a
5 100
0 0
Number of species Abundance of species
A m 2012 2013 2014 B m 2012 2013 2014

Figure 4. Comparison of median numbers of species (A) and their abundance (B) (plants m~2)in years
of investigation. Different letters indicate significant differences according to single factor ANOVA and
pairwise Mann-Whitney post-hoc test (p < 0.05).

Table 2. Number and abundance of weed species (plants m~2) in organic (ORG) and conventional
(CONYV) farming systems in 2012-2014.

Parameters ORG CONV
Total number of species 149
Total number of species in the farming system 133 a 123 a
Species unique for system 26a 16 b
Species common for both farming systems 107

Median of Number of Weed Species per Field

2012 13.0a 9.0b

2013 19.0a 14.0b

2014 145a 9.0b
Median of Abundance of Weed Flora (Plants m~2)

2012 225 a 94b

2013 470 a 319b

2014 339 a 128 b

Different lowercase letters indicate significant differences according to Mood’s test (p < 0.05).

13



Agriculture 2020, 10, 413

Table 3. List of species unique to organic (ORG) and conventional (CONV) farming systems with
number of years of study when given species were found and number of places (study squares) where
species were found.

Species Number of Years in Which Number of Study Squares Where
P Species Was Found Species Was Found
ORG

Trifolium repens L.

Bromus hordeaceus L.

Persicaria amphibia (L.) Delarbre

Rhinanthus serotinus (Schonh.) Obornt

Scutellaria galericulata L.

Carduus crispus L.

Vicia villosa Roth
Trifolium hybridum L.

Matricaria chamomilla L.

Rumex obtusifolius L.

Phragmites australis (Cav.) Trin. ex Steud

Campanula persicifolia L.

Peucedanum palustre (L.) Moench

Pisum sativum L.

Brassica juncea (L.) Czern.

Lotus corniculatus L

Valeriana officinalis L.

Linaria vulgaris Mill.

Lupinus albus L.

Lupinus angustifolius L.

Gypsophila paniculata L.

Papaver argemone L.

Potentilla anserina L.

Erysimum cheiranthoides L.

Rorippa palustris L. Besser

e e e e E e R e e e T I e e O A e e e B B B B I I B NG N B NS R NG B O I B NS T NS )
el el el e E e R e e T e T I e B S S B S B B NG T B N T I NG N Y SO = I NG T A NG T B NG R I G T T

Lysimachia vulgaris L.

CONV

Lamium purpureum L. 2 4
Hypericum perforatum L. 2 2
Agrostis gigantea Roth 1 3
Cardaminopsis arenosa (L.) Hayek 1 2
Festuca rubra L. 1 1
Helictotrichon pubescens (Huds.) Besser ex 1 1

Schult. and Schult. f.
Geranium sanguineum L. 1 1
Geranium dissectum L. 1 1
Campanula rapunculoides L. 1 1
Lathyrus tuberosus L. 1 1
Myosurus minimus L. 1 1
Matricaria discoidea DC. 1 1
Arabidopsis thaliana (L.) Heynh. 1 1
Amaranthus retroflexus L. 1 1
Thiaspi arvense L. 1 1
Bidens frondosa L. 1 1

3.2. Shannon’s Diversity and Simpson’s Dominance Indices

The values of Shannon’s diversity (H') index were higher for weed communities present in organic
than for conventional farming systems in 2012 and 2014. In 2013, the opposite relation was visible

14
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(higher Shannon’s diversity index values in conventional farming system). This could be due to the
almost twice as high rainfall in May of 2013 as in 2012 and 2014, which resulted in local floods of fields.
This made it impossible to carry out weed management practices on time, which resulted in increased
numbers of weed species and abundance of weeds. The effects became particularly visible in the
conventional farming system, as it is, to a greater extent, dependent on the timeliness of weed control
treatments, especially spraying with herbicides. The increased weed infestation resulted in increased
Shannon’s diversity index values, which, in 2013, was significantly higher than in organic farms.
Moreover, biodiversity of weeds described by Simpson’s dominance (SI) index performed better (lower
values of index) in organic than in conventional farms in 2012 and 2013, with no differences in 2014
(Table 4). The lack of differences in Simpson’s dominance index in 2014 might be the result of higher
weed infestation in 2013. More weeds were able to germinate, bloom and produce seeds that made
greater inflow of seeds into soil seed bank. This might result in higher weed infestation in following
years, which made the differences between the two systems a little blurred, in this case, causing no
differences in Simpson’s dominance index. Both Shannon’s and Simpson’s biodiversity indices showed
that weed communities are significantly better maintained in organic farming systems, but relatively
high values of Shannon’s index (H” = 3.9-4.8) and low values of Simpson’s index (SI = 0.03-0.07) prove
that biodiversity of weeds in conventional farms was also high. This was probably due to the fact
that conventional farms were mostly of extensive character (low PPP use, low mineral fertilization)
(Table 1). This proves the importance of low-input conventional farming for biodiversity conservation.
This type of farming is common especially in Eastern and South-Eastern Poland, where economic
and organizational conditions (small farms, fragmentation of agricultural land and low profitability)
resulted in widespread low-input farming that, in these specific regions, can be considered traditional
(low fertilizer input, especially mineral fertilizers, very low PPP consumption). The Lubelskie region,
where the presented study was located, is one of the regions of Poland with the lowest intensity of
agricultural production [21]. The high value of biodiversity of weeds of both organic and low-input
conventional farming systems was confirmed by Berbe¢ and Feledyn-Szewczyk [27] for spring cereals
and soil seed banks as well as by Jastrzebska et al. [28] for, among others, winter triticale. The results
showed that the biodiversity of more intensive farming systems (high-input conventional, monoculture)
is lower than in more sustainable farming systems (integrated and organic farming systems), which
was confirmed by the presented study [29,30]. Armengot et al. [31] found that values of Shannon’s
biodiversity index in organic farming systems can be almost twice as high as for conventional farming
systems (H = 2.5 and H’ = 1.5 respectively). It was shown that the biodiversity of organic farms and
low-input conventional farms can be much more similar, but still some significant differences can be
found. The results revealed very low values of Simpson’s dominance index for both farming systems,
which indicates that weed communities were not dominated by a single species. Despite the low
values of Simpson’s index, the differences between the tested systems were still significant. Feledyn
Szewczyk and Duer [29] also found that conventional cereals were more dominated by single species
than organic ones. This was also confirmed by the presented study:.

Table 4. Values of Shannon’s diversity (H") and Simpson’s dominance (SI) indices for weed communities
in organic (ORG) and conventional (CONV) farming systems.

Year Index ORG CONV
Biodiversity Indices
2012 Shannon (H’) 4.152b 3.860 a
Simpson (SI) 0.031a 0.045b
2013 Shannon (H') 4518a 4777b
Simpson (SI) 0.021 a 0.071b
2014 Shannon (H") 4.305b 4.138 a
Simpson (SI) 0.028 a 0.025 a
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3.3. Dominant Species

Weed species with a total share in community exceeding 5% are given in Tables 5 and 6 (organic
and conventional farming system, respectively). Winter cereals were dominated by Poaceae weeds
(Setaria pumila, Elymus repens, Apera spica-venti) and Juncus bufonius. These species are common in
cereals of different farming systems all over Europe [32]. As for all annual weed species, their survival
in agricultural (arable) ecosystems depends on the success of seed germination in subsequent growing
seasons [33-35]. Setaria pumila and Elymus repens seemed to be the most dominant species of the
organic farming system (27-42% of weed community annually). A large share of Elymus repens in the
organic weed community may indicate the rather poor quality of agricultural treatments (especially
weed control), which indirectly contributed to rather low yields of cereals. This may also be related
to high share of cereals in crop rotation. Elymus repens was also dominant in conventional farming
systems, which shows that weed control was an issue for farmers in both farming systems.

Table 5. Share (%) of dominant (more than 5% of the community) species in organic winter cereals.

Species 2012 2013 2014 2012-2014
Setaria pumila (Poir.) Roem. and Schult 323 239 14.8 234
Elymus repens (L.) Gould 9.2 9.8 11.8 10.3
Apera spica-venti (L.) P. Beauv 8.5 3.0 6.2 5.4
Poa bulbosa L. 0.0 5.1 10.2 5.3
Rumex acetosella L. 10.0 3.4 1.8 47
Polygonum lapathifolium L. subsp. lapathifolium 6.1 5.3 24 4.6
Scleranthus annuus L. 4.5 3.1 5.9 43
Echinochloa crus-galli (L.) P. Beauv. 0.0 7.6 1.5 37
Anthemis arvensis L. 0.0 3.0 52 29
Number of dominant species (>5% of weed community) 5 5 6 4

Table 6. Share (%) of dominant (more than 5% of the community) weed species in conventional
farming system.

Species 2012 2013 2014 2012-2014

Juncus bufonius L. 6.0 31.9 34 21.3
Setaria pumila (Poir.) Roem. and Schult 25.2 12.6 49 13.4
Echinochloa crus-galli (L.) P. Beauv. 16.0 4.6 7.7 7.3
Apera spica-venti (L.) P. Beauv 2.7 6.1 154 7.3

Poa bulbosa L. 0.0 10.0 1.8 6.5

Viola arvensis Murr. 49 3.6 12.0 5.5

Elymus repens (L.) Gould 6.0 2.7 8.0 44
Centaurea cyanus L. 0.6 0.6 8.3 22

Spergula arvensis L. 6.8 0.3 0.1 1.4

Anthemis arvensis L. 0.0 0.2 5.8 1.3
Scleranthus annuus L. 0.0 0.0 5.5 1.2

Rumex acetosella L. 5.8 0.1 0.1 11

Number of dominant species (>5% of weed community) 6 4 7 6

Echinochloa crus-galli and Setaria pumila used to be considered in the past as weeds typical to root
crops and maize, with rather occasional occurrence in cereals [36]. The presented study showed a large
share of Echinochloa crus-galli and Setaria pumila in the cereals in both farming systems. Its dominance
in the weed community of cereals of the Lubelskie region was confirmed by Ziemiriska-Smyk [37] and
the previous study of the current authors [25].
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3.4. Endangered Species

Endangered weed species have been selected on the basis of the Polish Red List of Plant and
Fungi [38]. In total, five endangered weed species were found in winter cereals (Table 7). In the organic
farming system, three species marked as vulnerable in the Polish Red List of Plant and Fungi were
found (Bromus secalinus, Ranunculus arvensis, Anagallis foemina) and one species which is subject to
partial legal protection in Poland (Helichrysum arenarium). Additionally, a few specimens of Myosurus
minimus (vulnerable species according to Polish Red List of Plant and Fungi) were found in conventional
farming system. Moreover, other weed species which are currently disappearing under conventional,
intensive agriculture conditions were found in both farming systems. Those species included Agrostema
githago L., Arnoseris minima L., Consolida regalis S.F. Gray, Euphorbia exigua L., Geranium sanguineum L.,
Lathyrus tuberosus L. and Veronica dillenii Crantz. Spring cereals seem to be slightly more important to
rare and endangered weed species as one more endangered weed species and a few more rare species
were found by the authors in their previous study in spring cereals [27] than in the presented study in
the same study area. The presence of endangered and rare weed species proves the high environmental
value of both organic and low-input conventional farming systems (which are still common in Eastern
Poland) and their importance in biodiversity conservation.

Table 7. Average abundance (plants m~2) of endangered weed species in organic (ORG) and
conventional (CONYV) winter cereals.

Average Abundance (Plants m?)

Species and Endangerment Category

ORG CONV
Bromus secalinus L.V 0.1 0.5
Ranunculus arvensis L. V 0.3 0.1
Anagallis foemina Mill. ¥ 0.3 0.2
Myosurus minimus L.V - <0.1
Helichrysum arenarium (L.) Moench P 0.8 0.3

Y—vulnerable according to Polish Red List of Plant and Fungi [31]; P—subject to partial legal protection in Poland.

3.5. Invasive Weed Species

Invasive weed species are currently observed in all types of ecosystems in Poland [39,40].
According to Tokarska-Guzik et al. [40], 84 species of plants are considered as invasive plant species
in Poland. Ten of these species are typical segetal plants (weeds) that can be found on arable fields.
These species are Alopecurus myosuroides Huds., Amaranthus retroflexus L., Anthoxanthum aristatum
Boiss., Avena fatua L., Echinochloa crus-galli (L.) Beauv, Galinsoga ciliata Ruiz and Pav., Galinsoga parviflora
Cav., Setaria pumila (Poir.) Roem. and Schult., Setaria viridis (L.) P. Beauv. and Veronica persica Poir.
Most of those species were found in winter cereals in organic and conventional farming systems in
the presented study (Table 8). Rural areas are made of both agricultural land which is devoted to the
cultivation of plants and livestock raising and other habitats which are not being used in agricultural
production (fallow lands, field boundaries, roads, ponds, in- and mid-fields shrubs, etc.), which can be
a habitat for invasive plants. Such habitats, subjected to human activity, under favorable conditions, are
the mainstay from which invasive plant species can penetrate into adjacent ecosystems [41], but they
are also the sources of agricultural biodiversity [42].

In the presented study, there were in total 10 invasive weed species observed both in organic and
conventional farming systems (Table 8). Nine species were observed in both faming systems; one extra
species (Amaranthus retroflexus) was observed only in the conventional farming system. Most of the
observed invasive weed species were classified as weeds of the first (the lowest) class of invasiveness
according to Tokarska-Guzik et al. [36]. Only one species of the second class (Erigeron annuus) was
observed (in both organic and conventional farming systems). There were no invasive weed species of
the third and fourth (the highest) invasiveness classes. The most common invasive weed species in
both farming systems were Setaria pumila and Echinochloa crus-galli. Unfortunately, these species were
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also one of the most dominant species in the investigated weed community of organic and conventional
farming systems (Tables 5 and 6). Other authors found Conyza canadensis, which was found in the
presented study in both farming systems with rather low average abundance of 2 plants per m—2
(organic farming system) and less than 1 plant per m~? (conventional farming system). This invasive
plant species was found by other authors to be one of the most abundant invasive weed species in both
agricultural and other ecosystems [43,44].

Table 8. Average abundance of invasive weed species in organic (ORG) and conventional (CONV)
winter cereals (average for 2012-2014).

Average Abundance (Plants m~2)

. . .
Species Invasiveness Class ORG CONV
Setaria pumila (Poir.) Roem. and Schult. I 88.7 37.0
Echinochloa crus-galli L. I 14.2 20.3
Setaria viridis (L.) P. Beauv. I 5.1 1.2
Avena fatua L. I <0.1 0.7
Conyza Canadensis (L.) Cronquist I 2.3 0.7
Veronica persica Poir. I 0.7 13
Galinsoga parviflora Cav. I 0.1 <0.1
Oxalis stricta L. I 0.5 0.9
Amaranthus retroflexus L. I 0 0.3
Erigeron annuus (L.) Pers II 0.3 1.1

* Invasiveness class from I (the lowest) to IV (the highest) according to Tokarska Guzik et al. [36].

3.6. Correlation Analysis

The main cause of biodiversity loss in conventional farms is the intensification of agricultural
production linked with high consumption of PPPs, including herbicides [45-48]. The results of the
correlation analysis of the presented study are shown in Table 9. In most cases, tested biodiversity
parameters in conventional farms were significantly negatively correlated with the number of chemical
weed control treatments and field area (higher biodiversity on smaller fields). In conventional farms,
Shannon’s diversity index was negatively correlated with the sum of mineral NPK fertilization.
This relationship was confirmed also by other authors [49,50]. The loss of biodiversity on fields with
higher NPK might be caused by higher intensity of production (e.g., use of herbicides), but also higher
mineral NPK fertilization can cause a drop in soil pH, which changes the conditions of the habitat
and makes fewer species from soil seed banks able to grow in more acidic habitats. Confirmation
of this may be the fact that organic fertilization had no effect on biodiversity on conventional fields.
Fried et al. (2020) [51] found increased fertilization to be one of the most important factors that caused
changes in weed population (mainly due to the occurrence of more nutrient-demanding weed species).

Shannon’s diversity index in conventional farms was also positively correlated with percentage
of fields in farms that were covered with vegetation during wintertime (share of “green fields”).
A literature study shows that conventional farms that cultivated aftercrops as green manure can have
an increased Shannon diversity index of weeds [52,53].

Armengot et al. (2013) [27] found that mechanical weed management had no negative effect on
the biodiversity of weeds. The presented study confirmed this. Moreover, the tested biodiversity
parameters (number of weed species and their abundance, Shannon’s diversity and Simpson’s
dominance indices) in the tested organic farming system were not correlated with any of the tested field
or farm parameters (farm or field area, number of cultivated crop species, percentage of fields that were
covered with vegetation during wintertime, soil class, sum of NPK fertilization, number of mechanical
weed management treatments, crop species or yield). This shows that biodiversity in the tested organic
farms was less sensitive to disturbances caused by management strategy or organizational conditions
than biodiversity in conventional farms. Pressure from external factors caused conventional farms to
be less stable in terms of biodiversity.
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Table 9. Spearman’s correlation coefficient matrix of selected variables for organic and conventional
farming system.

NS Ab H SI NC SGF FA Min NPK  Org NPK NH PPP Yield
NS 0.186 0.707 * —0.608 * 0.117 0.200 —-0.150 0.143 0.145 0.173 0 0.130
Ab 0.678 * 0.008 -0.013 0.171 0.154 —-0.124 0.142 0.055 0.037 0 0.024
H 0.529 * 0.283 -0.971* —-0.104 -0.059 0.048 0.037 0.097 0.264 0 0.114
SI -0.388*  —0.202 —0.943 * 0.062 0.092 —-0.100 -0.067 —0.054 -0.207 0 —-0.151
NC —-0.184 -0.260 -0.113 0.129 0.029 -0.210 0.279 0.124 -0.013 0 0.077
SGF 0.221 0.161 0.322* —-0.194 -0.108 -0.372* 0.254 0.223 0.215 0 0.031
FA -0.517* -0.400* -0.390* 0.351* 0.029 —-0.158 0.008 —-0.537 * —-0.031 0 —-0.169
Min NPK —-0.145 —0.095 -0.378 * 0.286 0.143 —0.465 * 0.301 —-0.121 -0.121 0 0.069
Org NPK 0.165 0.076 0.238 —0.248 —-0.395 * 0.095 —-0.251 —-0.265 0.306 0 0.260
NH 0.027 0.107 0.203 -0.216 0.044 0.043 -0.217 -0.176 -0.152 0 -0.079
PPP -0.430* -0430* -0.548* 0.448 * -0.059 -0.137 0.402 * 0.356 * 0.044 —-0.481 * 0.000
Yield -0.232 -0.395* —-0.147 -0.003 -0.324 * —-0.091 0.138 0.309 -0.027 -0.212 0.503 *

Significant Spearman’s correlation coefficient at * p < 0.05. Correlations for organic farming system are in upper right
part of the matrix. Correlations for conventional farming systems are in lower left part of the matrix. NS—number of
species; Ab—abundance; H'—Shannon’s index; SI—Simpson’s index; NC—number of crops; SGF—share of “green”
fields; FA—field area; Min NPK—mineral NPK fertilization; Org NPK—organic NPK fertilization; NH—number of
harrowings; PPP—number of PPP treatments.

4. Conclusions

The current research has shown significantly higher species diversity and abundance of weeds
in the organic than in the conventional farming system. Shannon’s diversity index had high values
and Simpson’s dominance index had low values in both farming systems, which showed their
high biodiversity importance. The presence of the rare and endangered species showed that both
organic and low-input conventional farming systems are the mainstays of valuable weed species.
Winter cereal fields were dominated by some Poacea species, which might be due to less intense weed
management. Correlation analysis showed weed community diversity of organic fields of winter
cereals to be more resistant to external disturbances linked with management strategy than biodiversity
of conventional fields.
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Abstract: The benefits of conservation practices increased the interest of farmers in the cultivation of
cover crops (CCs). This review aims to present and analyze the state of the art on the cultivation of
legume CCs, including their importance in protecting crops against weeds, as well as their effects on
organic matter and nitrogen content in the soil, physical and biological properties of the soil, and its
erosion. The multi-purpose character of legume CCs is visible in their positive effect on reducing
weed infestation, but also on the soil: reducing its compaction and erosion, improving its structural
and hydraulic properties, increasing the content of organic matter and activity of soil microorganisms,
or increasing its nitrogen content due to symbiotic N, fixing. This review demonstrates that a wider
use of legume CCs in organic farming is needed. The benefits of legume CCs for successive crops in
these cultivation conditions, both in terms of inhibiting weed populations and improving fertility
and soil properties, also need to be identified. Further research is also needed to determine the
potential impact of legume CCs on the improvement of the quality of degraded soils, or those with
less favorable physicochemical properties.

Keywords: legume cover crop; weed control; organic matter; nitrogen; soil physical and biological
properties; soil erosion

1. Introduction

Currently, more and more attention is paid to production systems based on managing natural
resources in such a way as to ensure that the needs of contemporary and future generations are met.
This trend fits well with conservation agriculture, which aims to protect, improve and more efficiently
use natural resources through the integrated management of soil, water, and biological resources,
in combination with external inputs. This approach contributes to environmental protection, but also
improves agricultural production and maintains it at a high level [1].

All the benefits of conservation practices increased farmers’ interest in the cultivation of cover
crops (CCs) [2]. CCs are defined as non-cash crops that can be grown before or together with the main
crops to keep the soil covered with vegetation for as long as possible—even all year round [3]. CCs have
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a positive effect on agroecosystems by reducing soil erosion and nitrate leaching, increasing water
infiltration and maintaining soil moisture. They also suppress weeds and reduce the occurrence of
pests, nematodes and various soil pathogens, and improve soil quality, e.g., by increasing the content
of organic matter and the availability of nutrients [4-13]. Species used as CCs plants should produce
a lot of biomass, which is important for uniform coverage of the soil surface. Moreover, their C:N
ratio should be balanced, and they should be resistant to rapid decomposition, thus protecting the soil,
even from the early stages of growth and development of the main crop [14,15]. The soil exposure
promotes weed infestation, increases susceptibility to erosion, while high C:N can extract nitrogen
from the system, reducing its availability to successive plants [16]. Cover crops can be introduced
into plant production systems by: (i) cultivation during the off-season and destruction before main
crop cultivation—a common practice in annual growing systems; (ii) cultivation with the main crop
for a part, or all of its growing season as living mulch—a common practice in perennial growing
systems [17].

The CCs that are most commonly used in farming belong to families Fabaceae, Brassicaceae,
and Poaceae. Due to the varied growth rate, the amount of biomass produced, the uniformity of
the soil cover and the C:N ratio, they play a different role in the main crop. Numerous studies
confirm that legume CCs improve soil quality and thus provide more favorable conditions for the
growth, development and yielding of main crops, while playing a significant role in reducing weed
infestation [12,18-25]. In addition to ecosystem services, legumes are also a rich source of protein
in human and animal nutrition. However, the use of these plants without prior thermal treatment
may be limited by the presence of anti-nutritional and toxic factors such as proteolytic inhibitors,
phytohemagglutinins, lathyrogens, cyanogenetic compounds, compounds causing favism, and factors
affecting digestibility and saponins [26].

This review aims to present and analyze the state of the art on the cultivation of legume Ccs,
including their importance in protecting crops against weeds, their effect on organic matter and
nitrogen content in the soil, as well as physical and biological properties of the soil, and its erosion.

2. Effect of Legume CCs on Weed Control

CCs are an essential tool in the integrated management of weeds, including those resistant to
herbicides. They provide a competitive advantage, contributing to the good condition of the soil and
inhibiting weed infestation [17,27-29]. Oerke [30] reports that weeds are one of the most important
factors contributing to the reduction of the yield, by up to 34%. The estimated yield loss caused by
weeds is up to two times higher than the loss caused by other pests (insects, pathogens), which amount
to approximately 8% to 10% [27]. The large difference between the potential and actual estimates of
crop loss due to weeds indicates that current weed control is relatively effective [31].

The weed management system is based on information on interactions between plants, including
the competitive ability of the main crops on various stages of their development to inhibit weed growth
and expansion [32]. CCs introduced into the cultivation of the main plant contribute to the reduction of
weed infestation by preventing seed germination and emergence of weed seedlings. Thus, they limit
the growth and development of weeds and reduce the number of seeds in the weed seed bank in the
soil (by increasing seed predation, limiting seed recruitment) [33,34].

Appropriate selection of crop species, and even varieties, often has a decisive impact on the level
of weed infestation control [35,36]. Characteristic features such as growth rates [37], rapid germination,
early above-ground growth and vigor [38], shading ability [37], crop height, tillering capacity [38,39],
rapid leaf area and canopy establishment, large leaf area development and duration [38,40], long stem,
high biomass upright growth [15,41,42], which are also related to early light interception [43] and
allelopathy [40,44,45] affect the interactions between the main crop and the weeds. These features are
leveraged by CCs to reduce weed infestation in the main crops. The effectiveness of CCs in this area
often depends on the CC species, the composition of weed population, the area covered, persistence of
crop residues, physical impedance, reduction in light transmittance to the soil, and decreased
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daily soil temperature fluctuations [7,19,46-50] as well as management practices, e.g., cutting or
mulching [20,51,52]. However, the effectiveness of weed control by legume CCs depends both on their

morphological, phenological and physiological characteristics [19,35,41] (Table 1), as well as on the
growing conditions [53,54].
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CCs can be introduced before the main crop, i.e., after crushing, treating with a herbicide, plowing,
or left on the surface of the soil as dead mulch (the successive crop is directly drilled through the
mulch) or grown together with the main crop as living mulch [20]. In both cultivation systems, CCs,
and especially legume CCs, can be successfully used in limiting weed infestations by using two
mechanisms: direct and indirect [17,18,20]. Adapting the phenology of legume CCs to the cultivation
of the main crop uses its niche pre-emption, which can be a direct, successful competition for weeds in
terms of habitat and resources, e.g., light, soil, water, and nutrients [43,78-82]. An indirect effect of CCs
legume on weeds is also observable, manifested by physical [83,84] or chemical suppression [52,85-87].
The weed suppression mechanism based on the competing abilities of legume CCs is visible when
used as a smother crop or the living mulch.

Bilalis et al. [35] demonstrated that V. sativa caused a reduction in the light available for weeds,
which led to an observable reduction in the number of weeds and their dry weight. The competitive
abilities of common vetch were related to its morphological features, including high overall leaf
area, greater height and length of stems, number of shoots per plant, biomass and upright growth.
A clear reduction in the emergence of weeds was also observed in the cultivation of V. villosa [42,61].
Additionally, in the case of M. lupulina, both the morphological features and the rapid growth rate
of the plant determined its ability to suppress weeds. In the case of legume CCs characterized by
a slower growth rate (T. hybridum), their allelopathic properties were decisive for the effectiveness
of weed control at an early stage [20]. In turn, Ross et al. [41] stated that the competitiveness of
Trifolium sp. is determined not only by its morphological features, but also by the method of cultivation.
A higher level of weed suppression has been reported on the low-productivity site than on the
high-productivity site. Greater competitiveness of T. alexandrinum was determined by the following
features: upright growth habit, long stems, high biomass production, and late flowering, and of
T. hybridum: upright growth and long stems. However, in the case of T. squarrosum, its high and
long-term stability of the weed suppression capacity was decided by its mat-like prostrate growth
during early developmental stages [69].

Numerous reports confirmed that annual weeds were suppressed to a greater extent by legume
CCs residues, with the end result being more pronounced for small-seeded summer annual weeds than
for large-seeded annuals [46,84,88]. Brandseeter and Netland [61] have shown that T. incarnatum limited
weed infestation to a greater extent than T. subterraneum. This proves that the lower weed suppression
effectiveness of T. incarnatum occurs when perennial and monocotyledonous weeds dominate the
flora. Leaving the remains of legume CCs has a lower suppression effect on perennial weeds [73].
Other authors have also reported a lower impact of legume CCs on the reduction of perennial
weed infestation (especially winter-seeded species kept only for a single growing season) [56,89-91].
Sjursen et al. [65] also found the lack of the suppressive effect of undersowing clover (T. pratense,
T. repens) on annual weeds with regard to both short-term (weed emergence) and long-term (seed bank)
effects, possibly due to the successive fertilization effect with legume CCs.

CCs, including legume CCs, can suppress not only weeds that are already resistant to herbicides,
but also a significant number and biomass of herbicide-susceptible weeds, thus reducing the intensity
of their selection in terms of future resistance [92,93]. Reducing weed abundance, biomass or seed
production in legume CCs, and suppressing seedling emergence from the weed seed bank reduces the
selection pressure at the end of cover crop [92,94], particularly in no-till systems, where herbicides are
used to terminate cover crop.

Legume CCs can also compete for resources necessary for growth and development, also with
the main crops [95]. It follows that legume CCs not only compete with weeds by inhibiting their
emergence and growth, but can also suppress the main crops [78]. Therefore, when selecting CCs
species, attention should be paid to their faster growth and shorter vegetation period compared to the
main plants, in order to minimize competition, e.g., for the light. It is also necessary to provide the
soil with water in order to minimize competition between the crop and CCs [12,96]. The competition
of CCs for water, especially in early spring, may be visible in the cultivation of the main crop in
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arid and semi-arid regions, where soil moisture is a factor limiting plant production [97]. On the
other hand, it was found that legume CCs compete to a lesser extent for N from soil with the main
crops [5]. In addition, chemical and physical factors that affect weeds can also affect crops and the CCs
themselves. For example, the main crops may be inhibited by allelochemicals released by some legume
CCs. Moreover, in the absence of rotation in the cultivation of CCs, accumulation of allelochemicals
and even pest (weeds, pests, pathogens) populations may occur. This will negatively affect not only
the main crops, but also the CCs themselves [98].

Legumes CCs (Mucuna deeringiana (Bort) Merr., Canavalia ensiformis (L.) DC., Leucaena leucocephala
(Lam.) de Wit, Lysiloma latisiliquum (L.) Benth.) used as both living CCs and dead mulches (incorporated
on soil surface) have reduced the weed biomass. The greatest reduction in weed biomass (68%) was
reported for M. deeringiana as living CC in corn cultivation. The inhibitory effect of these legumes
on the growth and development of weeds is related to their allelopathic properties. The aqueous
leachates of all four legumes showed strong phytotoxic effect on the rooth growth of E. crus-galli and
Amaranthus hypochondriacus (L.) [52]. Additionally, aqueous leachates from fresh leaves and volatiles of
Tephrosia vogelii Hook. inhibit the seed germination and seedling growth of Festuca arundinacea Schreb.,
Cynodon dactylon (L.) Pers. and Digitaria sanguinalis (L.) Scop. Additionally, mulching with this legume
CC resulted in reduction of the weed biomass (15.8%) in corn cultivation [99]. The allelopathic effect in
legumes is varietal dependent and might have a genetic basis. The inhibitory effect of M. sativa cultivars
on weeds was proportional to the number and quantity of growth inhibitors (phenolic compounds),
which showed strong allelopathic activity. As a result, the weed suppression of legume CC might be
proportional to its allelopathic magnitude [100]. When M. sativa was incorporated into soil (as mulch)
for weed-control purposes, phenolic acids detected in the soil reached maximum concentrations after
10 to 15 days and were efficacious until 20 to 25 days. Chemicals released from allelopathic plants
incorporated into soil are toxic and cause inhibition of certain species and could be applied as a
biological tool for weed management [101].

However, depending on the desired purpose of the main plant cultivation, the cultivation of
legume CCs can be regulated in terms of sowing time, growth rhythm, retention of N or the biological
N-fixing potential. Therefore, they are less competitive with the main crop than the weeds [78].

It has been demonstrated that a higher density of legume CCs also increases competitive
interactions and resource consumption between the main crop species. This in turn provides an
effective weed reduction [20,102]. With greater coverage of the soil surface with CCs at an early stage of
their growth a more effective suppression of weeds was observed, especially at a high sowing density of
species characterized by high seed weight. Increasing the coverage with the CC from the early growth
stage, even if the plant is low, it can inhibit weed biomass production. Moreover, the cultivation of
low CCs as a mixed cropping or intercropping system is beneficial for the main crop, especially for the
higher species, as there is little competition for light between the main crop and the cover crop [19].
Bilalis et al. [35] found that V. sativa was more effective in reducing weed infestation than T. pratense,
which was characterized by higher competitiveness in relation to weeds due to a higher number of
developed shoots and greater dry matter. This is confirmed by Uchino et al. [19], in whose research
V. villosa proved more effective in supressing the weed biomass, as compared to T. repens, T. pratense,
T. resupinatum, and V. benghalensis. Additionally, M. sativa is more competitive with weeds than
T. pratense under semi-arid conditions [53,103,104]. Although some studies have confirmed the positive
correlation between CCs biomass and weed suppression [42,105-107], Elsalahy et al. [20] showed
that in the case of legumes, this relationship may be weak and inconsistent. The mechanisms that
determine the impact of legume CCs biomass on weed biomass are the contrasting characteristics of
legume species in the mix (growth rate, response to environmental conditions), which allow the legume
CCs to mutually complement throughout the cultivation period [20,69], as well as their allelopathic
properties. Under conditions where higher biomass production is limited by environmental conditions,
the allelopathic abilities of legume CCs may play an important role in reducing weed infestation [20].
The chemical weed suppression is seen in alfalfa (M. sativa), which gives off allelochemicals (phenolic

31



Agriculture 2020, 10, 394

compounds) harmful to weeds, e.g., Doparium junceum Hamilt., Lindernia pyxidaria L., Elatine trianda
Schk. var. pedicellata Krylov, Eleocharis acicularis (L.) Roem. et Schult., C. album L., E. crus galli (L.)
Beauv. [67,108-111]. V. villosa [112-114], T. pratense [115,116], T. incarnatum [112], and T. hybridum [111]
also show allelopathic effect against weeds. Kruidhof et al. [43] demonstrated that the suppression of
spring weed emergence by plant residues CCs (M. lupulina—54% on average) may be related to the
release of allelochemicals (saponins, flavonoids and phenolic acids) into the soil. Therefore, in terms
of weed control, successive crop cultivation should take into account the physical properties of
plants introduced into the soil, determined by the pre-treatment of the residues and the nature of the
CCs [20,117].

The indirect effect of legume CCs on weeds is creating a physical barrier (as incorporated or soil
surface-placed cover crop residues), which can prevent the newly formed seeds from reaching the soil
surface and contribute to depletion of the weed seed bank in the soil, and as a result, inhibit or delay
germination and emergence of weeds [115]. In this case, a more effective weed suppression is seenin CCs
legume producing more biomass, especially at the beginning of the growing season. Osipitan et al. [118]
found that early weed control with CCs is even compared to chemical and mechanical weed control
methods in crop systems. In addition, an earlier sowing date, higher seeding density, and a delayed
termination date of CCs favors more biomass, and is therefore more effective in suppressing weed
infestation, especially for annual summer weeds [35,73,119]. In addition, cultivation practices such as
delaying planting and termination dates of CCs may selectively affect weed populations by changing
their structure into less competitive species [73]. It is one of the potential mechanisms contributing to
the change in the crops’ tolerance of weed biomass [120].

Legume CCs can also initiate the germination of weed seeds, leading to faster depletion of the
soil weed seed bank, especially in long-term cultivation [91]. Moonen and Barberi [91] found a 22%
reduction in the soil weed seed bank, even seven years after introducing CC legumes (T. subterraneum)
into the no-till corn cultivation system. In turn, Sjursen et al. [65] observed that the annual seeding
of clovers (T. pratense and T. repens) favored the increase of weed biomass and the size of the seed
bank. This is most likely due to the ability of legumes to fix atmospheric nitrogen, which also becomes
available to weeds.

Legume CCs (e.g., M. sativa) can also increase the activity of V. arvensis, A. myosuroides seed
predators (both vertebrates and invertebrates) by changing the quality of their habitats [121]. Seed losses
reaching 25 to 50% caused by seed predators are sufficient to significantly slow down the growth of
the weed population [122]. Youngerman et al. [123] showed that seeds of the main plants can also
be damaged by invertebrate seed predators. However, they less prefer CCs seeds with hard seed
coats, for example V. villosa. Blubaugh et al. [124] found that CCs increased the frequency of weed
seed consumption by omnivorous predators by 73%. As a result the cover crops improve biocontrol,
not only by promoting increased activity of omnivores, but also by facilitating their function as seed
predators on an individual-level.

The presence of dominant weed species in plant crops can be explained by their divergent
characteristics, which have allowed them to react differently to environmental fluctuations and
management practices, in accordance with a process called “the storage effect”. According to the theory
of the storage effect, for the species in the weed community to survive, there must be species-specific
responses to changing environmental conditions. The responses should then lead to differentiated
competition (covariance between the environment and competition), and the durability of the seed bank
should buffer the growth of weed populations in years with unfavorable environmental conditions [125].
However, CCs can sometimes have a positive effect on the germination or growth of weeds [117].
Legume CCs play a part in the fixing of atmospheric nitrogen and therefore they can indirectly create
more favorable conditions for weed growth than the other CCs [59].

Any undesirable plant in the main crop cultivation, despite its ecosystem advantages, is considered
a weed. Therefore, the self-seeding of legume CCs in succeeding crops can be a problem, especially in
the case of species that are highly competitive with those of main crops. Their control may be difficult,
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especially in the case of perennial species characterized by a rapid growth rate, producing a large
number of diasporas and that are resistant to abiotic stress conditions.

3. Effect of Legume CCs Cultivation Systems on Weed Control

As mentioned before, CCs can be introduced into plant production systems as living mulch by
sowing into the main crop, or as dead mulch, i.e., sowing the CCs after the main crop harvest and
terminating their growth before cultivation of the secondary main crop, by plowing under, crushing or
treating with glyphosate. In this case the successive plant is sown directly into the mulch [57]. The use
of CCs for weed control is particularly important in no-till systems [119].

Living mulches based on CCs have a positive effect on reducing weed infestation as well as on the
health of the crop by reducing pest infection or infestation [126-129]. However, some authors report
that when using mulch, excess moisture in the soil may be unfavorable for the soil, increasing the
infestation of pathogens and in some cases, pests (snails, rodents) [130,131].

It has been shown that legumes used as live mulch are able to effectively control weeds, but at
high density [20]. The effectiveness of legume CCs in suppressing weeds is mainly the result of their
higher competitive abilities (e.g., for light and habitat) compared to weeds [20,102,132]. Teasdale and
Mohler [47] demonstrated that weed suppression was more effective in the case of V. villosa mulch,
in early growing season, during the spring biomass accumulation. However, as the season progressed
and the mulch degraded, this effect wore down. A notable reduction in weed biomass was observed
after cutting legume CCs due to the reduction of weed growth and direct mortality, especially when
the cutting height is less than 7 cm. In addition, dead mulch from legume CCs may promote capturing
seeds of some wind-dispersed weed species [127]. The competitive equilibrium between legume CCs
and weeds is changed also due to the different regrowth of cut weeds, especially annual weeds [20].
However, emergence of weeds can be stimulated by introducing cut mulch into the soil [53,133]. This is
confirmed by the reports of Golian et al. [74] who incorporated S. cereale and V. villosa mixes into the
soil. This not only did not reduce weed infestation, but even increased the amount of weeds by 15%.

Legume CCs sown in late summer, for example in cereal crops, provide a winter cover and are
terminated before sowing the main crops [51]. Terminating the growth of CCs before the main crop is
essential for their usefulness, as regrowing CCs can interfere with the growth and development of
the main crop, which causes a decline in the yield [134]. Moreover, the method of CC termination
may influence their weed suppression potential in successive crops [50]. In no-till cropping systems,
a herbicide may be used to complete the cultivation of CCs, including legume CCs, but physical
methods are also available [135,136]. Mowing is one of the physical methods of terminating the
cultivation of CCs without disturbing the soil, but in this method regrowth of CCs and an aggregated
spatial distribution of crop residues occur [135]. The cover-crop roller-crimper [137] can also be used
to terminate the growth of CCs.

It has been found that plant residue management can regulate the diversity and composition of
the weed population by introducing qualitative and quantitative changes [138,139]. Residual CCs
in the form of dead mulch change soil properties, which can impact weed control by affecting the
survival, dormancy, predation, and long-term viability of weed seeds [140,141]. As dead mulch,
legume CCs shade the surface of the soil and thus capture solar radiation. This reduces not only
light permeability, but also the daily amplitude of soil temperature. Undoubtedly, this inhibits weed
seed germination, because the dormancy of seeds of many species of annuals is controlled by light
and temperature [47,73,142]. This is confirmed by studies in which the remains of legume CCs
(V. villosa) inhibit the emergence of weeds due to the reduced access of light to the soil surface [47,143].
Additionally, in the case of mulch produced from a mix of CCs (O. viciifolia and H. vulgare) these
mechanisms contributed to the inhibition of weed infestation [87]. It follows that dead mulch suppresses
weeds by creating a physical and chemical barrier [140,144].

The effectiveness of CCs as dead mulch is determined by the ability of CCs to suppress weeds
during its active growth and the residual effect of CC mulch after senescence [7]. In addition,
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the effectiveness of weed control is also influenced by the even distribution of residual CCs and the
way they are placed in the main crop. Residues of CCs on the soil surface decompose more slowly and
gradually release agrochemicals, as compared to the residues mixed with the soil [117,145]. Along with
an increase in the amount of mulch there was also a decrease in the occurrence of small-seeded annual
weeds [46,84]. Teasdale and Mohler [84] reported that weed suppression was impacted to a greater
degree by the amount of residual CCs than by their type, however, in the case of perennial weeds,
increasing the amount of residue CCs had no damping effect.

Decaying residue of CCs may create a more favorable environment for weed germination and
development [144]. Leaving residue on the soil surface may result in better availability of water,
which supports weed development [47,146]. It was also shown that a small amount of plant residue of
V. villosa promotes light transmission and triggers a phytochrome reaction, occasionally stimulating
the emergence of weeds, especially Amaranthus hybridus [147]. This is also confirmed by the studies
by Mischler et al. [90], who demonstrated that V. villosa stimulates the germination and growth of
weeds—especially in conditions of increased temperature and soil moisture [15]. This is due to the
relatively rapid decomposition of V. villosa biomass, even during its growth. CCs plant residue may
also interfere with sowing or mechanical weed control, which in turn may have a negative effect on
successive tillage [148].

CCs used as intercrops can potentially reduce weed infestation, which positively impacts the crop
yield. Intercrops maintain high competition with weeds, irrespective of the species and productivity of
the weeds, the biomass of the main crop or the availability of nitrogen in the soil [149]. Weed infestation
is inhibited by reducing the space available for weeds in the habitat, and by reducing their resources,
e.g., water, light, and nutrients. Nitrogen and light play an important role in reducing weed infestation
due to the complementary abilities of intercrop species, their use of nitrogen (mineral nitrogen
in soil and atmospheric nitrogen Nj), as well as light capture and soil surface coverage [149,150].
These mechanisms are often interrelated and depend on the temporal and spatial growth dynamics
of the above-ground and underground parts of the plant [151]. Therefore, this may explain the
increase in intercrop yields and the inhibition of weed infestation [152,153]. Intercrop species with
different characteristics in terms of growth rate and response to environmental conditions favor the
inhibition of weed infestation. For example, species with varying growth rates can cause a temporary
asynchronicity in species growth dynamics; a fast-growing species competes with weeds early in
the growing season and a slow-growing species competes with later-emerging weeds. This enables
effective weed management throughout the growing season, while also reducing direct competition for
resources between species in the intercrop [20]. High and constant inhibition of weed infestation in the
legume/cereal intercrop was demonstrated even with a low share of the cereal plant in the intercrop
biomass, while for a sole legume crop, a decrease and high variability in weed suppression were
noted [149,154]. For example, in the sole crop, P. sativum is a weak competitor in relation to weeds [155],
therefore, with greater pressure from weeds, this species reacts with a limited use of N and a decrease
in the seed yield [156,157], which is also confirmed by studies on other legume species [158,159].

Numerous studies have also confirmed the effectiveness of the relay intercropping of a forage
legume (RIL) in controlling the main crop weeds [18,53-55,63,64,160]. In RIL, CCs are left in the field
until the crop is harvested, which enables weed control before undersowing [65]. This allows avoiding
the bare soil period, which favors the emergence of weeds between the cash crop harvest and the full
establishment of a CC, when it is sown between two cash crops [18]. To achieve a significant reduction
of weed biomass, it is necessary to maintain the CCs legume until late autumn [18,53]. According to
Blaser et al. [54,63] and Amossé et al. [18] the presence of legume CCs effectively reduced weed density
even during the harvest of the crop. Legume CCs were found effective in reducing the number of
weeds emerging in spring, as well as in increasing the mortality of weed seedlings. These mechanisms
are also associated with limited resources (e.g., light, water), which negatively affects the growth and
development of weed seedlings [43]. Leaving CCs until autumn effectively suppresses the emergence
of weeds, which leads to reducing the weed seed bank in the soil [161]. Amossé et al. [18] concluded
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that both legume CCs and cereal crops are necessary to reduce weed abundance and biomass during
RIL. The reduction of weed infestation in RIL is thus managed by the cumulative effect of the crop
and the legume CCs. The combination of winter crops and RIL decreases weed infestation in spring,
reducing the number of annuals. Therefore, in crop rotations with a high proportion of spring crops
and with weed populations adapted to this crop cycle, the use of RIL is very effective in reducing the
number of spring weeds [18].

Elsalahy et al. [20] reported higher capability of some small-seeded legume mixes to suppress
weeds compared to the capabilities of monocultures of these species. These authors believe that this
is most likely due to complementary growth features of the plants over time, i.e., a faster growing
species (M. lupulin) suppresses weeds at the beginning of cultivation, and a slower growing species
(T. hybridum) inhibits the later growth of weeds [20]. A better reduction of weed infestation was also
found in mixes of leguminous plants with other species, as compared to the monocultures of these
species [62,69,86,162]. These mixes allow obtaining a higher biomass of CCs, as well as retarding the
decomposition of plant residues, e.g., legumes. This, in turn, affects their greater ability to reduce weed
infestation [86]. The effectiveness of the mixes in reducing weed infestation is determined not only
by the produced biomass, but also by other plant properties, such as allelopathic activity or canopy
architecture, and the related soil shading surface [86,87]. Ranaldo et al. [69] confirmed that biodiversity
in CC mixes has a more beneficial effect on the suppression of weeds, e.g., by producing more CC
biomass, also under difficult field conditions. The mechanism explaining the effect of species diversity
in CC mixes on weed control is the complementarity of resource use. Smith et al. [163] formulated the
Resource Pool Diversity Hypothesis according to which, with a more diverse pool of soil resources,
a lower abundance of weeds is expected. The increase in the ability to suppress weeds is influenced by
the differentiation of the functional traits of the CCs (e.g., the growth form, root system, nutrient use
strategy), i.e., the synergy between complementary species traits in the CC mix [69]. This will ensure
a more complementary and consistent production of CC biomass throughout the growing season,
even under changing environmental conditions [105,106,164]. However, Elsalahy et al. [20] confirmed
that the ability to suppress weeds was influenced to a greater extent by the species identity in legume
mix, than by the species diversity. In addition, the changing proportion of species in the legume mix has
no significant impact on the suppression of weeds. However, a mix of legumes with a single dominant
species had better effects in suppressing weeds compared to a mix comprising a balanced share of
individual species [20]. In turn, Suter et al. [165] confirmed that mixes of species help control weeds,
especially when individual species are functionally diverse. Due to the functional complementarity of
the individual species, a higher sowing rate can be applied in multi-species mixes, as compared to
the sowing standard for species grown in a monoculture. Moreover, obtaining a higher plant density
thanks to the use of many species in the mix is more effective in controlling weeds [62,166]; this is a
practice used in organic farming conditions. However, Smith et al. [27] argue that CCs mixes do not
suppress weeds any more than the top CCs with the highest weed suppression capacity, grown as a
monoculture. Moreover, according to the authors, a more diverse mix of CCs (14 species) does not
outperform a less diverse mix. Research by Panasiewicz et al. [167] with narrow-leaved lupine in crop
rotations with 75% cereal composition also indicate that the method of tillage has a significant influence
on weed infestation and consequently, the seed yield. Dry weigt of weeds under conventional tillage
was significantly lower than in reduced tillage and no-tillage. There was also a significant difference
between dry weight of weeds in reduced tillage and no-tillage. The weight of weeds in no-tillage was
approximately two times greater than in reduced tillage.

In the organic system undoubted benefits can be generated by introduction of legume CCs.
In chisel-plow based organic system (OR) with CCs (crimson clover before corn, rye before soybean)
and manure applied for nutrients and postplanting cultivation, higher soil combustible C and N
concentrations at all depth intervals to 30 cm compared to other cultivation systems were reported
for weed control. In addition, corn grown under organic system had more N available compared to
conventional no-tillage. Systems that incorporate high amounts of organic inputs from manure and
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CCs can improve soil more than conventional no-tillage systems despite reliance on a minimum level
of tillage. Authors suggest that if adequate weed control could be achieved in reduced tillage organic
systems, higher soil quality could be achieved with yield-enhancing benefits compared to conventional
no-tillage systems [89]. Additionally cover crop-based, organic rotational no-till crop production
(mechanical termination of CCs with a roller-crimper and no-till planting crop into CC mulches)
becomes a viable strategy for reduction of tillage in organic annual grain systems. Authors suggest
that N-release synchrony with corn demand and improvement of weed suppression can be improved
with grass-legume mixture. Integration of high-residue inter-row cultivation improves weed control
consistency and may reduce reliance on optimization of CC biomass accumulation for weed suppression.
However, breeding efforts are required to improve CC germplasm and develop regionally-adapted
varieties [15].

Other ecosystem functions are also supported by legume CC, as conservative biological
control with legume and non-legume CCs is an interesting alternative to the chemical control
of many insects [168,169]. It was reported that cover crops regulate the tetranychidae mite
populations in citrus orchards [168,170] as well as reduce thrips infestation in cotton cultivation [169].
However, legume cover crops may not affect the population of the root weevil in citrus groves or its
feeding damage [171].

Cover crops provide a constant and abundant supply of food sources for natural enemies
(predators and parasitoids) during the flowering period, allowing natural enemies to build up in the
system, thereby keeping pest populations at acceptable levels. [172]. Altieri et al. [173] confirmed
that correct agroecosystem diversification strategies such as CCs usually regulate pests by restoring
the natural control of insect pests. Legume CCs (such as Neonotonia wightii) act as a reservoir
for phytoseiid mites, thus contributing to the biological control of phytophagous mites in citrus
orchards [174]. However, increase of the floral diversity in sown CCs could constitute a complementary
method in management programs, by providing a greater amount of alternative food resources and
alternative hosts to enhance the conservation and biological control of natural enemy populations [175].
Different CC species, with different blooming phenologies, provide habitat and resources for potential
wild pollinators, particularly native bees. As a result, flowering CCs can be used for pollinator
conservation purposes [176,177].

4. Effect of Legume CCs on the Soil Environment

4.1. Effect of Legume CCs on the Content of Organic Matter and Nitrogen in Soil

The main factors causing the degradation of agricultural soils are: intensive agrotechnical
treatments, excessive chemical treatment, cultivation in a monoculture and inappropriate melioration.
In consequence, soil organic matter is reduced, which in turn is associated with the deterioration of
the physicochemical properties, sorption capacity, and biological activity of the soil. The high content
of organic matter stabilizes the soil structure as well as reducing its susceptibility o compaction and
erosion. It is also an indicator of soil fertility [178]. An important component of soil are microorganisms,
which play a key role in the process of biomass decomposition and humus formation, nutrient
circulation and increasing soil resistance to harmful factors [23,179]. Diversity of soil microorganisms
is a prerequisite for maintaining soil fertility and has a positive effect on plant health. It conditions
their proper growth and development, and, consequently, yielding [180].

One of the most important factors influencing the maintenance of soil fertility and productivity is a
rich crop rotation, which should include CCs [22,181]. It increases the productivity of crops at a reduced
workload, and at the same time cuts down the negative impact on the environment. In addition to
enriching the crop rotation by increasing biodiversity, crop rotation brings additional benefits such as:
increasing the content of organic matter in the soil, reducing weed pressure, reducing the spread of
pathogens, and protecting the soil in periods between main crops [182,183]. Keeping CCs during the
autumn and winter period is especially important as it limits nutrient losses and erosion, especially in
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light soils. The lack of plant cover in this period causes disturbances in the soil structure, reduces the
infiltration of water into the substrate, and at the same time increases the leaching or blowing away of
the arable layer [184].

Fabaceae are excellent ground cover crops; growing them brings a number of benefits for improving
soil quality. Due to the biological ability to fix atmospheric nitrogen, their biomass is used entirely as
green fertilizer or crop residues, which enrich the soil with nutrients, including organic carbon and
nitrogen. This is beneficial from the point of view of the successive crop (Table 2) [185-187].
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The amount of organic carbon and nitrogen introduced into the soil depends on many factors such
as: quantity, quality, and management of biomass or crop residues, as well as frequency of cultivation
and climatic conditions [195]. Amossé et al. [18] showed that legume ground cover plants such as
M. lupulina, M. sativa, T. pratense and T. repens significantly enriched the soil with symbiotic nitrogen,
increasing the yield of Z. mays as a successor plant by 31%. However, they did not significantly affect
the yield of T. aestivum (winter wheat) into which they were sown. Nitrogen content in biomass of
ground cover plants, analyzed in late autumn, after T. aesivum harvest, showed that from 71% to 96% of
N came from symbiotically fixed nitrogen, which enriched the soil by 38 to 67 kg N-ha=!. Legume CCs
also usually have a C:N ratio of under 20:1, which promotes faster nitrogen mineralization. This reduces
the amount of nitrogen available to the main crop [21]. This is especially important in management
systems where there are nitrogen deficiencies in the soil, such as organic cereal cultivation, where the
use of nitrogen in mineral fertilizers is unacceptable [149,196-200].

In addition, in cereal/legume intercrops grown in arid, semi-arid, tropical, and temperate climates
the intercropping may be advantageous when nitrogen availability corresponding to soil nitrogen plus
N-fertilizer is below a determined threshold (12 g N m~2) due to a high degree of complementary
nitrogen use between the two species for low N levels [201-203].

According to Abdalla et al. [166], CCs which included legumes increased the yield of the successive
crop by an average of 13%, in contrast to CCs with no legumes, which reduced the yield of the main
crop by an average of 4%. According to the authors of the presented meta-analysis of 106 studies in 372
locations, including different countries and climatic zones, the advantages of CCs (legumes or legume
mixes), justify their widespread adoption as good agricultural practice in sustainable management.
However, the authors believe that in order to increase the efficiency of CCs, field management
technology should be optimized to local climatic conditions, water abundance, soil type, and the
cultivation system.

Biomass and post-harvest residues of CCs positively affect the quality of physical and chemical
parameters of the soil, e.g., by increasing the content of organic matter, the amount of stable soil
aggregates, and the content of available nitrogen [22,24]. The beneficial effects of legumes increase
when the crop rotation is more diversified. Studies have shown that the use of three or more plant
species and, additionally, a legume plant as intercrop allows for a greater accumulation of soil organic
matter than in the case of two plants in a crop rotation, along with a legume intercrop [22]. On the
other hand, Garcia-Gonzalez et al. [204] showed that the use of a mix of H. vulgare with V. sativa as
a CC for several years increased the soil organic matter and field water capacity, as well as reduced
leaching of nitrogen compounds from the soil. Greater stabilization of the soil structure, the formation
of a lumpy structure and an increase in the amount of waterproof soil aggregates were also observed.

The literature on the subject reports that non-legume CCs significantly reduce the leaching of
nitrates to the groundwater by incorporating nitrogen into the biomass [205,206], while opinions
regarding legumes vary. According to Abdalla et al. [181], all analyzed cover plants (legumes,
non-legumes, and legume mixes) significantly reduced nitrogen leaching. Justes et al. [207] reported
that the efficiency of Fabaceae as CCs in reducing nitrates was half that of Poaceae and Brassicaceae.
In turn, Valkama et al. [208] demonstrated that legumes were not effective at capturing nitrogen,
contrary to Poaceae. More efficient soil nitrogen capturing by Poaceae and Brassicaceae than Fabaceae
species is most likely influenced by their more developed root system and greater resistance to lower
temperatures, which favors the extension of their growing season [59,133].

Apart from reduction of N leaching to ground water, CCs contribute to increase SOC sequestration
(soil carbon sequestration) without having significant effects on direct N,O emissions [181]. Lal [209]
suggest that the SOC can be enriched by use of apposite crop rotations. Crop rotation can improve
biomass production and thereafter the soil C sequestration, principally the rotations of legumes with
non-legumes. The legume-based rotations are more efficient in converting biomass C into SOC in
compression to the grass-based rotation. Hajduk et al. [210] suggest that the inclusion of legumes
in rotation has the potential to guarantee the in-situ availability of N, which in turn played a vital
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role in generating higher biomass C. It also promotes the release of C via root exudation in to the
rhizospheric zone. N fixed by the root nodules of legumes also accelerates the C sequestration potential
of succeeding crop in the rotation, by improved microbial functionaries and biomass production by
successive crop. When provided with the legumes, they enhance the nitrogen use efficiency and
produce more root biomass and thus C inputs in soil [211]. In legumes based rotation endorsed
the accumulation of liable C pool in soil ecosystem, which is beneficial for successive plants [209].
Legume and non-legume CCs in mixtures also have a better effect on the main crops, preventing a
reduction in yield or even increasing it (by 13%) without significantly affecting N in grain. CCs can also
mitigate the net greenhouse gas balance (NGHBG), contributing to the resilience of farming systems to
environmental changes, such as climate change, through increased fertility, productivity and better
water quality, which undoubtedly affects succeeding crops [181].

4.2. Effect of Legume CCs on Soil Fauna and Microflora

Due to the large amount of post-harvest residues and root secretions, Fabaceae CCs increase the
amount of carbon and nitrogen compounds introduced into the soil, which is the main source of
energy for soil microorganisms [179]. Peralta et al. [180] showed a significant increase in the functional
groups of microorganisms responsible for the suppressive properties of the soil with a diversified crop
rotation including Z. mays—G. max—T. aesivum plus two CCs—T. pratense and S. cereale, as compared
to a Z. mays monoculture. In soils where rotation was applied, the pool of the gene responsible
for the production of the bacterial antibiotic pyrrolithrin was increased compared to the soil under
Z. mays monoculture cultivation. This proves an intensive development of microorganisms and plant
protection properties. A more simplified crop rotation, which included only two plant species, such as:
T. aesivum and B. napus, or Z. mays and G. max had no significant effect on soil microbial activity [180].
Using T. repens as a CC increased the microbial biomass and the population of earthworms (Lumbricidae)
in the cultivation of T. aesivum [212], while in Z. mays cultivation, populations of all soil microorganisms,
i.e., bacteria, fungi, nematodes, and mites, were increased [213]. According to Bardgett and van
der Putten [214], increasing the diversity and number of species of cultivated plants has a positive
effect on soil fertility, due to diversification of the available food sources for microorganisms and,
consequently, for plants. The biomass of microorganisms also increases, and the structure of the soil
microbiome is exposed to change, which has a huge impact on their functionality as well as soil fertility.
Crop rotation also significantly impacts the increasing biodiversity in the soil environment [182].
In turn, Somenahally et al. [23] observed an increase in the biomass of mycorrhizal fungi in T. aesivum
cultivation with the use of legumes as CCs.

4.3. Effect of Legume CCs on the Physical Properties of Soil

The physical properties of soil are related to the size and distribution of soil particles, as well as
the movement of liquids and gases in the soil, which affect the appearance and structure of the soil.
The main physical properties of soil are texture, structure, density, porosity, soil water, soil temperature,
and color. The infiltration properties of soil are determined by its physical properties, such as bulk
density, porosity, sorption, and aggregation. CCs may change the physical and structural properties of
soil, both directly through the influence of roots on the formation of pores and aggregates, and indirectly,
by introducing plant residues into the soil, and their decomposition [215].

It has been shown that leaving the CCs biomass as a dead mulch on the soil surface, with no tillage,
potentially contributes to the reduction of soil bulk density, increasing soil porosity, sorption and
aggregation, and thus increases its infiltration properties. Reduced bulk density, as well as increased
porosity and macro-aggregation of the soil also reduce the potential for runoff, erosion and evaporation
by increasing the potential for faster water capture and greater water availability to plants. However,
the positive effect of dead mulch on the physical properties of the soil, in particular on increasing
infiltration and reducing evaporation, depends on the climatic conditions. In the case of prolonged
drought, no differences were found to bare soil [216].
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4.3.1. Effect of Legume CCs on Soil Structure and Aggregation

The structure of the soil is the shape, size, and arrangement of primary and secondary particles in
a specific structural pattern. Residues of CC plants, including legume CCs, improve soil structure by
influencing soil strength, porosity and hydraulic properties. They also increase the diffusion capacity
of soil air, as well as the formation of soil aggregates (basic units of soil structure) [217-219] (Table 3).

42



(e%eqm

UOT}EAIISUOD) U210y USoj[12 ‘A pue
0C-S1/0'€€  0T-ST/T'6€ L 0C-S1/€5°1 oSeqm 1 v90f A JO ImXTW
[s12] 02§ H\w.mm 0C—§ ﬁ\w.om S 0c—§ H\No..ﬁ weop 118 UOTJeAIdSUOD 10 $2D mﬁsw& ou
01-s/0'se 01-S/£'0% (e8erm 01-5/0S'T ySnogdy wnaysas 1 o300y vsofjia ‘A pue
01-S/%'¥¢ 01-5/5'8¢ ySnoyd) 01-6/95'T ’ 1 vqpf A JO dMIXTW
o1 sDD awmn3af ou
8
0¢-01/%5°0 0Z-01/¢¥'1
0T-0T/ET'S om”um\\ﬁm% oo omﬂwm,m HH 0C-0T/441 ] wnonvl8 J pue
01-0/90°C _ . _ . 0T-0/%9'T 3 " S1DS[MA  JO dIMIXTW
. 0¢-01/%5°0 0Z-01/S0°'T . d 9JE[[} [EUOUDAUOD K S -
[£12] 02-01/559 01-5/99'0 01-G/9T'T 0¢-01/8%'1 impndey aSeym wnuwrrurw T wnonyls J pue
010 %91 0T-0/2%'T oudA4y, : . 1 SpSIna d Jo X
S-0/80'T S-0/6L'1 : [m-ou/ 1 shviu 7 : :
0T-0T/L0'F 02-01/9€°0 02-01/0'T 0C-0T/14'1 ’ ] WNoNv]S WnjasiuUa] pue
-0/¥6° -0/8¢ " SLvS[na snjoasvyJ Jo dIMIXTuL
01T-0/%6'T 01-6//50 01-G//F'T 0T-0/8S'T 1 stvo] 109501 § IXT
S-0/96'0 S-0/641
[Tzed L0 el wreof 3y1s Lu:movﬂww_ﬁw_.“@ous 'S 1O (1) 2o 9
440 171 ’ ] tunazsow H. sDD awn3ay ou
RUSION RS TT
0%y €l [[3-Ou/119N pue JMNSMU .mm.o o.w:ux:ﬁ
[val 0'ey €1 wreo[ 371 (D) xoue U0 o
08¢ [4N! "1 shvw 7 P10 umo%.s A
sDD awn3ay ou
196 weop 93e[[1) [EUOTIUSAUOD U230y USo[J1a ‘A
[t61] 6'LE Kep Apues [qPusoN ] wpuAIUl T,
6'8C (1) 4010219 'S §DD dumn3ay ou
788 Y210y vsofjia A
[161] 0'sS wreo| %Eu [m-ou/ 1 shvui "7 1 Wnjpuipoul "],
€96 sDD awn3ay ou
. weo RURSTON 7SI
[ozel MWM Apues “5@ 1m-ou/ ] shvut 'z m&UW Wﬁzmﬁ_ ow
(BdND) (%) o (wwx 200°0<) (toru) o
S3DUDIDJD SOUEISISAY Apsoog £ ﬁAma\mo suonpeL] uﬁﬂum“mw mw MM“MWU ol 5 —“w\www Mmm“nuuwv 2IN)X3Y, [10 a8eqqir/dox sdox) 13400 sawnga
JoA vopenpuag  Areppded mav :w az1g pajer M o« A4 WSom R m« oo w< 1 " a IX3L, [roS Tt/dorp D D 1
110§ 110s ejoL, [ros apnIe] [10S TejoL - [qeIS—191eM Amg

‘rtos yo sanaadoid eorsAyd sy uo sy swnS3ay Jo 103y *¢ A[qeL

¥6€ ‘0T ‘020C 24nj nori8y

43



" WngpUAYoUL *J, pue

[co1] 991 ] wnayvs
91 d 1 9]v2420 *G JO SINIXTWI
sDD awn3ay ou
141 93e[[1} [PUOTIUSAUOD Y030y Usopjia A
[zee] 99T wreo[ Apues /] vuaSuojau WNuvjos ] wnjpuipdul \J,
0T ] wnaissadooh] wnuvjos sDD awmn3af ou
(xvu "5 ur) Y20y vsojjia A
. . . . pue 7 972420 *S JO SINIXTW
}-OU/ LIS ; ’ )
[e61] Mww Www MMW wreoy y[rs ﬁm.d xms WA pue (sAvus 7 ur) ] a1va41a0 °S
. . . ’ o shvu (Xvue "5 ut) Y20y vsojjia A
i I8e wi 1 z pue (sAvus 7 ur) 7 a1va4a0 °S
sDD awmn3af ou
e % unu g00'0< wrur
SIDUIIJIY vuwmﬂmzmmvom Nm:AmA\zvom %«ﬁmﬂ\wuvom A m:owmwuw ! uﬁ—u”ﬂ”wﬂ«”%“ﬂ%< .—ﬁAuEmWQ ww«—m\%uwA\ Mﬂ“nuuw 21IN)X3J, [10S ageqqir/dor) sdox) 1240 awngag
¥ uonenouag  Arepide) . az1g pajer . WSM o . It i
T1os 1o oLt apuIed 10§ ! weapy 14 e

Ju0] "€ dqeL

¥6€ ‘0T ‘020C 24nj nori8y

44



Agriculture 2020, 10, 394

It has been shown that supplying plant residues, e.g., CCs, improves soil structure [219]. It depends
not only on the total organic C content, but is a function of many factors, including the chemical
composition of the organic matter and the applied management system [223].

An important physical property of soil is aggregation. It affects the soil’s bulk density, porosity,
followed by water infiltration, water consumption efficiency, wind and water erosion and, consequently,
the yield. Many factors affect soil aggregation, especially organic matter content and soil texture.
The mechanism of binding soil particles into stable aggregates varies depending on factors related
to soil parent material, climate, vegetation, and management practices [224]. It was observed that
earlier removal of crop residues and the reduction of organic matter content in the soil results in a
decrease in the stability of aggregates [225]. The tillage system also affects aggregation. It was found
that in conventional soil cultivation, the stability of aggregates and decomposition of plant residues
decreased. This, in turn, led to the degradation of the soil structure. It was found that no-till soil not
only increases the stability of the aggregates, but also improves the content of organic matter within
the aggregates. It follows that post-harvest CC residues increase soil aggregation and its structural
stability [191,226-228]. The use of CCs in cultivation increased the stability of aggregates in the soil
(expressed as mean weight diameter) and the content of diluted acid-extractable polysaccharides.
The diluted acid-extractable polysaccharides fraction has been shown to represent active binding agents
under short-term cover crops [228]. Application V. villosa as a CC also contributed to the improvement
of water-aggregate stability by 9% to 17% compared to cultivation without CCs [24]. Other authors
also confirmed the beneficial effects of legume CCs (T. incarnatum, V. villosa) to increase water-stable
aggregates, even by 1.2 to 2 times compared to cultivation without CCs [25,191]. Improving the stability
of soil aggregates by introducing CCs into the cultivation also affects other physical properties of the
soil, leading to improved water storage, soil macroporosity, as well as increased content of organic
carbon and nutrients. As a result, this supports the growth of the plant root system, reduces soil erosion
(protecting it against raindrops) and improves microbial activity [12]. The beneficial effect of roots on
soil structure is seen in reduced soil volume density in the topsoil or in changed pore size distribution,
but without increasing the total porosity [229,230]. This is confirmed by Carof et al. [231], who observed
larger functional pores and an increased number of tubules in the soil under a no-till legume CC
system, attributing these changes to the activity of the roots. The impact of CCs on increasing soil
porosity and reducing the amount of occluded pores was also reported by Villamil et al. [24].

Numerous reports have confirmed that the stability of soil aggregates is associated with an
increased concentration of organic carbon [232-234]. However, the improvement in water-stable
aggregates may depend on the soil texture class, as legume CCs (T. incarnatum, V. villosa) improved this
feature in sandy clay loam, but not in clay loam [191]. In addition, the use of a legume CC (V. villosa)
also decreased penetration resistance and bulk density of the soil due to plant residues and increased
soil organic matter compared to cultivation without CCs [24].

4.3.2. Effect of Legume CCs on Soil Water Management

By increasing soil aggregation, CCs improve its hydraulic properties, i.e., water infiltration,
water retention capacity and saturated hydraulic conductivity (Table 4). It was found that the
long-term effects of legume CCs, e.g., V. villosa and T. incarnatum, contributed to increasing soil porosity,
saturated hydraulic conductivity, and water retention capacity [235], thus protecting its top layer.
In turn, increasing water infiltration improves the ability to capture precipitation and store water [12].
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The use of legume CCs as dead mulch contributes to reducing water loss by evapotranspiration.
This improves water infiltration and moisture retention, inhibiting surface runoff, reducing soil
degradation, slow nutrient release and delivering them to the rhizosphere of the plant, which ultimately
improves resource efficiency [218,238,240-243]. Many authors have reported the beneficial effect of
legume CCs on increasing soil moisture [195,244,245]. This effect is likely to result from improving the
soil’s structural features, which increase the infiltration rate and reduce soil water evaporation [246,247].
Singh et al. [216] confirmed that infiltration and water permeability is greater under no-tillage than
under plow tillage because of the greater number of macrospores and increased microbial activity.

Increasing soil moisture is more favorably influenced by a greater variation of CCs in the
mix [187,189]. CCs characterized by a deep root system (e.g., L. angustifolius), can also be particularly
effective in increasing the effective root depth and subsoil water storage capacity [21,248]. However,
Ghimire et al. [188] found that legume CCs can reduce soil water content by 2% to 3% compared to
leaving the soil fallow (at the end of CC cultivation). However, leaving residual CCs between main
crops increased the water content as well by 2% to 4% compared to fallow soil. Thorsted et al. [148]
confirmed that in supporting the cultivation of the main crop with a legume intercrop, the water
consumption in the soil increases due to the increased canopy transpiration from these plant species.
Some authors found that a CC intercrop stimulated higher soil moisture only in the top layer (0-10 cm),
while their effect on moisture in deeper layers turned out to be insignificant [249,250]. On the other
hand, Harasim et al. [218] proved an increase in soil moisture at a depth of 15 to 20 cm with legume CCs
cultivated as intercrops. RIL directly affects the availability of water for cultivated plants during the
growing season, especially at a depth of 90 cm [251]. However, a lower legume CC used as intercrop
has a lesser impact on the limited water availability than the main crop. Amossé et al. [251] found
that the availability of water for the main crop is primarily determined by the development and size
of the legume CCs root system, which the authors prove on the example of M. sativa. The legume is
characterized by a strongly developed root system and, despite the lower above-ground part, it had a
greater impact on reducing soil moisture than T. pratense.

It was found that in RIL cultivation, the time interval between sowing the main crop and the
legume CCs allowed for sufficient development of the root system of the crop (before sowing the legume
CCs) so that the plant could take up water from deeper soil layers. On the other hand, competition for
soil water between the main crop and the legume CCs could have led to its roots growing to a greater
depth. Therefore, despite the drying out of the top layer of soil, which is additionally increased by the
sown legumes, the legume may not disturb the water uptake of the main crop if its root system is well
developed and would not be limited by excessive soil compaction [251].

The negative influence of legume CCs as living mulch in the cultivation of the main crops is
reported by Thorsted et al. [148] and Martens et al. [252] according to whom the competition between
the legume CCs (T. repens, T. pratense) and a crop (T. aestivum) is decisive in terms of water availability
in soil, apart from environmental conditions. Nielsen et al. [245] demonstrated that in a semi-arid
environment, CCs use limited water reserves in the soil, which may also affect the availability of
water for the successive crop cultivation and, consequently, its yield. Under these environmental
conditions, the cultivation of mixed-species CCs is also unjustified as they use a similar amount of
water as single-species CC cultivations.

On the other hand, in semi-arid Texas, cover crop as mulch (incorporated on soil surface) increased
available soil water by 73% and more than doubled grain sorghum yields [253]. The availability of
soil water at CC planting and depletion during growth are always a concern in semi-arid and arid
regions. Therefore the potential benefits must be balanced against possible negative effects on the cash
crop. Additionally, conservation tillage increases storage of precipitation in the soil through increased
infiltration and reduced evaporation. This additional water supplements growing season precipitation
and irrigation to meet crop water needs on the semi-arid regions [254].
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4.3.3. Effect of Legume CCs on Soil Temperature and Light Availability

CCs help to mitigate soil temperature fluctuations by capturing solar radiation and isolating the
soil, which prevents it from overheating. Numerous authors have confirmed that legume CCs used as
mulch increases light reflection due to the lighter color of the soil surface. This in turn lowers the soil
temperature and ultimately improves resource efficiency [218,240-243]. It was shown that residues of
legume CCs reduce daily fluctuations in soil temperature in no-till systems, lowering its maximum
and increasing the minimum, compared to conventional tillage systems. However, the effectiveness of
CCs on soil temperature is determined by both the size of the CCs canopy cover and the amount of
plant residues [21]. Cultivating CCs as living mulch allowed decreasing the maximum temperature by
approximately 5 °C at 5 cm soil depth, compared to dead mulch left on the soil surface [255]. This is
also confirmed by the studies of other authors, who additionally found an increase in the minimum
soil temperature by 1 °C after application of legume CCs [46,221]. In turn, leaving the legume CC
(T. alexandrium) after harvesting the main plant contributed to a delayed and shallower (by 0.2 m)
soil freezing in late autumn, and earlier thawing and heating of the soil in spring (by approximately
3 °C) compared to the soil not covered with CCs [256]. Harvest residues of legume CCs regulate soil
temperature, contributing to warming in winter and cooling in spring and summer [216]. Decreasing the
maximum soil temperature during the summer period reduces evaporation from the soil surface and
also increases water retention in the soil. On the other hand, the impact of CCs on the soil temperature
in spring depends on the climatic conditions: in warm climates, slowing down the heating of the soil is
beneficial for plants, while in cooler climates it may delay the germination and emergence of seeds,
which adversely affects sowing [12]. Drury et al. [239] confirmed that decreasing the daily maximum
temperature by using legume CCs as mulch can be particularly harmful in cool regions. In the case
of plants grown in warmer regions, the use of legume CCs as mulch decreased the maximum soil
temperature, favoring the growth and development of plants [257]. On the other hand, the darker
color of the V. villosa mulch only slightly increased the soil temperature at a depth of 5 cm (by 0.5 °C)
compared to the lighter mulch of T. aestivum [258].

However, according to Dabney et al. [21] soil temperature is more impacted by CCs used as living
mulch or mulch left on the soil surface than CC harvest residues. Moreover, the effectiveness of soil
temperature regulation by residual CCs is determined by the rate of their decomposition, and legume
CCs tend to decompose as residue CCs faster than other CCs [46]. Hence, it is commonly believed that
legume CCs have a lower soil temperature regulating effect than cereal crops. Moreover, according to
Martens et al. [252], legume CCs also reduce temperature fluctuations at 5 cm above the soil surface.

Carof et al. [79] have shown that legume CCs, especially in the early stages of crop growth,
can shade and compete with them for light. Therefore, when selecting legume Ccs, the species that
should be taken into account are those with active growth and a relatively short growing season,
so that they compete as little as possible with the crop for light. In the RIL system, the shading effect
of the main crop (T. aestivum) occurred before its harvest, but only in the highest species of legumes
(M. sativa) [251]. However, legume CCs can also compete for light with weeds whose seeds require
light to germinate (e.g., small-seeded annual weeds), limiting their growth and development [136].
Plant residues of CCs can act as a physical barrier to emerging weeds by blocking their access to
light, or by creating conditions similar to those in deeper soil layers (no light, lower daily temperature
amplitude) [78]. However, living CCs legumes have a greater suppressive effect on weeds at all stages
of their development than their crop residues. This is due to the fact that live CC legumes absorb red
light to a greater extent and reduce the far-red ratio sufficient to inhibit phytochrome-mediated seed
germination of weeds. In contrast, harvest residues of legume CCs have little effect on this ratio [126].

Low light levels hinder not only growth but also fixing N in legumes, which need light to
maintain symbiosis with Rhizobium and assimilation of N. This is more pronounced in the species
T. repens than in T. pratense sown in the main crop [160].
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4.4. Effect of Legume CCs on Wind and Water Soil Erosion

One of the benefits of growing CCs is to prevent soil degradation as a result of wind and water
erosion. Water erosion affects both soil and water quality, as floodwater flows through various water
bodies (including irrigation ditches, water reservoirs, drinking water). On the other hand, wind erosion
mainly affects soil quality as it reduces its fertility [259].

Legume CCs effectively reduce the decline of the topsoil due to water erosion, as shown in the
example V. villosa, or V. villosa/T. aestivum mix. In cultivation of Gossypium hirsutum L., the latter caused
an 82% lower soil loss (conventional till) or 73% (no-till), compared to cultivation without CCs [260].
In turn, a decrease in soil loss by 39%, 68%, and 92%, respectively, was found in Lens culinaris Medik.
(winter lentil) and P. sativum (spring pea) as CCs (T. aestivum as the main crop) [95] and a mix of
S. cereale and V. villosa as CCs (with Z. mays as the main crop) [261]. On the other hand, runoff reduction
was decreased by 13% (with a mix of S. cereale and V. villosa as CCs, Z. mays as the main crop) [261],
42% (with L. culinaris as CC, T. aestivum as the main crop), and up to 73% (with P. sativum as CCs,
T. aestivum as the main crop) [96].

CCs are an effective technique to protect soil from erosion, especially when grown between
primary crops, when they extend the period of soil coverage with plants [215]. However, at the
beginning of winter, when CCs freeze, their aboveground biomass is less effective at protecting soil
from water erosion, although their root system may still play an important role in improving soil
resistance. Thick root cover plants are less effective in preventing soil loss by concentrated flow erosion
than the finely branched root cover plants [262].

The influence of cover crops on erosive processes depends on how much they reduce the soil
detachment and transporting forces. CCs reduce inter-row erosion, primarily by increasing the amount
of soil covering with live plants or their remains, and its duration. Inter-row erosion is caused by the
detachment of soil particles by the impacting raindrops. In contrast, live CCs or their debris intercept
raindrops and dissipate the impact energy, contributing to the reduction of inter-row erosion [215].

CCs also reduce the loss of sediment and the dissolved nutrients (total P and NO3;—N),
thus influencing the improvement of water quality, soil fertility, and plant yield [215]. CCs protect soil
by absorbing the energy of raindrops, reducing detachment of aggregates and promoting formation of
stable aggregates in the soil, increasing topsoil roughness, delaying the onset of runoff and intercepting
it, reducing runoff speed, and increasing water infiltration [221]. However, the effectiveness of CCs in
reducing soil water erosion is determined by the speed of plant growth and the production of biomass.
Moreover, mixes of legume CCs with other species (e.g., grasses) are more effective in increasing the
uniform surface cover than the monoculture cultivation, which ultimately helps to reduce soil erosion
to a greater extent [263].

CCs also help to reduce wind erosion, which adversely affects the quality of the soil, especially in a
semi-arid environment in the period when strong winds occur in the absence of plant cover (late winter
and early spring). The use of winter or spring CCs that grow well in these conditions helps to reduce
wind erosion. Blanco-Canqui et al. [78] observed a reduction in susceptibility to soil wind erosion
by growing CCs (e.g., legumes and grasses) during fallow in wheat crop rotation. This reduced the
fraction of soil susceptible to erosion (<0.84 mm in diameter) by 80% and increased the size of dry
aggregates by 60%. Among the legume CCs, spring lentil contributed most to the increase in soil
aggregate size distribution and the 1.6-fold reduction of the soil fraction susceptible to wind erosion.
However, due to the faster decomposition of plant residues and the lower plant residue height, legume
CCs are less effective at reducing wind erosion compared to grasses. Reducing the risk of wind erosion
by CC cultivation is possible due to the improvement of the physical properties of the soil by improving
its structure, as well as by increasing the organic C content of the soil and the physical retention of
soil aggregates by the CCs’ root system. Moreover, increasing the content of organic C in soil has an
anti-erosion effect. It increases the stability of aggregates and reduces the fraction of soil susceptible to
wind erosion, as organic C can physically, chemically and biologically fix soil particles to form stable
macro-aggregates [264].
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5. Conclusions

Legume CCs seem to be a useful agronomic solution in crops, especially when the aim is to
protect natural resources, apart from improving or maintaining agricultural production at a high level.
However, it is difficult to propose technical cultivation strategies that are applicable to all conditions.
The reason for this is that legume CCs species have different agrotechnical requirements as well as
morphological, phenological, and physiological characteristics that can affect the productivity of the
main crop. Therefore, some authors argue that using multi-species CCs mixes that include legumes
may be a good solution as the characteristics of individual species would complement each other or
work synergistically.

In addition, legume CCs are seen as a systemic approach to weed control. Apart from reducing weed
infestation, they provide many other agro-system benefits, including soil improvement. Living legume
CCs inhibit the development of weed populations through niche pre-emption, while their crop residues
inhibit or delay weed emergence and growth by creating a physical and chemical barrier (allelopathic
effect). The multi-purpose character of legume CCs is visible in reducing compaction and erosion of
the soil, improving its structural and hydraulic properties, increasing the content of organic matter
and activity of soil microorganisms, or increasing its nitrogen content due to symbiotic N fixing.
This review shows that a wider use of legume CCs is needed in crops, especially in those with limited
use of pesticides and mineral fertilizers (organic). It is also necessary to determine the benefits of
legume CCs for successive crops under these growing conditions, both in terms of inhibiting weed
population and improving soil fertility and its properties. Further research is also needed to determine
the potential impact of legume CCs on the improvement of the quality of degraded soils, or those with
less favorable physicochemical properties.
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Abstract: This study evaluated weed infestation and health of the soybean crop grown in crop rotation
(CR) and monoculture (CM) under conventional tillage (CT) and no-tillage (NT) conditions. The research
proved that growing soybean in monoculture and under no-tillage conditions increases weed infestation
and infection of soybean with fungal diseases. In these treatments, increased numbers of most of the
dominant species were also found. A significantly higher percentage of monocotyledonous species
and a much lower percentage of dicotyledonous ones in total weed dry weight were shown in the
CR treatment relative to CM and in the NT system compared to CT. The biodiversity of the weed
community was similar in monoculture and crop rotation, and slightly greater in the NT system in
comparison with CT conditions. In both tillage systems, Amaranthus retroflexus was the weed species
that most infested the soybean crop. In soybean grown after itself, Amaranthus retroflexus was the weed
that occurred in the greatest numbers, while, in crop rotation, this was Echinochloa crus-galli. In all years
of the study, soybean was infected with Septoria glycines to the highest degree, which was followed by
Cercospora sojina, whereas infection with Ascochyta sp. was the lowest. Weather conditions in individual
years of the study were proven to affect weed infestation and infection of soybean with fungal diseases.
The study results prove that cropping systems and tillage systems significantly affect weed infestation
and health of the soybean crop.

Keywords: Glycine max (L.) Merr.; cropping system; tillage system; weed infestation; biological
diversity; fungal diseases

1. Introduction

Soybean is one of the world’s leading crops and, at the same time, the most important Fabaceae
species. It is characterized by a very valuable chemical seed composition because soybeans contain
18-22% of oil with a high content of unsaturated fatty acids and 33-45% protein with an excellent
amino acid composition [1,2]. Due to this, the soybean finds a very wide application in human and
animal nutrition, and it is a raw material for many branches of industry. Since soybeans can be grown
with minimal use of chemical protection (primarily herbicides) and with reduced nitrogen fertilization,
under Polish conditions, soybean cultivation is environmentally-friendly and largely compatible with
integrated crop protection [2].

In Poland, the general principles of integrated crop protection are governed by the provisions of the
Act of 8 March 2013 on crop protection products (Dz. U. (Journal of Laws) item 455) and the Regulation
of the Minister of Agriculture and Rural Development of 18 April 2013 regarding requirements for
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integrated crop protection (Dz. U. (Journal of Laws) item 505) [3]. In accordance with the currently
applicable principles of integrated crop protection, a great role is ascribed to natural fertility of soil and
its biological activity. Therefore, the number of ploughings and their depth should be reduced and other
implements that deeply loosen the soil without turning it over should be used instead of the plough [2].
The destructive impact of conventional plough tillage on the structure of the topsoil layer and reduced
soil biological diversity, among others, make an argument for its abandonment [4,5]. When selecting a
tillage system, the specific conditions of a particular farm should be taken into consideration in order to
ensure optimal plant growth and developmental conditions [6,7]. Cultural practices affect the amount
of crop residue remaining on the soil surface, which, in consequence, determines the growth of pests
and weeds as well as the development of diseases [8,9]. Exact mixing of crop residue on which crop
pathogens could have survived with soil is considered to be one of the tasks of conventional tillage [10].
On the other hand, an improvement in soil quality, the level of microbial activity, nutrient cycling,
and microbial diversity that can be achieved by using no-tillage systems can significantly determine
natural resistance of plants to diseases [11].

It is particularly justified to use no-tillage in soybean under rainfall deficit conditions during a
growing season. The yield potential of this legume crop is substantially limited by climatic conditions,
predominant temperature, and the amount and distribution of rainfall [12,13]. Therefore, in areas with
low rainfall levels, it is important to use cultural practices that will ensure retention of the greatest
possible amount of rainwater. Agronomic practices that involve replacing the plough with implements
and do not turn the soil over offer such a possibility. Thus, no-tillage performs best in a dry climate or
in a climate with an uneven distribution of rainfall where crop yields are frequently equal to or higher
than in the case of conventional tillage [14].

A correctly designed crop rotation is also the basis for the integrated crop protection system.
Monoculture impoverishes both organic matter and soil microbial life [15,16], which leads to increased
weed infestation, and deteriorates the phytosanitary condition of a crop [17-19]. Due to the fact that,
under Polish conditions, soybeans are not severely attacked by dangerous diseases, an attempt was
made to investigate its response when it is grown a in short-term monoculture.

The aim of the present study was to evaluate the effect of the cropping system and tillage system
on weed infestation and health of the soybean crop.

2. Materials and Methods

2.1. Location of the Experiment and Soil and Climatic Conditions

This study was conducted at the Uhrusk Experimental Farm (51°18’11"" N, 23°36’50’" E) over the
period of 2014 to 2017. A field experiment was set up on Rendzic Phaeozem [20] with the grain-size
distribution of sandy loam. The soil on which the experiment was carried out was characterized by
alkaline pH (in 1 M KCl = 7.7), very high phosphorus availability (229.8 mg P kg~! soil), high potassium
availability (150.2 mg K kg~! soil), and very low magnesium availability (16 mg Mg kg~! soil).
The humus content was 1.5%, whereas the percentage of fine particles (<0.02 mm) in the 0-30 cm layer
amounted to 20.7%.

Throughout the duration of the experiment, all growing seasons of soybeans were characterized
by a higher mean air temperature and rainfall total than the long-term mean (Figures 1 and 2).
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Figure 1. Mean monthly air temperature (°C) at the Bezek Meteorological Station from 2014 to 2017.
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Figure 2. Total rainfall and rainfall distribution (mm) at the Bezek Meteorological Station from 2014
to 2017.

2.2. Experimental Design and Agronomic Practices

The soybean cultivar ‘Merlin’ was grown in an experimental area of 768 m? (area of all crops in
crop rotation) and 192 m? (area of soybean in monoculture). The total area of the soybean in each year
of the experiment was 384 m? (soybeans in crop rotation had a total area of 192 m? and soybeans in a
monoculture had a total area of 192 m?), while the single plot area was 32 m?. A field experiment was
set up as a split-block design in triplicate. Two experimental factors were included in this study.

I.  CS—cropping system: CR—soybean grown in crop rotation after winter wheat (crop rotation:
soybean—winter wheat—winter oilseed rape—winter wheat), CM—soybean monoculture
cropping.

II. TS—tillage system: CT—conventional tillage, NT—no-tillage.

The experiment diagram shows the distribution of the cropping system and tillage systems and
the place of soybeans in crop rotation during individual years of the experiment (Table 1). In each year
of the research, soybean was sown in a different crop rotation field after winter wheat. Levels of one
factor (cropping system involving crop rotation and monoculture) are arranged in rows, and levels
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of the second factor (tillage system involving conventional tillage and no-tillage) are arranged in
columns. The levels of both factors arranged perpendicularly are crossed to form a combination of
these factors. Random levels of one factor determined sub-blocks for levels of the other factor and
vice versa. Therefore, the accuracy of assessing the effects of both factors is the same. In all years of
research, conventional tillage (CT) and no-tillage (NT) was used for all plants sown in crop rotation
(CR) and the soybean monoculture (CM).

Table 1. Experiment scheme. *Soybean location in the experiment. CR—crop rotation, CM—monoculture,
CT—plough tillage, NT—no-tillage.

CT NT CT NT CT NT

*soybean
2014-2017

CRCT CRNT CRCT CRNT CRCT CRNT *soybean 2015
CRCT CRNT CRCT CRNT CRCT CRNT *soybean 2016
CRCT CRNT CRCT CRNT CRCT CRNT *soybean 2017
CRCT CRNT CRCT CRNT CRCT CRNT *soybean 2014

CM CMCT CMNT CMCT CMNT CMCT CMNT

CR

replicates I replicates II replicates IIT

crop rotation: soybean—winter wheat—winter oilseed rape—winter wheat.

Under the conventional tillage system, the following tillage operations were carried out: skimming
+ harrowing, harrowing, autumn ploughing, spring: harrowing, NPK fertilizers application, cultivating
with harrowing, seeding, and harrowing. Under the no-tillage system, the following tillage operations
were done: stubble cultivator: grubber + cage roller instead of skimming and cultivating instead of
autumn ploughing, and spring: the same tillage operations as under the conventional tillage system.

Mineral NPK fertilization was applied before sowing soybean and fertilizer rates were
determined by taking into account the crop’s nutritional requirements and soil nutrient availability.
Fertilization was applied at the following rates: N—30 kg ha=! (34.5% ammonium nitrate), P—40 kg ha™
(40% superphosphate), and K—80 kg ha~! (60% potassium salt).

In the years 2014 and 2016, the sowing time was in the last 10 days of April, whereas, in 2015 and
2017, the sowing time was in the first 10 days of May. Each time before sowing, seeds were dressed
with Bradyrhizobium japonicum bacteria and the seed dressing Vitavax 200 FS (carboxin, thiuram) at a
rate of 80 g and 80 g (active ingredients) per 100 kg of seeds. Seeds were sown at a depth of 3 cm, a row
spacing of 20 cm, and with a planned density of 100 plants per 1 m?.

Weed management in the soybean crop involved mechanical and chemical weed control.
Immediately after seeding, a mixture of the following herbicides was applied: Afalon Dyspersyjny 450
SC (linuron) + Dual Gold 960 EC (metolachlor-S) at a rate of 450 g + 1728 g ha™! (active ingredients).
Mechanical weed control included harrowing 3—4 days after seeding and double harrowing after
emergence of soybeans (at the first trifoliate leaf stage—BBCH 12, and at the third trifoliate leaf
stage—BBCH 13).

Soybeans were harvested at full maturity of soybeans (BBCH 89) in the second 10 days of
September in 2014 and 2016, while, in 2015 and 2017, soybeans were harvested at full maturity in the
third 10 days of September.

2.3. Scope of Study and Statistical Analysis

The evaluation of the species” composition of the weed community as well as of weed density
and dry weight, which was performed by the dry-weight-rank method at the pod and seed ripening
stage (BBCH 81/82). The sampling area was delineated by a quadrat frame with the dimensions
of 1 m X 0.5 m in two randomly selected points of each plot. Weed species nomenclature followed
Mirek et al. [21].
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The Shannon-Wiener diversity index (H’) and the Simpson dominance index (SI) were calculated
according to the following formula [22,23].

H =-XPilnPi (1)
SI=XPi2 )
where:
Pi—probability of species occurrence in a sample,
Pi =n/N,

n—number of individuals in species,

N—total number of individuals in the sampling area,

In—natural logarithm.

The higher the value of the Shannon-Wiener index, the greater the diversity of a community.
The range of Simpson index values is from 0 to 1 with values close to 1 indicating a clear dominance of
one or several species.

The evaluation of soybean health was carried out at the first pod set stage (BBCH 70) on 50 plants
from each plot. The determination was made using a five-point scale (0—4) expressing increasing
plant infection, where 0 denotes leaves without disease symptoms, 1 denotes up to 10% of leaf surface
infected, 2 represents up to 50%, 3 represents up to 75%, and 4 represents 100% of leaf surface infected.
Having established the degree of plant infection, the number of plants within a specific degree of
infection was determined for all replicates. Next, the disease index was calculated according to
McKinney’s formula [24].

Weh = (Za)/(Zb) x 100 3)

where:

Wch—disease index;

Ya—sum of the numeric indices in the scale multiplied by the number of plants corresponding to
a given index;

Yb—total number of examined plants multiplied by the highest index in the scale.

The study results collected over the period 20142017 were analyzed using two-way analysis of
variance with repeated measurements over the four growing periods. The significance of differences
was estimated by Tukey’s test at a significance level of x = 0.05. ANALWAR-5.3.FR statistical software
was used for calculations. The distribution conformity with normal distributions was verified with the
Shapiro-Wilk test, while homogeneity of the variance was tested with the Bartlett test. When necessary
to homogenize the variance, the data were subjected to angular transformation before the variance
analysis [25]. Before performing the statistical calculations, the percentage values were transformed
using the following equation.

y = arcsin Vx 4)
3. Results

3.1. Weed Infestation of Soybean Crops

Cropping systems and tillage systems caused significant differences in weed infestation of the
soybean crop (Figures 3 and 4). On average over the study period, in the soybean monoculture,
the number and dry weight of weeds was, respectively, higher by 69.4% and 28.6% than in crop
rotation. The significant interactions between the cropping system and the tillage system were not
found (Figures 5 and 6). The weed of dry weight did not differ between both tillage systems only in
the first year of the experiment. The highest weed of dry weight was found in 2014 in the soybean
monoculture both under plough tillage (CT) and no-tillage (NT) conditions. Weed infestation of the
soybean crop expressed as dry weight of weeds was highest in the first year of the experiment (2014),
which was characterized by a higher amount of precipitation than the other years of the experiment
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and the long-term mean, especially in May and June. The lowest number and dry weight of weeds
were found in 2015 and 2016 (Figures 3 and 4).
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Figure 3. Mean number of weeds in soybean crop depending on cropping system, tillage system,
and years of research. CR—crop rotation, CM—monoculture, CT—plough tillage, and NT—no-tillage.
Different letters denote significant differences (p < 0.05) among different cropping systems (CR and CM),
tillage systems (CT and NT), and years of research. The same letter means it is not significantly different.
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Figure 4. Air-dry weight of weeds in soybean crop depending on cropping system, tillage system,
and years of research. CR—crop rotation, CM—monoculture, CT—plough tillage, NT—no-tillage.
Different letters denote significant differences (p < 0.05) among different cropping systems (CR and CM),
tillage systems (CT and NT), and years of research. The same letter means it is not significantly different.

The statistical analysis revealed that the studied factors significantly modified the percentage of
monocotyledonous and dicotyledonous species in total weed dry weight (Figure 7). In crop rotation
(CR), the percentage of monocotyledonous species was significantly higher, whereas the percentage
of dicotyledonous ones was much lower than in the soybean monoculture (CM). The NT system
significantly increased the percentage of monocotyledonous species and decreased the percentage
of dicotyledonous ones in total weed dry weight in comparison with the CT system. As far as the
interactions between the experimental factors are concerned, it was proven that the percentage of
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monocotyledonous species in total weed dry weight was lower in the monoculture under conventional
tillage conditions, while the percentage of dicotyledonous ones was higher relative to the other
experimental treatments (Figure 8).
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Figure 5. Interactive dependencies of the cropping system and tillage system in shaping the number of
weeds in soybean crop (mean for 2014-2017). CR_CT—crop rotation and plough tillage, CR_NT—crop
rotation and no-tillage, CM_CT—monoculture and plough tillage, CM_NT—monoculture and no-tillage.
The same letter means it does not have a significantly different (p < 0.05) interaction among crop rotation
(CR), monoculture (CM), plough tillage (CT), and no-tillage (NT).
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Figure 6. Interactive dependencies of the cropping system and tillage system in shaping air-dry weight
of weeds in soybean crop (mean for 2014-2017). CR_CT—crop rotation and plough tillage, CR_NT—crop
rotation and no-tillage, CM_CT—monoculture and plough tillage, CM_NT—monoculture and no-tillage.
The same letter means it is not significantly different (p < 0.05) in terms of the interaction among crop
rotation (CR), monoculture (CM), plough tillage (CT), and no-tillage (NT).

The agrophytocenosis of the soybean crop grown after winter wheat (CR) included 22 weed
species out of which 18 belonged to annual weeds (81.8%) (Table 2). Four perennial weed species and
17 annual ones, which accounted for 81.0% of the total number of species, were observed in a soybean
monoculture (CM). In crop rotation, Echinochloa crus-galli was the most numerous taxon, followed by
Amaranthus retroflexus, whereas, in a soybean monoculture, Amaranthus retroflexus was predominant.
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The number of Amaranthus retroflexus, Chenopodium album, Avena fatua, and Solanum nigrum was
significantly higher in monoculture (CM) than in CR. Soybean cultivation in crop rotation (CR) also
significantly reduced the numbers of the perennial species Elymus repens. In CR, Anchusa arvensis,
Veronica persica, Viola arvensis, and Convolvulus arvensis were found to be present, but they did not
inhabit soybeans grown after itself (CM). Euphorbia helioscopia, Thlaspi arvense, and Plantago major
infested only a soybean monoculture.

80 B A
70
60
50
R 40
30 b a
20
10

0
CR CM CcT NT

Cropping system Tillage system

Monocotyledonous weeds Dicotyledonous weeds

Figure 7. Percentage content of weight of monocotyledonous and dicotyledonous weeds in total weed
dry weight depending on the cropping system and tillage system (mean for 2014-2017). CR—crop
rotation, CM—monoculture, CT—plough tillage, NT—no-tillage. Different lowercase letters denote
significant differences (p < 0.05) of monocotyledonous weeds among different cropping systems (CR and
CM) and tillage systems (CT and NT). Different capital letters denote significant differences (p < 0.05) of
dicotyledonous weeds among different cropping systems (CR and CM) and tillage systems (CT and NT).
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Figure 8. Percentage content of monocotyledonous and dicotyledonous weeds weight in total weed dry
weight depending on the interaction of the cropping system and tillage system (mean for 2014-2017).
CR_CT—crop rotation and plough tillage, CR_NT—crop rotation and no-tillage, CM_CT—monoculture
and plough tillage, and CM_NT—monoculture and no-tillage. Different lowercase letters denote
significant differences (p < 0.05) of monocotyledonous weeds for interaction among crop rotation (CR),
monoculture (CM), plough tillage (CT), and no-tillage (NT). Different capital letters denote significant
differences (p < 0.05) of dicotyledonous weeds for interaction among crop rotation (CR), monoculture
(CM), plough tillage (CT), and no-tillage (NT).
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Table 2. Species composition of weeds per 1 m? in soybean crop depending on the cropping system
and tillage system (mean for 2014-2017).

Cropping System Tillage System

Species CR cM CT NT
I. Short-lived

Amaranthus retroflexus L. 3.4a 7.3b 4.5a 6.1a
Anagallis arvensis L. 0.1a 0.1a 0.1a 0.1a
Anchusa arvensis (L.) M. Bieb. 0.3a - - 0.3a
Avena fatua L. 1.5a 2.8b 1l.4a 2.9b
Capsella bursa-pastoris (L.) Medik. 0.8a 1.2a 1.2a 0.9a
Chenopodium album L. 0.8a 3.6b 2.2a 2.2a
Echinochloa crus-galli (L.) P. Beauv. 4.2a 2.5a 3.1a 3.7a
Euphorbia helioscopia L. - 0.2a 0.1a 0.2a
Fallopia convolvulus (L.) A. Love 0.6a 0.3a 0.4a 0.6a
Galium aparine L. 0.8a 0.2a 0.4a 0.6a
Lamium amplexicaule L. 0.1a 0.2a 0.2a 0.1a
Matricaria maritima ssp. inodora (L.) Dostal 0.5a 1.2a 0.6a 1.2a
Melandrium album (Mill.) Garcke 0.2a 0.2a 0.1a 0.2a
Polygonum aviculare L. 1.6a 1.8a 1.9a l.4a
Solanum nigrum L. Emend. Mill 0.4a 2.0b 0.5a 1.9b
Sonchus asper (L.) Hill. 0.6a 0.5a 0.4a 0.6a
Stellaria media (L.) Vill. 0.3a 0.4a 0.3a 0.4a

Thlaspi arvense L. - 0.1a 0.1a -
Veronica persica Poir. 0.1a - - 0.1a
Viola arvensis Murr. 0.3a - 0.2a 0.1a

II. Perennial

Cirsium arvense (L.) Scop. 0.3a 1.0a 0.5a 0.7a
Convolvulus arvensis L. 0.1a - - 0.1a
Elymus repens (L.) Gould 0.1a 3.4b 0.8a 2.7a
Plantago major L. - 0.2a 0.1a 0.1a
Sonchus arvensis L. 0.2a 0.1a 0.1a 0.2a
Number of weed species 22a 21a 22a 24a

CR—crop rotation, CM—monoculture, CT—plough tillage, NT—no-tillage. Different letters denote significant
differences (p < 0.05) of the number of weed species among different cropping systems (CR and CM) and tillage
systems (CT and NT). The same letter means it is not significantly different.

A total of 22 weed species occurred in the soybean crop grown under conventional tillage (CT),
whereas, in the no-tillage (NT) treatment, 24 species occurred (Table 2). Anchusa arvensis, Veronica persica,
and the perennial species Convolvulus arvensis were found in the NT treatment, but they did not infest
soybeans grown under the conventional system. In the CT treatment, on the other hand, the species
Thiaspi arvense was observed, which was not found in the NT treatment. Amaranthus retroflexus occurred
in the greatest numbers in both tillage systems. In the NT treatment, the number of Avena fatua and
Solanum nigrum significantly increased compared to CT.

In crop rotation, 22 weed species were found under no-tillage conditions, while, in the conventional
tillage treatment, there were six fewer species (Table 3). The following annual weeds: Anchusa arvensis,
Lamium amplexicaule, Veronica persica, and perennial weeds: Convolvulus arvensis, Elymus repens,
Sonchus arvensis, did not occur in soybeans grown in crop rotation under CT, but they were found in the
non-tilled plots. In the soybean monoculture, greater weed species’ richness (21 species) was observed
in the CT treatment where Lamium amplexicaule, Thlaspi arvense, and Sonchus arvensis were found to
be present, which are species that did not occur in the non-tilled plots (NT). Both in crop rotation
and soybean monoculture, conventional tillage slightly reduced the number of the most numerous
weed species. In crop rotation under CT conditions, the number of individuals of the dominant taxon,
Echinochloa crus-galli, was 25.0% lower than under no-tillage (NT). However, these differences were
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not statistically significant. In the soybean crop grown in the monoculture, conventional tillage (CT)
slightly reduced the number of individuals of the most numerous species, Amaranthus retroflexus.

Table 3. Interactive dependencies of the cropping system and tillage system in shaping weed species’
composition per 1 m? in soybean crops (mean for 2014-2017).

Species CR_CT CR_NT CM_CT CM_NT
I. Short-lived
Amaranthus retroflexus L. 3.2a 3.6a 5.9a 8.7a
Anagallis arvensis L. 0.1a 0.1a 0.1a 0.1a
Anchusa arvensis (L.) M. Bieb. - 0.7a - -
Avena fatua L. 1.2a 1.8a 1.5a 4.1a
Capsella bursa-pastoris (L.) Medik. 1.0a 0.6a 1.3a 1.2a
Chenopodium album L. 0.6a 1.0a 3.8a 3.3a
Echinochloa crus-galli (L.) P. Beauv. 3.6a 4.8a 2.5a 2.5a
Euphorbia helioscopia L. - - 0.1a 0.3a
Fallopia convolvulus (L.) A. Love 0.5a 0.7a 0.2a 0.4a
Galium aparine L. 0.5a 1.1a 0.2a 0.2a
Lamium amplexicaule L. - 0.2a 0.5a -
Matricaria maritima ssp. inodora (L.) Dostal 0.4a 0.6a 0.8a 1.7a
Melandrium album (Mill.) Garcke 0.1a 0.2a 0.2a 0.2a
Polygonum aviculare L. 1.8a 1.3a 2.0a 1.5a
Solanum nigrum L. Emend. Mill. 0.5a 0.4a 0.5a 3.4b
Sonchus asper (L.) Hill. 0.4a 0.7a 0.5a 0.6a
Stellaria media (L.) Vill. 0.3a 0.4a 0.4a 0.4a
Thlaspi arvense L. - - 0.2a -
Veronica persica Poir. - 0.2a - -
Viola arvensis Murr. 0.4a 0.2a - -

II. Perennial

Cirsium arvense (L.) Scop. 0.1a 0.5a 1.0a 1.0a
Convolvulus arvensis L. - 0.2a - -
Elymus repens (L.) Gould - 0.2a 1.7a 5.1a
Plantago major L. - - 0.1a 0.2a

Sonchus arvensis L. - 0.3a 0.1a -

CR_CT—crop rotation and plough tillage, CR_NT—crop rotation and no-tillage, CM_CT—monoculture and plough
tillage, CM_NT—monoculture and no-tillage. Different letters denote significant differences (p < 0.05) of the number of
weed species for an interaction among crop rotation (CR), monoculture (CM), plough tillage (CT), and no-tillage (NT).

The evaluation of the biological diversity of the segetal flora showed that the Shannon-Wiener
index (H’) and the Simpson index (SI) did not differ significantly in crop rotation (CR) and a soybean
monoculture (CM). The soybean crop grown in the no-tillage (NT) system was characterized by slightly
greater diversity of the weed community than under CT. This is indicated by the higher value of the
Shannon diversity index and a slightly lower value of the Simpson dominance index (Figure 9).

The interaction of the cropping system and tillage system did not cause significant variations in the
Shannon-Wiener diversity index and the Simpson dominance index (Figure 10). The agrophytocenosis
of the soybean crop grown in crop rotation in the NT treatment was characterized by the greatest
diversity, while the lowest one was found in the case of crop rotation and CT conditions. Nonetheless,
the difference in the values of the diversity and dominance indices between the individual treatments
was not significant.
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Figure 9. Shannon-Wiener’s diversity index (H’) and Simpson’s dominance index (SI) of the weed
community in soybean crop depending on the cropping system and tillage system (mean for 2014-2017).
CR—crop rotation, CM—monoculture, CT—plough tillage, and NT—no-tillage. Different lowercase
letters denote significant differences (p < 0.05) of Shannon-Wiener’s diversity index (H’) among different
cropping systems (CR and CM) and tillage systems (CT and NT). Different capital letters denote
significant differences (p < 0.05) of Simpson’s dominance index (SI) among different cropping systems
(CR and CM) and tillage systems (CT and NT).
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Figure 10. Interactive dependencies of the cropping system and tillage system in shaping
Shannon-Wiener s diversity index (H") and Simpson’s dominance index (SI) of the weed community in
soybean crop (mean for 2014-2017). CR_CT—crop rotation and plough tillage, CR_NT—crop rotation
and no-tillage, CM_CT—monoculture and plough tillage, CM_NT—monoculture and no-tillage.
Different lowercase letters denote significant differences (p < 0.05) of Shannon-Wiener’s diversity
index (H’) for interaction among crop rotation, monoculture, plough tillage (CT), and no-tillage (NT).
Different capital letters denote significant differences (p < 0.05) of Simpson’s dominance index (SI) for
an interaction among crop rotation (CR), monoculture (CM), plough tillage (CT), and no-tillage (NT).

3.2. Infection of Soybean Plants with Diseases

In every year of the study, soybeans were infected with Ascochyta blight (Ascochyta sp.),
Septoria leaf spot (Septoria glycines), and frogeye leaf spot (Cercospora sojina). The severity of diseases
observed was dependent on the factors studied, but it was generally low in the 2015 growing season
characterized by the lowest rainfall level. The growing seasons in 2014 and 2017, during which the
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highest amount of rainfall was recorded, promoted the growth of fungal pathogens. During these
seasons, infection of soybean with Ascochyta blight, Septoria leaf spot, and frogeye leaf spot was found
to be the highest. In 2017, the severity of symptoms of all diseases observed was significantly higher
than in 2015 and 2016. Soybean plants were infected with the pathogen Septoria glycines to the greatest
degree, which was followed by Cercospora sojina, while infection with Ascochyta sp. Was the lowest

(Figures 11-13).
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Figure 11. Mean infection of soybean with Ascochyta blight (Ascochyta sp.) depending on the cropping
system, tillage system, and years of research. CR—crop rotation, CM—monoculture, CT—plough tillage,
NT—no-tillage. Different letters denote significant differences (p < 0.05) among different cropping
systems (CR and CM), tillage systems (CT and NT), and years of research. The same letter means it is
not significantly different.
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Figure 12. Mean infection of soybeans with Septoria leaf spot (Septoria glicynes) depending on
the cropping system, tillage system, and years of research. CR—crop rotation, CM—monoculture,
CT—plough tillage, NT—no-tillage. Different letters denote significant differences (p < 0.05) among
different cropping systems (CR and CM)), tillage systems (CT and NT), and years of research. The same
letter means it is not significantly different.
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Figure 13. Mean infection of soybeans with frogeye leaf spot (Cercospora sojina) depending on the
cropping system, tillage system, and years of study. CR—crop rotation, CM—monoculture, CT—plough
tillage, NT—no-tillage. Different letters denote significant differences (p < 0.05) among different cropping
systems (CR and CM), tillage systems (CT and NT), and years of research. The same letter means being
not significantly different.

On average, over the four-year study period, the experimental factors were proven to influence
the health of soybean plants (Figures 11-13). In the monoculture, the severity of infection with the
pathogens causing Ascochyta blight, Septoria leaf spot, and frogeye leaf spot was higher by, respectively,
more than three times, almost two times, and nearly three times when compared to crop rotation.
The no-tillage system promoted the severity of all soybean diseases observed in this experiment. It was
proven that, under the CT system, plant infection by the pathogens Ascochyta sp., Septoria glycines,
and Cercospora sojina was lower by 51.9%, 32.4%, and 43.4%, respectively, than under no-tillage (NT).

4. Discussion

Weeds are strong competitors for soybeans. With heavy weed infestation, plants exhibit nutrient
deficiency symptoms and are pale green, while seed yield is lower and of worse quality. Therefore, the
profitability of cultivation of this legume crop is greatly dependent on effective elimination of weed
infestation [2]. Weed infestation of crops can be effectively reduced, among others, by selecting an
appropriate position of a given crop in crop rotation [26]. The study presented in this paper proved
that growing soybeans after winter wheat as a previous crop reduces weed infestation when compared
to what was determined in the monoculture. The results of a study by Cardina et al. [27] reveal that
monoculture cropping promotes the accumulation of weed seeds in the soil. In the study of these
authors, the number of weed seeds was also affected by the interaction between tillage and crop rotation
since the highest seed density was shown in the monoculture under NT conditions. Our research did
not prove the interaction between the cropping system and tillage system impacted weed infestation
of the soybean crop, but a slightly higher number of weeds was observed in the soybean monoculture
under NT conditions when compared to that found in the other experimental treatments.

The results of studies regarding the effect of tillage systems on weed infestation of crops are not
unequivocal. Santin-Montanya et al. [28] did not prove conventional tillage and no-tillage systems to
have a significant impact on the number of weeds in the winter wheat crop. However, the results of
these authors’ research, similarly to those presented in our paper, show that weed community diversity,
as expressed by the Shannon index, increased under the NT system. Sebayang and Rifai [18], on the
other hand, found that the dry weed weight in the soybean crop did not differ significantly between
conventional tillage, reduced tillage, and no-tillage. Nonetheless, many authors point out that the
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no-tillage system increases weed infestation of crops [29-32]. Our experiment also demonstrated a
significant increase in the number and weight of weeds under the NT system in comparison with
CT. Such an increase may be due to the accumulation of freshly shed weed seeds in the topsoil layer
where they germinate and sprout in great numbers in the succeeding crop [33-35]. As a matter of fact,
the tillage system does not affect the seed bank size but changes both the composition and distribution
of diaspores in the soil profile [36]. The study by Cardina et al. [27] revealed that the number of
weed seeds in the soil was highest under NT and generally decreased with increasing tillage intensity.
These authors also proved that, under the NT system, weed seeds accumulated near the soil surface
(from 0 to 5 cm) whereas, under the other tillage systems, they were evenly distributed across the
entire tilled layer. In the opinion of Matecka et al. [37], increased weed infestation under the NT system
can generally be observed in the first crop rotation cycle, whereas, during the subsequent period,
weed infestation stabilizes and even some positive aspects of no-till field preparation are noticeable.

In the opinion of Chovancova et al. [38], Matecka-Jankowiak et al. [39], and Mancinelli et al. [40],
the tillage system modifies soil properties, and, thus, affects plant growth and development. Its effect
can be a change in the species’ composition of weeds growing in a crop, as shown, among others,
by the research presented in this paper. Velykis and Satkus [41] also proved that no-tillage caused a
change in the weed species’ composition in comparison with the conventional system. In particular,
it increased the presence of Galium aparine and Chenopodium album in the cultivation of a legume crop
(pea). According to Campiglia et al. [42], no-tillage can lead to increased occurrence of perennial weeds,
which are difficult to control. This is confirmed by our study, which recorded increased numbers of the
species Elymus repens under the NT system when compared to CT.

From the beginnings of agriculture development, weed control has been carried out using various
practices such as soil tillage or crop rotation, while, in recent years, crop protection products have also
been used. Widespread application of herbicides has deeply modified agro-ecosystems, negatively
affecting their species’ diversity and causing herbicide resistance to occur, which has resulted in the
appearance of the superweeds, that is, weeds resistant to glyphosate [43,44]. This threatens many
functions of an ecosystem, which is of key importance for food production [43] because biodiversity
in crop fields and their surroundings performs a number of biological functions in nutrient cycling
and utilization as well as in the maintenance of balance among pathogens attacking crops [45,46].
Therefore, the aim of international policy and conducted research has become biodiversity conservation,
including the species diversity of agroecosystems [47,48]. According to Clements et al. [49], if diversity
increases and the number of ecological interactions also increases, weed species should be viewed
as an interactive community rather than an unrelated set of targets for control. The study presented
in our paper demonstrates that the NT positively influences the weed community diversity in the
soybean crop relative to the CT system. However, no changes were found in the diversity of segetal
flora depending on the cropping system. On the other hand, a study by Suwary et al. [50] proved that
monoculture cropping contributes to decreased weed species’ diversity. Under conditions of winter
wheat monoculture cropping, Sekutowski and Domaradzki [51] found a greater dominance of weeds
and, at the same time, lower weed species’ biodiversity as a result of using tillage reductions.

Weeds occurring in a crop contribute to a change in thermal and moisture conditions in it, which,
thus, creates favorable conditions for developing many fungal pathogens [52]. Unwanted vegetation
can be an indirect host for pathogenic fungi and contribute to the spread of diseases and greater
infection of the crop [53-55]. Our research is also a confirmation of these theories because, in the present
study, an increased incidence of fungal diseases was found in the treatments with the highest number
and dry weight of weeds. Given the above, it is very important to timely and effectively eliminate
weeds as a potential reservoir of fungal diseases [56]. Some biologically active substances used to
control weed infestation can also contribute to reducing fungal diseases of soybeans. Plenty of attention
has been devoted to glyphosate, which is a commonly used active substance. It results in reduced
germination of spores of the fungus Phakopsora pachyrhizi, which causes soybean rust and leads to a
lower incidence of this disease in plants [57,58]. Application of lactofen and sulfentrazone promotes
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increased production of phytoalexin in leaves, which is a substance that inhibits the occurrence of
Sclerotinia sclerotiorum in soybeans [59,60]. It should, however, be indicated that lactofen can cause
minor transient damage to the crop plant [61] through which pathogens can easily penetrate into the
plant [62]. In the literature, reports can be found that, among others, glyphosate application leads
to increased numbers of fungi and disturbances in soil biological balance [63]. Crops are then more
susceptible to infection by diverse fungal pathogens [64].

Symptoms of many diseases caused by fungi can be observed in soybeans, but, under Polish
conditions, these diseases have not been economically important so far. It is also rarely necessary to
use fungicides [2]. In our study, soybeans were infected with Septoria leaf spot (Septoria glycines) and
frogeye leaf spot (Cercospora sojina). Soybeans were infected to the lowest degree with Ascochyta blight
(Ascochyta sp.). Nonetheless, Amin and Melkamu [65], Bretag et al. [66], Davidson and Kimber [67]
as well as Sudheesh et al. [68] have shown that the fungus Ascochyta sp. can pose a major threat to
legume crops and cause a significant loss in yields.

The severity of infection of plants with fungal diseases is largely associated with weather conditions
in a particular growing season. Both our research and the studies of other authors reveal that years
characterized by a high amount of rainfall most favor the development of fungal diseases [69,70]. In our
research in thermal terms, the years 2015 and 2017 proved to be unfavorable for soybean development
(Figures 1 and 2). In 2015, in the sowing month and during the initial growth of soybeans (May),
when its thermal requirements are very high, a lower temperature was recorded when compared
to the long-term mean. The lowest rainfall level was noted in the second growing season (2015),
which significantly contributed to reduced weed infestation and decreased infection of soybeans with
fungal diseases. The highest rainfall was observed in 2014 and 2017. The year 2017 was unfavorable
for soybean development, predominantly in terms of rainfall distribution. There was a rainfall deficit
in June (flowering stage), while, in July (flowering/seed filling) and in September, excessive rainfall
was recorded. Such a distribution of precipitation favored the development of fungal diseases. In 2017,
a lower temperature was observed in April than in the other years of the study when compared to the
long-term mean. Due to this and because of torrential rains, sowing of soybeans was done in the first
10 days of May.

Numerous studies, including the study presented in this paper, have proven that monoculture
cropping contributes to increased infection of plants with fungal diseases [17,70]. Strom et al. [71]
demonstrated that long-term corn and soybean monoculture was associated with substantial changes in
fungal communities and their distribution, as the number of host-specific fungal pathogens increased.

In the studies by Kraska et al. [72] and Suproniene et al. [73], tillage systems did not cause
differences in infection of wheat by a complex of fungal diseases. The results of our experiment,
however, show that the no-tillage system is conducive to the increased prevalence of fungal diseases
of soybeans. Vrandeci¢ et al. [74] also proved that fungal infection of soybeans is much higher
under reduced tillage and no-tillage conditions compared to that found under conventional tillage.
According to these authors, the amount and intensity of rainfall and temperature were the most
important factors influencing the level of infection.

The research presented in this paper demonstrates that the no-tillage system and monoculture
cropping promoted weed infestation and infection of soybeans with fungal diseases when compared
to the conventional tillage system and crop rotation. The results on soybean yield reported in a paper
by Gaweda et al. [75] proved that the seed yields in the experiment in question were much lower in the
no-tillage treatment. A decreasing trend in yield in a soybean monoculture was observed as late as the
fourth year of the experiment [75]. It was also found that infection of soybeans with fungal diseases
was greatest in 2020. A high number of weeds and the dry weight of weeds were also recorded.
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5. Conclusions

1.

The cultivation of the soybean after it promotes weed infestation. The number and dry weight of
weeds was proven to be higher in the monoculture (CM) than in crop rotation (CR), respectively,
by 69.4% and 28.6%.

Under no-tillage (NT), the number of weeds and dry weight of weeds was, respectively, higher by
42.7% and 36.8% than under conventional tillage (CT).

The statistical analysis confirmed that growing soybeans in crop rotation, compared to the
monoculture, and, in the no-tillage system, increases the percentage of monocotyledonous species
in total dry weight of weeds.

In crop rotation, Echinochloa crus-galli was the most numerous weeds in the soybean crop, whereas,
in a monoculture, it was Amaranthus retroflexus. Reducing the numbers of Amaranthus retroflexus,
Chenopodium album, Avena fatua, Solanum nigrum, and Elymus repens was observed in crop rotation.
In both tillage systems, Amaranthus retroflexus was the weed species that occurred in the greatest
numbers in the soybean crop. A significantly lower number of Avena fatua and Solanum nigrum
was found under conventional tillage (CT) when compared to no-tillage (NT).

Cropping systems and tillage systems only slightly changed the biological diversity of the weed
community in the soybean crop. The Shannon-Wiener index (H’) and the Simpson index (SI)
were shown to have similar values in crop rotation (CR) and the soybean monoculture (CM),
whereas the biological diversity of the weed community was found to be only slightly greater
under the NT system compared to the CT system.

Throughout the study period, soybeans were infected with Ascochyta blight (Ascochyta sp.),
Septoria leaf spot (Septoria glycines), and frogeye leaf spot (Cercospora sojina). The severity of
disease symptoms in most of the growing seasons was greater in the seasons characterized by a
high amount of rainfall.

Soybean plants were most infected with the pathogen Septoria glycines and least infected with
Ascochyta sp.

No-tillage and monoculture cropping promoted infection of soybeans with fungal diseases in
comparison to the conventional system and crop rotation.
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Abstract: Legumes have become important crops, due to an increasing global population and
its demand for feed protein. Furthermore, legumes can improve the characteristics of the soil,
improve biodiversity levels in crop rotations, and be cultivated in both organic and sustainable farming
systems. In this study, a two-factor field experiment was conducted in Gorzyn, Poland in 2011-2015.
The first factor was the farming system: low-external inputs (LI; without fertilization and chemical
protection), medium-input (MI; medium fertilization level and chemical protection), and high-input
(conventional —CONYV; high fertilization level and chemical protection). Narrow-leaved lupin cultivar
was the second factor; the indeterminate cv. Kalif and the determinate cv. Regent. We evaluated (a)
weed infestation levels, (b) seed and protein production, and (c) the economic effects of narrow-leaved
lupin cultivation under different farming conditions. A total of 12 weed species were identified,
with the lowest weed density level and biomass production observed in CONV, and the greatest weed
density level observed in LI Seed yield was determined by the farming system; the greatest in CONV
and significantly lower in LI (by 0.73 t h~!) and MI (by 0.18 t ha™'). Little difference was observed in
seed yield between cultivars. The greatest production values for the Kalif and Regent cultivars (996€
and 949€ ha™!, respectively) were recorded in CONYV, although LI proved to be the most profitable
(with the highest gross agricultural income and lowest total cost of production). LI farming systems,
in conjunction with chemical weed control, should be investigated in future studies.

Keywords: lupin; yielding; weed infestation; cultivation intensification; production cost

1. Introduction

With an ever-increasing human population, the agricultural sector is confronted with a number of
critical challenges, namely, how to produce sufficient volumes of food for this population, while at the
same time preventing the pollution of natural ecosystems [1]. According to Fess et al. [2], high-input
farming systems become less sustainable and practical as the global population increases, because of
reduced requirement of resources.

Legume crops can be cultivated under both organic and sustainable farming systems [3].
Pulse crops, such as white lupin (Lupinus albus L.), yellow lupin (Lupinus luteus L.), and narrow-leaved
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lupin (Lupinus angustifolius L.) are native European plants, and could provide an excellent source of plant
protein [4,5]. Legumes are also very important in plant production systems, as they fix atmospheric
nitrogen (Nj), thereby increasing the soil concentration of a fundamentally important plant nutrient.
In European conditions, the most widely cultivated grain legumes (e.g., lupin, faba bean, and field pea)
accumulate an average of 130~153 kg N ha™! (from biological fixation) in their aboveground biomass [6].
Indeed, the potential range of N fixation in lupin is even wider, with values of 300 kg N ha~! reported
in some studies [7]. Crews and Peoples [8] concluded that the supply of N from legumes (biological)
may be a more sustainable source than synthetic (chemical) sources. Moreover, while some countries
are very dependent on the latter for food production, many have the capability to substantially reduce
synthetic N dependence through the adoption of less meat-intensive diets, and through the reduction
of food waste [8]. While many national governments in Europe support the production of legume
crops, economic impetus for legume cultivation is lacking, especially in areas where cereal and oilseed
crops grow well [9]. However, legume cultivation could provide more plant protein, and also lead
to increased biodiversity levels in crop rotations [10]. Modern, high-performance crop varieties are
usually bred for high-input farming systems [2], although more environment-friendly cultivation
methods have been sought [11,12]. In studies concerning white lupin, the highest income and the
lowest cost of production for 1 t of seeds and 1 kg protein were provided by LI, but this type of farming
system poses a risk of weed infestation, and reduces seed and protein yields. That is why LI farming
system should be supplemented with chemical crop protection against weeds. As such, the low-input
technology, along with supplemented chemical weed control, may be considered for higher seed and
protein yields of lupin [13].

The objective of this study was to assess the influence of three farming systems (LI, MI, and CONV)
on (a) weed infestation, (b) seed and protein yield, and (c) the economic effects of cultivation of two
narrow-leaved lupin cultivars.

2. Materials and Methods

2.1. Site Description

The study was part of a long-term field experiment carried out at the Gorzyn Research Station,
Poland (52°34" N, 15°54" E). The soil type, according to the World Reference Base, is an Albic Luvisol
that overlies a gray-brown podzolic. Total N content in the soil was 527 mg kg ™! soil, plant available
phosphorus (P) was 13.9 mg kg™ soil, and potassium (K) was 10.9 mg kg™! soil. Weather conditions
during the study are expressed as the hydrothermal coefficient of water supply according to the
Sielianinov index (K) (Table 1).

Table 1. Sielianinov index (K) during the narrow-leaved lupin growing season (2011-2015), recorded at
the Agrometeorological Observatory in Gorzyn, Poland.

Year (Y) April May June July August Sum of Rainfall (mm)

2011 0.25 0.58 0.89 3.18 0.48 287
2012 0.80 0.84 2.26 227 1.90 412
2013 0.53 1.63 2.10 0.87 0.49 278
2014 1.99 2.50 0.97 1.18 1.74 390
2015 1.30 0.43 1.02 1.22 0.17 184

K: <05 = drought, 0.5-1.0 = semi-drought, 1.0-1.5 = border of optimal moisture, >1.5 = excessive moisture.
The following formula was applied:
K = (Mo x 10)/(D; x days)
where K is the hydrothermal coefficient for an individual month during the growing season, Mo is

total monthly precipitation, and D; is the mean daily temperature in a particular month.
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During the study, there were considerable differences in the weather conditions during the
growing season (Table 1). On average, 2011 and 2015 were least favorable for growth, because of low
hydrothermal coefficients (K). However, it should be noted that the Sielianinov coefficient was at least
1.0 during the period of greatest demand for water by the plants, i.e., during florescence (June) and
pod emergence (July), which means that the narrow-leaved lupin plants had a relatively good supply
of water during their most critical development period.

2.2. Experimental Design and Agronomic Management

The field experiment was replicated at the same location every year over a 5-year period (2011-2015).
Four replicates of the two-factors were evaluated in a split-plot design. The main plot factor was the
farming system: low-external input (LI), medium-input (MI), and high-input (conventional —CONYV).
The second plot factor was narrow-leaved lupin cultivar (indeterminate cv. Kalif and determinate cv.
Regent). A detailed description of the farming systems employed in this study can be found in Table 2.
In MI and CONYV systems, herbicides were used to target particular plant species: chlorothalonil was
used once in 2011, and then three times in each growing season (2012-2015); alfa-cypermethrin was
applied once per growing season.

Table 2. Characteristics of the farming systems evaluated in this study.

Agronomic Farming System
Treatment LI MI CONV
L carboxin, thiram carboxin, thiram (350 mL per
congﬁcfjning Bmd]l/;};z;(;bzum (350 mL per 100 kg of seeds) 100 kg of seeds)
Bradyrhizobium lupini Bradyrhizobium lupini
linuron (1.0 L ha™1) + clomazone
Mechanical (02Lha™1)
Weed control mechanical linuron (1.01h™1) (direct after sowing)
(direct after sowing) metamitron (1.5 L ha™1)
(after emergence)
Soil fertilization - N-15; P-21.8; K-58.1 N-30; P-30.5; K-83
(kg ha™)
Foliar application multiple micro- and
of fertilizers a - macroelements
chlorothalonil (2.0 1 ha™1) chlorothalonil (2.0 L ha™1)
Disease control - (tatrachloroizoftalonitryl) (tatrachloroizoftalonitryl)
for Anthracnose for Anthracnose
alfa-cypermethrin (0.1 L ha™1)
Insects control - - (after emergence)
for Sitona spp.
Desiccation diquat (2.5 L ha™1)
before harvest B B (dibromide formula)

Farming system: LI = low external input; MI = medium input; CONV = conventional.

The area of each single experimental plot was 20 m?. Lupin was cultivated in crop rotation:
legumes, winter rape, and cereals. The forecrop was winter wheat (Triticum aestivum), which was
cultivated in a conventional tillage system, where P and K fertilizers were applied in autumn
(80 kg Pha~!,100 kg K ha~1). Winter wheat N fertilization rates (NH4NO3; N 34%) were as follows:
60 kg N ha~! (early spring, before the start of crop growth); 120 kg N ha~! (the second rate during
straw shooting phase); and 180 kg N ha™! (the third rate during earing). Each year, the soil was
ploughed after harvest of the forecrop (winter wheat) in autumn, and was harrowed in spring before
lupin was sown. Recommended sowing rates were as follows: 100 seeds m~2 for indeterminate Kalif,
and 115 seeds m~2 for determinate Regent. Seeds were sown at a depth of 4 cm in rows spaced at
18 cm intervals in early April. In all systems, plots were drilled with a double disk drill (Great Plains,
Solid Stand 100 equipped with a fluted coulter for residue cutting, a double disk for seed placement,
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and a press wheel (3 m wide). Weight of the tractor was 2885 kg). Each year, lupin was harvested in
August with a 1.5-m-wide Wintersteiger plot combine harvester.

2.3. Data Collection

During each growing season, weed infestation was assessed on each plot two weeks before
harvest. Weeds collected from the site were dried in a laboratory at 80 °C for 48 h. Weed infestation
was expressed as the number and dry mass of weeds per unit area (m?) and as the percentage share of
specific species in the total number of weeds in each farming system.

For narrow-leaved lupin, the following traits were assessed: plant density/m? before harvest,
the biometric traits of 10 randomly selected plants before harvest (the number of pods/plant, number of
seeds/plant, and number of seeds/pod), and the mass of 1000 seeds (seeds collected from the harvested
seed mass; 2 X 500 seeds were counted and weighed). Seed yield/ha was calculated at the 15% moisture
level. Analyses of seed protein content were carried out in the laboratory, according to Kjeldahl
(N values were multiplied by 6.25) [14]. Seed protein content was expressed on a dry weight basis
(g kg!), and was recalculated as protein yield (kg ha™).

Economic analysis of each farming system was evaluated with data from the experimental
plots, i.e., machinery operations, inputs, and average yields. Direct costs for all farming systems
included seeds, cultivation, seed conditioning, mechanical weed control, and harvest. For the MI and
CONYV systems, additional direct costs accrued from disease and insect control, and desiccation before
harvest (only in CONV). Overall costs included the cost of seeds, fertilizers, chemical crop protection,
machinery operations, labor, and services. All calculations were based on 2015 prices. The cost of
seeds, fertilizers, and plant protection (herbicides, fungicides, and insecticides) were estimated from
agricultural dealers and from national-level market prices [15]. Crop subsidy data were taken from
the Agency for Restructuring and Modernization of Agriculture [16]. Subsidies included single area
payment (107.59€), additional payment for legumes (241.18€), and direct payments for seeds (30.83€).
All prices and costs were recalculated in euro (€) according to the monthly average exchange rate in
September 2015 [17].

2.4. Statistical Analysis

The impact of farming system on lupin cultivar traits was examined with two-way analysis of
variance (ANOVA) using SAS PROC GLM (SAS Institute Inc. 1996). Least significant difference was
verified with Tukey’s multiple range test at p < 0.01 and p < 0.05 significance levels. Relationships
between parameters were determined with the Pearson correlation coefficient. Interpretation of
Pearson’s linear correlation coefficient was conducted according to Stanisz [18]. Correlations between
traits in each farming system were determined using SAS PROC CORR.

3. Results

Weed community composition was affected by the farming system (Table 3). A total of 12 weed
species were identified: 11 in LI, 8 in MI, and 8 in CONV. POLCO (Polygonum convolvules (L.)
A. Love) and CHEAL (Chenopodium album L.) were the most frequently observed species across all
farming systems, at 43-49% and 27-32%, respectively. Less frequently observed species were LYCAR
(Anchusa arvensis L.), CAPBP (Capsella bursa-pastoris (L.) Medik.), CONAR (Convolvulus arvensis L.),
GALAP (Galium aparine L.), and LAMAM (Lamium amplexicanle L.), and accounted for <1% in all
farming systems. Lowest weed density and biomass values were recorded in CONYV, and the greatest
values were recorded in LI (Table 4). Weed dry weight was significantly lower in MI and CONV
(approximately 18% and 33%, respectively), compared to LI. The number of weeds/m? was 54% greater
in LI compared to CONYV, but there was no difference between MI and CONV. Cultivar factor did
not influence the number of weeds, although weed dry mass was significantly lower (by 18%) under
Regent cultivation than Kalif.
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Table 3. Effect of farming system on botanical composition of weeds in the study plots (share, %).

Farming System

Latin Binomial Bayer Code 11 MI CONV
Agropyron repens (L.) Beauv. AGRRE 4 2 0
Anchusa arvensis L. LYCAR 1 0 1
Capsella bursa-pastoris (L.) Medik. CAPBP 1 0 0
Chenopodium album L. CHEAL 27 31 32
Convolvulus arvensis L. CONAR 0 0 1
Echinochola crus-galli (L.) Beauv. ECHCG 4 8 11
Galinsoga parviflora Cav. GASPA 2 3 0
Galium aparine L. GALAP 1 1 0
Lamium amplexicanle L. LAMAM 1 0 1
Polygonum convolvules (L.) A. Love POLCO 49 46 43
Polygonum lapathifolium L. POLLA 5 1 6
Viola arvensis Murr. VIOAR 5 8 5
LSD Value 4.72**
Number of species No. 11 8 8

Significance: ** p < 0.01. Farming system: LI = low external input; MI = medium input; CONV = conventional.

Table 4. Effect of farming system and cultivar type on level of weed infestation, yield, and seed
protein content.

Farming System

Specification I MI CONV LSD Value
Dry weight of weeds (g) 2439  199.0 162.7 24.02 **
Number of weeds 97.7 80.8 63.5 17.83 **
Plant density (no. m?) 72.9 77.7 75.2 NS
Number of pods per plant 6.0 7.3 7.7 1.09 **
Number of seeds per plant 23.2 254 271 NS
Number of seeds per plant pod 3.9 3.5 3.5 0.24 **
Mass of 1000 seeds (g) 1371  136.6 137.0 NS
Protein content in seeds (g kg™) 307 304 317 NS
Cultivar
Kalif Regent
Dry weight of weeds (g) 221.5 182.2 37.82*
Number of weeds 85.3 76.9 NS
Plant density (no. m?) 68.9 81.6 3.38 **
Number of pods per plant 7.6 6.4 0.71 **
Number of seeds per plant 27.7 22.8 3.08 **
Number of seeds per plant pod 3.6 3.6 NS
Mass of 1000 seeds (g) 141.5 132.2 3.58 **
Protein content in seeds (g kg‘l) 313 306 NS

NS: non-significant; * p < 0.05 and ** p < 0.01. System: LI = low external input; MI = medium input; CONV = conventional.

Farming system intensity substantially affected the numbers of pods and seeds/plant pod (Table 4).
However, this factor did not have an impact on plant density, seeds/plant, or the 1000 seed mass.
A significantly greater number of pods/plant were observed in the MI and CONV systems, although the
number of seeds/plant pod were significantly lower than in LI. Cultivar type was found to modify
yield components; a significantly greater plant density was observed in the Regent cultivar, and a
significantly lower number of pods and seeds/plant and 1000 seed mass compared to Kalif. There was
no significant difference in seed protein content between experimental factors.

No significant interactions were observed between the experimental factors and protein and seed
yield (Table 5). The greatest protein yield was observed in CONV, and was significantly lower in LI
and MI (by 31.3% and 11%, respectively). Although no significant differences were observed in seed
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yield between cultivars, the protein yield in Regent was substantially lower (by 54 kg ha™'). Seed yield
was strongly affected by farming system, and the greatest yield was recorded in CONYV, and was
significantly lower in LI (by 0.73 t ha™') and MI (by 0.18 t ha™).

Table 5. Narrow-leaved lupin protein yield (kg ha™!) and seed yield (t ha™).

Farming System (FS)
Cultivar (C) LI MI CONV Mean
Protein Yield
Kalif 488 641 714 614
Regent 452 575 654 560
Mean 470 608 684
LSD value FS—33.3 **; C—46.4 *; FS x C—NS
Seed Yield
Kalif 1.85 2.45 2.26 2.31
Regent 1.75 2.25 2.44 2.15
Mean 1.80 2.35 2.53
LSD value FS—0.13 **; C—NS; FS x C—NS

NS: non-significant; * p < 0.05 and ** p < 0.01. System: LI = low external input; MI = medium input; CONV = conventional.

In each farming system, functional relationships were observed between the number of
pods/plant and the number of seeds/plant, and seed yield and protein yield (Figure 1). However,
correlations between the number of seeds/plant pod and seed yield and the protein yield in LI were
also practically functional relationships. Negative relationships were observed between the number of
weeds and seed yield and protein yield; strong in LI, poor in MI, and practically functional in CONV.

o

CONV MI

Figure 1. Correlation coefficients between analyzed parameters. System (FS): LI = low input;
MI = medium input; CONV = conventional. Parameters compared: DMW = dry mass of weeds;
NW = number of weeds; PD = plant density; NP = number of pods/plant; NS = number of seeds/plant;
NSP = number of seeds/plant pod; MTS = mass of 1000 seeds; SY = seed yield; PRC = protein content;
PRY = protein yield.

Interpretation of Pearson’s linear correlation coefficient

. 0<r<0.2 - practically no relation between characters;
. 0.2<r<0.5 - poor relation between characters;

- 0.5 <r<0.75 - medium relation;

. 0.75 <r <0.95 - strong relation;

. 0.95 <r <1.00 — practically functional relation.

LI
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In both cultivars, the highest production values were recorded in CONV, which also had the
greatest cost of seeds and protein production, and the lowest gross agricultural income (Table 6). The LI
system proved to be the most profitable (i.e., gross agricultural income) for both Kalif and Regent
cultivation, and the total cost of production was also lowest.

Table 6. Economic analysis of the profitability of narrow-leaved lupin cultivation under different
farming systems (all values expressed in euro).

Kalif Regent
Specification Farming System

LI MI CONV LI MI CONV
Production value * ha™! 830.17 972.45 996.16 806.45 925.00 948.74
Total cost ha™! 353.87 546.40 886.16 387.98 580.50 920.28

Gross agricultural income ha? 476.30 426.06 110.00 418.47 344.50 28.46
Cost of 1 t seed production ** 186.25 218.56 340.83 215.54 252.39 383.45

Cost of 1 kg protein production *** 0.73 0.85 1.24 0.86 1.01 1.41

System: LI = low external input; MI = medium input; CONV = conventional. * (average yield ha™ x € 237. 14, price of
1 t seeds) + € 379.60 EU subsidies, ** Total cost/ average yield ha™!, *** Total cost/ average protein yield ha™'.

4. Discussion

Our study suggests that weed community assembly was affected by the farming system. A total
of 12 weed species were identified, and the lowest weed ckensi’cy/rn2 and biomass/m? values were
observed with the CONV system, and the greatest were observed in LI. The number of weeds/m? was
54% greater in LI compared to CONV, and there was no difference between MI and CONV. The greater
weed infestation is due to the absence of herbicide use, and the mechanical treatment employed in
the LI system was insufficient to improve lupin competitiveness. Our results are in agreement with
Poudel et al. [19], who also found that low-input systems generally have greater aboveground weed
biomass and more weed competition in comparison to conventional systems. Others researchers
who have analyzed the influence of farming systems on the cultivation of lupin species (yellow,
narrow-leaved, and white lupin) have reported significantly greater weed infestation levels in plots
that received only mechanical treatment [20]. In the study by Borowska et al. [20], the application
of herbicides in medium-input and high-input systems significantly reduced both the level of weed
infestation and the weed dry weight of all lupin species. However, additional herbicide application
after sowing and post-emergence in the high-input system did not significantly reduce weed dry
weight. Chemical weed control should carefully consider the sensitivity of the crop to the herbicide,
followed by observation of the application technology, as well as important aspects, such as compound
mixture, ambient environmental conditions, and the use of adjuvants [21].

Weed infestation intensity in individual farming systems can be modified not only by the type of
treatment applied, but also by the number of lupin plants per area unit. In our study, significantly
lower weed dry mass was observed with Regent cultivation, compared to Kalif. We suggest that
the determinate cultivar Regent is more competitive than the indeterminate cultivar Kalif, because it
exhibited a significantly greater density of plants per area unit, due to higher recommended sowing
rates. Farming system did not influence plant density in our study, in contrast to Suliman [22],
who showed that conventional tillage and mechanical weed control significantly increased legume
plant density.

Our results show that the weed infestation can influence narrow-leaved lupin productivity.
Pearson’s linear correlation indicated a negative relationship between number of weeds and seed and
protein yields, which was strong in LI, poor in MI, and practically functional in CONV. This means
that when the number of weeds increase, protein and seed yields decrease, depending on the farming
system employed. Weeds in lupin crops have become increasingly difficult to control [23]. In our
study, the greatest narrow-leaved lupin protein and seed yields were found in CONV (compared to
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LI and MI), although the yield in this system primarily depended on the number of weeds present.
Borowska et al. [20] found that seed yield in white and narrow-leaved lupin was significantly greater in
the high-input system, while yellow lupin yield was greatest in the high- and medium-input systems.
A significant increase in seed yield, along with an increasing intensity of the cultivation in the case of
traditional and self-completing cultivars of white and yellow lupin, as well as self-completing cultivars
of narrow-leaved lupin, resulted mainly from the development of a higher number of pods. Szymariska
et al. [24] also studied the influence of farming system on the development and yield of yellow lupin,
and observed that seed yield was 13.1% and 22.0% greater in the MI and CONYV systems, respectively,
than in LI Their research also highlighted differences in cultivar yield; the indeterminate cultivar
Mister produced more seeds than the determinate cultivar Perkoz (1.95 t ha™! vs. 1.81 t ha™). In our
experiment, there was no significant difference in seed yield between lupin cultivars. We observed
significantly lower pod numbers, seeds/plant, and the 1000 seed mass in Regent, compared to Kalif.
Determinate lupin cultivars have been reported to exhibit a reduced number of branches to improve
the maturation of the plants.

In our study, farming system was also found to modify the yield components. We found a
significantly greater number of pods/plant in MI and CONV (compared to LI), but substantially lower
numbers of seeds/plant pod. Borowska et al. [20] observed a non-significant difference in the number
of pods/plant between medium- and high-input systems, as well as between low- and medium-input
systems for all lupin species in their study. Szymanska [24], studying yellow lupin yield components,
found that differences in farming system intensity and cultivar type significantly influenced the number
of pods and seeds/plant. However, these factors had no influence on the number of seeds/pod or the
1000 seed weight.

Lupin is valued mainly for its high protein content. In our experiment, protein content in seeds
ranged from 304 to 317 g kg™!. Protein yield in Regent was lower (by 54 kg ha™') compared to Kalif, and
the greatest protein yield was found in CONV and was significantly lower in LI and MI. A practically
functional relationship was observed between protein yield and seed yield in each farming system.
This is because of method of calculation of protein yield. In our experiment, the cost of protein
and seed production was greatest in CONV, but gross agricultural income was also lowest in this
system. According to Czerwirniska-Kayzer and Florek [25], gross agricultural income is a basic economic
category that is indicative of the profitability of agricultural production. In our study, the LI system
(greatest gross agricultural income and lowest total cost of production) proved to be the most profitable
for both cultivars. According to Szymariska et al. [24], increased expenditure in CONV farming systems
can lead to a decrease in gross agricultural income; in our experiment, the cost of production of 1 tonne
of seeds (for on-farm feed production) was lowest in the LI system. Although production was greatest
in CONV, the greater cultivation intensity (in yellow lupin) observed in Szymariska et al. [24] was not
economically justified (compared to cultivation of narrow-leaved lupin in our experiment). Moreover,
work by Panasiewicz et al. [26] showed that the increase in narrow-leaved lupin seed yield produced
by a more intensive tillage option (conventional tillage) compensated for the increase in overall costs.

Aside from economic performance, high-input farming systems may lead to increased
environmental problems, as a consequence of the fertilizers and pesticides applied during the course
of cropping operations. As legumes support biological N fixation, they offer a more environmentally
robust and sustainable N source for cropping systems [8]. At zero fertilization levels, weeds (due to
extremely strong competition for soil N) might force lupin plants to depend more on N fixation, thereby
making the N fixation process more efficient.

5. Conclusions

Our economic analysis indicates that the greatest income and the lowest cost of production for
both narrow-leaved lupin cultivars were provided by the LI farming system, although this type of
farming system does carry a risk of elevated weed infestation levels and reduced seed and protein
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yields. Therefore, LI farming systems, used in conjunction with chemical weed control, should be
investigated in future studies.
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Abstract: In recent years, there has been an increasing interest around agricultural science and practice
in conservation tillage systems that are compatible with sustainable agriculture. The aim of this study
was to assess the qualitative and quantitative changes in weed flora and soil seed bank under reduced
tillage and no-till (direct sowing) in comparison with traditional ploughing. In the crop rotation:
pea/rape—winter wheat—winter wheat the number and dry weight of weeds increased with the
simplification of tillage. The seed bank was the largest under direct sowing and about three times
smaller in traditional ploughing. Under direct sowing, most weed seeds were accumulated in the top
soil layer 0-5 cm, while in the ploughing system most weed seeds occurred in deeper layers: 5-10 and
10-20 cm. In the reduced and no-till systems, a greater percentage of perennial and invasive species,
such as Conyza canadensis L., was observed. The results show that it is possible to maintain weed
infestation in the no-till system at a level that does not significantly affect winter wheat yield and
does not pose a threat of perennial and invasive weeds when effective herbicide protection is applied.

Keywords: reduced tillage; no-till; ploughing; winter wheat; weeds; seed bank; invasive weed species

1. Introduction

Weed infestation in a field consists of the above-ground weed community and the seed stock in
and on the soil, called the soil seed bank [1]. The soil seed bank is a reservoir in which the depositing
of new seeds takes place systematically and the stock of those seeds changes due to various processes.
The germination dynamics of weed seeds and their further development and competitiveness against
crops depend on complex habitat, environmental and agrotechnical factors [2—4].

One of the most important agrotechnical factors influencing the weed flora of arable fields is
the tillage method [5,6]. Contemporary tillage methods can be divided into three basic groups: (1)
traditional tillage with the use of a plough, (2) reduced tillage, intended to eliminate the plough and
replacing it with other passive or active tools whose primary task is to loosen the topsoil arable layer
without turning it over, and (3) no-till system with direct sowing, including precise placement of the
seeds in untilled soil with a specialist seed drill [7,8]. Sustainable agriculture promotes a reduction in
the intensity of soil tillage treatments and seeks to replace plough cultivation with conservation tillage
that does not turn the soil, or even with direct sowing. These treatments are reflected in scientific
research although results on the impact of tillage simplifications on the diversity of the segetal flora
and on the soil seed bank are inconclusive [9-13].
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The stimulating effect of tillage on weed seed germination has been found in previous studies [14,15].
The exception is tillage at night, as daylight is a factor limiting the germination of the seeds of many
weed species [16]. However, soil tillage leads to a decrease in the pool of seeds in the soil bank, which is
indicated by their smaller amount in tilled soils as compared to untilled ones [17]. Soil tillage affects the
dynamics of weed germination by modifying the seeds depth in the soil [16,18]. The literature shows
that different tillage methods influence the accumulation and distribution of seeds in the soil profile.
In traditional ploughed tillage systems, the seeds are distributed more or less evenly throughout the
entire tillage layer, while in reduced systems a large portion of the seeds are concentrated in the surface
layer of soil where they find more favourable conditions for germination [16,19,20]. This results in an
increase in weed abundance under reduced tillage compared to ploughing, although the results also
depend on the crop and weed species involved [15,21,22]. Moreover, the no-till system increases the
number of weeds maturing in the stubble that remains after harvest, the seeds of which fall down,
germinate and increase infestation [11]. According to other authors, the increase in weed infestation of
the crop and soil occurs in the first few years after the introduction of tillage simplifications [23].

The simplification of soil tillage, including zero tillage, entails not only quantitative, but also
qualitative changes in the species composition of weed flora and soil seed bank [4,23-26]. Species
diversity is most often declining, although some authors have observed an increase in the biodiversity
of weed communities under reduced tillage systems [19]. Some authors draw attention to the threats
related to the occurrence of troublesome perennial species, mainly Elymus repens, and of invasive
species under reduced tillage systems [19,20,27].

Two main methods are used to determine the abundance and species composition of seeds in
the soil: the direct seed extraction method and the indirect germination method, called “greenhouse
method”, or “seedling emergence method” [14,28,29]. The indirect method enables an estimation
of the number of live seeds able to germinate under favorable conditions. Gross [30] and Cardina
and Sparrow [31] evaluated the effectiveness of both methods for an assessment of the soil seed bank.
The research carried out by Gross [30] shows that the number of seeds was much higher in samples
determined by the direct method and that this was mainly due to the presence of dead seeds. However,
if dead and resting seeds are deducted then the results obtained by the direct method were similar to
those obtained by the germination method. According to Cardina and Sparrow [31], the germination
method is best suited to predict weed emergence because it is most similar to field conditions.

The aim of the undertaken research was to determine qualitative and quantitative changes in
weed flora composition and soil seed bank under a reduced tillage system and no-till cultivation and
to investigate whether tillage simplifications lead to an increased threat of invasive species.

The research hypothesis was that simplifications in tillage cause an increase in weed infestation
of the crop and the soil as well as leading to qualitative changes in the weed community, such as an
increase in the number of invasive species.

2. Materials and Methods

2.1. Characteristics of the Experiment with Tillage Systems

The research was conducted in the years 2010-2013 on 9 fields in total with three of these fields
being used for each of the tillage systems: direct sowing, reduced tillage and ploughing, in a farm in
Rogow, Lubelskie voivodeship, Poland (N: 51°28’, E: 22°4") (Figures 1 and 2). The experimental site is
located in a moderate continental climatic zone. The long-term average annual total precipitation is
598 mm, with a mean air temperature of 8.5 °C (Table 1).
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Figure 1. Scheme of the experimental treatment with three tillage systems. * Crops cultivated in the
2009/2010 season are marked in bold.

Figure 2. Winter wheat (I) fields under different tillage systems (fields No. 1, 4 and 7 according to

Figure 1, date of sowing: 30 September 2010, date of observation: 16 November 2010).

Table 1. Mean air temperature (°C) and sum of precipitation (mm) in experimental farm in Rogow.

Temperature (°C) Precipitation (mm)
Month Mean from the Mean from the
2010/2011 2011/2012 2012/2013 Long-Term Period 2010/2011 2011/2012 2012/2013 Long-Term Period

X 12.0 14.9 14.7 13.2 128.7 3.6 29.2 62.4
X 55 7.3 8.2 8.6 135 28.2 54.8 29.1
XI 6.5 1.7 4.9 3.3 65.6 2.3 22.2 21.8
XII -4.6 1.8 -44 0.6 322 50.8 33 23.1
I -1.5 -2.7 -39 -1.6 27.1 25.3 66.7 40.2
I -47 -8.3 -0.5 -3.1 20.2 21.3 9.0 20.8
111 1.7 39 -2.6 3.1 13.0 29.6 32.6 354
v 9.7 9.3 8.5 9.2 30.2 51.8 54.3 35.3
\Y% 13.4 14.5 15.2 13.9 26.1 66.0 118.8 88.5
VI 17.7 175 184 17.3 83.7 1109 106.7 824
VII 18.7 20.8 18.6 19.1 214.0 343 62.5 93.8
VIII 18.5 18.7 18.7 18.8 46.0 71.4 33.1 65.0

Mean temperature—8.5 °C Sum of precipitation—598 mm

The fields used in the current experiment were set up in autumn 2002 on loess soil, with the
granulometric composition of silt loam, characterized by a pH close to neutral (pH KCI = 6.6), a high

97



Agriculture 2020, 10, 186

phosphorus content (158.6 mg P kg~! soil), and a medium potassium level (204.4 mg K kg~! soil).
The average humus content in the soil was 1.63%, and the organic carbon content was 0.94%.

In all of the tillage systems the same three-field crop rotation was applied: pea (2010-2011)/winter
rape (2011/2012 and 2012/2013)—winter wheat [—winter wheat II (after winter wheat I). All crops in
rotation were cultivated in each year. In January 2012, winter wheat froze out and was replaced by
spring wheat. Each field was 1 ha in size and the whole experiment had a total of 9 ha (Figure 1).

2.2. Methods of Soil Treatment in Different Tillage Systems

The selection of cultivating machines and tools was varied and depended on the tillage system.
In the plough cultivation, immediately after harvesting the forecrop, a shallow cultivation (stubble)
was carried out with a disc harrow to a depth of 5-6 cm in order to stop the evaporation of water from
the soil and stimulate the germination of weed seeds and volunteers. Then, before sowing winter
plants, plowing was carried out using a reversible plough to a depth of 20 cm. Ploughing for peas
was completed in late autumn to a depth of 25-30 cm. Sowing of wheat and rapeseed was carried out
in autumn on optimal dates for this region of the country, while peas were sown in spring using a
seedbed cultivator (disc harrow + cultivating roller + seeder + seed harrow).

In the reduced tillage system, after plant harvest, post-cultivation was carried out with a rotary
cultivator to a depth of 5 cm. This treatment was then repeated after about 3—4 weeks to limit the
emergence of weeds and volunteers. Winter crops were sown at optimal dates, while peas were sown
in spring using a seedbed cultivator.

In the no-till system, the preparation of the field for sowing was reduced to the use of a herbicide
based on glyphosate in order to limit weed infestation, followed by direct sowing of wheat and
rapeseed in autumn, and peas in spring with a special seeder for direct sowing.

2.3. Fertilization

The fertilization of crops was not differentiated depending on the tillage system. Immediately
after harvesting the forecrop plant and before the post-harvest cultivation, phosphorus, potassium,
nitrogen and sulfur fertilization was applied. Top dressing with nitrogen was completed in spring,
taking into account the crop requirements, as shown in Table 2.

Table 2. Mineral fertilization (kg ha™1) for wheat, peas and rapeseed.

Growing Seasons Wheat I and IT Growing Seasons Pea/Rape

Pea: pre-sowing: phosphorus (P,05)—72;

pre-sowing: phosphorus (P,05)—72, 2010 potassium (KZO)_?z; pitroge'n (NH,)—24;
2009/2010 2010/2011 potassium (K»0)-72, nitrogen (NHy)-24, S S (SQg)—27; in spring immediately before

(SO5)-27; top dressing with nitrogen sowing pea—N (NH;NO3)—20.

(NH4NO3)-160, including: start of Pea: pre-sowing: phosphorus (P,05)—72;

vegetation in spring-70, shooting at the 2011 potassium (K,O)—72; nitrogen (NHy)—24;

blade-50, heading—40. S (SO3)—27; in spring immediately before

sowing pea—N (NH4NO3z)—20.

winter wheat froze out and was replaced by

spring wheat. Winter rape: pre-sowing: phosphorus

pre-sowing: phosphorus (P,0s5)—60, (P05)—60; potassium (K,O)—60; nitrogen

potassium (K,0)—60, nitrogen (NHy)—20, (NH4)—20; S (SO3)—23.5;

201172012 S (SO3)—23.5; top dressing with nitrogen 201172012 top dressing with nitrogen (NH4NO3)—160,
(NH4NO3)—160, including: starting including: starting vegetation in
vegetation in spring—80, shooting at the spring—100, budding phase—60.
blade—50, heading—40.
pre-sowing: phosphorus (P,05)—60, Winter rape: pre-sowing: phosphorus
potassium (K,0)—60, nitrogen (NH4)—20, (P205)—60; potassium (K, O)—60; nitrogen
S (SO3)—23.5; top dressing with nitrogen (NH4)—20; S (SO3)—23.5;

20122013 (NH4NO3)—140, including: starting 20122013 top dressing with nitrogen (NH4NO3)—160,
vegetation in spring—80, shooting at the including: starting vegetation in
blade—60. spring—100, budding phase—60.
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2.4. Weed Control

In each growing season, intensive chemical control was used to reduce weed infestation of the
crops. From 2 to 4 herbicides, including glyphosate, were used on each crop in growing season, the
same herbicides in all tillage systems (Table 3).

Table 3. Herbicides used to reduce weed infestation in wheat, pea and rape.

Growing Seasons

Wheat I and II

Growing Seasons

Pea/Rape

Roundup 360 SL (glyphosate 360 g 171;
28.77%)—1 x 3.0 L ha™!

Pea: Barox 460 SL (bentazone 400 g 171; MCPA
60 g1 1) —1x251ha™!

2009/2010 Lmotur 70WG (dlcamEa 65.9 -/o, triasulfuron 2010 Roundup 360 SL (glyphosate 360 g =r
4.1%)—1x 0,151 ha" + Axial 100EC 28.77%)—1 x 4.0 1 ha~! (desiccation of peas)
(pinoxaden 100 g I'™—1x031ha™! e i p
Roundup Energy 450 SL (glyphosate 450 g 11
34.5%)—1 x 3.01ha™! . 1
Maraton 375 SC (pendimethalin 250 g | fia'zgalsigfn 480 SL (bentazone 480 g 1) —
. SN _f .
2010/2011 isoproturon 125 g 17')—1 X 2.51ha 2011 Roundup 360 SL (glyphosate 360 g 11;
Granstar 75 WG (methyl tribenuron 75%)— 28.7%)—1 x 4.0 1 ha-1) (desiccation of peas)
1x 15 gha™! + Starane 250 EC (fluroxypyr e ’ P
250 g 171; 24.77%)—1 x 0.3 1 ha™!
Winter rape: Butisan Star 416 SC (metazachlor
1. qui -1y -1
Puma Universal 069 EW (fenoxaprop-P-ethyl ?Z?xr%lear{c?zlsrgr};%ﬁiﬁioge 4§0X ziE)]l)T *
2011/2012 69 g171)—1.01ha~! + Mustang 306 SE (24-D 2011/2012 - 8
300 g 171, florasulam 6.25 g 171)—1 x 0.8 L ha™! 1x0151ha
’ ' . Targa Super 05 EC (quizalofop 5%)—
1x0.71ha™
Winter rape: Roundup 360 SL (glyphosate
Roundup Energy 450 SL (glyphosate 450 g 11 360 g 171; 28.77%)—1 x 4.0 1 ha™!
51%)—1 x 3.0 1 ha™! Targa Super 05 EC (quizalofop 5%)—
Axial 100EC ((pinoxaden 100 g 171)— 1x0.71ha"1)—1 x 0.6 1 ha™!
2012/2013 1x041ha™? 2012/2013 Butisan Star 416 SC (metazachlor 333 g 171

Granstar 75 WG (methyl tribenuron 75%)—
1x 10 g ha™! + Starane 250 EC ((2,4-D 300 g 171,
florasulam 6.25 g 171)—1 x 0.2 1 ha™!

quinmerac 83 g 17l —1x121ha™ + Navigator
360 SL (clopyralid 240 g 17! 20.31%; picloram
80¢g 171, 6.77%, aminopyralid 40 g 171 3.38%)—

1x021ha™!

2.5. Weed Flora Analysis

Analyses of species composition, number of weeds and air-dried matter of weeds were determined
after collection using the weed-picking frame method. The weeds were collected from a frame with
dimensions of 0.5 X 1 m, with five replications in each crop field. To avoid the edge effect, the frames
were placed a few meters from the edges of plots.

Tillage effects on weed population composition were assessed in each field from July 2010 to April
2013 (3 growing seasons) on 5 terms:

1.  before the crop harvest,
after the crop harvest and soil operations in the plough and reduced tillage systems,

3.  before sowing of winter wheat, after pre-sowing soil treatment in the plough and reduced
tillage systems,

4. late autumn, during the tillering stage of winter wheat,

5. spring, for winter wheat after the start of the growing season, for spring wheat in the tillering stage.

Plant species were identified according to the method of Rutkowski [32]. Dry matter of weeds
and wheat was determined after drying at 40 °C for 7 days.

2.6. Soil Seed Bank Analysis

The seed bank was determined using the “greenhouse method” (seedling emergence method).
Soil samples for the evaluation of the soil seed bank were taken in 3 years (2010-2012) from all fields
after harvesting the crop, but before the cultivation operations. The soil was collected using a soil
cylinder with a diameter of 8 cm, from levels: 0-5 cm, 5-10 cm and 10-20 c¢m, in 5 repetitions in each
field (Figure 3A,B). Soil samples were placed into pots of about 20 cm in diameter that were partly
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filled with sand, which served as a drain, and covered with agro-textile (Figure 3C). The pots were
placed in a vegetation hall and watered regularly for 11 months. Sprouting weeds were identified by
species and counted every 1-2 months. The number of germinating weed seeds (viable seed bank)
from the surface of each cylinder (50 cm?) were scaled up to that for 1 m?. Weed seed atlases were
used for species determination [33].

Figure 3. Method of sampling for the determination of the soil seedbank. (A)—soil collection method
using a cylinder, (B)—soil sample; (C)—seedling emergence method to assess the soil seed bank

2.7. Statistical Analyses

2.7.1. Diversity Indicators

The structures of weed communities and soil seed bank were analyzed using diversity indices:
Shannon’s diversity index: H" = —) Pi In Pi [34] and Simpson’s dominance index: SI = ) Pi2 [35], where
Pi is the probability of species occurrence in the sample. The values of the indicators were calculated
using the Multi-Variate Statistical Package (MVSP) 3.1 program, Kovach Computing Services, Anglesey,
United Kingdom [36].

2.7.2. Similarity Indices

The qualitative and quantitative Sorensen’s similarity indices were used to compare weed flora
communities and soil seed banks in the different tillage systems [37]:

Sorensen’s qualitative index = 2C/A + B x 100%
where:

A—the number of species in one of the two communities compared,
B—the number of species in the second community compared,
C—the number of common species in the compared communities.

Sorensen’s quantitive index = 2 Nt/Na + Nb x 100%

where:

Nt—sum of the smallest numbers of common species in the compared variants,
Na—the number of all weeds in one of the compared variants,
Nb—the number of all weeds in the second variant compared.

The values of the indicators were calculated using the Multi-Variate Statistical Package (MVSP)
3.1 program, Kovach Computing Services, Anglesey, United Kingdom [36].
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2.7.3. Assessment of the Significance of Differences

In order to check the normality of the distributions, the Shapiro-Wilk test was used. The data on
weed species richness and abundance did not meet the requirements for parametric tests. Therefore,
the nonparametric Kruskal-Wallis test was used for the identification of significant differences between
samples at p < 0.05 using Statistica 10 software (StatSoft, Krakéw, Poland).

3. Results and Discussion

3.1. Above-Ground Weed Flora in the Different Tillage Systems

The average number of weeds and their dry matter did not differ significantly in the three tillage
systems studied, but a tendency of increasing weed infestation in line with tillage simplification was
found (Figure 4). The number of weeds (on average from all of the assessments of crops in rotation) in
the plough tillage system was 22.2 plants m~2, under the reduced tillage conditions it was 20% higher,
while under direct sowing it was 33% higher. The dry weight of weeds in the plough system was
9.0 g m~2, while in the reduced tillage system it was higher by 23% and in the no-till system by 28%
in comparison to the plough system (Figure 4). The number and weight of weeds observed in all the
cultivation systems was low due to intensive herbicide protection, including glyphosate (Table 3), which
was very effective in weed control in all compared tillage systems. A higher weed abundance and
density under reduced tillage as compared to plough has been confirmed by earlier studies [38—40].
Demjanova et al. [41] indicated that reduced soil tillage in maize was accompanied with significantly
higher weed biomass compared to moldboard ploughing. Similarly, in the studies by WozZniak et al. [42]
and Vakali et al. [43], a greater weed infestation of spring wheat and barley occurred in no-till and
reduced tillage than in conventionally ploughed fields.
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Figure 4. Average number (plants m~2) and dry weight of weeds (g-m_z) in different tillage systems
(average of all assessment terms in 3 growing seasons and crops in rotation); ns—no significant differences
according to the Kruskal-Wallis test at p < 0.05. Years X tillage system interaction not significant.

When analysing the weed infestation of individual crops, a significantly higher number and
weight of weeds were found in winter wheat (I) under the direct sowing system as compared to the
plough system (Figure 5A,B). In the wheat grown after wheat I (wheat II), the differences between
tillage systems in the number and weight of weeds were insignificant. Armengot et al. [21] also found
that total weed coverage was higher under reduced tillage, although this result was not consistent for
different crops. In the study by WozZniak [44], no-plough tillage significantly increased the number and
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air-dried weight of weeds in winter wheat canopy as compared to ploughed tillage. In the studies by
Starczewski and Czarnocki [45], triticale tillage simplifications resulted in a tendency to increase weed
infestation, but a significant increase in their fresh and dry weight was only observed on no-till plots.
In research of these authors, in the fields where soil tillage simplifications were applied, an increase in
weed infestation was observed despite of the use of herbicides, as is the case in this present research.
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Figure 5. Weed abundance (A) and dry matter of weeds (B) in crops cultivated in different tillage
systems (mean from the years 2010-2013). Within each crop, different letters indicate significant
differences between tillage systems according to the Kruskal-Wallis test at p < 0.05; ns—no significant
differences. Years X tillage system interaction not significant.

Examples of the dynamics of weed infestation of winter wheat I (spring wheat in 2012) at different
research dates and tillage systems are presented in Figure 6A,C. These tendencies were not constant, and
various dependencies on weed abundance in the different tillage systems were found in particular study
dates and years. In the first year of the study (2010/2011) the plough tillage system was characterized by
the lowest number of weeds (Figure 6A), while in the last term of analysis (2012/2013) it was the highest
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(Figure 6C). The large number of weeds at the last term in the 2011/2012 season was associated with the
poor wintering of winter wheat and low crop competitiveness (Figure 6B).

A B

80 2011/2012
- 2010/2011 160

€0

50
40 e

~fidirect sowing =~ direct sowing
30

reduced tillage reducad tillage
20 /\‘\. @~ plough 40 ~@—plough
=g % r /.\

plants/m?
228

plants/m?

10

1 2 3 4 5 1 2 3 4 5
term term
80 —
2012/2013
70 +
60 T
o 50
£ : :
> 40 - = direct sowing
,_cu 30 reduced tillage
= 20 + w=plough
10
0 -—@& T
1 2 3 - 5
term

Figure 6. The dynamics of weed abundance in winter wheat under different tillage systems. (A)—
2010/2011 season; (B)—2011/2012 season; (C)—2012/2013 season. Terms of weed flora assessment: 1—
before the crop harvest, 2—after the crop harvest and soil operations in the plough and reduced tillage
systems, 3—before sowing of winter wheat, 4—late autumn, 5—spring.

Analyses of weed flora biodiversity occurring in crops grown under different tillage systems
showed a similar number of species (38—40), but differences in species composition occurred (Table 5).
In the plough system the dominant species were Fallopia convolvulus and Galeopsis tetrahit, while under
reduced tillage they were: Fallopia convolvulus and Viola arvensis (Tables 4 and 5). Plough cultivation
was accompanied by a larger number of Stellaria media, Thlaspi arvense, Sinapis arvensis, Anthemis arvensis
and Brassica napus volunteers than in the other systems.

In crops sown directly, there was a larger number of Galium aparine, Veronica persica,
Capsella bursa-pastoris, Lamium purpureum, Echinochloa crus-galli and Setaria glauca than in the other
cultivation systems (Tables 4 and 5). There was also a higher occurrence of perennial species:
Equisetum arvense, Plantago major and Sonchus arvensis in comparison to the traditional ploughing. Only
in the direct sowing system were Sonchus oleraceus, Melandium album and Anagallis arvensis found,
while only in the plough system were Polygonum persicaria, Rumex obtusifolius, Lapsana communis and
Arctium lappa found. Cardina et al.’s [11] study confirmed that, in no-tillage plots, the density of
Veronica sp. was higher compared to moldboard plough plots.

Reduced cultivation was characterised by a higher occurrence of Fallopia convolvulus, Viola
arvensis, Chenopodium album, Fumaria officinalis, Tripleurospermum inodorum, Descurainia sophia,
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Apera spica-venti, Galinsoga parviflora, Consolida regalis and the exclusive occurrence of Veronica
hederifolia, Raphanus raphanistrum and Senecio vulgaris (Tables 4 and 5). Similarly, Clements et al. [46]
found that Chenopodium album dominated the aboveground weed population in chisel ploughing in
comparison with moldboard ploughing and no-till.

Invasive alien weed species (IAS), which pose a threat to the biodiversity and the economy or
human health, were more numerous in the reduced tillage systems compared to ploughing (Table 5).
Most species belonged to the lowest invasiveness category (I) according to Tokarska-Guzik et al. [47].
It is worth emphasizing that, despite the greater number of invasive weeds in reduced and no-till
systems, the number of weeds was not large (5.5 plants m~2 in total in no-till system and 2.1 plants m~2
in reduced tillage vs. 0.4 plants m~2 in plough system) (Table 5), due to effective chemical control
using herbicides (Table 3). Other authors also draw attention to the risks associated with the presence
of invasive species in reduced tillage systems [13]. In the research of Wozniak [44], the replacement
of ploughing with harrowing caused an increase of two dominating species in the weed population:
Echinochloa crus-galli and Viola arvensis.

Weed biodiversity as measured by Shannon’s index was the highest under reduced tillage—2.56,
due to the most even share of weed species in the community (Table 5). The direct sowing system was
characterized by the lowest value of the Shannon’s diversity index—2.28 and a high value of the Simpson’s
dominance index—~0.15, due to the domination of two species: Galium aparine and Fallopia convolvulus.
Travlos et al.’s [13] review states that conservation tillage systems seem to be associated with higher
weed richness and diversity, as the elimination of ploughing creates more enhancing conditions for some
weed species. However, they found some cases where reduced tillage systems led to less diverse weed
communities compared to more intensive tillage systems due to the domination of some weed species.

According to Legere et al. [27], the tillage method has little impact on weed diversity as expressed
by diversity indices, but plays a key role in shaping the species composition of the weed community.
Similarly, Sans et al. [48], in their research on tillage systems under the conditions of organic farming, did
not find significant differences in Shannon’s diversity index values for weed communities in cereal crops,
but observed a significantly higher degree of weed coverage in the reduced tillage system compared to
the plough system. Plaza et al. [12], based on a 23-year long experiment, found that no large differences
between tillage systems had arisen that was related to weed diversity. They only found that no-till
appeared to support more species than the two other tillage systems. In addition, their species richness
and Shannon diversity index varied greatly through the years in all the tillage systems. This indicates
that research on weed diversity and changes as a result of different tillage methods should be carried
out over many years, as too short a period of observation may lead to the divergent results that can
be found in the literature. This was confirmed by WozZniak [44], who found that Shannon’s diversity
index values for weed species composition in winter wheat were similar for different tillage systems
and more diverse between study years.

Table 4. Dominant and characteristic species in weed communities under different tillage systems.

Species Direct Sowing Reduced Tillage Plough
Galium aparine L )
. Fallopia convolvulus (L.) A. Love Fallopia convolvulus (L.) A. Love Fallopia convolvulus (L.) A. Love
Dominant

Veronica persica Poir.
Capsella bursa-pastoris (L.) Medik

Viola arvensis Murray Galeopsis tetrahit L.

Chenopodium album L.

Occurring more abundantly
than in other tillage systems

Lamium purpureum L.

Geranium pussillum Burm. F. ex L.
Echinochloa crus-galli (L.) P. Beauv.
Setaria glauca (L.) P. Beauv.
Equisetum arvense L.

Plantago major L.

Sonchus arvensis L.

Fumaria officinalis L.
Tripleurospermum inodorum (L.)
Schultz-Bip.

Descurainia sophia (L.) Webb ex
Prantl

Apera spica-venti L.

Galinsoga parviflora Cav
Consolida regalis S.F. Gray

Stellaria media (L.) Vill.
Thiaspi arvense L.

Sinapis arvensis L.

Anthemis arvensis L.
Brassica napus L. volunteers

Occurring only in a given
tillage system (characteristic
or incidental species)

Sonchus oleraceus L.
Melandrium album (Mill.)
GarckeAnagallis arvensis L.

Veronica hederifolia L.
Raphanus raphanistrum L.

Polygonum persicaria L.
Rumex obtusifolius L.
Lapsana communis L.
Arctium lappa L.
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Table 5. Species composition and number of weeds (plants m~2) in different tillage systems (on average
for rotation and study years 2010-2013).

Tillage System

Weed Species A/P* Mean
Direct Sowing Reduced Tillage Plough
1. Fallopia convolvulus (L.) A. Love A 5.70 8.90 7.73 7.443
2. Viola arvensis Murray A 3.80 4.25 3.83 3.960
3. Galium aparine L. A 6.14 2.60 1.48 3.406
4. Galeopsis tetrahit L. A 1.50 2.26 4.03 2.597
5. Veronica persica Poir. | A 4851 1.10! 0.10" 20111
6. Chenopodium album L. A 0.84 3.05 0.78 1.555
7. Capsella bursa-pastoris (L.) Medik A 2.74 0.42 0.50 1.219
8. Stellaria media (L.) Vill. A 0.35 0.41 0.73 0.496
9. Fumaria officinalis L. A 0.36 0.53 0.45 0.444
10. Tripleuros;';ermum inodorum (L.) A 016 0.63 048 0422
Schultz-Bip.
11. Brassica napus L. A 0.04 0.06 0.70 0.267
12. Descurainia sophia (L.) Webb ex Prantl A 0.31 0.37 0.08 0.250
13. Apera spica-venti L. A 0.18 0.43 0.13 0.244
14. Galinsoga parviflora Cav. ! A 0.011! 0.631 0.001 0.2111
15. Thiaspi arvense L. A 0.18 0.06 0.31 0.183
16. Erigeron annuus L. 11 A 0.141 0191 0.19 11 0.17511
17. Lamium purpureum L. A 0.38 0.06 0.02 0.154
18. Echinochloa crus-galli (L.) P. Beauv. ! A 028! 0.05! 0.111" 0.144!
19. Geranium pussillum Burm. F. ex L. A 0.35 0.04 0.00 0.128
20. Polygonum aviculare L. A 0.04 0.13 0.05 0.072
21. Equisetum arvense L. P 0.19 0.02 0.01 0.071
22. Setaria glauca (L.) P. Beauv. ! A 0.16! 0.021 0.021 0.064 !
23. Consolida regalis S.F. Gray A 0.03 0.16 0.01 0.064
24. Sinapis arvensis L. A 0.00 0.07 0.12 0.061
25. Euphorbia helioscopia L. A 0.16 0.00 0.01 0.056
26. Avena fatua L. T A 0.01! 0.08! 0.011 0.0331
27. Convolvulus arvensis L. P 0.03 0.05 0.02 0.033
28. Sonchus arvensis L. P 0.05 0.01 0.03 0.028
29. Paphaver rhoeas L. A 0.06 0.01 0.02 0.028
30. Polygonum persicaria L. A 0.00 0.00 0.08 0.025
31. Cirsium arvense (L.) Scop. P 0.00 0.04 0.03 0.022
32. Plantago major L. P 0.04 0.02 0.00 0.019
33. Anthemis arvensis L. A 0.01 0.00 0.05 0.019
34. Erodium cicutarium (L.) L'Her A 0.01 0.05 0.00 0.019
35. Mercurialis annua L. A 0.01 0.00 0.05 0.019
36. Centaurea cyanus L. A 0.00 0.01 0.03 0.014
37. Lamium amplexicaule L. A 0.00 0.02 0.02 0.011
38. Taraxacum officinale Weber P 0.01 0.01 0.01 0.008
39. Gnaphalium uliginosum L. A 0.01 0.00 0.02 0.008
40. Poa annua L. A 0.02 0.00 0.01 0.008
41. Plantago lanceolata L. P 0.00 0.01 0.01 0.006
42. Anagallis arvensis L. A 0.02 0.00 0.00 0.006
43. Veronica hederifolia L. A 0.00 0.02 0.00 0.006
44. Raphanus raphanistrum L. A 0.00 0.02 0.00 0.006
45. Senecio vulgaris L. A 0.01 0.01 0.00 0.006
46. Rumex obtusifolius L. P 0.00 0.00 0.02 0.006
47. Melandrium album (Mill.) Garcke A 0.01 0.00 0.00 0.003
48. Lapsana communis L. A 0.00 0.00 0.01 0.003
49. Arctium lappa L. A 0.00 0.00 0.01 0.003
50. Sonchus oleraceus L. A 0.01 0.00 0.00 0.003
Sum 29.17 26.73 2222 26.04
Total number of species 39 38 40 50
Shannon’s diversity index (H’) 2.28 2.56 2.35 2.58
Simpson’s dominance index (SI) 0.15 0.11 0.15 0.11

* A—annual or biennial; P—perennial. "V invasive species, category of invasiveness from I (the lowest invasiveness)
to IV (the highest invasiveness) according to Tokarska-Guzik et al. [47].

The share of perennial species in the weed community in the no-tillage system was about two times
higher than in the plough and reduced tillage systems (Figure 7). However, the high level of agricultural
culture and the use of herbicides, especially glyphosate, prevented the excessive occurrence of perennial
weeds, also in the no-till system. This has also been confirmed by other authors [49]. According
to some authors, tillage simplification promotes an increase in perennial weeds in the field, mainly
Elymus repens [19,50]. Starczewski and Czarnocki [45] found that, under a cultivation reduction system
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for winter triticale, perennial weeds were a major problem, while traditional ploughing effectively
eliminated them. Bilalis et al. [25] found that three annual species prevailed in the conventional and
minimum tillage systems, while one perennial species prevailed in the no-tillage system. Not using
glyphosate in the no-tillage system leads to an increase in the abundance of perennial weeds, especially
Cirsium arvense, Elymus repens and Convolvulus arvensis [51].
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Figure 7. Percentage of annual/biennial and perennial species in the total density of weed communities
under different tillage systems.

The comparison of weed communities occurring in plants grown under different tillage systems
showed that there was a bigger qualitative than quantitative similarity, i.e., a bigger similarity in species
composition than in the number of common species (Table 6), which is also confirmed by the results
of Zanin et al. [24] and Duer and Feledyn-Szewczyk [52]. Sorensen’s qualitative and quantitative
similarity indices showed that weed communities in the direct sowing and ploughing systems were
the least similar.

Table 6. Sorensen’s qualitative and quantitative similarity indices for weed communities in different
tillage systems.

Sorensen’s Qualitative Similarity Indices (%)

Sorensen’s Quantitative Direct Sowing Reduced Tillage Plough
Similarity Index (%) Direct sowing - 81 79
Reduced tillage 55 - 80
Plough 42 63 -

3.2. Soil Seed Bank in Different Soil Tillage Systems

The number of weed seeds was dependent on the tillage system and soil layer. The average
number of weed seeds in the 0-20 cm soil layer was significantly the highest under the no-till system
(6518 seeds m~2) and over 3 times lower in the fields where traditional ploughing was performed
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(2080 seeds m~2) (Figure 8). In Vanasse and Leroux’s [53] study, ridge-tilled fields had a larger soil
seedbank (2992 seeds m~2) than moldboard-plowed fields (1481 seeds m~2) in the top 15 cm layer.
They explained that the results were due to the larger perennial seedbank in reduced tillage fields at
both the 0-5 cm and 5-15 cm depths.

direct sowing a

reduced tillage | 4515 b

0 2000 4000 6000 8000

seeds m2

Figure 8. Seed number in 0-20 cm soil layer in different tillage systems (mean from crop rotation and
years 2010-2012). Different letters indicate significant differences between tillage systems according to
the Kruskal-Wallis test at p < 0.05.

The vertical distribution of weed seeds in the soil depended on the tillage system. In fields
where the soil profile was not affected by tillage (direct sowing), the vast majority of seeds were at
a depth of up to 5 cm and their number decreased rapidly in line with the depth (Figures 9 and 10).
The distribution of seeds in the soil profile of the ploughing system was reversed, where as a result of
soil inversion, a large part of the seeds from the soil surface was moved to the layers 5-10 and 10-20 cm.
In the fields where simplified tillage was applied, the seed distribution was variable. Reduced tillage
caused an increase in the number of diasporas in the 0-10 cm layer and a decrease in the number
of weed seeds in the deeper soil layer (10-20 cm). Piskier and Sekutowski [54] found that in corn
cultivation, the highest weed seeds number were recorded in the soil samples collected from the 0-5 cm
soil layer in both the no-tillage and reduced tillage systems. In conventional tillage (plough) they
noted that weed seeds were more evenly distributed throughout all of the 0—20 cm soil layer. This is in
line with the results of Clements et al. [46], who found that more than 60% of the weed seedbank was
concentrated in the upper 5 cm of soil in chisel plow and no-till systems. They additionally found
that the seedbank of the moldboard plough system was more uniformly distributed over depth, but,
contrary to our results, was larger than in the other systems.

In all tillage systems, a decrease in the weed seed stock was found in subsequent years of the
study, with the most significant decrease being in the direct sowing system and the smallest decrease
being in the plough system (Figure 11). This is probably the result of intensive chemical weed control
for years, including glyphosate, as presented in Table 3, which caused decrease in seeds reservoir.
In Fracchiolla et al.’s study [26], the seed bank was clearly impoverished after the long-term applications
of preemergence herbicides, both in terms of richness and of diversity.
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Figure 9. Seed number in three soil layers: 0-5, 5-10, 10-20 cm in different tillage systems (mean from
crop rotations and years 2010-2012).

A - direct sowing B - reduced tillage C- plough
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Figure 10. Weed seedling emergence from the soil layer 0-5 cm in different tillage systems. (A)—direct
sowing, (B)—reduced tillage, (C)—plough.
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Figure 11. Seed number in the soil layer 0-20 cm in different tillage systems and years.

The greatest diversity of species during the three years of research was noted in the seed bank
under direct sowing (30 species in total), which could also be associated with a much higher number of
seeds occurring in the 0-20 cm layer compared to the other systems (Table 7). A similar number of
weed seed species (29) was found in the seedbank of fields where simplified tillage was applied, while
the smallest number was recorded in the plough system (22 species).
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Table 7. Species composition and number of weed seeds (seeds m~2) in the soil layer 0-20 cm in
different tillage systems (average for the years of research and crops in rotation).

Weed Species A/P* Tillage System Mean
Direct Sowing Reduced Tillage Plough
1. Viola arvensis Murray A 1160.0 1631.1 342.2 1044.4
2. Apera spica-venti L. A 1340.0 720.0 217.8 759.3
3. Capsella bursa-pastoris (L.) Medik A 1822.2 97.8 208.9 709.6
4. Veronica persica Poir. | A 94221 29331 311! 42221
5. Chenopodium album L. A 173.3 444.4 208.9 275.6
6. Fallopia convolvulus (L.) A. Love A 102.2 368.9 226.7 232.6
7 Tripleumsyermum inodorum (L.) A 2044 1644 3289 2306
Schultz-Bip.
8. Fumaria officinalis L. A 351.1 115.6 31.1 165.9
9. Galeopsis tetrahit L. A 40.0 195.6 1422 1259
10.  Stellaria media (L.) Vill. A 115.6 142.2 115.6 124.4
11.  Thlaspi arvense L. A 133 8.9 128.9 50.4
12.  Galium aparine L. A 44.4 75.6 26.7 48.9
13.  Consolida regalis S.F. Gray A 26.7 97.8 0.0 415
14.  Conyza canadensis (L.) Cronquist IV A 311V 356V 221V 29.6 1V
15.  Echinochloa crus-galli (L.) P. Beaur. I A 891 267! 441 13.31
16.  Gnaphalium uliginosum L. A 44 17.8 13.3 11.9
17.  Sonchus arvensis L. P 22.2 8.9 0.0 10.4
18.  Plantago major L. P 17.8 8.9 44 10.4
19.  Paphaver rhoeas L. A 13.3 44 44 7.4
20.  Descurainia sophia (L.) Webb ex Prantl A 13.3 44 0.0 5.9
21.  Cirsium arvense (L.) Scop. P 8.9 8.9 0.0 5.9
22.  Erodium cicutarium (L.) L'Her A 8.9 44 44 5.9
23.  Lamium amplexicaule L. A 8.9 0.0 44 44
24.  Brassica napus L. A 0.0 8.9 44 44
25.  Spergula arvensis L. A 8.9 44 0.0 44
26.  Taraxacum officinale Weber P 0.0 8.9 0.0 3.0
27.  Myosotis arvensis (L.) Hill A 0.0 44 44 3.0
28.  Amaranthus retroflexus L. A 891 0.0! 0.0! 301
29.  Lapsana communis L. A 44 0.0 44 3.0
30.  Sinapis arvensis L. A 8.9 0.0 0.0 3.0
31.  Veronica arvensis L. A 0.0 44 0.0 1.5
32.  Geranium pussillum Burm. F. ex L. A 44 0.0 0.0 1.5
33.  Melandrium album (Mill.) Garcke A 44 0.0 0.0 1.5
34.  Galinsoga parviflora Cav. ! A 441 0.0! 00! 151
35.  Plantago lanceolata L. P 0.0 4.4 0.0 15
36.  Euphorbia helioscopia L. A 0.0 44 0.0 15
Sum 6518 4515 2080 4371
Total number of species 30 29 22 36
Shannon’s diversity index (H’) 2.04 2.18 241 2.32
Simpson’s dominance index (SI) 0.18 0.18 0.11 0.14

* A—annual or biennial; P—perennial. "V invasive species, category of invasiveness from I (the lowest invasiveness)
to IV (the highest invasiveness) according to Tokarska-Guzik et al. [47].

Despite the highest number of weed seed species being in the no-till system, the weed seed pool
was characterized by a low value of Shannon’s diversity index (2.04) and a high value of Simpson’s
domination index (0.18), indicating the dominance of particular weed species: Capsella bursa-pastoris,
Apera spica venti, Viola arvensis and Veronica persica (Table 7). The results of Conn’s [38] research confirm
the high abundance of common, annual weed species with small seeds, such as Apera spica-venti,
Viola arvensis, Capsella bursa pastoris, and Veronica persica under reduced tillage and direct sowing
systems. A larger number of Apera spica-venti and Viola arvensis in the reduced tillage system compared
to the traditional one was also observed by Sekutowski and Smagacz [24], whereas Krawczyk et al. [55]
observed a decreasing number of these two species along with tillage simplifications.

In our study, the share of weed seeds in the soil in the plough system was the most evenly
distributed and it is difficult to indicate dominant species, as evidenced by the high value of Shannon’s
diversity index (2.4) and the low value of Simpson’s dominance index (0.11). Diversity indices used by
Cardina et al. [15] and Borin et al. [56], comparing the structure of the soil seed bank under traditional
and simplified tillage, showed that an increase in the frequency of tillage operations resulted in a
decrease in species diversity of weed seeds. Sekutowski and Smagacz [23] pointed out the lower
values of Shannon’s diversity index and the higher values of Simpson’s dominance index for the
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aboveground weed flora and soil seed bank in reduced tillage systems compared to the plough system.
Feldman et al. [9] found a bigger species diversity in the soil seed bank of systems that cause less soil
disturbance, i.e., in the reduced and zero tillage systems. Cardina et al. [11], on the basis of 35 years
of research, concluded that the amount of seeds in the soil is more affected by crop rotations than by
tillage methods (plough, simplified, or no-till). The authors also demonstrated a significant interaction
of crop rotations and tillage system.

Some studies have revealed a direct correlation between the presence of specific weed species and the
tillage system [3]. In our research, under the reduced and no-till systems, there was a higher percentage
of seeds of invasive species in the soil, such as: Veronica persica, Conyza canadensis, Echinochloa crus-galli,
Amaranthus retroflexus and Galinsoga parviflora (Table 7), although the latter two species occurred only in
the no-till system. Similar to above-ground weed flora, most invasive species in soil seed bank belonged to
the lowest (I) category of invasiveness [45]. Only Conyza canadensis represented the species of the highest
invasiveness (IV category). Fracchoiolla et al. [26] also observed that seed bank of Conyza canadensis
was higher in reduced tillage plots in comparison with conventional tillage fields. The study carried
out by Sheley et al. [57] showed that invasive weeds are inclined to recover rapidly when tillage is
interrupted. Shifts in plant communities are usually described or quantified by means of the various
existing abundance and diversity indices.

Under the reduced and no-till systems there was a higher number of seeds of perennial species:
Sonchus arvensis, Plantago major and Descurainia sophia, which is considered a ruderal species [58].
Similarly, in the study of Thomas et al. [59], perennial species such as Sonchus arvensis and Cirsium arvense
were associated with reduced and no-till systems, while annual species were associated with a wider
range of tillage systems.

The depth at which the seeds are placed in the soil is a factor that indirectly influences their
germination capacity, since this involves differences in temperature, oxygen and light, i.e., the intensity
of the factors directly affecting the germination process. Particularly sensitive to depth are fine-size
seeds, for example, Stellaria media, which germinate best from a depth of 0.6 cm to 1.2 cm [33]. The seeds
of Descurainia sophia germinate both in light and in the dark, although the access of light stimulates
this process. The germination capacity of Descurainia sophia and Apera spica-venti seeds depends
significantly on the sowing depth and they germinate the best from the soil surface [58]. The most
numerous emergences of Echinochloa crus-galli were recorded when the seeds were placed at a depth of
1.5 to 3.0 cm [58]. Grundy et al. [60] observed that chamomile weeds, Stellaria media, Veronica persica,
Veronica arvensis and Polygonum aviculare responded with a deterioration of germination capacity
according to increasing soil depth, while Chenopodium album germinated less from the soil surface.
Galeopsis tetrahit and Thlaspi arvense germinate 50% more when exposed to light, hence the higher
amount of these weed seeds germinating in the ploughed and reduced tillage systems compared to the
direct sowing system were observed.

The soil seed banks in the tested tillage systems were similar in terms of species composition, as
indicated by similar values of the qualitative Sorensen’s similarity index (77-78) (Table 8). Similar to the
aboveground flora, the qualitative similarity of the seed stock in soil was higher than the quantitative
similarity (Tables 6 and 8). Bigger differences between the tillage systems occurred in the values of the
quantitative similarity index (36-57). The least similar were the seed banks in the plough system and
direct sowing, similarly as for the aboveground weed flora (Tables 6 and 8).

The results show that the consequence of the application of tillage simplifications is an increase
in the number of seeds in the top layer of soil, which leads to an increase in the weed population in
the crop canopy. Moreover, tillage reduction leads to an increase in the abundance of perennial and
invasive weed species. Maintaining weed infestation at a level that does not significantly affect winter
wheat yields (below 50 plants m~2 and 50 g m~2 of weed dry matter) is possible with adequately
effective herbicide protection. Under effective weed control, an increase in the number of seeds in
the topsoil does not adversely affect the competition between weed and crop. Dorado et al.’s [61]
results also confirm the necessity of spring weed control in winter cereals when a no-till system is used.
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A comparison between moldboard and chisel ploughing presented by Ball [62] indicated that weed
seeds of predominant species were more prevalent near the soil surface after chisel ploughing. They
note that the number of predominant annual weed seed over the three-year period increased more
rapidly in the seedbank after chisel ploughing compared to moldboard ploughing and that required
effective weed control to produce a decline in the seedbank number. The complete soil cleansing
of all weed seeds is not possible due to the complex nature of dormancy and its interaction with
environmental factors, although it is possible to reduce the number significantly under the influence
of agrotechnical treatments and by a reduction in the supply of new seeds [16]. Attempts are being
made to manipulate the dynamics of seed dormancy [1,24,63]. There is ongoing research for methods
to interrupt seed dormancy, for example by applying chemical germination stimulants to the soil in
order to later effectively destroy all the weeds at the same time [64]. According to Travlos et al. [13],
further research is essential in order to understand the complex relationships of weed species and how
they are affected by different tillage systems.

Table 8. Sorensen’s qualitative and quantitative similarity indices for soil seed bank communities in
different tillage systems.

Sorensen’s Qualitative Similarity Index (%)

Sorensen’s Quantitative Direct sowing Reduced tillage Plough
Similarity Index (%) Direct sowing i} 78 77
Reduced tillage 57 - 78
Plough 36 51 -

4. Conclusions

Weed infestation of wheat and pea/rape fields increased with the simplification of tillage. The seed
bank was the largest under direct sowing, and was about three times smaller in traditional ploughing.
Under direct sowing, most weed seeds were accumulated in the top soil layer 0-5 cm, while in
the ploughing system most weed seeds occurred in deeper layers: 5-10 and 10-20 cm. In the
systems of reduced and no-till, a greater share of invasive species was observed, e.g., Veronica persica,
Galinsoga parviflora, Echinochloa crus-galli, Setaria glauca (above-ground weed flora), Conyza canadensis,
Galinsoga parviflora, Amarantus retroflexus (weed seed bank) and perennial species, mainly Sornchus arvensis
L. and Plantago major L. The lowest similarity was found between weed communities and soil seed bank
in the direct sowing and ploughing system. We conclude that maintaining weed infestation at a level
that does not significantly affect winter wheat yields yet eliminates the risk of perennial and invasive
weeds in the no-till system is possible with adequate effective herbicide protection. Weed management
programs must take this information into account.
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Abstract: The flora of willow (Salix viminalis L.) plantations consists of various plant groups, in-
cluding plants related to arable land, called segetal plants. Knowledge of this flora is important for
maintaining biodiversity in agroecosystems. The aim of the study was to assess the segetal flora of
the willow plantations in central Poland, depending on the land use before the establishment of the
plantations (arable land or fallow) and the age of the plantations. Moreover, the aim was also to
check for the presence of invasive, medicinal, poisonous and melliferous species. The vegetation
accompanying willow was identified based on an analysis of 60 phytosociological relevés performed
using the Braun-Blanquet method. For each species, the following parameters were determined:
the phytosociological class; family; geographical and historical group; apophyte origin; biological
stability; life-form; and status as an invasive, medicinal (herbs), poisonous or melliferous species.
The results were statistically processed. Segetal species accounted for 38% of the flora accompanying
willow. The plantations on former arable land were richer in segetal species than those on fallow.
Mostly, short-lived and native species dominated. In line with the age of the plantations, the number
of segetal species decreased. The share of apophytes increased, and anthropophytes decreased.
Furthermore, many valuable plants were found among the flora accompanying willow.

Keywords: Salix viminalis L. crops; energy crops; segetal flora; dynamic of flora; age of plantation;
biodiversity; willow plantation; invasive species; medicinal species; melliferous species

1. Introduction

Climate change caused by increasing emissions of greenhouse gases into the atmo-
sphere, the depletion of fossil fuel resources and the rising demand for energy [1,2] has
led the world to take an interest in renewable energy sources [3,4]. Legal regulations com-
ing into being oblige states to increase the proportion of energy derived from renewable
sources [5-8]. According to Directive 2009/28/EC of the European Parliament and of the
Council (of 23 April 2009 on the promotion of the use of energy from renewable sources,
repealing Directives 2001/77/EC and 2003/30/EC), by 2020, the share of energy from
renewable sources (RES) in Poland should be 15% of total energy consumption. In 2018,
this share was 11.3% of gross final energy consumption and was 73% of the expected share
of RES [9].

One of the sources of renewable energy is biomass obtained from energy plants such
as shrubs and trees that grow quickly after cutting, e.g., poplar (Populus sp.), willow
(Salix viminalis L.) and black locust (Robinia pseudoacacia L.); perennial forbs, e.g., Virginia
mallow Sida hermaphrodita (L.) Rusby; and perennial grasses, e.g., Miscanthus sp. From
these plants, in the northern and central parts of Europe, including Poland, the main
energy crop is willow [10]. Poland’s willow plantations were established mainly after
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2000, and at present, willow is cultivated in Poland on about 8700 ha [11], including about
230 ha in £.6dzZ Province ([12]; authors’ estimations). Plantations of Salix viminalis L. are
established on various soils, especially poor, light (class IV-VI) arable land, including
fallow lands, which can be managed in this way [13,14]. These plantations are located
in field depressions, among arable land; they are bordered by small rivers, forests and
grasslands, thus enriching the agricultural landscape and becoming an important element
of the environment for numerous fauna and flora [15-17]. Moreover, the cultivation of Salix
viminalis L. for energy purposes is one of the activities contributing to stopping climate
change (carbon sequestration) [18,19]

The flora of the energy willow plantation includes different groups of plants: meadow,
woodland, shrub, ruderal and segetal species, as well as shrubs and tree seedlings. Segetal
plants, which are the subject of this work, are plants mainly associated with arable land,
especially with cereal crops and root crops. Their occurrence is influenced by a number of
factors: climatic, geo-environmental, soil and anthropogenic [20-22]. The introduction of
new cultivars of crops; the use of seed material well cleared of diaspora weeds; and im-
provements in tillage technology, herbicides and mineral fertilizers, as well as changes in
the structure of sown crops and the simplification of crop rotation, all define the structure
of segetal flora [23-27]. Its biodiversity decreases with the intensification of agricultural
production and the emergence of monocultural, large-area crops, and as research findings
show, many species have already disappeared irretrievably [28]. On Salix viminalis L.
plantations, segetal plants have different conditions for their development than in typical
fields due to the different technology for cultivating this species. The long period of time
(2-3 years) between successive willow harvests often has an effect on the limited light
conditions, and also on the thermal and humidity conditions, which prevents the plant
community from stabilizing [29]. Moreover, the flora of willow plantations grown for
energy purposes depends on factors such as crop age and soil conditions [30,31], as well as
the land use before the plantation was established [30,32].

Although Salix sp. has been cultivated in Poland for many years, to date, segetal plants
occurring on willow plantations have only been dealt with sporadically. The vegetation
accompanying willow was usually assessed in the first years of cultivation and presented
as a whole [33-35]. The flora of older Salix viminalis L. plantations is particularly poorly
researched. Knowledge of segetal plants present on willow plantations is important for
maintaining the biodiversity of native flora in agroecosystems [27]. Moreover, they are
an important element of agrobiocenoses, as many are valuable medicinal and melliferous
species [36,37]. The aims of this study were as follows: (1) to determine and analyse, in a
broad sense, the species composition of segetal flora on plantations of Salix viminalis L.
in central Poland, depending on the land use before establishing plantations (arable land
and fallow land); (2) to assess the formation of segetal flora depending on the age of Salix
viminalis L. plantations; (3) to analyse the flora accompanying energy willow crops and
the choice of factors that are important for biodiversity plant species: invasive, medicinal,
poisonous and melliferous.

2. Materials and Methods
2.1. Study Area and Characteristics of the Plantations

The study area is located in £6dZ Province in the central part of Poland. It is, like
most of the L.odZ region, situated on a plain area. The study was carried out on eight com-
mercial Salix viminalis L. plantations, in five localities: Dmosin (1 plantation: N 51.542775;
E 19.451714; altitude: 157 m a.s.l. (above sea level)), Okotowice (1 plantation: N 51.431806;
E 19.193768; altitude: 180 m a.s.l.), Piwaki (2 plantations: N 51.124068; E 19.453671; altitude:
224 m a.s.l. and N 51.131197; E 19.461013; altitude: 222 m a.s.l.), Podole (2 plantations:
N 51.532193; E 19.30404; altitude: 166 m a.s.l. and N 51.533847; E 19.303854; altitude:
162 m. a.s.l), Swiatniki (2 plantations: N 51.425982; E 19.191872; altitude: 188 m a.s.L
and N 51.424868; E 19.194597; altitude: 183 m a.s.l.) (Figure 1). In total, the study was
carried out in approx. 60% of all the localities of L6dZ Province, where energy willow
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plantations, established on former arable (land under temporary crops) and fallow (arable
land temporarily, for at least two growing seasons, excluded from agricultural production)
lands, were located.
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Figure 1. Location of the study area in Poland and £6dz Province. Explanations: ® Plantations established on former
arable lands (AR): 1—Dmosin; 2—Podole; 3—Piwaki. B Plantations established on former fallow lands (FA): 4—Okotowice;

5—Swiatniki.

The energy willow plantations that were studied differed in terms of age and the
type of land use before their establishment. Five plantations were established on former
arable lands (in 2004-2005) and three, on former fallow lands (in 2006-2008) (Figure 1).
Plantations established on former arable land are hereinafter abbreviated as AR, and
plantations established on former fallow land, as FA. Before the establishment of the Salix
viminalis L. plantations (AR and FA), cereals (rye and oats) were mainly cultivated and an
extensive farming system was used. One-year sprouts, at a density of 26,000 sprouts per ha,
were planted on each plantation. Before planting the sprouts, the lands were ploughed and
harrowed. The AR plantations were located among arable land, whereas the FA plantations
were located among arable land and mixed forests. In subsequent years, all the plantations
were managed in a similar manner. During the study period, they were not fertilized and
no pesticides were used. There were also no treatments such as ploughing or mowing.
Willow was harvested every 2-3 years in the same years on all the plantations.

The study was carried out between 2011 and 2015 and in 2018 on the same plantations
in the subsequent years of research (Table 1). The species composition of the segetal
flora depending on the land use before establishing the plantation was analysed on the
basis of an assessment of AR plantations in 2011-2012 and 2013-2014 (67 years old and
9-10 years old, respectively) and FA plantations in 2014-2015 (6-7 years old) and 2018
(10 years old). The different study periods in the FA plantations (6—7 and 9-10 years old)
compared to the AR, which was due to the later year of their establishment, did not affect
the results (the number of species or coverage), because the vegetation developed in similar
weather conditions (Table 2). Only 2013 was characterized by a higher sum of precipitation,
although only single relevés (three) were included from this year.

117



Agriculture 2021, 11, 25

Table 1. Number of phytosociological relevés carried out in individual localities of energy
willow plantations.

Year of the Age of . .
Study Plantations Type of Plantations/Locality
Plantations established on former arable lands (AR)
Dmosin Podole 1 Podole 2 Piwaki1l  Piwaki?2
2011-2012 67 years old 6 1 1 1 1
2013-2014  9-10 years old 5 2 1 1 1
Plantations established on former fallow land (FA)
Okotowice Swiatniki1l Swiatniki 2
2011-2012 3—4 years old 5 2 3
2013 5 years old 5 3 2
2014-2015 67 years old 6 3 1
2018 9-10 years old 6 3 1

Table 2. Weather conditions in the growing seasons in the years 2011-2015 and 2018 (Meteorological
Station in Bratoszewice).

Year Average Monthly Air Temperature (°C)
Month 2011 2012 2013 2014 2015 2018 1971-2000
v 10.5 9.2 7.3 10.2 8.1 13.2 7.7
\% 13.7 14.8 14.2 13.3 12.9 16.5 13.4
VI 17.9 16.5 17.6 15.7 16.4 18.3 16.1
viI 17.7 19.9 19.4 20.6 19.5 20.2 17.7
VIII 18.6 18.7 18.7 17.6 22.1 20.5 17.6
IX 15.0 14.3 11.7 14.6 14.6 15.3 13.0
X 8.9 8.2 9.8 9.9 7.3 9.9 8.2
IV-X 14.6 14.5 141 14.5 14.4 16.2 13.3
Sums of Monthly Precipitation (mm)
Month 2011 2012 2013 2014 2015 2018 1971-2000
v 223 54.2 48.8 43.3 32.8 34.7 36.0
\% 46.1 214 112.0 106.3 37.2 44.2 51.0
VI 58.8 70.9 131.4 61.2 29.7 247 68.0
viI 165.2 117.6 68.4 50.4 70.9 146.6 88.0
VIII 924 411 78.2 84.9 17.9 83.9 61.0
IX 6.5 58.1 89.8 319 61.1 29.4 51.0
X 23.1 36.7 25.1 244 52.6 58.2 40.0
IV-X 414.4 400.0 553.7 402.4 302.2 421.7 395.0

The dynamics of segetal flora were analysed on FA plantations starting in 2011
(34 years old) for 7 consecutive years (2011-2018). The paper presents the results of
flora from these plantations when they were 3—4 years old, 5 years old, 6-7 years old and
9-10 years old.

2.2. Soil Conditions

All the Salix viminalis L. plantations were located on soils that, according to Polish Soil
Classification 2019 [38] and WRB Classification 2015 [39], were categorised as Cambisols.
According to “Particle size distribution and textural classes of soils and mineral material-
Classification of Polish Society of Soil Science 2008” [40], these soils were sand (FA) and
loamy sand (AR). The soils had a very acid reaction (pH g 4.1-4.4), with a medium to
high phosphorous content (53.1-81.9 mg-kg ! soil), but were very poor and poor in their
potassium (30.7-63.0 mg-kg ! soil) and magnesium (11.0-17.0 mg-kg ! soil) concentrations.
The content of organic matter ranged from 1.97 to 2.28%.
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The soils on which the AR plantations were located belonged to the soil agricultural
complexes 5 and 6, whereas the soils, on which the FA plantations were located were
classified into complexes 6 and 7. Soil agriculture complex 5 (soils suitable for rye) includes
soils slightly sensitive to droughts. This is underlying loam material that reduces the
permeability and retains the water supply in the soil, thus providing favourable conditions
for plants. Soil agriculture complex 6 (soils less suitable for rye) includes soils often too dry.
On complex 6 soils, plants only provide satisfactory yields in wet years. Soil agriculture
complex 7 (soils very bad for rye) includes very dry sandy soils.

The information about the soil type and soil agriculture complex is based on agricul-
tural maps on a scale of 1:5000 obtained from the Voivodeship Geodesy Office in £.6dz
(Solna St. 14, 91-423 £.6dz, Poland), the LodZ Voivodeship Geoportal [41] and Polish Soil
Classification 2019 [38]. Soil samples were taken with an Egner—Riehm stick (up to a depth
of 20 cm) in accordance with the methods for soil study material. Topsoil analysis was
carried out at the Regional Chemistry—Agriculture Station in £.6dZ and Warsaw. The con-
tents of available phosphorus and available potassium were determined according to the
Egner-Riehm (DL) method in calcium lactate extract, and the magnesium content was
determined according to the Schatschabel method in calcium chloride extract. In addition,
the soil pH in KCl and the content of organic matter according to the Tiurin method were
identified. The soil texture according to research procedure (PB 40 ed. 3, 14.02.2011) was
also identified.

2.3. Weather Conditions

The weather conditions during the study period were determined based on the
dates recorded at the Meteorological Station of the Institute of Soil Science and Plant
Cultivation, located in Bratoszewice, near £L6dz. The long-term data were recorded for
L6dz. The sum of precipitation in the vegetation period in the years 2011, 2012, 2014 and
2018 was similar and was 400.0-421.7 mm (Table 2). However, in 2013, it was about 40%
higher than the long-term mean, and in 2015, it was about 24% lower than the long-term
mean (Table 1). The greatest sum of precipitation was noted in May and June of that year
(2015). The mean air temperatures between April and October in 2011-2015 were similar to
each other (14.1-14.6 °C) and about 0.8-1.3 °C higher than the long-term mean. In 2018,
the temperature was about 2.9 °C higher than the long-term mean. Detailed data regarding
the average monthly air temperatures and the sums of monthly precipitation are shown in
Table 2.

2.4. Methods

The vegetation accompanying willow (Salix viminalis L.) energy crops was identified
based on an analysis of 60 phytosociological relevés (descriptions of vegetation patches—
phytocenoses), i.e., ten relevés carried out in each group of plantations mentioned above.
The number of phytosociological relevés carried out on an individual plantation depended
on its area and soil diversity; i.e., if the plantation was located on two different soil com-
plexes, separate relevés were taken on each of them. Details of the number of relevés taken
on individual plantation is presented in Table 1. Each relevé had an area of 100 m?, was
roughly square-shaped, and was made using the Braun-Blanquet [42] method. This method
simultaneously captures the number and degree of coverage of a given species in what is
called a phytosociological relevé. When producing such a relevé, the first stage involved
selecting a uniform, typical patch of vegetation, i.e., one without any unusual places,
e.g., hills and hollows. In turn, a list was made of all the species that were present in the
area, and the coverage of a given plant species was estimated (plant image on the surface)
using the Braun-Blanquet scale (1-5, +, r); the meaning of individual symbols is presented
in Table 3 [43,44]. The research was mainly carried out in June and July each year.
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Table 3. Quantitative scale of Braun-Blanquet coverings.

Symbol Cover (%)
5 75-100
4 50-75
3 25-50
2 5-25
1 Less than 5 % of the test area
+ Rarely, with slight coverage
r Very rarely, one or more specimens

Plant communities were distinguished by characteristic and differential species ac-
cording to Matuszkiewicz [45], affiliated to phytosociological classes, and analysed in each
group where they occurred. Subsequently, the number and proportions of species were
determined. The proportion of each plant species was determined based on constancy class
(S): V—80-100% of all phytosociological relevés; IV—60-80%; III—40-60%; II—20-40%;
1—0.01-20%. The cover coefficient (D) was calculated according to the following formula:
the sum of the average percentage of species cover that occurred in all the phytosociological
relevés divided by the total number of phytosociological relevés and multiplied by 100 [43].

For each species, the following parameters were determined: family; geographi-
cal and historical groups; apophyte (i.e., synanthropic species of local origin) origin;
biological stability; life-form; and status as an invasive, medicinal (herb), poisonous
or melliferous species. The geographical and historical groups, apophyte origins, bi-
ological stability and life-form were mainly identified based on the following sources:
Aniot-Kwiatkowska [46], Korniak [47], Mirek et al. [48], Rutkowski [49], Sowa and War-
choliniska [50], Szafer et al. [51], Zajac and Zajac [52,53], and Zajac [54]. Invasive species
status was determined based on Tokarska-Guzik et al. [55]. Medicinal and poisonous plants
were identified based on Rutkowski [49]. Melliferous plants were determined based on
Sulborska [56]. Tree seedlings were not classified as melliferous plants. The Latin names
of the vascular plants are in accordance with those presented by Mirek et al. [48], and the
phytosociological classifications follow Matuszkiewicz [45].

2.5. Statistical Analysis

Canonical correspondence analysis (CCA, constrained ordination) was used to visual-
ize the main differences in species composition occurring in the six groups of plantations
(the age of the plantations and the type of land use before establishing the plantations)
that were studied [57,58]. The relative species abundance was analysed by this method.
The explanatory variable (categorical) was the phytosociological relevé’s affiliation to one
of the six groups. The significance of constraints (with plantation types treated as the
dummy variables) was tested by means of the permutation test [59].

Cluster analysis based on the mean species coverage was conducted for each of the
six plantation groups. The Euclidean measure and Ward method were used. The coverage
of each species was averaged for each of the plantation types. This 2-dimensional table
(plantation type by species) was analysed by cluster analysis. The similarities between the
age influence and previous land use influence on the plant composition are shown in the
dendrogram chart.

The species richness was calculated according to the first-order jackknife species
richness estimator [60,61]. This statistic introduces a correction for species not recorded in
the abundance table during the study.

These statistical analyses were conducted with the use of the R software [62]. The CCA
analysis was performed by the “cca” function contained in the R “vegan” package. The clus-
ter analysis was performed by the “dist” and “hclust” functions. The “specpool” function
from the “vegan” package was used for the estimated species richness.
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3. Results

The flora of all eight Salix viminalis L. plantations that were studied totalled 114 vascu-
lar plant species. A large proportion of them were segetal species, i.e., 43 species (38%).
The characteristics of this group of plants on 6-7-year-old and on 9-10-year-old energy
willow plantations established on former arable (AR) and fallow (FA) lands are presented
below. Then, the dynamics of the segetal flora on 3-10-year-old willow plantations es-
tablished on former fallow lands were analysed in terms of four age groups (34, 5, 6-7
and 9-10 years old). In turn, the invasive, medicinal, poisonous and melliferous species
accompanying the Salix viminalis L. plantations were discussed.

3.1. Characteristics of the Segetal Flora Depending on the Land Use before Establishing Plantations

The flora of the Salix viminalis L. plantations (6-7-year-old and 9-10-year-old) estab-
lished on former arable (AR) and fallow land (FA) had a total of 103 vascular plant species.
The species richness estimated by the jackknife method for the 6-7-year-old and 9-10-year-
old plantations established on the arable land (AR) was 87.1 and 82.1, respectively. That is,
the estimated species number included missed species was a little higher for 6-7-year-old
plantations. Among the observed species, 61 and 56 (for 6-7-year-old and 9-10-year-old
plantations, respectively) segetal species, which occurred mainly in cereal and root crops,
accounted for 37% (38 species) (Table 4). On the plantations, the species characteristics
for cereal crops such as Anthoxanthum aristatum Boiss., Matricaria maritima subsp. inodora
(L.) Dostal, Vicia hirsuta (L.) Gray, Vicia tetrasperma (L.) Schreb. and Vicia villosa Roth. were
recorded, while the species characteristics were also recorded for root crops including
Chenopodium album L. and Sonchus arvensis L. The segetal species belonged to 15 botanical
families. The most numerous family was Asteraceae (eight species), Fabaceae (seven species)
and Poaceae (five species) (Table 4).

The study shows that more segetal species were on the AR plantations than on the FA
(Table 4). On 6-7-year-old AR plantations, their number was 30% higher than on the FA,
but on 9-10-year-old plantations, the difference was greater (41%) (Table 4). In both groups
of 6-7-year-old plantations (AR and FA), the same 12 species were recorded, i.e., 32% of the
segetal flora, and on older plantations (9-10 years old), eight species (21% of the segetal
flora) were the same. These were mostly perennial plants, mainly reproducing vegetatively
through rhizomes or stolons, such as Achillea millefolium L. s.str., Artemisia vulgaris L.,
Cirsium arvense (L.) Scop., Convolvulus arvensis L., Elymus repens (L.), Rumex acetosella L.,
and two short-lived (1-2 years) species, i.e., Trifolium arvense (L.) and invasive species
Conyza canadensis (L.) Cronquist, characterised by high seed production. The remaining
species occurred differently on both types of plantations (Table 4).

In line with the age of the plantations, the number of segetal plants decreased in both
groups of plantations—on the AR, from 27 to 22, and on the FA, from 19 to 13 species. Only
in younger plantations (6-7 years old) were there species such as Anthoxanthum aristatum
Boiss., Galeopsis bifida Boenn., Matricaria maritima subsp. inodora (L.) Dostal, Medicago lupulina
L., Setaria pumila (Poir.), Vicia tetrasperma (L.) and Vicia villosa Roth. They were mainly
short-lived, photophilous species. On plantations established on former arable land, 37% of
the species disappeared, while nearly half (47%) disappeared on formerly fallow land. They
were replaced with new species (found only on older 9-10-year-old plantations), which
constituted 23% of each group of plantations (Table 4). They were also mainly short-lived
species reproducing from seeds, e.g., Polygonum hydropiper L., Sonchus asper L. and Veronica
arvensis L. on AR and Thlaspi arvense L. and Chenopodium album L. on FA.

In the segetal flora, regardless of the type of land use before establishing the energy
willow plantations, species of native origin (apophytes) dominated. With older plantations,
the proportion of native species increased and that of anthropophytes decreased; this was
more visible on the FA plantations (Figure 2).
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Table 4. Constancy classes, botanical families, phytosociological classes, life-forms, and geographical and historical groups

of segetal species occurring on 6-7-year-old and 9-10-year-old Salix viminalis L. plantations established on former arable

land and fallow.

Arable Land Fallow
Species Plantation Age in Years B;);?:iilc;l Phytogzcl):i(;logical l}(:fl': ?ﬁ‘:ﬁ;ﬁ:licg: ;::
6-7 9-10 6-7 9-10

Elymus repens (L.) Gould \% v I II Poaceae Agr int-rep G Anw
Artemisia vulgaris L. v 1I v II Asteraceae Artemi C Al
Cirsium arvense (L.) Scop v 1I I 1 Asteraceae Artemi G Al
Achillea millefolium L.s. str. I III v v Asteraceae Moll-Arr H Al
Conyza canadgnsis (L) I I I II Asteraceae Stel med T An

Cronquist

Poa annua L. I I Poaceae Artemi T At
Vicia hirsuta (L.) Gray I I 1 Fabaceae Stel med T An
Digitaria IZ-SICEHT\TEZ]’ (Schreb.) i I Poaceae Stel med T An
Equisetum arvense L. II I Equisetaceae Agr int-rep G Al

Convolvulus arvensis L. I I I I Convolvulaceae  Agr int-rep H Amk
su é\gﬁ EZEZZZ T]f.;i%n;ztél II Asteraceae Stel med T An
Galeopsis tetrahit L. I 1II Lamiaceae Stel med T Al
Rumex acetosella L. I I 11 II Polygonaceae Stel med G Ap

Chenopodium album L. I I Chenopodiaceae Stel med T Anw
Galeopsis bifida Boenn. I I Lamiaceae t T Al
Galium aparine L. I I Rubiaceae Artemi T Al

Medicago lupulina L. I Fabaceae t T Amk
Melandritérzrczllzm (Mill.) 1 I Caryophyllaceae Artemi T Al
Myosotis arvensis (L.) Hill I I Boraginaceae Stel med T An
Plantago major L. I Plataginaceae Moll-Arr H Al
Setaria pumila (Poir.) Roem. I I Poaceae Stel med T An

and Schult.
Sonchus oleraceus L. I Asteraceae Stel med T An
Stachys palustris L. I Lamiaceae Moll-Arr G Al
Stellaria media (L.) Vill. I I Caryophyllaceae Stel med T At
Trifolium arvense L. I I I I Fabaceae Koele-Coryne T Ap
Vicia angustifolia L. I I Fabaceae Stel med T An
Vicia cracca L. I I I Fabaceae Moll-Arr H Al
Anthoxanggitsnsz.aristatum I Poaceae Stel med T An
Cardaminﬁ)sis arenosa (L.) I I Brassicaceae ¢ H Ap
ayek

Cergﬁtéﬁﬁglf)ﬁeyoides I Caryophyllaceae Moll-Arr T At

Polygonum hydropiper L. I I Polygonaceae Bident T Anw
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Table 4. Cont.

Arable Land Fallow
Species Plantation Age in Years Bg;?:iilc;l Phytog;:is(;logical l};ﬂ: ?{ei:?:;l;’:licé‘: :11:;1
6-7 9-10 6-7 9-10
Sonchus arvensis L. I I Asteraceae Stel med H Anw
Sonchus asper (L.) Hill I Asteraceae Stel med T An
Thiaspi arvense L. I Brassicaceae Stel med T An
Veronica arvensis L. I I Scrophulariaceae t T An
Vicia tetrasperma (L.) Schreb. I Fabaceae Stel med T An
Vicia villosa Roth I Fabaceae Stel med T An
Viola arvensis Murray II Violaceae Stel med T An
Number of species 27 22 19 13 - -

Explanations: I-V constancy classes, empty space—species did not occur. Phytosociological classes: Agr int-rep—Agropyretea intermedio-
repentis; Artemi—Artemisietea vulgaris; Bident—Bidentetea tripartiti; Koele-Coryne—Koelerio glaucae-Corynephoretea canescentis;
Moll-Arr—Molinio-Arrhenatheretea; Stel med- Stellarietea mediae; t—Sporadic species. Life-forms according to Raunkiaer: C—herbaceous
chamaephyte; G—geophyte; H—hemicryptophyte; T—terophyte. Geographical and historical groups: Al—woody-shrub apophyte; Al—
meadow apophyte; Amk— xerothermic apophyte; Anw—waterside and wetside apophyte; Ap—sandyside apophyte; An—antropophyte.
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Figure 2. The origin of segetal species (%) occurring on 6-7-year-old and 9-10-year-old Salix viminalis

L. plantations established on former arable land and fallow.

Woody-shrub apophytes (native species of natural forest and shrub community origin,
well-established in anthropogenic habitats) dominated in the structure of the agrophy-
tocenoses in both types of plantation. On AR, their share was slightly higher than on
FA (Figure 3). Besides woodland-shrub apophytes, meadow apophytes make up a high
proportion on AR plantations, and sandyside apophytes (native species of sandy habitat,
where soils are light, dry, low in nutrients and often acidic) constitute a high proportion on
FA plantations. Among these, the following have the highest coverage: Achillea millefolium
L. s.str and Artemisia vulgaris L. (Table 5).
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Figure 3. The origin of segetal apophytes (%) occurring on 6—7-year-old and 9-10-year-old Salix
viminalis L. plantations established on former arable land and fallow.

Table 5. Constancy classes (S) and cover coefficient (D) of segetal species, which occurred with the highest constancy classes
in all groups of Salix viminalis L. plantations established on fallow and arable land.

Fallow Arable Land
) Plantation Age in Years
Species
34 5 6-7 9-10 6-7 9-10

S D S D S D S D S D S D

Rumex acetosella L. v 204 I 153 1II 202 I 102 I 50 1 50
Artemisia vulgaris L. I 152 I 54 v 253 I 4 v 203 I 151
Elymus repens (L.) Gould v 650 v 725 I 425 1II 325 v 2451 v 1750
Achillea millefolium L. s. str. v 551 A% 780 v 650 v 725 1 201 I 277

Vicia hirsuta L. (Gray) II 3 v 204 1 250 0 0 I 276 I 54

Viola arvensis Murray II 4 I 5 I 151 0 0 0 0 0 0

Convolvulus arvensis L. I 53 v 55 I 51 I 1 I 101 I 50

Trifolium arvense L. I 101 I 327 I 151 I 2 I 175 I 50
Conyza canadensis (L.) I 2 I 3 1l 52 m 150 1 152 1 100

Cronquist

Cirsium arvense (L.) Scop I 50 0 0 I 1 1 50 v 203 I 150
Poa annua L. 0 0 0 0 0 0 0 0 1 152 I 175

The study shows considerable diversity in the flora in terms of the share of life forms
and biological stability. Regardless of the type of former land use, before the establishment
of willow plantations, therophytes dominated in the communities (Figure 4). However,
on AR, their proportion was higher than on FA, especially on older plantations (9-10 years
old) by approx. 35% (i.e., by nine species). Taking into account the biological stability
of plants, on AR plantations, over 63% of the species were short-lived species (Figure 5),
whereas on the FA ones, the proportion of short-lived species was lower, especially on
older plantations. The shading of the soil caused by the willow plants and the lack of arable
land use (ploughing) meant that perennial plants dominated in line with the age, and on
9-10-year-old FA, these plants constituted approx. 54% of plants. On AR plantations,
the proportion of perennial plants was at a similar level.
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Figure 4. Raunkier life-forms (%) of segetal species occurring on 6-7-year-old and 9-10-year-old Salix
viminalis L. plantations established on former arable land and fallow.
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Figure 5. Biological stability (%) of segetal species occurring on 6-7-year-old and 9-10-year-old Salix
viminalis L. plantations established on former arable land and fallow.

The vast majority of the segetal plants on both types of plantations belonged to the
Stellarietea mediae class, which is characteristic of arable land (with an average of about
43%) (Table 4). Species from the Artemisietea vulgaris class characteristic of nitrophilous
communities, perennials and climbers found in ruderal habitats were noted more often
on AR plantations than on FA (Figure 6). The next groups, in order, were species from the
Molinio-Arrhenatheretea class, characteristic of semi-natural and anthropogenic meadow
communities, and species from the Agropyretea intermedio-repentis class, characteristic of
rhizome and stolon plants. Moreover, the willow plantations were accompanied by several
species from other classes: Bidentetea tripartiti; Koelerio glauce—Corynephoretea canescentis;
and species not classified as being in any of the phytosociological classes but enriching the
floristic composition of communities (Figure 6).
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Figure 6. Phytosociological classes (%) of segetal species occurring on 6-7-year-old and 9-10-year-old
Salix viminalis L. plantations established on former arable land and fallow.

The species from the Agropyretea intermedio-repentis class had the highest share of soil
coverage on AR plantations, among which Elymus repens (L.) Gould played an impor-
tant role. On the other hand, on FA, the highest share was of species from the Molinio-
Arrhenatheretea and Stellarietea mediae classes, the coverage of which was mainly determined
by Achillea millefolium L. s. str. and Rumex acetosella L. (Tables 5 and 6). Species from the
Stellarietea mediae class, despite making up a considerable proportion, were characterised
by a low cover coefficient. Among the species from this class, Rumex acetosella L. occurred
more frequently and with greater coverage on FA plantations, and Vicia hirsuta (L.) Gray
and Conyza canadensis (L.) Cronquist. occurred more frequently on AR plantations (Table 5).

Table 6. Cover coefficients (D) of phytosociological classes and their shares (%) in phytosociological classes on Salix viminalis
L. plantations established on fallow and arable land.

Class

Fallow Arable Land

Plantation Age in Years
6-7 9-10 Total (6-10) 6-7 9-10 Total (6-10)
D % D D % D D % D D % D D % D D % D

Stellarietea mediae
Artemisietea vulgaris
Molinio-Arrhenatheretea

857 324 255 187 1112 278 692 160 457 133 1149 148
254 9.6 54 4 308 7.7 712 165 626 182 1338 172
751 284 727 533 1478 369 254 5.8 278 8 532 6.8

Agropyretea intermedio-repentis 476 18 326 239 802 20 2503 577 1801 524 4304 554
Koelerio glaucae-Corynephoretea canescentis 151 5.8 2 0.1 153 38 175 4 50 15 225 29

Bidentetea tripartiti
Sporadic species
Total

0 0 0 0 0 0 0 0 50 1.5 50 0.6
153 5.8 1 0 154 3.8 2 0 176 51 178 23
2642 100 1365 100 4007 100 4338 100 3438 100 7776 100

An analysis of the constancy classes and the cover coefficients showed that most of
the segetal species in both types of plantations were in the I and II constancy classes. Only
25% of species on FA and 28% on AR were in higher constancy classes, i.e., III, IV and V
(Table 4). It was found that segetal species achieved much higher cover coefficients on AR
plantations (D = 7776) compared to FA (D = 4007) (Table 5).
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The species that were in higher constancy classes and had cover coefficients above 600
were perennial plants that produced numerous rhizomes and stolons: Achillea millefolium
L. s.str. on FA (sum of D = 1375) and Elymus repens (L.) Gould on AR (sum of D = 4201).
In accordance with the ages of the plantations, all the species except Achillea millefolium L.
s.str. were lowered in their constancy classes and cover coefficients. Due to the many years
of willow cultivation, some species of the Stellarietea mediae class, usually accompanying
cultivation on arable land, did not occur on 9-10-year-old plantations, e.g., Matricaria
maritima subsp. inodora (L.) Dostal, Setaria pumilla (Poir.) Roem and Schult., and Vicia
tetrasperma (L.) Schreb. (Table 3). The coverage with species from this class decreased in
both types of plantation (Table 4).

3.2. Changes in the Segetal Flora on Salix viminalis L. Plantations Established on Fallow,
Depending on the Age of the Plantation

With the aim of determining changes in the species composition of the segetal flora
accompanying the willow with time, the flora of Salix viminalis L. plantations of different
ages, i.e., 3-10 years old, and established on fallow land were analysed. The species
richnesses estimated by the jackknife method were 66.3, 72.9, 73.6 and 64.0 for 3-4-, 5-,
6-7- and 9-10-year-old plantations, respectively. A total of 91 vascular plants species were
recorded on these plantations, including 34 segetal species, which accounted for 37% of
the total flora. The species belonged to six phytosociological classes and 14 botanical
families. The most numerous were Asteraceae (six species), Fabaceae (six species) and
Poaceae (five species). The remaining families consisted of 1-3 species (Table 7). On the
youngest (3-5 years old) willow plantations, the proportion of segetal species was the
highest (approx. 40.0%) and decreased with the age of the plantation; on 6-7-year-old
plantations, it constituted 34.5%, and on 9-10-year-old ones, 27.6%. The species that were
not confirmed in the flora of the 9-10-year-old plantations were short-lived anthropophytes:
Vicia hirsuta (L.) Gray, Vicia villosa Roth, and Viola arvensis Murray.

Table 7. Segetal species that occurred on 3-10-year-old Salix viminalis L. plantations established on fallow, and their

affiliations to botanical families and phytosociological classes.

Plantation Age in Years

Name of Species Family Phytosociological Classes
34 5 6-7 9-10
Achillea millefolium L. s.str. + + + + Asteraceae Molinio-Arrhenatheretea
Anchusa arvensis (L.) M. Bieb. + Boraginaceae Stellarietea mediae
Anthoxanthum aristatum Boiss. + Poaceae Stellarietea mediae
Apera spica-venti (L.) P. Beauv. + Poaceae Stellarietea mediae
Arenaria serpyllifolia L. + Caryophyllaceae Sporadic species
Artemisia vulgaris L. + + + + Asteraceae Artemisieta vulgaris
Cardaminopsis arenosa (L.) Hayek + + Brassicaceae Sporadic species
Chenopodium album L. + + Chenopodiaceae Stellarietea mediae
Chenopodium polyspermum L. + Chenopodiaceae Stellarietea mediae
Cirsium arvense (L.) Scope + + + Asteraceae Artemisieta vulgaris
Convolvulus arvensis L. + + + + Convolvulaceae  Agropyretea intermedio-repentis
Conyza canadensis (L.) Cronquist + + + + Asteraceae Stellarietea mediae
Elymus repens (L.) Gould + + + + Poaceae Agropyretea intermedio-repentis
Equisetum arvense L. + + Equisetaceae Agropyretea intermedio-repentis
Galeopsis bifida Boenn. + Lamiaceae Sporadic species
Galeopsis tetrahit L. + Lamiaceae Stellarietea mediae
Galium aparine L. + + Rubiaceae Artemisieta vulgaris
Matricaria maritima subsp. inodora (L.) Dostal + Asteraceae Stellarietea mediae
Melandrium album (Mill.) Gracke + Caryophyllaceae Artemisieta vulgaris
Myosotis arvensis (L.) Hill + + Boraginaceae Stellarietea mediae
Rumex acetosella L. + + + + Polygonaceae Stellarietea mediae
Setaria pumila (Poir.) Roem & Schult. + + Poaceae Stellarietea mediae
Setaria viridis (L.) P. Beauv. + + Poaceae Stellarietea mediae
Sonchus arvensis L. + Asteraceae Stellarietea mediae
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Table 7. Cont.

Plantation Age in Years

Name of Species Family Phytosociological Classes
34 5 6-7 9-10
Stachys palustris L. + Lamiaceae Molinio-Arrhenatheretea
Thlaspi arvense L. + Brassicaceae Stellarietea mediae
Trifolium arvense L. + + + + Fabaceae Koelerio glauce-Corynephoretea
Veronica arvensis L. + Scrophulariaceae Sporadic species
Vicia angustifolia L. + + + Fabaceae Stellarietea mediae
Vicia cracca L. + + + + Fabaceae Molinio-Arrhenatheretea
Vicia hirsuta (L.) Gray + + + Fabaceae Stellarietea mediae
Vicia tetrasperma (L.) Schreb. + Fabaceae Stellarietea mediae
Vicia villosa Roth + + + Fabaceae Stellarietea mediae
Viola arvensis Murray + + + Violaceae Stellarietea mediae

Number of species

21 22 19 13

+ means the species was present; empty space—species did not occur.

The species that occurred in all the age groups of the plantations studied were Achillea
millefolium L. s.str., Artemisia vulgaris L., Convolvulus arvensis L., Elymus repens (L.), Rumex ace-
tosella L., Trifolium arvense (L.), Vicia cracca and the invasive species Conyza canadensis (L.)
Cronquist. Among these, four occurred in higher constancy classes (IV and III) (Table 5):
Achillea millefolium L. s.str, Artemisia vulgaris L., Elymus repens (L.) and Rumex acetosella L.

On all the willow plantations, native species predominated over foreign species. Their
share increased with the age of the plantations and ranged from 57% on 3—4-year-old
plantations to 77% on 9-10-year-old ones (Table 8, Figure 2). Among the apophytes on
3—4-year-old plantations, species of meadow origin (33.3%) and woodland-shrub origin
(25%) predominated. On 9-10-year-old plantations, their share decreased and amounted to
20% of each plantation (Table 8, Figure 3).

Table 8. Characteristics of segetal flora occurring on different age (3—4-, 5-, 6-7- and 9-10-year-old) Salix viminalis L.

plantations established on fallow.

Category

Plantation Age in Years

3-4 5 6-7 9-10
No. % No. % No. % No. %
Geographical and Historical Groups
Antropophytes 9 43 9 41 8 421 3 23
Apophytes 12 57 13 59 11 57.9 10 77
Apophyte origin
Meadow species 4 33.3 4 30.8 2 18.2 2 20
Woodland and shrub species 3 25.0 3 23.0 3 27.3 2 20
Sandyside 2 16.7 2 15.4 3 27.3 3 30
Xerothermic grasslands 1 8.3 2 154 1 9.0 1 10
Waterside and wetside 2 16.7 2 15.4 2 18.2 2 20
Biological stability
Perennial species 9 43 7 32 8 421 7 53.8
Short-lived species 12 57 15 68 11 57.9 6 46.2
Life-form
Hemicryptophyte 3 14.3 3 13.6 5 26.3 4 30.7
Therophyte 12 57.1 15 68.2 10 52.7 5 38.5
Geophyte 5 23.8 3 13.6 3 15.7 3 23.1
Herbaceous chamaephyte 1 4.8 1 4.6 1 53 1 7.7

128



Agriculture 2021, 11, 25

An analysis of the biological stability showed that on 3-7-year-old plantations, short-
lived species dominated (60% on average), while on older 9-10-year-old plantations,
perennial species did (53.8%). In the biological spectrum, therophytes dominated on
the 3-5-year-old plantations (constituting, on average, about 62%). Their share decreased
in line with the age of the plantations, and on 9-10-year-old plantations, it was 38.5%. On
the other hand, the share of hemicryptophytes increased, on average, from 17 to 30.7%
(Table 8, Figure 2).

In all the groups of plantations (from 3 to 10 years old), species from the Stellarietea
mediae class made up the highest proportions, with the following classes next, in order:
Artemisieta vulgaris, Agropyretea intermedio-repentis and Molinio-Arrhenatheretea. On 9-10-
year-old plantations, the proportion of species from the Stellarietea mediae class decreased,
and species from the classes Artemisieta vulgaris, Molinio-Arrhenatheretea and Agropyretea
intermedio-repentis increased (Table 9).

Table 9. The share of phytosociological classes (%) and cover coefficients (D) and their shares (D%) on 3—4-year-old,
5-year-old, 6-7-year-old and 9-10-year-old Salix viminalis L. plantations established on fallow.

Class

Plantation Age in Years
3-4 5 6-7 9-10
% D% D % D% D % D% D % D% D

Stellarietea mediae
Artemisietea vulgaris
Molinio-Arrhenatheretea
Agropyretea intermedio-repe.

524 142 274 546 196 475 475 324 857 384 187 255
143 132 256 136 23 56 105 9.6 254 154 4 54
143 337 653 9 323 782 105 284 751 154 533 727
ntis 143 337 651 136 323 781 105 18 476 154 239 326

Koelerio glaucae-Corynephoretea canescentis 4.7 52 101 46 135 327 52 58 151 77 0.1 2

Sporadic species
Total

0 0 0 4.6 0 1 158 5.8 153 7.7 0 1
100 100 1935 100 100 2422 100 100 2642 100 100 1365

Most of the segetal species were characterised by low constancy classes (I-1I). Only
eight species were in higher constancy classes (I1I-V): Achillea millefolium L. s.str., Artemisia
vulgaris L., Convolvulus arvensis L., Elymus repens (L.), Rumex acetosella L., Trifolium arvense
(L.), Vicia hirsuta and Viola arvensis (Table 5). In total, in all the study periods, the species
from the Molinio-Arrhenatheretea class had the highest cover coefficient (D-2913), and the
lowest was seen in the species from the Koelerio glauce-Corynephoretea canescentis class
(D-581). On older plantations (over 7 years old), a great reduction in the D index value was
found in the Stellarietea mediae and Artemisieta vulgaris classes (Table 9). On 9-10-year-old
plantations, the number of species in higher constancy classes visibly decreased, or the
species disappeared (Table 5).

3.3. Similarities and Differences between the Species Compositions of Six Groups of Salix viminalis
L. Plantations Proved by Statistical Methods

The flora of all six groups of Salix viminalis L. plantations totalled 114 vascular plant
species. There were 47 (9-10-year-old FA plantations) to 61 (6-7-year-old AR plantations)
species. Among these species, there were 13 to 27 segetal plant species (Figure 7).

Cluster analysis allowed the groups of plantations in question to be connected. Two
main groups were distinguished. The first group contains the plantations established on
former arable land, and the second one consists of plantations established on formerly
fallow land. The abundance of segetal species was similar in each of these groups (Figure 8).

The constrained components retained 14.9 percent of the relative species abundance
(Figure 9). Of that 14.9 percent, 7.3 percent were related to the first component (CCA 1)
and 3.1 percent, to the second one (CCA 2). The permutation test of the significance of
the plantation types confirmed the significance of the CCA model (the P p-value statistic
was equal to 0.001), and the first two axes (the P p-value statistic was equal to 0.001 and
0.026 for the first axis and for the second axis, respectively, whereas the third axis was not
significant at the 0.05 level).
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Figure 7. The numbers of species accompanying Salix viminalis L., including segetal species, recorded
on 3-10-year-old plantations established on former arable land and fallow.
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Figure 8. The dendrogram constructed by the Ward method of cluster analysis for mean segetal
species coverage of six plantation groups (A-F). A—3-4-year-old FA plantations; B—5-year-old FA
plantations; C—6-7-year-old FA plantations; D—9-10-year-old FA plantations; E—6-7-year-old AR
plantations; F—9-10-year-old AR plantations.

The similarities between the groups of relevés according to the CCA analysis suggests
that the plant communities on the plantations established on the arable lands had similar
species abundances. The plantations established on fallow lands also had similar relative
species abundance. This is in accordance with the cluster analysis (Figure 8). The CCA
analysis also showed that the oldest plantations (9-10 years old) established on fallow areas
were different from the rest of the plantations studied but were more similar to younger
plantations on FA than those on AR (Figure 9).

3.4. Invasive Species Accompanying Salix viminalis L. Plantations

Among the 114 species of vascular flora of Salix viminalis L. crops, there were nine
invasive species (Table 10). These were four segetal species: Anthoxanthum aristatum Boiss.,
Conyza canadensis (L.) Cronquist., Setaria pumila (Poir.) Roem and Schult., Setaria viridis
(L.) P. Beauv. and five other species, i.e., Echinocystis lobata (F. Michx.) Torr. and A. Gray,
Erigeron annuus (L.) Pers, Padus serotina (Ehrh.) Borkh, Solidago canadensis L. and Solidago
gigantea Aiton.
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Figure 9. The biplot for the canonical correspondence analysis for relative species abundance

(black rhombus—segetal species; grey rhombus—other species; circle—phytosociological relevés) in

the relevés with plantation group (A-F) as the explanatory variable; 7.3 percent of the variability was
related to the first CCA axis, and 3.1 percent, to the second CCA axis. A—3-4-year-old FA plantations;
B—>5-year-old FA plantations; C—6-7-year-old FA plantations; D—9-10-year-old FA plantations;

E—6-7-year-old AR plantations; F—9-10-year-old AR plantations.

Table 10. Constancy classes (S) and cover coefficients (D) of invasive (I), medicinal (L.), poisonous (P) and melliferous (M)

species occurring in flora accompanying Salix viminalis L. plantations established on fallow and arable land.

Fallow Arable Land
Species Plantation Age in Years Properties
34 5 6-7 9-10 6-7 9-10
s b s D S D S D S D S D

Achillea millefolium L. s.str. IVv. 551 VvV 780 IV 650 IV 725 IO 201 IO 277 L

Anchusa arvensis (L.) M. Bieb. - - I 50 - - - - - - - - L

Anthoxanthum aristatum Boiss. - - - - I 5 - - - - - - I

Arctium minus (Hill) Bernh. - - - - - - - - - - I 51 L
Artemisia absinthium L. - - - - - - - - I 50 I 1 LP
Artemisia campestris L. - - - - om 52 1 1 - - - - LP
Artemisia vulgaris L. or 152 + IV 253 1II 4 IV 203 II 151 Lp
Centaurea jacea L. - - I 100 I 1 - - - - - - M
Chenopodium album L. - - + - - - I 1 I 1 M

Convolvulus arvensis L. o 53 + I 51 I 1 oI 101 I 50 P
Conyza canadensis (L.) Cronquist I 2 II 3 oI 52 I 150 I 152 I 100 LL

Crataegus monogyna Jacq. - - - - - - - - - - I 1 L

Daucus carota L. m 103 o 101 10 152 10 251 - - - - L

Echinocystis lobata (FMichx)Torr. and A.Gray - - - - - - - - - - I 50 I

Erigeron annuus (L.) Pers. Ir 151 1II 5 I 2 II 3 o 101 I 175 I
Frangula alnus Mill. - - - - - - I 1 - - - - LP

Fraxinus excelsior L. - - - - I 1 - - - - - - L

Galeopsis bifida Boenn. - - - - I 5 - - I 1 - - L
Galeopsis tetrahit L. - - I 2 - - - - I 1 I 101 LM

Geum urbanum L. - - - - - - - - or 201 I 150 L

Helichrysum arenarium (L.) Moench - - I 1 - - - - - - - - L

Hieracium pilosella L. IV. 600 III 451 IV 775 II 375 I 50 I 50 L
Hypericum perforatum L. II 2 1I 3 I 53 I 1 I 50 I 100 LM
Jasione montana L. I 5 I 2 I 51 I 2 I 50 - - M

Lotus corniculatus L. - - - - I 1 - - - - - - M
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Table 10. Cont.

Fallow Arable Land
Species Plantation Age in Years Properties
3-4 6-7 9-10 6-7 9-10
s b s D S D S D S D S D
Melilotus alba Medik. - - - - - - - - 1 1 1 LM
Oenothera biennis L. I 151 I 103 Iv 253 II 153 - - - - M
Padus serotina (Ehrh.) Borkh. II 2 Iv 6 IV 31 V 901 - - - - I
Plantago lanceolata L. I 50 - - I 50 I 1 - - - - L
Plantago major L. - - - - - - - - I 1 - - L
Plantago media L. - - - - - I 1 I 1 - - LM
Potentilla anserina L. - - - - - - - - - - I 50 L
Potentilla argentea L. - - - - I 1 - - - - I 50 L
Quercus petraea (Mat.) Liebl. I 1 - - I 1 I 2 1 1 L
Quercus robur L. 1 1 11T r I 53 I 52 I r - - L
Rubus caesius L. - - - - - - I 5 - - - - M
Rumex acetosa L. - - - - - - II 4 I 100 I 225 M
Rumex acetosella L. IVv. 204 1T 153 III 202 I 102 I 5 I 50 M
Senecio jacobaea L. I 51 I r I 101 Im 5 I 52 1 175 LP
Setaria pumila (Poir.) Roem. and Schult. I 1 I 51 - - I 1 - - I
Setaria viridis (L.) P. Beauv. I 2 I 1 - - - - - - - - I
Solidago canadensis L. I 51 I 151 1III 326 IV 427 1II 52 I 228 LM
Solidago gigantea Aiton - - - - - - I 100 - - - - LLM
Sonchus arvensis L. - - - - I 50 - - - - I 1 P
Sonchus asper (L.) Hill. - - - - - - - - - - I 1 P
Sonchus oleraceus L. - - - - - - - - I 1 - - P
Sorbus aucuparia L. emend. Hedl. - - - - - - - - I 1 - - L
Stachys palustris L. I 50 - - - - I 2 - - LM
Taraxacum officinale FH. Wigg. III 5 I 3 1I 52 III 103 IV 279 + LM
Thlaspi arvense L. - - - - - - I 1 - - - - L
Trifolium pratense L. - - - - I 1 - - - - - - M
Trifolium repens L. - - - - - - - - r 50 - - M
Urtica dioica L. - - - - - - I 50 IO 53 I 150 L
Verbascum densiflorum Bertol. I 50 I 50 I 2 - - - - - - M
Vicia cracca L. o 52 I 2 I 100 I 2 I 50 - - M
Viola arvensis Murray II 4 I 5 oI 151 - - - - - - L

Regardless of the type of land use, before the willow plantations were established (AR
and FA), the following species occurred: Conyza canadensis (L.) Cronquist., Erigeron annuus
(L.) Pers, Setaria pumila (Poir.) Roem and Schult., and Solidago canadensis L. Two of these
species were always present, regardless of the age of the plantation: Conyza canadensis (L.)
Cronquist. and Solidago canadensis L.

In line with the age of the plantations, Padus serotina (Ehrh.) Borkh., a species that
grows quickly after being cut down and whose fruits are willingly eaten by birds and
spread over long distances, increased its coverage on FA plantations. However, on both
types of plantations (AR and FA), with time, the coverage of Solidago canadensis L. increased.
It is an expansive, perennial species with a high productivity of seeds dispersed by the
wind, thus forming dense canopies, which prevented the development of other plants. On
the FA plantations, this species had higher coverage (Table 10).

3.5. Medicinal, Poisonous and Melliferous Species of Flora Accompanying the Salix viminalis
L. Plantations

Among the flora accompanying the willow energy crops, 34 medicinal, 9 poisonous
and 20 melliferous plant species were found (Table 10). These groups of plants accounted
for 50% of all the plant species occurring on the willow plantations. In the groups of
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medicinal and mellifluous plants, segetal species made up considerable proportions, i.e.,
29% and 25%, respectively.

The vast majority of the plants from the groups discussed here were perennial, na-
tive species that had low degrees of stability and low coverage (Table 10). Only Achillea
millefolium L. s.str. had higher degrees of constancy and higher coverage. Of the remain-
ing species, Artemisia vulgaris L. occurred with higher degrees of constancy but with low
coverage.

Among the plants in this group, it is worth noting those species providing valu-
able raw materials for medicines: Achillea millefolium L. s.str., Hypericum perforatum L.,
Taraxacum officinale FH.Wigg. and Urtica dioica L. [63]. Poisonous species included Artemisia
absinthium L., Convolvulus arvensis L., Senecio jacobaea L., Sonchus arvensis L. and Sonchus
asper (L.) Hill. It should be emphasized that with the development of various fields of
science, it becomes increasingly difficult to assess whether a species has healing properties
or is poisonous.

Among the melliferous plants on the willow plantations, the following species were
reported: Melilotus alba Medik., a species providing large amounts of nectar and pollen
with a high nutritional value, and Verbascum densiflorum Bertol., a species valuable for
nectar because of its extended flowering. Moreover, Chenopodium album L., Rumex acetosella
L., Stachys palustris L. and Vicia cracca L. also have melliferous properties.

4. Discussion

The vascular flora of the Salix viminalis L. plantations established in central Poland,
amounting to 114 species, is rich and diverse compared to the willow flora found in other
areas [29,64,65]. This large species diversity results from the different geographical location,
the soil conditions in which the plantations were established and their locations with
regard to diverse ecosystems and different types of landscape. Discussion on segetal flora
is difficult because in the literature, the vegetation accompanying the energy willow is
usually presented as a whole, without separating out segetal plants, and detailed data are
often not included.

The 38% share of segetal species (43 taxa) on the Salix viminalis L. plantations found
in this author’s own research is high compared to the results obtained by Krechowski
et al. [66], who recorded only 8.2% of typical cereal and root crop species on plantations of
Salix viminalis L. of various ages, established on former arable and meadow land. This share
is similar to the results obtained by Feledyn-Szewczyk et al. [27] in their research on the
flora accompanying 10 species of energy crops, including Salix viminalis L. These authors
found the occurrence of segetal species to be 38-39%.

The results of the author’s own research showed that the species composition of
segetal plants and their structure depend on the type of land use before the plantations
were established. This is consistent with earlier studies by Piorek et al. [67] and Traba
et al. [29]. The lower number of segetal species that were found on FA plantations than
on AR may be the result of a longer period of the non-use of cultivation treatments that
stimulate plant diasporas. Trzciriska-Tacik [68] and Luzuriaga et al. [69] emphasize the
importance of agrotechnical factors in shaping the species composition of arable crops.
The cessation of mechanical soil cultivation causes the accumulation of diasporas in the
soil. It was found that the soil seed bank is much larger in fallow soil compared to in
the soil of arable land [70,71]. However, in the plant canopy, these relationships may be
opposite [71]. It was found that over the years, the species similarity (in the plant canopy)
of fallow land and arable land decreases [72]. In our research, in line with the age of the
plantation, the influence of the land use before the establishment of a Salix viminalis L.
plantation on the composition of flora became progressively smaller. This confirms the
findings obtained by Baum et al. [73], according to which the history of a field may only
have an impact on the phytodiversity of short rotation coppice (SRC) plantations in the
initial period after establishing the plantation. Similarly, for energy poplar (Populus sp.)
crops, an effect of earlier land use was only found in young plantations [32].
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The transformations in the flora on energy willow plantations in the following years in-
dicate that the structure of vegetation is mainly influenced by the nutrient content and light
conditions [73]. The growth and development of willow plants causes greater soil shading
and intensifies the competition between plants. As a result, with time, there is a decrease
in the number of species accompanying the willow plantation, including segetal plants, as
shown by our study results. It should be emphasized that among the segetal plants, apart
from the common species, species rarely found on willow plantations in other regions
of Poland were also noted, such as Anthoxanthum aristatum Boiss., Digitaria ischaemum
(Schreb.) H.L. Miihl., and Sonchus oleraceus L. [29,74,75].

The predominance of native species (apophytes) among the segetal plants; their
proportion, which increases with the age of the plantation; and, at the same time, the
decreasing proportion of anthropophytes, regardless of the type of land use before the
plantations were established, all confirmed the directions of flora development in Salix
viminalis L. crops shown by other authors [33,74,76,77]. Moreover, these transformations
confirmed that with a lack of arable land use (ploughing and soil cultivation treatments),
perennial energy willow monoculture does not favour the development of alien species [78].

Many years of willow cultivation resulted in a large proportion of woodland and
shrub apophytes in the agrophytocenosis structure. Besides, meadow apophytes (on AR
plantations) and sandysite apophytes (on FA plantations) constituted a great proportion of
the agrophytocenoses. Similarly, Korniak et al. [74] and Janicka et al. [77], studying willow,
and Birmele et al. [79], analysing poplar, found a predominance of meadow, woodland and
shrub species.

The results of our studies confirm changes in the biological stability of segetal flora
on plantations established on fallow lands. An increase in the proportion of perennial
species in the whole flora accompanying energy willow plantations and, at the same time,
a decrease in the proportion of short-lived species in line with the age of the plantations
were shown previously (in plantations more than 3 years old) by Korniak et al. [74] and
Traba et al. [29]. On the older plantations, mainly perennial, rhizomatous and stolon
species developed, which was also found by Korniak et al. [74] and Baum et al. [30]. The
frequent occurrence of Elymus repens (L.) Gould., which grows intensively on willow energy
plantations, is also consistent with the findings of Rowe et al. [80] and Baum et al. [30].

The phytosociological affiliation of the segetal flora presented in this paper is funda-
mentally different to the phytosociological structure of the whole flora of Salix viminalis
L. presented in the literature. The segetal species of the plantations assessed here mainly
belonged to the Stellarietea mediae class, while in the willow flora considered as a whole,
species from the Molinio-Arrhenatheretea class predominated, and the proportion of plants
from the Stellarietea mediae class was much smaller [66,81]. This fact may be a result of the
age of the plantations in question. According to Traba et al. [29], species from the Stellarietea
mediae class on perennial plantations do not have suitable conditions for development, due
to the fact that the soil surface is largely covered with plants. The dominance of the Stellari-
etea mediae class on willow and poplar plantations was found by Ziaja and Wnuk et al. [76],
but these were young plantations (2-5 years old).

It was found that most of the segetal species on the Salix viminalis L. plantations
occurred in low constancy classes (I and II), which is consistent with the results of research
on willow flora conducted by, for example, Korniak [74], Traba [29] and Krechowski [66].
These authors claim that this indicates a poor balance of Salix viminalis L. flora. This is due
to the fact that willow is cut systematically (every 2-3 years), causing a change in light,
thermal and humidity conditions, which makes it impossible to balance the flora [29].

An important part of the flora accompanying the Salix viminalis L. plantations is
medicinal, poisonous and melliferous species. They are important for nature and enrich
the biodiversity of agricultural areas, especially in the era of plant protection products
being used intensively in agriculture [37,82]. What is worrying, though, is the presence
of invasive species, especially those with high constancy classes and coverage, such as
Conyza canadensis (L.) Cronquist., Erigeron annuus (L.) Pers., Solidago canadensis L. and
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Padus serotina (Ehrh.) Borkh. What needs to be particularly emphasized is that Conyza
canadensis (L.) Cronquist. is an invasive species in many different habitats [83], and in
Poland, it now has the status of an epoecophyte (a species settled in segetal and ruderal
habitats). The presence of this species on energy willow plantations was previously
confirmed by Wrobel et al. [84], Duer and Feledyn-Szewczyk [85], Feledyn-Szewczyk
et al. [27] and Janicka et al. [31], and in Sida hermaphrodita (L.) Rusby by Bacieczko and
Borcz [86]. Feledyn-Szewczyk [87] also recorded a considerable proportion of this species
in the willow harvested each year. A particularly undesirable element of the flora is Solidago
canadensis L., which was found on FA plantations. Solidago spp. is known to be a species
typical for fallow lands [88]. The presence of these and other non-native and invasive plant
species on willow plantations should be monitored. In conclusion, it should be emphasized
that research on the biodiversity of energy willow and other plants used for bioenergy
should be continued in the future, as these crops are important in the context of climate
change and the increase in greenhouse gas emissions to the atmosphere.

5. Conclusions

Segetal species, occurring mainly in cereal and root crops, constitute a considerable
proportion of the flora accompanying Salix viminalis L. (38%). It was found that their
number depends on the type of land use before the establishment of the plantations. The
plantations established on arable land were richer in segetal species than plantations
established on fallow. However, both types of plantations were dominated by the same
plant species (with the highest constancy classes and coverage), such as Achillea millefolium
L. s.str, Artemisia vulgaris L. and Elymus repens (L.).

Regardless of the type of former land use, before the willow plantations were es-
tablished, species of local origin were predominant among the segetal plants. In line
with the age of the plantations, there was a decrease in the number of segetal species,
especially from the Stellarietea mediae class. The proportion of anthropophytes also de-
creased, and apophytes increased. The dominant phytosociological classes were Molinio-
Arrhenatheretea and Agropyretea intermedio-repentis.

Among the flora accompanying the willow, medicinal and melliferous plants impor-
tant for humanity and biodiversity were noted, as well as invasive alien species, whose
presence threatens native flora and should be monitored. A considerable part of the medic-
inal species was made up of segetal species.

To sum up, Salix viminalis L. plantations promote the preservation of many arable land
plant species and contribute to maintaining the mosaic of the agricultural landscape and
also the biodiversity of agroecosystems.
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Abstract: Spelt wheat is one of the oldest wheat with very high nutritional value. It does not have
particular climatic requirements and tolerates adverse environmental conditions well. The versatile
advantages of spelt wheat make it attractive to farmers, plant breeders, food technologists, and
consumers. The aim of this study was to determine the effect of different crop protection systems and
seeding densities on yield, weed infestation, and grain health of the spelt wheat cultivars “Rokosz” and
“Schwabenspelz”. The research showed that the spelt wheat cultivars studied responded differently
to production intensification. The use of crop protection chemicals in the crop of the cultivar
“Rokosz” resulted in lower weed infestation and in obtaining higher yields. In the case of the cultivar
“Schwabenspelz”, production intensification did not have a significant effect on its productivity
and quantitative weed infestation parameters. Therefore, this cultivar can be recommended for
cultivation in farms with extensive farming methods, for example, in organic farms. In both cultivars
studied, an increase in seeding density and chemical plant protection with fungicide caused lower
grain contamination with mycotoxins, and the content of individual mycotoxins did not exceed the
maximum levels set for grain intended for food and animal feed purposes.

Keywords: spelt wheat; cultivars; crop protection methods; seeding rate; weed infestation; yield;
fungi; mycotoxins

1. Introduction

Spelt wheat (Triticum aestivum ssp. spelta) probably originates from the region of southeastern
Asia and is one of the oldest wheat subspecies [1,2]. The beginnings of its cultivation date back to
the Stone Age. Archaeological investigations reveal that, starting with the Bronze Age, spelt was the
most important consumption crop in Europe for many years [3,4]. However, its small production
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potential and difficulties with grain dehulling became the reason why the cultivation of this crop was
abandoned in favor of more productive common wheat varieties [4,5].

Changing trends both in cultivation of agricultural crops and in human nutrition have been
observed in recent years. People have started to attach a great importance to increased biological
diversity of agricultural plant communities, reduced use of industrial production means in agriculture,
and consumption of products with health promoting properties [3,4,6]. During the last 20 years, due
to its nutritional qualities, spelt wheat was again introduced into cultivation, primarily through the
organic farming system [7-11]. In Poland, similar to other European countries, the cultivation of
spelt wheat is concentrated in organic farms and the interest in this cereal is continually growing [12].
The estimated cropped area of spelt in 2015 was about 225 ha [13]. The productivity of this species
in Poland varies greatly. Grain yield can exceed 6 t ha™! [14], while under conditions unfavorable
for growing common wheat, yields can be even higher than those obtained for common wheat [12].
In comparison with common wheat, spelt grain contains more protein, gluten, and fat, but less dietary
fiber. It is a rich source of silicon, minerals, and group B vitamins. Moreover, it contains substances
with antioxidant properties [5,15-18]. Spelt wheat does not have high climatic and soil requirements,
and tolerates adverse environmental conditions well [19-22]. It is characterized by a rather high
level of resistance to ear and grain diseases caused by fungal pathogens [8,23] and, due to its high
tillering ability, competes with weeds better than common wheat [24]. These characteristics allow
this crop to be grown without excessive use of crop protection products and mineral fertilizers, and
hence it is considered to be environmentally friendly [25]. Studies conducted by different researchers
have shown great variations in productivity and quality parameters between different spelt wheat
varieties [18,21,26,27], as well as their varying response to soil and climatic conditions [22] and
agronomic factors [18,27-29]. Most research is focused on organic cultivation of spelt [17,21,22,30],
but there is little information how spelt wheat responds to production intensification. According
to Rachon et al. [31] and Andruszczak et al. [32], higher grain yields were obtained under full
chemical protection conditions compared to extensive cultivation conditions. Therefore, a study was
undertaken to explain how crop protection intensification and different seeding densities affect yield,
yield components, weed infestation, and grain health of two winter wheat spelt cultivars. Taking into
account the genetic characteristics of spelt wheat, the experiment assumed that (i) the absence of any
crop protection or mechanical protection and application of herbicide alone would not contribute to a
significant decrease in grain yield and health, compared to full chemical protection; (ii) pro-ecological
technology involving the complete abandonment of crop protection or the use of only harrowing would
not deteriorate the productivity of spelt wheat and its health, in comparison with chemical protection;
(iii) in treatments with a higher seeding rate, the denser spelt crop would be more competitive against
weeds, which would contribute to reduced weed infestation and would not increase grain infection
with fungal pathogens, in consequence allowing a satisfactory yield to be obtained; and (iv) the
response of spelt wheat to production technologies is cultivar-dependent.

2. Materials and Methods

2.1. Location of the Experiment—Soil and Climatic Conditions

The field study was carried out for three growing seasons, 2012/2013, 2013/2014, and 2014/2015,
at the Czestawice Experimental Farm (51°18'23” N, 22°16’2"”" E), belonging to the Lublin University
of Life Sciences, Poland. The experiment on growing spelt wheat was established on a loess-derived
Luvisol. The arable layer of the soil was characterized by high availability of phosphorus
(P, 76.3-77.7 mg kg ! soil) and potassium (K, 117.8-132.3 mg kg ! soil), as well as medium availability
of magnesium (Mg, 79-85 mg kg~! soil), slightly acidic pH (in 1 M KCl, 6.1-6.4), and a low humus
content of 1.59-1.63%.

The 2013/2014 season could be described as very wet since the total rainfall was higher by 281 mm
than in the 2014/2015 season, 147.1 mm higher than in 2012/2013, and 206.3 mm higher than the
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1963-2010 average (Table 1). In the years 2013 and 2014, the amount of rainfall in May and June much
exceeded the long-term average (LTA). In August 2014, there was 32.5 mm more rain than the LTA.
In 2015 the amount of rainfall in May was high, but June and August were very dry with only 13.5 and
5.9 mm of rain, respectively. The temperature ranges in the 2013/2014 and 2014/2015 growing seasons
were similar. The mean temperature in these years was higher by 0.9 °C in the 2013/2014 season and
by 1 °C in 2014/2015. In the 2012/2013 season, the mean temperature was the same as the long-term
average. In all the growing seasons, July was warmer than over the period 1963-2010.

Table 1. The rainfall and mean monthly air temperature in the growing season of spelt wheat, recorded
by the Meteorological Station in Czestawice (Poland). LTA is the long term average.

Months ),
Vi bl E v
Vv = U 7] E\- - 2 -
Years 'E & "a 'a E g "é g = g - J:aﬁ g
g £ ¢ & §E 5 £ & = & 2 2 &%
5,‘; o 2 g = @ < J<
Rainfalls (mm) Sum
2012/
2013 404 1107 29 17.4 60.3 30 37.6 532 1033 1083 443 26.6 661.1
2013/
2014 49.5 7.3 60.6 137 545 58 491 639 2302 1102 614 102 808.2
2014/
2015 21.8 275 241 578 509 158 486 391 1696 135 526 59 5272
LTA 59.5  45.6 41 369 303 292 313 424 635 727 80 695 6019
1963-2010 . . . . . . . . . . .
Temperature (°C) Mean
i?)llzB/ 14.6 7.7 5 -34 -44 -13 -26 74 14.9 18.1 187 187 7.8
i((])lli/ 11.3 9.5 49 1.7 -29 03 49 8.9 13 152 196 183 8.7
22%1{;/ 14.0 9.7 4.6 -0.1 1.0 -1.1 28 6.5 11.5 16.1 19 219 88
LTA 13.1 79 29 -1.3 =30 -17 18 7.7 13.6 165 183 177 78
1963-2010 . ; . . . . . : . . . ; :

2.2. Experimental Design and Agronomic Practices

A field experiment was set up using a split-block design in three replicates. Two winter spelt wheat
cultivars, the German cultivar “Schwabenspelz” and the Polish cultivar “Rokosz”, were evaluated in
this study. The experiment included the following factors:

I—crop protection

1. pro-ecological:

A—untreated control plots (no herbicide, fungicide, or insecticide treatment);
B—harrowing in early spring at the beginning of the growing season;

2. chemical:

C—application of the herbicides Sekator 125 OD (Bayer AG, Leverkusen, Germany, active
ingredients (a.i.) amidosulfuron, iodosulfuron, mefenpyr-diethyl) at a rate of 150 mL ha~! and Attribut
70 WG (Bayer AG, Leverkusen, Germany; a.i. propoxycarbazone-sodium) at a rate of 60 g ha~! at BBCH
(Biologische Bundesanstalt, Bundessortenamt und CHemische Industrie) stages 22-24 of spelt wheat;

D—application of complete chemical protection—the herbicides Sekator 125 OD at a rate of
150 mL ha™! and Attribut 70 WG at a rate of 60 g ha™! at BBCH 22-24 of spelt wheat; the growth
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retardant Cerone 480 SL (Bayer AG, Leverkusen, Germany, a.i. ethephon) at BBCH 30-31 at a rate
of 0.75 L ha™!, the fungicide Wirtuoz 520 EC (Corteva, Inc., Wilmington, DE, USA, a.i. prochloraz,
tebuconazole, proquinazid) at BBCH 24-25 and 32-33 at a rate of 1 L ha™!, as well as the insecticide
Decis 2,5 EC (Bayer AG, Leverkusen, Germany, a.i. deltamethrin) at BBCH 37-39 at an amount of
0.25Lha .

II—seeding density:

1.  optimum—130 kg ha™! of cv. “Rokosz” seeds and 200 kg ha™! of cv. “Schwabenspelz” spikelets;
2. increased—200 kg ha™! of cv. “Rokosz” seeds and 350 kg ha™! of cv. “Schwabenspelz” spikelets.

Mineral fertilization was applied at the following rates: N, 50 kg ha=l; P, 26.2 kg hal; and K,
58.1 kg ha~!. All phosphorus and potassium fertilizers and part of the nitrogen fertilizers (20 kg N)
were applied before sowing the spelt wheat. The remaining portion of nitrogen fertilizers was applied
right after the beginning of the growing season. The sown and harvested plot area was 13.5 m?, per
repetition. Winter wheat was the previous crop for spelt wheat. Tillage was typical for common wheat
cultivation. The spelt wheat was sown in the third decade of September 2012-2014 and harvested in
the second decade of August 2013-2015.

2.3. Evaluation of Yield and Weed Infestation

Approximately 3-4 weeks after herbicide treatment and at the dough stage of spelt wheat (BBCH
83-85), evaluation of weed infestation of the spelt crop was made using the dry-weight-rank system.
The evaluation involved determination of the botanical composition of weeds, as well as their number
and dry weight per 1 m?. The sampling area was delineated with a 0.5 x 1 m quadrat frame in two
randomly selected places in each plot. Weed nomenclature followed Mirek et al. [33].

Plant height and ear length were determined based on 30 randomly selected plants from each plot.
Weight of grains per ear was determined based on the average results for 30 randomly selected ears per
plot. Ear density was calculated in two randomly chosen places with an area of 0.5 m? per plot. Yield
was estimated based on grain harvested from the individual plots and expressed on a per hectare basis.

2.4. Determination of Fungal Contamination of Grain

Samples of about 20 g of spelt grain (from each plot) were homogenized by hand for 5 min
and then sedimented for 15 minutes in sterile dilution liquid with approximately 100 uL of Tween
80 (Sigma-Aldrich, St. Louis, MO, USA). The dilutions were prepared and inoculated on sterile
Sabouraud Chloramphenicol Agar (BTL Poland Ltd., Warsaw, Poland). To determine the total number
of fungi, the plates were incubated at a temperature of 25 + 0.2 °C for 7 days according to the relevant
standard [34,35]. The colonies were transferred to microcultures and species were determined using
Watanabe’s key [36]. Each sample was analyzed in triplicate and the results presented as the number
of fungi per 1 g of the tested material (cfu g7!).

2.5. Determination of Mycotoxin Contamination of Grain

The content of deoxynivalenol (DON) and its derivatives: 3-O-acetylDON (3AcDON),
15-O-acetylDON (15AcDON), and zearalenone (UAE) were determined according to the authors'
method developed in the Laboratory of Vegetable and Herb Raw Material Quality Research:
"Determination of deoxynivalenol and its derivatives, nivalenol and zearalenone by HPLC method with
purification by immunological affinity column in plant raw materials". The presence of trichothecene
mycotoxins such as T-2 toxin (T-2) and its derivatives HT-2 toxin (HT-2), nivalenol (NIV), DAS
(diacetoxyscirpenol), and fuzarenone X were analyzed by gas chromatography following the procedure
given by Valle-Algarra et al. [37].
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2.5.1. Sample Preparation and Extraction

A5 g sample of spelt grain previously finely ground with a laboratory mill (FW135, ChemLand,
Stargard Szczeciniski, Poland) was placed in a test tube and treated with 20 mL of acetonitrile (ACN):
H20 so lution (85:15). The diluted samples were shaken with a centrifuge (30 min, 21.000x g, Universal
32, Hettich, Tuttlingen, Germany) and left for 6 h, after which time it was again shaken for 30 min.
The extract was filtered through a 0.2 Pm membrane syringe filter (Costar X, Corning Inc., Salt Lake
City, UT, USA). Then, 5 mL of filtrate was collected for thorough purification and applied to a MycoSep
225 Trich column (Romer Laboratories, Union, MO, USA). Two mL of purified eluents were evaporated
to dryness at 50 °C, and the residue dissolved in 0.5 mL of mobile phase (10% aqueous acetonitrile)
after which the mycotoxin content was determined.

2.5.2. HPLC Analysis Conditions

A LaChrom-Merck HPLC liquid chromatograph (Merck, Darmstadt, Germany) was equipped with
a DAD diode detector (L-7450), binary pump (L-7100), degasser (L-7612), thermostat (L-7360), Rheodyne
injector, and steel column LiChrospher 100 RP C18 (250 X 4 mm) filled with stationary phase (particle
diameter—dp = 5 uM). UV detection was performed at 220 nm (deoxynivalenol, 3-O-acetylDON,
15-O-acetylDON) and 220-440 (zearalenone) at 28 °C and a flow rate of 0.800 mL min~!. The mobile
phase was aqueous acetonitrile. Separation was achieved in an isocratic water: acetonitrile (8:92)
analysis by deoxynivalenol, 3-O-acetylDON, 15-O-acetylDON, and (63:37) by analysis of zearalenone.
To increase the separation, 1% acetic acid was added to the mobile phase. Identification of analyzed
compounds was made on the basis of retention time. Quantitative assessment was carried out using
the external standard method, after creating a calibration curve using pure reference substances.

2.5.3. GC/MS Analysis Conditions

Separation of trichothecenes, nivalenol, and fuzarenone X was carried out using a Varian CP-3800
gas chromatograph (Varian Medical Systems, Palo Alto, CA, USA) equipped with an detector ECD
(instant connect Electron Capture Detector) and columns VE-1Ims 30 m x 0.32 mm ID (Column Internal
Diameter), DF (film thickness) = 0.25 um from Varian. The temperature of the dispenser chamber was
250 °C and the detector 300 °C. The following oven temperature gradient was used: 80 °C for 1 min,
increment 40 °C for 1 min to 160 °C, 3 °C for 1 min to 178 °C, 2 °C for 1 min to 240 °C, 40 °C for 1 min
to 270 °C, 270 °C for 1 min. Nitrogen was used as carrier gas at a flow rate of 1 mL for min.

2.5.4. Chemical Reagents

Organic solvents with spectroscopic purity were obtained from Merck (Darmstadt, Germany).
All deoxynivalenol (DON) purity > 95% (reference standard), 3-O-acetylDON (3AcDON) purity > 95%
(reference standard), 15-O-acetylDON (15AcDON) purity > 95% (reference standard), zearalenone
(UAE) purity > 95% (reference standard), T-2 toxin (T-2) purity > 95% (reference standard) and
its derivatives HT-2 toxin (HT-2) purity > 95% (reference standard), nivalenol (NIV) purity > 95%
(reference standard), DAS—diacetoxyscirpenol purity > 95% (reference standard) and fuzarenone X
purity > 95% (reference standard) were from Sigma-Aldrich (St. Louis, MO, USA).

2.6. Statistical Analysis

The results were statistically analyzed using analysis of variance (Statistica PL 13.3, StatSoft
Polska, Krakow, Poland). The distribution conformity with normal distribution was verified with
the Shapiro-Wilk test, while homogeneity of the variance was tested with Levene’s test. In the case
of any feature where a significant interaction was found between the factor and year, interaction
effects were analyzed separately for each year of the study. If no significant interactions were found
between the factors, then Tukey’s multiple comparison test was used to compare differences between
the means for main factors (crop protection, seeding density, cultivar). Confidence half-intervals were
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calculated by Tukey’s test at a significance level of 0.05. Significant differences between the two groups
of treatments, pro-ecological protection (treatments A and B) and chemical protection (treatments C
and D), were evaluated based on the Scheffe test (« = 0.05). Total number of fungi in grain is presented
in log CFU g~ 1.

3. Results

3.1. Weed Infestation of Spelt Wheat

The statistical analysis of the weed infestation parameters for the crop of the “Rokosz” spelt wheat
cultivar, as evaluated 3—4 weeks after herbicide application, revealed significant differences in the traits
between years (Table 2). The highest number of weeds was found in the first year of the study in the
treatments where no herbicide was used (treatments A and B) and in the second year of the study in the
control treatment. Weeds produced the highest biomass in 2013 in treatments A and B. Harrowing done
as the only weed control operation (treatment B) proved to be ineffective in reducing weed infestation
because the number and dry weight of weeds were similar to those found in the control treatment (A)
in each year of the study. However, it was only in 2013 that weed infestation in this treatment was
significantly higher than in the treatments where the herbicide was applied. In the years 2014 and 2015,
as well as in treatments C and D in 2013, weed infestation of the crop was at a similar level. At the
dough stage of wheat, crop protection method and year were not found to significantly affect number
of weeds. The highest weight of weeds was determined in the first year of the study in the treatments
without herbicide application (A and B). In the other treatments, the weight of weeds was similar. The
results for the three-year study showed that in cv. “Rokosz”, herbicide application had a significant
impact on weed infestation of the crop. At the first evaluation of weed infestation, the average number
of weeds in the chemical protection treatments (C and D) was more than one-half lower, while their
dry weight was four times lower than in the pro-ecological treatments A and B. At the dough stage of
cv. “Rokosz”, similar relationships were observed as those made 3—4 weeks after herbicide treatment.

Table 2. The weed infestation indicators in the spelt wheat cv. “Rokosz” showing the interaction
between crop protection and years of research, and comparison of the pro-ecological and chemical
crop protection. NW I—number of weeds 3—4 weeks after herbicide treatment, WW I—air-dry weight
of weeds 3—4 weeks after herbicide treatment, NW II-——number of weeds at the dough stage of spelt
wheat (BBCH 83-85), WW II—air-dry weight of weeds at the dough stage of spelt wheat (BBCH
83-85). Different letters denote significant differences (p < 0.05). The same letter means not significantly
different values.

Year Crop NWI WWI NWII WW II

ears Protection (no. m~2) (gm2) (no. m~2) (gm2)

A 90.8 a 68.66 a 863 a 158.06 a

2013 B 78.7 ab 6212 a 583 a 119.1 ab
C 272c¢ 5.68b 18a 21.7 ¢

D 285¢ 8.18Db 212a 25.33 ¢

A 53 abc 254b 56 a 39.39 be

2014 B 37.7 bc 13.71b 42a 19.37 ¢
C 28 ¢ 779b 323a 13.17 ¢

D 313 bc 6.51b 42a 19.87 ¢

A 21.3c 10.99b 12a 1313 ¢

2015 B 22.7¢ 13.6b 13.3a 17.25¢
C 13.3¢ 7.02b 78a 5.09c
D 13.3¢ 8.31b 8.7a 9.11c

Comparison of the pro-ecological and chemical crop protection (mean for 2013-2015)

pro-ecological (A, B) 50,7 a 3241a 447 a 61.05a
chemical (C, D) 23,6 b 725b 21.7b 15.71b
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In the cv. “Schwabenspelz” crop, the evaluation of weed infestation performed 3—4 weeks after
herbicide treatment demonstrated that significantly the lowest number of weeds was found under
chemical protection conditions (treatments C and D) (Table 3). Nonetheless, the number of weeds
in the harrowing treatment and in the treatment where the herbicide was applied alone (treatment
C) was similar. After application of chemical protection (treatments C and D), the dry weight of
weeds was lower by 76.4% and 69.4% than in the control treatment (A). The statistical calculations
showed that at the first evaluation of weed infestation, the average number and dry weight of weeds
found in the chemical treatments (C and D) were significantly lower than those determined for the
pro-ecological treatments (A and B) by 42.7% and 70.5%, respectively. At the dough stage of wheat,
crop protection method was not shown to have an effect on the number and dry weight of weeds in
the cv. “Schwabenspelz” crop.

Table 3. The impact of crop protection system on weed infestation indicators in the spelt wheat cv.
“Schwabenspelz” (mean for 2013-2015). NW I—number of weeds 3—4 weeks after herbicide treatment,
WW I—air-dry weight of weeds 3—4 weeks after herbicide treatment, NW II—number of weeds at the
dough stage of spelt wheat (BBCH 83-85), WW Il—air-dry weight of weeds at the dough stage of spelt
wheat (BBCH 83-85). Different letters denote significant differences (p < 0.05). The same letter means
not significantly different values.

Crop Protection NWI WWI NWII WWII

P (no. m~2) (gm2) (no. m~2) (gm2)

A 443 a 26.35a 33.7 a 32.58 a

B 43.8 ab 2195a 278 a 2522a

C 26.2 be 6.21b 16.8 a 842a

D 242 c 8.05b 229a 12.89 a

Comparison of the pro-ecological and chemical crop protection

pro-ecological (A, B) 44 a 24.15a 30.7 a 289 a
chemical (C, D) 252b 7.13b 199 a 10.66 a

On average over the period 2013-2015, seeding density was not found to have a significant
influence on the number and dry weight of weeds in the cv. “Rokosz” the cv. “Schwabenspelz” crop at
both times that weed infestation was evaluated (Figure 1). Nonetheless, it could be observed that a
higher seeding density had a more beneficial effect on weed infestation, as demonstrated by the lower
number and weight of weeds in the crop.
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Figure 1. The impact of seeding density on weed infestation indicators in the spelt wheat cultivars
“Rokosz” (a) and “Schwabenspelz” (b) (mean for 2013-2015). Note: * seeding density, *WI—number
and air-dry weight of weeds 3-4 weeks after herbicide treatment, WII—number and air-dry weight of
weeds at the dough stage of spelt wheat (BBCH 83-85), n.s.—not significant differences.
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The analysis of the quantitative weed infestation parameters did not reveal significant differences
in the number of weeds between the studied cultivars, but it proved a significantly lower biomass of
weeds in the tall cultivar “Schwabenspelz”. At the first evaluation of weed infestation, 34 weeks after
herbicide treatment, the weed biomass in the crop of this cultivar was determined to be 15.64 g m~2 and
it was 21% lower than for cv. “Rokosz”. During the evaluation of weed infestation at the dough stage
of spelt wheat, the difference in the biomass of weeds occurring in the crops of the cultivars studied
was even greater, since for cv. “Rokosz” it was almost twice higher than for cv. “Schwabenspelz”.
At the first evaluation of weed infestation, Viola arvensis, Geranium pusillum, and Apera spica-venti
were predominant in the spelt wheat crop (Figure 2a,b). In both cultivars, chemical crop protection
significantly reduced the number of Apera spica-venti and Viola arvensis (Figure 2a). Seeding density did
not cause differences in numbers of the dominant weed species in the crop (Figure 2b). At the dough
stage (BBCH 83-85) of spelt wheat, the number of Viola arvensis plants was similar among all the
treatments, while the number of Apera spica-venti was significantly lower on chemical crop protection
treatments, compared to treatments A and B. (Figure 3a). In the cv. ”“Schwabenspelz”, an increased
seeding density reduced significantly the numbers of Apera spica-venti (Figure 3b).
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Figure 2. The impact of crop protection system on number of dominant weeds species 3-4 weeks after
herbicide treatment in the spelt wheat cultivars "Rokosz" and "Schwabenspelz" (mean for 2013-2015).
Different letters denote significant differences (p < 0.05) of number of weed species among different crop

protection methods (A, B, C, D) (a) and seeding density (b). The same letter means not significantly
different values.
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Figure 3. The impact of crop protection system on number of dominant weeds species at the dough
stage (BBCH 83-85) in the spelt wheat cultivars “Rokosz” and “Schwabenspelz” (mean for 2013-2015).
Different letters denote significant differences (p < 0.05) of number of weed species among different crop

protection methods (A, B, C, D) (a) and seeding density (b). The same letter means not significantly
different values.
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3.2. Yield and Yield Components of Spelt Wheat

On average over the three-year study period, the crop protection system did not cause significant
differences in the yield components of the cultivar “Rokosz” (Table 4). The comparison of pro-ecological
crop protection systems (A, B) and chemical crop protection did not reveal any significant differences
in the yield components.

Table 4. The impact of crop protection system on selected yield components of the spelt wheat cv.
“Rokosz” (mean for 2013-2015). HP—height of plant, LE—length of ear, NE—number of ears per m?2,
WG—weight of grains per ear. The same letter means not significantly different values.

Crop Protection HP LE NE WG
P (cm) (cm) (no. m~2) ®

A 106a 8.3a 417a 1.1a

B 104.2a 8.4a 421a 1.15a

C 105.5a 8.6a 413a 1.15a

D 99.9a 8.5a 459a 1.33a

Comparison of the pro-ecological and chemical crop protection

pro-ecological (A, B) 105.1a 8.4a 419a 1.13a
chemical (C, D) 102.7a 8.5a 436a 1.24a

The statistical analysis showed cv. “Rokosz” grain yield to be significantly dependent on crop
protection system and year (Table 5). In the first year of the experiment, the highest grain yield was
obtained from the treatment where full chemical crop protection was used (treatment D). In the years
2014 and 2015, crop protection intensification did not contribute to increased yields of cv. “Rokosz”.
In 2015, higher yields were obtained in all crop protection treatments than in 2014, while treatments
A, B, and C were higher than in 2013. The statistical analysis, performed based on the means for the
three-year study period, revealed that the average grain yield from the chemical protection treatments
(C, D) was 19.1% higher than in the pro-ecological treatments (A, B).

Table 5. The grain yield of the spelt wheat cv. “Rokosz”. The interaction between crop protection and
years of research, and comparison of the pro-ecological and chemical crop protection. Different letters
denote significant differences (p < 0.05).

Crop Protection 2013 2014 2015
tha1
A 2.43d 3.23 cd 5.62 ab
B 2.73d 3.31cd 5.66 ab
C 3.57 cd 3.19 cd 573 a
D 4.7 abc 4.05 bed 6.1a
Comparison of the pro-ecological and chemical crop protection (mean for 2013-2015)
pro-ecological (A, B) 3.83a
chemical (C, D) 456b

As far as the analyzed yield components for cv. “Schwabenspelz” are concerned, the crop
protection methods significantly modified plant height, but they had no effect on ear length, density,
or grain weight per ear (Table 6). Wheat in the treatment that included only harrowing produced
the highest plants (treatment B); the plant height was significantly lower in the treatment with full
chemical protection (D). The different crop protection methods used did not affect yield of the spelt
wheat cultivar “Schwabenspelz”. The Scheffe test did not show significant differences in grain yield
between pro-ecological technologies and chemical protection of the cv. “Schwabenspelz” crop.
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Table 6. The impact of crop protection system on selected yield components and grain yield of the spelt
wheat cv. “Schwabenspelz” (mean for 2013-2015). HP—height of plant, LE—length of ear, NE—number
of ears per m?, WG—weight of grains per ear, Y—yield for the crop protection methods A-D.

Crop Protection HP LE NE wG Y

P (cm) (cm) (no. m~2) g (tha™1)

A 127.9 ab 115a 357 a 1.03a 3.12a

B 1314 a 115a 353 a 114 a 3.02a

C 128.9 ab 11.2a 372 a 1.09a 3.16a

D 119.3b 114 a 389 a 1.13a 3.56 a

Comparison of the pro-ecological and chemical crop protection

pro-ecological (A, B) 129.6 a 115a 355 a 1.09 a 3.07a
chemical (C, D) 124.1a 11.3a 381 a 1.11a 3.36a

Different letters denote significant differences (p < 0.05). The same letter means not significantly different values.

On average over the period 2013-2015, seeding density significantly modified only the ear length
of the wheat cultivar “Rokosz”, but significantly the highest value of this parameter was achieved at
an optimal seeding density (Table 7). The seeding density factor did not cause significant differences in
the other biometric characteristics and yield of cv. “Rokosz”. Also, seeding density was not found to
have a significant effect on the yield components and grain yield of cv. “Schwabenspelz”.

Table 7. The impact of seeding density on selected yield components and grain yield of the spelt wheat
cultivars “Rokosz” and “Schwabenspelz” (mean for 2013-2015). HP-height of plant, LE-length of ear,
NE-number of ears per m2, WG-weight of grains per ear, Y-yield.

Seeding HP LE NE WG Y
Density (cm) (cm) (no. m~2) g (tha™1)
cv. “Rokosz”
optimum 105.7 a 8.7 a 412 a 122 a 425a
increased 102.2 a 8.3b 443 a 1.15a 414 a
cv. “Schwabenspelz”
optimum 1259a 113a 350 a 111a 324a
increased 1279 a 115a 386 a 1.09 a 3.25a

Different letters denote significant differences (p < 0.05). The same letter means not significantly different values.
Comparing the cultivars studied, it was found that the spelt wheat cultivar “Schwabenspelz”
was characterized by significantly higher plants (by 22.7%) and longer ears (by 29.5%) relative to cv.
“Rokosz”. The comparison of the spelt wheat cultivars concerning the other biometric characteristics did
not show significant differences. The grain yield of the spelt wheat cultivar “Rokosz” was significantly
higher than that of cv. “Schwabenspelz”, on average by 31.8%.

3.3. Grain Health

The results showed that the total number of fungi in cv. “Rokosz” grain ranged from 3.11 log
CFU g~! in treatment D with a increased seeding density to 3.87 log CFU g~! in treatment A with
an optimal seeding density, while in cv. “Schwabenspelz” grain ranged from 3.82 log CFU g! in
treatment D with a higher seeding density to 4.46 log CFU g~! in treatment B with an optimal seeding
density (Figure 4a,b). In the grain with chemical crop protection (treatments C and D) in cv. “Rokosz”
the total number of fungi was statistically significantly lower (p < 0.05). The fungi Penicillium sp.,
Penicillium expansum, Candida sp., Aureobasidium sp., Aspergillus sp., Aspergillus flavus, Aspergillus terreus,
Cladosporium sp., Cladosporium cladosporides, Ulocladium sp., Fusarium sp., Rhodotorula sp., Rhizopus
sp., Trichophyton sp., and Phoma sp. were found in different ratio in spelt wheat (Figures 5 and 6).
In cv. “Rokosz” grain, Fusarium sp. (19.4-76.7%) and Aspergillus sp. (11.9-38.9%) were the most
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abundant species, while in cv. “Schwabenspelz” grain the most abundant were Cladosporium sp.
(7.23-53.3%) and Fusarium sp. (4.76-38.5%).
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Figure 4. Total number of fungi in the grain of spelt wheat cv. “Rokosz” (a) and cv. “Schwabenspelz”
(b) (mean for 2014-2015). Note: * crop protection methods, ** seeding density.
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Figure 5. Identified mold fungi in the grain of spelt wheat cv. “Rokosz” (%) (mean for 2014-2015).
Note: * crop protection methods, ** seeding density.
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Figure 6. Identified mold fungi in grain of spelt wheat cv. “Schwabenspelz” (%) (mean for 2014-2015).
Note: * crop protection methods, ** seeding density.

Both total mycotoxin content and the content of individual toxins in spelt grain were modified by
the crop protection system and seeding density (Tables 8 and 9). In cv. “Rokosz” grain, significantly the
highest number of mycotoxins was found in treatment C after application of herbicide crop protection
alone, while the lowest number of mycotoxins was recorded in treatment D (after application of the
fungicide) (Table 8). In grain harvested from the pro-ecological treatments (A and B), the number
mycotoxins was at a similar level, but the amount of DAS, DON, ZEA, HT-2, and 15-acDON mycotoxins
differed significantly. A denser seeding resulted in reduced grain contamination with mycotoxins.
In cv. “Schwabenspelz”, the lowest number of mycotoxins was found in the treatment with full chemical
crop protection (treatment D) (Table 9). In the other treatments, on the other hand, grain contamination
with mycotoxins was at a similar level and significantly higher than in treatment D. Similarly as in the
case of cv. “Rokosz”, a denser seeding contributed to a decrease in the number of mycotoxins in grain.

Regardless of the experimental factors, the amount of mycotoxins in grain of the spelt wheat
cultivars studied did not differ significantly. One can only observe slightly greater susceptibility of
cv. “Rokosz” to contamination with mycotoxins. In grain of this cultivar, the amounts of DAS and
DON mycotoxins and of HT-2 toxin were found to be significantly greater than in “Schwabenspelz”.
Cv. “Rokosz” was found to have the highest content of NIV, 3-AcDON, and DAS mycotoxins, while cv.
“Schwabenspelz” had the largest amounts of 3-AcDON, NIV, and 15-AcDON.
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Table 8. Mycotoxin content in wheat grain of the spelt wheat cv. “Rokosz” (concentration of
mycotoxins pg kg’1 of grain) (mean for 2014-2015). NIV—nivalenol , DAS—diacetoxyscirpenol,
15- AcDON—15-acetyldeoxynivalenol, DON—deoxynivalenol, ZEA—zearalenone, 3-AcDON—3-
acetyldeoxynivalenol.

Experimental Factors Sum

NIV
DAS
15-AcDON
T-2
DON
ZEA
HT-2 Toxin
3-AcDON
Fuzarenon X

Crop protection

A 243b  167b  78b 13a  203a 6b 5¢ 100b  5lc 866b

B 277b  216a 145a  1la 89%b 5la 49b 47c 24c 909b

C 317a  69¢ 126a 20a 75b 7b 154a  299a  205a  1272a

D 16¢ 0.5d 75b - 11c - - 295a  150b 548c
Seeding density

optimum 345a  87b 132a 6a 141a 9a 100a  193a  99a 1111a

increased 82b 139a 79b 17a 48b 23a 4b 177a  117a 685b

Different letters denote significant differences (p < 0.05). The same letter means not significantly different values.

Table 9. Mycotoxin content in wheat grain of the spelt wheat cv. “Schwabenspelz” (concentration
of mycotoxins ug kg~! of grain) (mean for 2014-2015). NIV—nivalenol, DAS—diacetoxyscirpenol,
15- AcDON—15-acetyldeoxynivalenol, DON—deoxynivalenol, ZEA—zearalenone, 3-AcDON—3-

acetyldeoxynivalenol.
<
=
> b2 § I Z < é % §
1 o] < 1 Q
Experimental Factors Z 3 :Fa B 8 E E :E g Sum
m 1
= as) Rel 2
Crop protection
A 227a 47a 135a 31 6b - - 259a  132a 836a
B 245a 6la 61b - 54a - 27a 176b 90c 712a
C 221a 60a 110a - 14a - 11a 206ab 107bc 727a
D 39b 5b 110a - 11a - - 165b  128ab  457b
Seeding density
optimum 258a 73a 110a 16 16a - 5a 264a 163a 904a
increased 108b 13b 98a - 26a - 14b 139b 65b 462b

Different letters denote significant differences (p < 0.05). The same letter means not significantly different values.

4. Discussion

Many authors indicate that the appropriate selection of a weed competitive variety is a major
no-cost method of reducing weed infestation in crops [24,38-40]. In the opinion of Korres and
Froud-Williams [41], as well as Mason and Spaner [42], high plants with intense tillering and forming a
dense crop contribute to a reduced occurrence of weeds. This theory was confirmed by Kraska et al. [14],
according to whom the selection of an appropriate cultivar had a significant impact on weed infestation
of crops. Weeds produced significantly the lowest biomass in the tall spelt cultivar “Oberkulmer
Rotkorn”, while the highest biomass developed in the shortest spelt cultivar “Badengold”. Although
the research presented in this paper did not confirm statistically significant differences in the number
of weeds found in the crops of the evaluated cultivars, at each time weed infestation was evaluated a
significantly lower dry weight of weeds was determined in the tall cultivar “Schwabenspelz”. Due to the
higher competitive pressure of this cultivar, weeds were more shaded and had less space for growth, and
hence they produced a lower biomass. Other research results confirm that spelt wheat is characterized
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by high competitiveness against weeds, but they do not indicate unequivocally that this trait depends
directly on plant height [24,43]. According to the study by Andruszczak et al. [40], the spelt cultivar
“Frankenkorn”, which was not significantly lower than many evaluated cultivars [43], was the most
competitive against weeds, whereas according to Feledyn-Szewczyk [24] and Andruszczak et al. [39]
the lowest weed infestation was found in the tall cultivar “Schwabenkorn” [43]. In the present study,
the averages for the three-year study indicate that chemical crop protection (treatments C and D),
based on its effect evaluated 3—4 weeks after application, significantly reduced the number and dry
weight of weeds in the crops of both spelt wheat cultivars. The effect of the applied herbicide could be
seen particularly in the first year of the study, in which the high rainfall in October caused intensive
emergence of weeds. In 2014, the rainfall at the end of April and in May could have reduced the
effectiveness of the herbicide. In the last year of the study, on the other hand, weed infestation of the
crop was so low that the effect of herbicide action was not very visible. Herbicide application had no
significant impact on weed infestation of cv. “Schwabenspelz” before harvest, but in the cv. “Rokosz”
crop significantly lower weed infestation was shown in the treatments where herbicides were applied
in comparison with the pro-ecological protection methods. In the studies by Andruszczak et al. [39,40],
herbicide treatment significantly decreased the dry weight of weeds, but had no effect on their number.
The results of the present study confirm the opinion of many authors who stress the low effectiveness
of harrowing and its high dependence on weather conditions [44,45]. In the cv. “Rokosz” crop, weed
infestation of the crop was not found to be significantly lower in the harrowing treatment compared to
the control treatment in any year of the study. Nevertheless, in the first two growing seasons the number
and biomass of weeds were slightly lower than in treatment A, whereas in 2015 weed infestation
was slightly higher than in the harrowing treatment. In the cv. “Schwabenspelz” crop, harrowing
also reduced weed infestation relative to the control treatment. According to Hansen et al. [46]
and Lundkvist [47], the effectiveness of harrowing as a weed control method can be increased by
performing this operation at an early time and repeating it two or three times, as well as by selecting
weed-competitive crop plant cultivars. Despite the opinion of Korres and Froud-Williams [41] that
an increase in seeding density of wheat contributes to reduced weed infestation of crops, this study
did not demonstrate such a correlation for spelt wheat. It was attributable to the fact that a denser
seeding did not cause a significant increase in ear density and therefore did not increase significantly
the crop density.

The yield potential of crops is genetically driven and therefore selection of a variety with expected
parameters is very important in crop production [14,22,32]. Moreover, in field cultivation a crop is
affected by variable atmospheric conditions, which determine crop growth and development and,
in consequence, yields obtained [16,22,28]. Spelt wheat is considered to be a species resistant to
stress caused by adverse environmental conditions [25]. In the present study, the average grain yield
for the period 2013-2015 was lower than those obtained by some researchers conducting studies in
Poland [14,28]. This is due to adverse weather conditions in the first two years of the experiment,
especially unevenly distributed rainfall in May and June, which contributed to the lower crop
productivity. In a study by Wojtkowiak and Stepieri [28], the average yield of cv. “Schwabenkorn” in
2013 was 7.47 tha™!, while a year earlier it was 46% lower. Jablonskyté-Rascé et al. [16] also found large
differences in spelt yield in individual years of the study. This confirms the thesis that relatively small
and unstable yields are a factor that limits the cultivation of spelt wheat [14]. Andruszczak [43] and
Jablonskyté-Rasce et al. [16] found spelt wheat yields at a similar level compared to that obtained in the
present study. In the study by Andruszczak [43], the yield of cv. “Schwabenspelz” was higher than in
the present experiment, standing at 4.18 tha~!. According to a study conducted by Glamog¢lija et al. [21]
in Serbia, on the other hand, yields of organically grown spelt wheat were lower, ranging from 2.33 to
3.35tha"l. The study by Pospisil et al. [48,49], on the other hand, demonstrates that agronomic factors
have a great impact on spelt wheat yield.

In many papers, it is stressed that spelt wheat is tolerant to different growing conditions and does
not require intensive protection [9,21]. The results of conducted research indicate that the effect of crop
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protection intensification on this species’ yield is dependent on the variety. In the case of the Polish
cultivar “Rokosz”, a 19% higher yield was obtained after application of chemical crop protection (C, D)
compared to pro-ecological cropping (A, B). Cv. “Schwabenspelz”, on the other hand, did not respond
with a substantial increase in yield after application of crop protection products, but the yields obtained
were slightly higher than for the pro-ecologically grown crop. Andruszczak [43] demonstrated that
crop protection intensification had a beneficial effect on the productivity of spelt wheat, whereas in the
research carried out by Pospisil et al. [48] the impact of fungicide application on spelt wheat varied
between years.

Similar to the studies conducted by Andruszczak [4] and Pospisil et al. [48,49], in the present
experiment seeding density did not have a significant effect on most of the yield components and
yield of spelt wheat. This finding is related to the phenomenon of the so-called crop self-regulation,
due to which the number of plants per unit area is not directly proportional to the seeding rate. With
increasing seeding rate, the phenomenon of self-regulation of the number of plants in a crop intensifies
in order not to allow excessive density. At lower seeding densities, the tillering ability of the crop
increases [12].

Wheat grains are colonized by various fungi, including plant pathogens and mycotoxin-producing
species. The species composition of seed-colonizing fungi can be modified by various agronomic
practices and weather conditions [23,50,51]. In this study, spelt grain was colonized by many fungi,
but mainly by Fusarium sp., Cladosporium sp., and Aspergillus sp. The main mycotoxin producers
are fungi of the genera Aspergillus, Penicillium, and Fusarium [52,53]. Species of the genus Fusarium
differ in their epidemiology, pathogenicity, and ability to produce mycotoxins. Most Fusarium species
can produce one or more mycotoxins exhibiting different degrees of toxicity [54,55]. Deoxynivalenol
(DON), T-2, HT-2, and nivalenol (NIV) are the most common in cereals [56,57]. In the spelt grain
evaluated, similar to products investigated by Serrano et al. [58], the mycotoxin NIV was found to
have the highest content. In the opinion of Serrano et al. [58], special attention should be paid to this
mycotoxin due to the toxicological effects of its occurrence and its large amount in cereal products.
Spelt wheat is characterized by a higher level of resistance to fungal ear and grain infections than
common wheat [8,59]. In grain of the spelt cultivars studied, all nine mycotoxins were found to occur,
whereas Juan et al. [60] identified in spelt only four mycotoxins: DON, NIV, fuzarenon X (FUS-X),
and enniatin A (EN A), whose amounts were comparable to the content of these compounds in the
cultivar “Schwabenspelz”. According to Mankeviciené et al. [23], lower DON, ZEA, and T-2/HT-2
concentrations were found in spelt grain without glumes than in spelt grain with glumes, in glumes,
and in spring wheat grain. Likewise, Vuckovic et al. [8] detected higher levels of mycotoxins in
hulls compared to grains. Conditions that are most favorable for the development of fungi and
contamination of grain with mycotoxins include high humidity, frequent rainfall, particularly before
harvest, and relatively warm night temperatures [61,62]. In the opinion of Blandino et al. [63,64],
high plant density is associated with higher grain infection, while in the present study, grain of both
cultivars contained fewer mycotoxins under conditions of denser seeding compared to less dense
seeding. Such results could have been attributable to several factors. Firstly, the denser seeding did not
cause an increase in ear density in the crop. Furthermore, despite that it was not confirmed statistically,
under conditions of the higher seeding rate, the weed infestation of the crop before harvest of spelt
wheat was slightly lower. Weeds occurring in the crop significantly affect crop health because they
can change moisture conditions in the crop and host disease-causing fungi [65]. Lower infestation
of spelt wheat resulted in lower fungal infection of grain and thus contributed to lower mycotoxin
content. The effect of plant density on the amount of mycotoxins was investigated by many authors,
but due to the diversity of factors affecting grain infection, their results are not unambiguous [66-68].
Mycotoxin content also depends on the cultivar [67,69]. In grain of both cultivars, in line with the
expectations, the lowest amount of mycotoxins was found in the treatment with fungicide application.
In cv. “Rokosz”, most mycotoxins were found after application of the herbicide alone (treatment C).
In cv. “Schwabenspelz”, the amount of mycotoxins in grain obtained from treatments A, B, and C was
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at a similar level. Grain of the evaluated spelt wheat cultivars, both in the pro-ecological treatments (A
and B) and in the treatments with application of crop protection products, can be considered as safe
and good because the content of individual mycotoxins did not exceed the maximum levels set for
grain intended for food and animal feed purposes [70].

5. Conclusions

The present study showed how production intensification affected the productivity, weed
infestation, and grain health of the spelt wheat cultivars “Rokosz” and “Schwabenspelz”. The cultivar
“Rokosz” was significantly less infested with weeds and produced significantly higher yields under
chemical crop protection conditions than in the case of pro-ecological crop protection. The effect of crop
protection methods on the quantitative weed infestation parameters and yield of this cultivar varied
between years. Grain harvested from the treatment with herbicide application alone was characterized
by the highest contamination with mycotoxins, while it was found to be lowest in the case of grain
of grain harvested from treatment D. In the case of the cultivar “Schwabenspelz”, no significant
differences in yield were revealed between the pro-ecological and chemical crop protection treatments,
and the effect of crop protection treatments on yield was not dependent on weather conditions.
Cv. “Schwabenspelz” proved to be more competitive to weeds. At the dough stage of this crop plant,
no significant differences in weed infestation were found between the pro-ecological treatments and
those in which an herbicide was used. The lowest content of mycotoxins was determined in grain
harvested from treatment D. In cv. “Schwabenspelz” grain, in comparison with the cultivar “Rokosz”,
the amount of mycotoxins DAS, DON, and HT-2 was determined be significantly lower, while the
mycotoxin ZEA was not found at all.

Seeding density did not have a significant effect on most of the yield components, yield, and weed
infestation of the spelt wheat crop. In both cultivars investigated, a higher seeding density contributed
to reduced grain contamination with mycotoxins.

Due to the favorable response of the cultivar “Rokosz” to application of chemical crop protection,
it is advisable to grow this species in conventional farms using integrated crop protection. The cultivar
“Schwabenspelz”, on the other hand, can be recommended for cultivation in organic farms on account
of its competitive ability and resistance.
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Abstract: The aim of the paper was to determine weed infestation expressed by weeds number and
weed weight and other index under a three different tillage system: no-tillage (NT), reduced tillage (RT),
and ploughing tillage (CT) in two legume species crops: pea and narrowed-leaved lupine. The research
proved that growing legume under no-tillage conditions caused the increasing weed infestation.
Weather conditions in each of the study years were shown to influence the weed infestation. The dry
weight of weeds was higher in narrow-leaved lupine by 7% in flowering stage assessment and by
6% before harvest than in pea crop. The weeds number in the conventional tillage system in the
flowering stage in pea and lupine crops was 24 and 26 plants-m~2, respectively, under the reduced
tillage conditions it was 33 and 29% higher, while under no-tillage it was 58 and 67% higher. In all
tillage systems the dominant species were Chenopodium album L., Viola arvensis L., Anthemis arvensis L.,
and Cirsium arvense L. The results prove that soil tillage system affect weed infestation of legume crops.

Keywords: tillage system; weed infestation; biological diversity; reduced tillage; no-till;
ploughing; legume

1. Introduction

The tillage method is one of the most important agrotechnical factors affecting the weed flora of
cultivated crops [1,2]. Soil tillage systems can be divided into three basic groups: (1) conventional
(traditional) tillage with the use of a plough, (2) reduced tillage, and (3) no-till system with direct sowing [3].

Conservation tillage, compared with ploughing tillage, causes decreasing labour and energy costs
in the process of production. This system favorably affects the condition of soil environment [4,5].
It also reduces water erosion, temperature variations, and increases content of organic substances in
the soil [6,7]. However, it may cause an increase in weed infestation [8,9].

Reduced tillage systems, which may cause changes at species composition and the number of
occurring weeds, favor the development of monocotyledonous and perennial weeds. It also leads to the
faster spread of perennial than annual weeds. In reduced tillage systems, there is lower movement of
seeds than in the conventional (plough) system; therefore, most of the weed seeds are generally placed
in the upper soil layer [10,11]. The method of tillage effects the depth of the weed seeds placement
in the soil, and also on their accesses to the light. This has importance in relation to species which
require short access to light with the aim of stimulating their germination [12]. Loosening of the
topsoil in the cultivation without plowing favors the germination of weed seeds, whereas an effect of
the traditional plough is that a considerable part of seeds is transferred to the deeper layers of soil,
which greatly complicates their germination and emergence. The number, and species composition,
of weed infestation depends also on crop species [13] and even on its variety [14].

Most of studies conducted so far concerned with the effect of soil tillage systems on weed
infestation of crops, refer to cereals [15-19]. However, in the last years, the study directed to the
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evaluation of the possibility to use reduced tillage in the other crops, especially in the cultivation of
legumes has been carried out [20-22].

The presented problem has great meaning in regard to the growing interest of farmers with
reduced methods of various crop species cultivation, including legumes. Crops with legumes are
particularly prone to weed infestation, and their weed control is a great problem because of the low
number of herbicides approved to use at their cultivation.

The aim of the study was to determine weed species composition under a different tillage system
in legume crops.

2. Materials and Methods

2.1. Field Experiment and Cultivation Management

The field experiment was carried out for three growing seasons: 2017-2019, at the Agricultural
Experimental Unit in Grabéw [51°21"18” N 21°40’09” E] (Masovian Voivodeship, Poland) belonging
to the Institute of Soil Science and Plant Cultivation—State Research Institute in Pulawy
(Lublin voivodeship) (Figure 1). The experimental site is located in a moderate continental climatic
zone. The experimental factors were as follows: (A) the legume species: pea (Batuta cultivar and
narrow-leaved lupine (Regent cultivar); (B) tillage system: direct sowing (NT), reduced tillage (RT),
and ploughing (CT). The experiment was set up in split-plot design with four replications, on a soil
belonging to a good wheat complex, class IIIb. The soil was characterized by the following nutrient
content: (mg-100 kg™ soil): p 15.7-22.0; K 9.2-20.4 and Mg 5.9-7.6. The organic carbon content was
0.74-0.83%. Soil pH, as determined in 1-N KCI, was 5.4-6.3. The previous crop were cereals.
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Figure 1. Localization of the study site. Source: Public Domain, https://commons.wikimedia.org/w/
index.php?curid=89531 [23].
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2. A single plot area of 30 m? and for harvest—15 m?.

The experimental area was 720 m
The density (units-m~2) of legume was 200, in row intercropping-100. In all the years of the study
the seeds were sown in the first 10 days of April. Mineral fertilization was applied at following
rates: N—15 kg- ha™!, P,Os—50 kg-ha™!, 75 kg-ha™!. All fertilizers were applied before sowing the
legumes. In each growing season, chemical preparations was used to reduce weed infestation of the
crops. Two herbicides were used on each crop in growing season, the same herbicides in all tillage
systems (2017—Boxer 800 SC (prosulfocarb 800 g 17!; 78.43%)—1 x 2.5 I'‘ha~!, Stomp Aqua 416 SC
(pendimethalin 455 g171)—1 x 2.0 lha™!, in 2018 and 2019—Boxer 800 SC—1 x 3.0 Iha~!, Stomp Aqua
416 SC—1 x 3.5 lha~!, Fusilade Super 150 EC (fluazifop-P-buty 150 g 17; 15.8%—1 x 1.0 lha™!).
Plants were harvested at full maturity stage of pea (BBCH 89) in the third 10 days of July and

narrow-leaved lupine (BBCH 89) in the first 10 days of August.
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2.2. Analysis of Weed Flora

Analyses of species composition, number of weeds, and dry matter of weeds were determined
after collection using the weed-picking frame method. The weeds were collected from a frame with
dimensions of 0.5 x 1 m, with four replications in each crop field.

Tillage effects on weed population composition were assessed in each field on two terms:

1.  The tillering stage of legume (BBCH 61-65).
2. The seed ripening stage (before the legume harvest) (BBCH 89-92).

Weed species nomenclature followed Mirek et al. [24]. Dry matter of weeds was determined after
drying at 55 °C for 4 days.

For comparison of weed infestation of legume species in dependent on cropping method,
the biomass index was determined and calculated for three years (2017-2019) according to the formula
by Patriquin [25]:
crop biomass x 100

biomass index = . -
weed biomass + crop biomass

)

2.3. Diversity Indicators

The weed structure composition in the studied crops was also described using two index:
the Shannon-Wiener index index (H’) and the Simpson dominance index (SI). The Shannon’s index is
an indicator of species diversity. Its value determines the probability that two sampled individuals
will belong to different species. The Simpson index (SI) describes the probability of occurring two
individuals of the same species.

The Shannon-Wiener diversity index (H’) and the Simpson dominance index (SI) were calculated
according to the following formula [26,27]:

H'=-Xpilnpi
SI =X pi®
where:

pi =n/N,

n—number of individuals in species,
N—total number of individuals in the sampling area, and
In—the natural log.

2.4. Weather Conditions

In the experiment period (2017-2019), weather conditions varied between all the years (Table 1).
In 2017 the highest amount of rainfall was noted in spring in April, exceeded by 77% the long-term
average. In June and the first 10 days of July was recorded a small amount of precipitation (32.6 and
9.7 mm, respectively) and was lower than the long-term average by 54.1 and 65.0%, respectively. In the
first 10 days of August there were very small amount of precipitation (0.9 mm). In 2018, the amount
of precipitation in May (97.4 mm) and July (118.5 mm) exceeded the average from multi-years by
70.9 and 41.1% respectively, which favored the yields of legume. During April and June the total
precipitation was only 65% and 63% of the long-term average, respectively. In 2019 total precipitation
during growing season of legumes was the smallest (252.4) compared to earlier two years. In July was
recorded a small amount of precipitation and was lower than the long-term average by 30.0%.
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Table 1. Course of weather conditions during the vegetation periods.

S ficati Month Sum/
pecification Average
m IV v vi vo ovm 8
2017
Precipitation (mm) 358 691 344 326 83 553 3135
Temperature °C 5.7 7.5 13.9 18.1 18.6 19.6 13.9
2018
Precipitation (mm) 141 253 974 446 1185 706 3705
Temperature °C 01 133 170 184 204 202 149
2019
Precipitation (mm) 22 375 515 512 202 698 2524
Temperature °C 54 9.8 13.1 21.7 18.7 20.2 14.8
" Average precipitation 5, a9 570 710 840 750 3560
from multi-year (mm)
Mean temperature from - o 77 434 167 183 173 125

multi-year °C

* Mean for 1871-2000.

2.5. Statistical Analysis

The date presented are the mean values from the years 2017-2019, as a result of a similar reaction
of the plant examined to different soil tillage system during three study years. The results were
statistically analyzed with the use of the variance analysis using Statistica v.10.0 program. Tukey’s
multiple comparison test was used to compare differences between the means for soil tillage system
while confidence intervals for the means of LSD (o« = 0.05) were used.

3. Results and Discussion

Tillage system caused significant differences in weed infestation of the legume crops (Tables 2
and 3; Figures 2 and 3). On average over the period of the study, in both legume species (pea and
lupine) cropped in no-tillage system (NT), dry weight of weeds assessed in the flowering stage was
higher by 55 and 14%, respectively, than in plough tillage (CT). While in the second term of assessment
the relation was: 50 and 15%, respectively. The weeds air dry weight did not differ between reduced
tillage (RT) and no-tillage system in pea crop in term before harvest only in the third year of the study.
The higher weed air-dry weight was found in term before harvest legume. Analysis of weed infestation
in both species crop showed that the dry weight of weeds was higher in narrow-leaved lupine by 7%
in flowering stage assessment and by 6% before harvest than in pea crop.

Table 2. Dry weight of weeds (g'm~2) in different tillage system in the flowering stage in 2017-2019.

Crop Species
Tillage System Pea Narrow-Leaved Lupine
2017 2018 2019 2017 2018 2019
NT 17.2¢ 282¢ 229¢ 182¢ 305°¢ 27.1°¢
RT 1515 256° 192P 160P 220 201P
CT 1208 1692 1522 1352 19.2° 18.04
Mean 14.8 23.6 19.1 15.9 239 21.7

NT—no-tillage, RT—reduced tillage, CT—plough tillage. Different letters denote significant differences (p < 0.05) of
the air-dry weight of weed among different tillage system (CT and NT and RT). The same letter means it is not

significantly different.
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Table 3. Dry weight of weeds (g'm~2) in different tillage system in term before harvest in 2017-2019.

Crop Species
Tillage System Pea Narrow-Leaved Lupine
2017 2018 2019 2017 2018 2019
NT 279¢ 246 259°¢ 29.0¢ 259¢ 287°¢
RT 222b 200P 243P 202b 216° 259P
CT 1698 1422 1322 1782 1582 149°@
Mean 223 19.6 211 223 211 23.2

NT—no-tillage, RT—reduced tillage, CT—plough tillage. Different letters denote significant differences (p < 0.05) of
the air-dry weight of weed among different tillage system (CT and NT and RT). The same letter means it is not
significantly different.

30

25

20 A

15 A
M pea
10 +
M lupine

air-dry wight of weeds (g:-m-2)

NT RT cT

tillage system

(a)
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20 A

H pea
10 -~
M lupine

air-dry wight of weeds (g'-m2)

NT RT
tillage system
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Figure 2. Average (for the years of research) air-dry weight of weeds (g-m~2) in different tillage
system in term: (a) flowering stage and (b) before harvest. NT—no-tillage, RT—reduced tillage,
CT—plough tillage.

Weed infestation of the legume crop expressed as dry weight of weeds in estimated in the flowering
stage was highest in the second year of the experiment (2018), which was characterized by a higher
amount of precipitation than the other years of the experiment, while in term of estimate before harvest
for no-tillage (NT) and plough tillage (CT) system in the first year of the study (2017) and for reduced
tillage (RT) in the third year of the study (2019).

The average number of weeds differ significantly in the three tillage systems studied (Tables 4 and 5).
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Figure 3. Percentage of monocotyledonous, dicotyledonous, and equisetum in total number of weeds
in different tillage system in term: (a) in flowering stage (%) and (b) before harvest (mean for 2017-2019).
NT—no-tillage, RT—reduced tillage, CT—plough tillage.

The number of weeds (for all years of the study) in the CT system in the flowering stage in pea
and lupine crops was 24 and 26 plants-m~2, respectively, under the reduced tillage conditions it was 33
and 29% higher, while under NT system it was 58 and 67% higher. While in term of assessment before
harvest the number of weeds in the CT system was 23 and 26.5 plants per m? for pea and legume,
respectively, under reduced tillage system it was 22 and 15% higher, while under NT system 40 and
49% higher.

A higher weed infestation under reduced soil tillage treatment as compared to plough (conventional
tillage) has been confirmed by studies of Peigné et al. and Gruber and Claupein [28,29]. Demjanova et al. [30]
found that soil simplification of soil was caused significantly higher weed matter compared ploughing.
Similarly, WozZniak et al. [31] and Vakali et al. [32] found that a higher number of weeds in cereal
crops occurred in no-tillage and reduced tillage systems than in conventionally ploughed crops.
Armengot et al. [33] also recorded that total weed was higher under reduced tillage. In the study
by Wozniak [34], no-tillage system significantly increased the number and weed air-dried matter in wheat
crop as compared to conventional tillage.
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Table 4. Weed species composition in pea and lupine crop depending on tillage systems in flowering
stage (plants-m’z) (average for the years of research).

Narrow-Leaved
Pea

Lupine
Weed Species A/P* Tillage System
NT RT CT NT RT CT
Echinochloa crus-galli (L.) P. Beauv. A 25b  20Pb 1.02 209 - 3.0b
Elymus repens (L.) Gould P 4.0 - - 2.0 - -
Sum of Monocotyledonous weeds 65¢ 20b 102 407 - 3.0P
Anthemis arvensis L. A
Aphanes arvensis L. A 3.0 2.0
Centaurea cyanus L. A - - 4.5 50  3.0%
Chenopodium album L. A 50 303 55P 502 5.0
Cirsium arvense (L.) Scop P 452 55b 402 052 50b 7p¢°
Convolvulus arvensis P
Geranium dissectum L. A 45 - - 4.0
Plantago major L. A 25%  20% 4.0
Polygonum aviculare L. A 3.0 45b 153
Polygonum persicaria L. A 351 352 45b 40b 202
Senecio vulgaris L. A 1.5 4.5
Sonchus arvensis L. A 40  60°¢ 252 152 60b 252
Sonchus asper L. A 5.5 4.5
Stellaria media (L.) Vill. A 3.04 402 - 5.5
Viola arvensis Murr. A - 35 - 4.0
Sum of Dicotyledonous weeds 285 300 2002 345P 285 230%
Eguisetum arvense L. P 3.0% - 3.0 50* 507 -
Total 380¢ 320P 2402 435° 335 260°
Number of species 11 9 7 12 8 8

* A—annual, P—perennial, NT—no-tillage, RT—reduced tillage, CT—plough tillage. Different letters denote
significant differences (p < 0.05) of the number of weed species among different tillage system (CT and NT and RT).
The same letter means it is not significantly different.

When analyzing the weed infestation of two legume species, a significantly higher number were
found in lupine crop under the NT system as compared to the CT system (Tables 4 and 5) The differences
between those two species were insignificant.

Weed flora biodiversity occurring in legume grown under different tillage systems showed a similar
weed species composition but same differences in number of species occurred (Tables 4 and 5). In all
tillage systems the dominant species were Chenopodium album L., Viola arvensis L., Anthemis arvensis L.,
and Cirsium arvense L. Reduced tillage was accompanied by a larger number of Centaurea cyanus L.
volunteer than in the two other systems.

In crops grown in no-tillage system, there was a larger number of weed species than in the
other cultivation systems (Tables 4 and 5). There was also a higher number of perennial species:
Equisetum arvense L., Plantago major L., and Sonchus arvensis L. in comparison to the traditional
ploughing system. Reduced cultivation was characterized by a higher occurrence of Fallopia convolvulus,
Viola arvensis L., Chenopodium album L., and Cirsium arvense L. (Tables 4 and 5). While in crops in ploughing
system, there was a larger number of Chenopodium album L., Cirsium arvense L., and Polygonum persicaria L.
Further, Clements et al. [35] found that Chenopodium album L. dominated the weed population in
ploughing in comparison with ploughing and no-tillage system.

165



Agriculture 2020, 10, 635

Table 5. Weed species composition in pea and lupine crop depending on tillage systems before harvest
(plants-m’z) (average for the years of research).

Pea Narrow-Leaved Lupine
Weed Species AP * Tillage System
NT RT CT NT RT CT
Echinochloa crus-galli (L.) P. Beauv A 202 - 2.52 35b 55¢ 052
Elymus repens (L.) Gould P 0.3 - - - - -
Sum of Monocotyledonous weeds 234 - 259 35Pb 55¢ 05%
Anthemis arvensis L. A - 6.0 - 4.0 - 5.0
Artemisia vulgaris L. P - 153  50Pb 1.0 - 4.0b
Centaurea cyanus L. A 7.5 - - 3.02 5.0b -
Chenopodium album L. A 152 - 6.0° 40P 350 252
Cirsium arvense (L.) Scop P 7.0b - 452 - - 5.0
Fallopia convoloulus (L.) A. Love A - 55 - 152 55b -
Galium aparine L. A - - - 2.5 - -
Geranium dissectum L. A 158 152 - 5.0Pb 3.02 -
Plantago major L.) A 402  65P - 453 65P -
Solanum nigrum L A 2.0 - - - 4.5 -
Viola arvensis Murr. A 30° 70°¢ 50b 80b> 50° 70P
Sum of Dicotyledonous weeds 26.5 28.0 20.5 33.5 21.5 23.5
Eguisetum arvense L. P 5.5 - - - 352 252
Total 343°¢ 280P 2302 370°¢ 305P 2652
Number of species 10 6 5 10 9 7

* A—annual; P—perennial. NT—no-tillage, RT—reduced tillage, CT—plough tillage. Different letters denote
significant differences (p < 0.05) of the number of weed species among different tillage system (CT and NT and RT).
The same letter means it is not significantly different.

The statistical analysis showed that the examined factors modified the share of monocotyledonous
and dicotyledonous species in total number of weed. Average for the all the years of the study the
highest percentage in weeds composition was dicotyledonous species regardless on soil tillage systems
and term of assessment. In no-tillage system in the first term of assessment, the share of dicotyledonous
species was significantly lowest, whereas the share of the monocotyledonous species was lower than
in simplificated systems. The no-tillage system increased the percentage of monocotyledonous species
and decreased the percentage of dicotyledonous species in the structure of weeds. While in the term
before harvest, the highest percentage of dicotyledonous was in no-tillage system in lupine crop and
the lowest in the pea crop in the same of tillage system (Figure 3).

The agrophytocenosis of legume crop found in flowering stage included 18 weed species while
14 belonged to annual weeds (77.8%). Twelve weed species (three perennial and nine annual) where
noted in legume grown in no-tillage system. While in the second term of assessment (before harvest)
the agrophytocenosis included 14 weed species (4 perennial weeds).

The share of perennial weed species in the no-tillage system was higher than in the ploughing and
reduced tillage systems. It is mean that soil simplification promotes an increase in perennial weeds in
the field (Tables 4 and 5). Study of Bilalis et al. [36] stated that three annual weed species occurred in
large number in the ploughing and reduced tillage systems, while one perennial weed species often
occurred in the no-tillage system.

A total of 10 weed species (mean for two terms of assessment) occurred in legume crop grown in
no-tillage (NT) system and 8 in reduced tillage (RT) and 7 in conventional tillage (CT).

The evaluation of the biological diversity of the segetal flora in flowering stage showed that the
Shannon-Wiener index (H’) and the Simpson index (SI) measured for pea crop differ significantly in
no-tillage system and reduced tillage, but significantly differences was found between conventional
tillage and other tillage systems. Analysis of segetal flora diversity in term before harvest showed
no-significantly differences between all tillage system in both legume species. Weed biodiversity of
legume crop as measured by Shannon’s index was the highest under no-tillage system—2.20 and 1.71
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(average for two terms) for pea and lupine crop respectively, due to the most even percentage of weed
species in the community. The no-tillage system was characterized by the lowest value of Simpson
dominance index—average for two terms and for both legume species—0.12 (Figures 4 and 5).
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Figure 4. Shannon-Wiener’s diversity index (H) and Simpson’s dominance index (SI) of the weed

community in (a) pea, (b) lupine crop in flowering stage depending on the tillage system (mean for
2017-2019). NT—no-tillage, RT—reduced tillage, CT—conventional tillage.

The highest value of Simpson’s index was found under conventional tillage—especially in
flowering stage—0.17 and 0.21 for pea and lupine respectively, due to the domination of three weed
species: Chenopodium album L., Cirsium arvense L., and Centaurea cyanus L.

The study results of Santin-Montany4 et al. [37] and Gaweda et al. [38] paper, show that weed
community diversity, as expressed by the Shannon index, increased under the NT system. Sebayang
and Rifai [39], point out that the weed matter in the soybean crop did not differ significantly between
conventional tillage, reduced, and no-tillage. Nonetheless, many authors recorded that the no-tillage
system increases weed infestation of crops [40—42]. Results of our study have been confirmed by
Feledyn-Szewczyk et al. [43], who found that weed biodiversity as expressed by diversity indices was
the highest under reduced soil tillage. Study of Legere et al. [44], the tillage system has little impact on
weed diversity but according to those authors soil tillage system plays an important role in shaping
the weed species composition. Furthermore, Sans et al. [45], did not find significant differences in
Shannon'’s diversity index values for weed communities in cereal crops. However those authors point
out a significantly higher degree of weed infestation in the reduced tillage system compared to the
conventional system.
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Figure 5. Shannon-Wiener’s diversity (H’) and Simpson’s dominance (SI) indices of the weed
community in (a) pea and (b) lupine crop before harvest depending on the tillage system (mean for
2017-2019). NT—no-tillage, RT—reduced tillage, CT—conventional tillage.

Another authors [20,46] stated that tillage system modifies soil properties, and thus influences
plant growth and development. Campiglia et al. [47] and Gaweda et al. [40] found increasing number of
perennial weeds in no-tillage system. Velykis and Satkus [48] point out that no-tillage system caused a
change in the composition of weed species compared to the conventional system. It caused the increase
of the occurrence of Galium aparine and Chenopodium album in the legume crop. Gaweda et al. [40] found
that the NT positively influences the segetal diversity in the soybean crop compared to the CT system.

Biomass index was additional factor indicating the degree of weed infestation. The lowest values
of this index were found for no-tillage system of both legume species crop (average 91.6%), which shows
a high percentage of weed matter in the total biomass of legume crop per unit area, while the highest
values of the biomass index were recorded for pea crop grown in conventional tillage (94.6%), yet they
did not significantly differ from the other tillage system, where the value of this index was also very
high (Figure 6). On average, from all of the years of the study, the highest index of relation between
legume seeds yield and weeds dry matter was in no-tillage soil system, where the lowest yields in
such as cropping method was noted (Figure 6). In this system, the highest air-dried weed matter was
noted. While the lowest index in legume (pea and lupine) grown in ploughing system.

168



Agriculture 2020, 10, 635

18 oNT

B RT

()

weed dry matter (g'-m=)
=
N

0.0 1.0 2.0 3.0 4.0
yield pea (t-ha)

(a)

18 O NT

14 MRT

CcT

weed dry matter (g--m)
[
N

T T T 1

0.0 1.0 2.0 3.0 4.0
lupine yield (t-ha'?)

(b)
Figure 6. Relation between weeds dry matter seeds and yield of (a) pea, (b) legume.
4. Conclusions

Simplifications in soil tillage increased the contribution of weeds in legume crops. A higher
number of weeds per 1 m? was recorded in ploughless tillage (no-tillage system), whereas 35% less on
the plot with plough tillage. Weed infestation expressed by weeds number was higher by 9.1% in the
first term (in the flowering stage) than in the second term (ripening of pods and seeds). The number
of weeds in both the evaluation terms was also determined by the applied tillage method. As in
the flowering stage as before harvest of legume crops, the highest infestation occurred in no-tillage
soil system.

The dry weight of weeds was higher in narrow-leaved lupine by 7% in flowering stage assessment
and by 6% before harvest than in pea crop. The number of weeds in the plough tillage system in the
flowering stage in pea and lupine crops was 24 and 26 plants-m~2, respectively, under the reduced
tillage conditions it was 33 and 29% higher, while under no-tillage it was 58 and 67% higher.

Diversified soil tillage influenced the biodiversity of weed in legume crops field. In the first
term of evaluation, 12 weed species (average for both legume species) were recorded on the plot with
no-tillage soil, while 40% less weed species were occurred in plough (conventional) tillage.

Shannon’s diversity index had highest values and Simpson’s dominance index had lowest values
in no-tillage systems, which showed their high biodiversity importance. The evaluation of the biological
diversity of the segetal flora in flowering stage showed that the Shannon-Wiener index (H’) and the
Simpson index (SI) measured for pea crop differ significantly in no-tillage system and reduced tillage,
but significantly differences was found between conventional tillage and other tillage systems.

In all tillage systems the most numerous species were Chenopodium album L., Viola arvensis L.,
Anthemis arvensis L., and Cirsium arvense L. Reduced soil tillage was accompanied by a larger number
of Centaurea cyanus L. volunteer than in the other systems.

169



Agriculture 2020, 10, 635

Author Contributions: Conceptualization, ].B. and J.P.; methodology, J.B.; validation, J.B.; investigation, ].B. and
J.P,; data curation, J.P; writing—original draft preparation, J.B.; writing—review and editing, ].B.; visualization, J.B.
and J.P; supervision, ].B. and J.P. Both authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Ministry of Agriculture and Rural Development in Poland the task 2.3 of
the Multiannual Program of the Institute of Soil Science and Plant Cultivation—State Research Institute in Putawy
assigned for the years 2016-2020.

Acknowledgments: This research was supported by the Ministry of Agriculture and Rural Development in Poland.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

References

1.  Wilson, R.G. Biology of Weed Seeds in the Soil. W: Weed Management in Agroecosystems: Ecological Approaches;
Altieri, M.A., Liebman, M., Eds.; CRC Press, Inc.: Boca Raton, FL, USA, 1988; Volume 3, pp. 25-39.

2. Sekutowski, T.; Smagacz, ]. Share of anthropophytes in the crop sequence: Winter wheat—Maize—Spring
wheat depending on tillage system. Acta Agrobot. 2014, 67, 117-122. [CrossRef]

3. Koller, K. Techniques of Soil Tillage. In Soil Tillage in Agroecosystems; Titi, A.E., Ed.; CRC Press: Boca Raton,
FL, USA, 2003; pp. 1-25.

4.  Dzienia, S.; Zimny, L.; Weber, R. Najnowsze kierunki w uprawie roli i technice siewu [The newest trends in
soil tillage and techniques of sowing]. Fragm. Agron. 2006, 2, 227-241. (In Polish)

5. Weber, R. Wptyw okresu stosowania systeméw bezptuznych na wlasciwosci gleby [Soil properties as affected
by duration of using no-tillage systems]. Postepy Nauk Rol. 2010, 1, 63-75. (In Polish)

6. Holland, ].M. The environmental consequences of adopting conservation tillage in Europe: Reviewing the
evidence. Agric. Ecosyst. Environ. 2004, 103, 1-25. [CrossRef]

7. Kraska, P. Effect of conservation tillage and catch crops on some chemical properties of rendzina soil. Acta Sci.
Pol. Agric. 2011, 10, 77-92.

8. Jedruszczak, M.; Palys, E.; Kraska, P. Conservation tillage and weeds—Sustainability implication. ISTRO.
In Proceedings of the 17th Triennial Conference, Sustainability—Its Impact on Soil Management and
Environment, Kiel, Germany, 28 August-3 September 2006; pp. 558-565.

9.  Pullaro, T.C.; Marino, P.C.; Jackson, D.M.; Harrison, H.F,; Keinath, A.P. Effects of killed cover crop mulch on
weeds, weed seeds, and herbivores. Agric. Ecosyst. Environ. 2006, 115, 97-104. [CrossRef]

10. Piskier, T.; Sekutowski, T.R. Wptyw uproszczer w uprawie roli na liczebno$¢ oraz rozmieszczenie nasion
chwastow w glebie. |. Res. Appl. Agric. Eng. 2013, 58, 109-117.

11.  Wrzesiniska, E.; Puzynski, S.; Komorowska, A. The effect of tillage systems on soil seedbank. Acta Agrobot.
2013, 66, 113-118. [CrossRef]

12.  Podleény, J.; Podlesna, A. The effect of soil tillage in darkness on weed infestation. Fragm. Agron.
1997, 2b, 539-542.

13. Bojarszczuk, J.; Podlesny, J.; Nowak, J. The assessment of the diversity of weed flora communities in crops
cultivated in selected farms in Lubelskie voivodeship. Prog. Plant Prot. 2018, 58, 216-223.

14. Lemerle, D.; Smith, A.; Verbeek, B.; Rudd, S.; Martin, P. Breeding for competitive cultivars of wheat. In Proceedings
of the III International Weed Science Congress, Foz do Iguassu, Brazil, 6-11 June 2000; pp. 11-75.

15.  Jug, L;Jug, D.; Sabo, M.; Stipesevc, B.; Stosic, M. Winter wheat yield and yield components as affected by soil
tillage systems. Turk. J. Agric. For. 2011, 35, 1-7.

16. De Vita, P; Di Paolo, E.; Fecondo, G.; Di Fonzo, N.; Pisante, M. No-tillage and conventional tillage effects
on durum wheat yield, grain quality and soil moisture content in southern Italy. Soil Tillage Res. 2007,
92, 69-78. [CrossRef]

17. Rieger, S.; Richner, W.; Streit, B.; Frossard, E.; Liedgens, M. Growth, yield, and yield components of
winter wheat and the effects of tillage intensity, proceeding crops, and N fertilization. Eur. . Agron. 2008,
28,405-411. [CrossRef]

18. Streit, B.; Rieger, S.; Stamp, P.; Richner, W. Weed populations in winter wheat as affected by crop
sequence, intensity of tillage and time of herbicide application in a cool and humid climate. Weed Res. 2002,
43, 20-32. [CrossRef]

170



Agriculture 2020, 10, 635

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Ozpinar, S. Effects of tillage systems on weed population and economics for winter wheat production under
the Mediterranean dryland conditions. Soil Tillage Res. 2006, 87, 1-8. [CrossRef]

Wozniak, A.; Soroka, M.; Stepniowska, A.; Makarski, B. Chemical composition of pea (Pisum sativum L.)
seeds depending on tillage systems. J. Elem. 2006, 19, 1143-1152. [CrossRef]

Matecka-Jankowiak, I; Blecharczyk, A.; Swedrzynska, D.; Sawinska, J.; Piechota, T. The effect of long-term
tillage systems on some soil properties and yield of pea. Acta Sci. Pol. Agric. 2016, 15, 37-50.

Yin, X.; Al-Kaisi, M.M. Periodic response of soybean yields and economic returns to long term no tillage.
Agron. |. 2004, 96, 723-733. [CrossRef]

Available online: https://commons.wikimedia.org/w/index.php?curid=89531 (accessed on 1 August 2018).
Mirek, Z.; Piekos-Mirkowa, H.; Zajac, A.; Zajac, M. Flowering Plants and Pteridophytes of Poland a Checklist.
In Krytyczna Lista Roslin Naczyniowych Polski. W.; Szafer Institute of Botany, Polish Academy of Science:
Krakow, Poland, 2002; p. 442.

Patriquin, D.G.; Bains, D.; Lewis, ].; Macdougall, A. Weed control in organic farming systems. In Weed
Control in Agroecosystems: Ecological Approaches; Altieri, M.A., Liebman, M., Eds.; CRS Press: Boca Raton, FL,
USA, 1988; pp. 303-317.

Shannon, C.E. A mathematical theory of communications. Bell Syst. Tech. ]. 1948, 27, 379-423. [CrossRef]
Simpson, E.H. Measurement of diversity. Nature 1949, 168, 668. [CrossRef]

Peigné, J.; Ball, B.C.; Roger-Estrade, J.; David, C. Is conservation tillage suitable for organic farming? A review.
Soil Use Manag. 2007, 23, 129-144. [CrossRef]

Gruber, S.; Claupein, W. Effect of tillage intensity on weed infestation in organic farming. Soil Tillage Res.
2009, 105, 104-111. [CrossRef]

Demjanov4, E.; Macdk, M.; Dalovic, I.; Majernik, F,; Tyr, S.; Smatana, S. Effects of tillage systems and crop
rotation on weed density, weed species composition and weed biomass in maize. Agron. Res. 2009, 7, 785-792.
Wozniak, A.; Wesotowski, M.; Soroka, M. Effect of long-term reduced tillage on grain yield, grain quality and
weed infestation of spring wheat. J. Agric. Sci. Technol. 2015, 17, 899-908.

Vakali, C.; Zaller, ]J.G.; Kopke, U. Reduced tillage effects on soil properties and growth of cereals and
associated weeds under organic farming. Soil Tillage Res. 2011, 111, 133-141. [CrossRef]

Armengot, L.; Berner, A.; Blanco-Moreno, ].M.; Méader, P.; Sans, EX. Long-term feasibility of reduced tillage
in organic farming. Agron. Sustain. Dev. 2015, 35, 339-346. [CrossRef]

Wozniak, A. Effect of tillage system on the structure of weed infestation of winter wheat. Span. J. Agric. Res.
2019, 16, 1009. [CrossRef]

Clements, D.R.; Benoit, D.L.; Murphy, S.D.; Swanton, C.J. Tillage Effects on Weed Seed Return and Seedbank
Composition; Cambridge University Press: Cambridge, UK, 1996; pp. 314-322.

Bilalis, D.; Efthimiadis, P.; Sidiras, N. Effect of three tillage systems on weed flora in a 3-year rotation with
four crops. J. Agron. Crop Sci. 2001, 186, 135-141. [CrossRef]

Santin-Montanya, M.I.; Martin-Lammerding, D.; Walter, I.; Zambrana, E.; Tenorio, J.L. Effects of tillage, crop
systems and fertilization on weed abundance and diversity in 4-year dry land winter wheat. Eur. . Agron.
2013, 48, 43-49. [CrossRef]

Gaweda, D.; Haliniarz, M.; Bronowicka-Mielniczuk, U.; Lukasz, ]. Weed infestation and health of the soybean
crop depending on cropping system and tillage system. Agriculture 2020, 10, 208. [CrossRef]

Sebayang, H.T.; Rifai, A.P. The effect of soil tillage system and weeding time on the growth of weed and
yield of soybean (Glycine max (L.) Merril). J. Degrad. Min. Lands Manag. 2018, 5, 1237-1243. [CrossRef]
Gaweda, D.; Haliniarz, M.; Cierpiata, R.; Klusek, I. Yield, Weed infestation and seed quality of soybean
(Glycine max (L.) Merr.) under different tillage systems. J. Agric. Sci. 2017, 23, 268-275.

Sebayang, H.T.; Fatimah, S. The effect of tillage systems and dosages of cow manure on weed and soybeans
yield (Glycine max, Merrill). J. Degrad. Min. Lands Manag. 2019, 7, 1959-1963. [CrossRef]

Wozniak, A.; Rachon, L. Effect of tillage systems on pea crop infestation with weeds. Arch. Agron. Soil Sci.
2019, 65, 877-885. [CrossRef]

Feledyn-Szewczyk, B.; Smagacz, J.; Kwiatkowski, C.A.; Harasim, E.; Wozniak, A. Weed flora and soil seed
bank composition as affected by tillage system in three-year crop rotation. Agriculture 2020, 10, 186. [CrossRef]
Legere, A.C.S.F; Stevenson, F.C.; Benoit, D.L. Diversity and assembly of weed communities: Contrasting
responses across cropping systems. Weed Res. 2005, 45, 303-315. [CrossRef]

171



Agriculture 2020, 10, 635

45. Sans, FX,; Berner, A.; Armengot, L.; Méder, P. Tillage effects on weed communities in an organic winter
wheat-sunflower-spelt cropping sequence. Weed Res. 2011, 51, 413-421. [CrossRef]

46. Mancinelli, R.; Muleo, R.; Marinari, S.; Radicetti, E. How Soil Ecological Intensification by Means of Cover
Crops Affects Nitrogen Use Effciency in Pepper Cultivation. Agriculture 2019, 9, 145. [CrossRef]

47. Campiglia, E.; Radicetti, E.; Mancinelli, R. Floristic composition and species diversity of weed community
after 10 years of different cropping systems and soil tillage in a Mediterranean environment. Weed Res. 2018,
58,273-283. [CrossRef]

48. Velykis, A.; Satkus, A. Weed infestation and changes in field pea (Pisum sativum L.) yield as affected by
reduced tillage of a clay loam soil. Zemdirbyste 2010, 97, 73-82.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

172



&S| agriculture m\py

Article
Biodiversity of Weeds in Fields of Grain in
South-Eastern Poland

Barbara Sawicka 10, Barbara Krochmal-Marczak 2-*(, Piotr Barbas 3, Piotr Pszczétkowski 4
and Marek Cwintal !

1 Department of Plant Production Technology and Commodity Sciences, University of Life Sciences in Lublin,

Akademicka 15, 20-950 Lublin, Poland; barbara.sawicka@up.lublin.pl (B.S.);

helena.cwintal@up.lublin.pl (M.C.)

Department of Food Production and Safety, Krosno State College, Dmochowskiego 12, 38-400 Krosno, Poland
Department of Potato Agronomy, IHAR-PIB, Branch in Jadwisin, Szaniawskiego 15, 05-140 Serock, Poland;
p-barbas@ihar.edu.pl

Experimental Station for Cultivar Assessment of Central Crop Research Centre, Uhnin,

21-211 Debowa Kloda, Poland; p.pszczolkowski.inspektor@coboru.pl

*  Correspondence: barbara.marczak@kpu.krosno.pl; Tel.: +48-508-086-387

Received: 30 October 2020; Accepted: 25 November 2020; Published: 27 November 2020 ﬁr;e(f:t?sr

Abstract: Analysis of weed infestation of selected fields of grain (winter wheat, spring wheat,
spring triticale) was conducted between 2013 and 2016 in five commercial farms in south-eastern
Poland (49°52" N, 21°46” E) based on a quantitative and qualitative (quadrat) method and an
agro-phytosociological method. The quadrat analysis was conducted prior to weeding procedures,
and the agro-phytosociological analysis by grain harvest. The biodiversity of weed communities was
measured with the Shannon and Simpson indices. The degree of weed infestation of grain species
was significantly differentiated by weeding procedures carried out by farmers. The highest share of
weeds in grain crops included dicot weeds (80.6-86.4% of all species, depending on location), and the
remaining weed groups were a much smaller issue. The greatest weed infestation was found in spring
triticale, and the smallest in winter wheat. The highest Shannon biodiversity index was recorded in
the field of triticale, and the lowest in the field of winter wheat. The Simpson index points to the
greatest biodiversity in fields of triticale and the smallest in fields of spring wheat. The conducted
research will help categorize segetal flora characteristics for a given crop, determine its quantity and
species composition, and evaluate biodiversity of weeds in fields of grain.

Keywords: segetal flora; weed quantity; weed mass; grain species

1. Introduction

Weeds are part of agroecosystem biodiversity. In fact, weed infestation of crops is shaped by
habitat conditions. The properties of weeds that make them more abundant than crops are mainly
rapid initial growth rate, high efficiency of CO,, water and nutrient assimilation; adaptability to
changing environment, high multiplication rate, adaptation of fruit and seeds to long-distance dispersal,
nonconcomitant seed germination (polymorphism of dormancy), seed longevity [1,2]. The presence
of various weed species in a crop field increases the diversity of soil microflora and microfauna,
is conducive to the residence of a number of antagonistic insects [3,4]. Country-level biodiversity
includes genetic diversity, which determines inherent variability within the population and between
populations of organisms; a genetic signature that relates to energy for survival and reproduction in
different climates; genetic diversity which determines species diversity of the studied ecosystem or
planet. In evaluating biodiversity, the variability of taxons in the ecosystem must be taken into account.

173



Agriculture 2020, 10, 589

Biodiversity increases in parallel to the number of species and balances their share, but also depends
on their uniform distribution, interspecies diversity, group diversity, or ecosystem biodiversity [2,5,0].
The growth stage of individual biocoenoses influences species variety in the given ecosystem. The more
mature the phytocenosis, the more plant species it contains [7]. Genetic, species, and ecological
diversities interact. The connections between the three measures of natural abundance make it hard to
separate them [2,4,5]. The key role in limiting or maintaining biodiversity is played by agricultural
activity, which determines the intensity of cultivation and agrotechnical procedures. Other important
factors include geography and topography, and the related climate conditions. In fact, weed infestation
of crops is shaped by habitat conditions. The number and species structure of segetal weeds depend
e.g., on soil quality and properties, i.e., granulometric composition, fertility, pH, and water air
relationships in soil [1,3,8]. The factors that have the greatest influence on weed infestation include
agrotechnical weed control procedures, such as crop rotation, cultivation, selection of species and
cultivars, sowing time, sowing quantity, row spacing, soil mulching [3,8,9]. Weed biodiversity also
has a number of biological functions in and around fields. Moreover, it plays a significant role in
the nutrient cycle and use, as well as in maintaining the balance of crops attacked by diseases and
pests [10]. However, weed infestation in fields of grain is a serious problem in plant production.
The quantitative relations between weed species can change at different grain growth stages and over
the years. This demonstrates the adaptability of weeds to agrotechnical cycles [7,11]. Weeds compete
with other plants for nutrients, water, and light, and in consequence cause high crop losses [1,3,8,12].
They assimilate much more water and nutrients than crops. Therefore, they can be particularly
competitive in case of elements deficiency in soil. Another factor affecting crop loss is the collection of
weed seeds together with crops. It has a significant influence on lowering the quality of agricultural
products. The growing share of grains in the crop structure in Poland—over 75% [13]—facilitates
the growth of segetal plants in fields of crops. Weeds, which are undesirable plants in crop fields,
affect both the quantity and quality of yield. Regular mechanic weeding procedures do not eliminate
weeds; they remain on arable soils more or less long-lastingly by means of appropriate multiplication
and adaptability to changing environmental conditions. The conditions vary depending on the type
of crops [3,7]. In fields of grain, weeds occur in relatively long-lasting multispecies communities.
EU regulations require the monitoring of biodiversity in Member States, including biodiversity in rural
areas and the efficiency of various action plans [6,14]. Poland is obliged to protect and monitor the
environment and biodiversity in ways specified in legal regulations and based on scientific knowledge.
Evaluation and monitoring of biodiversity can take place in various spatial scales, which influences
the selection of methods and indicators. Hence, the aim of this paper was to evaluate weed infestation
in fields of selected winter and spring grains on farms in south-eastern Poland. The conducted
research will enable the categorization of segetal flora characteristic for various species of grain crops,
the determination of its quantity and species composition, and the evaluation of biodiversity in this
region of Europe.

2. Materials and Methods

Analysis of weed infestation of selected fields of grain (winter wheat, spring wheat, spring triticale)
was conducted between 2013 and 2016 in five commercial farms in south-eastern Poland in the
Strzyzowski District (49°52" N, 21°46” E). In terms of geomorphology, the area of the Strzyzow
District is located in the Alpine Zone, the Carpathian Province, the Western Carpathians Sub-Province,
the Outer Carpathians Macroregion, the Mesoregion of the Strzyzowski Foothills and Dynowski
Foothills. This area is almost entirely located in the Wislok catchment—the second-order watercourse
feeding the Vistula [15]. In the area of the district, there are podzolic soils and marshes located on the
plains of the Wistok valley as well as brown and podzolic soils produced as a result of weathering
of the Carpathian flysch rocks, which are predominant in the areas located higher. According to the
general classification, these soils belong to the soils of mountainous areas with medium valuation
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classes. The parent rocks are the subsoil, flysch rocks or crumb rock and loess slope clays, while the
soils are mostly of the dust type, most often used as arable soils [15,16].

2.1. Agrotechnical Treatments

The forecrop of grains was diversified, but included mainly grains and rape (Table 1).

Table 1. Forecrop and fertilization used on the farms under study.

Cultivated Plant Forecrop Fertilization
*(A)
Winter wheat Rape N—160 kg-ha™?, P205—66N11<§~Ohi‘91 3 I;ﬁnoa_—l% kgha™! S—40 kg-ha™?,
Spring wheat Com N—120 kg-ha™?, P205—56I\/II<§(-)1’11_91 3 I;ioéijso kgha™l,5—45 kg-ha™!,
Spring triticale Winter rape N—50 kg-ha™!, P,O5—40 kg-ha™!, K;0—40 kg-ha™!
(B)
Winter wheat Corn N—120 kg~ha‘1, P,05—60 kg~ha‘1, K,O0—60 kg-ha‘1
Spring wheat Potato N—90 kg-ha™, P205—4?v1[<gg(';11_ 115/ Ilfé(ﬁ;%o kgha™!, S—40 kg-ha™",
Spring triticale Winter rape N—50 kg~ha_1, P,05—30 kg~ha_1, K,0—30 kg~ha_1
©
Winter wheat Rape N—60 kg-ha~!, P,Os—40 kg-ha~!, K,0—40 kg-ha™!
Spring wheat Corn N—120 kg-ha™!, P 205&4;(;<§2132é;;1§1kg-ha’1, S—45kg-ha™!,
Spring triticale Rape N—60 kg-ha~!, P,O5—55 kg-ha~!, K,0—60 kg-ha™!
(D)
Winter wheat Potato N—90 kg-ha~!, P,O5—50 kg-ha™!, K,0—50 kg-ha™
Spring wheat Fodder beet N—70 kg-ha™!, P,O5—42 kg-ha™!, K,0—42 kgha™
Spring triticale Rape N—50 kg-ha™!, PyO5—34 kg-ha™!, K,0—34 kg-ha™!
(E)
Winter wheat Oat N—130 kg-ha™!, P,O5—50 kg-ha™!, K,0—50 kg-ha™
Spring wheat Winter rape N—90 kg-ha™!, P,O5—40 kg-ha™!, K,0—40 kg-ha™!
Spring triticale Winter rape N—80 kg-ha~!, P,Os—45 kg-ha™!, K,0—50 kg-ha™!

* farm indicators: A—Lubla;, B—Dobrzechéw, C—Lubla,, D—Wisniowa, E—Markuszowa.

Forecrop harvest was followed by post-harvest tillage. Moreover, in autumn each year prior to
spring grain cultivation, mineral phosphorus, and potassium fertilization was applied, followed by
prewinter ploughing. Nitrogen fertilizers were sown in spring by mixing with soil by means of a
cultivation aggregate (cultivator + cage roller). Fertilizer doses used on the farms (Table 1) were
determined by the content of those ingredients in the soil. Certified C1 seeds were sown according to
normal agricultural practice [17] in the third quarter of September, whereas spring wheat and spring
triticale were sown in the third decade of March. The norm for winter and spring wheat sowing
was 400 pcs m~2, and for spring triticale 450 pcs m~2. On all farms, the same grain cultivars were
used: winter wheat—cv. “Bamberka”, spring wheat—cv. “Bogatka”, spring triticale—cv. “Borowik”.
Grain seeds were treated with Baytan Universal 094 FS in the amount of 400 mL of the preparation
and 200 mL of water per 100 kg of seeds, and Baytan Trio 180 FS in the amount of 200 mL of the
preparation and 400 mL of water per 100 kg of seeds. In the all farms mechanical and chemical weed
control was used. Herbicide spraying took place with the use of a tractor-mounted field sprayer.
Plant protection against diseases and pests was used according to the recommendations of the Institute
of Plant Protection—National Research Institute [18] (Table 2).
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Table 2. Mechanical and chemical cultivation was used on the farms under study (A-E).

Mechanical Treatments Chemical Treatments

Apyros 75 WG (sulfosulfuron) + Starane 333 EC (fluroksypyr)
26.5 gha™! +0.8 dm? ha ~!

Chwastox MP 600 SL (mekoprop-P) + Agritox Turbo 750
Cultivator, prewinter ploughing, spring harrowing SL(MCPA + dicamba)
1dm3ha=!+1.25dm3 ha?!

Chwastox MP 600 SL (mekoprop-P) + Starane 330 EC
Shallow ploughing, harrowing, presowing, ploughing (fluroksypyr)
1 dm3 ha™! + 0.8 dm? ha™!

Shallow ploughing, presowing, ploughing

2.2. Cultivation

All farms used mechanical and chemical weed control by means of agrotechnical weeding
procedures and chemical plant protection agents (Table 2).
The active substances of the herbicides used on the farms under study are shown in Table 3.

Table 3. Active substances of herbicides used in cultivation.

Preparation Active Content of Active

. *
Trade Names Substances Substances Dosage Utility Forms Grace
Herbicides
Apyros 75 WG Sulfosulfuron 75% 26.5g'ha™! Granules f01.* water ot applicable
suspension
Starane 333 EC Fluroxypyr 31.56% 0.8 dm® ha™! Concentrate f.o y Not applicable
water suspension

Chwastox MP o 311 Concentrate for .

600 SL Mecoprop-P 52.9% 1dm” ha water suspension Not applicable
Agritox Turbo MCPA + 55.71% 311 Concentrate for .

750 SL Dicamba 7.59% 125 dm” ha water suspension Not applicable

* Sources: [19].

2.3. Soil Assessment

Before the start of the experiment, soil samples were collected from each farm: 20 samples
each from the topsoil (0-20 cm), making up a collective 0.5 kg sample [20]. Samples were tested for
the granulometric composition of the soil, the content of assimilable phosphorus, potassium and
magnesium, and soil pH [21-23]. The granulometric composition and physico-chemical parameters of
the soil were analyzed in the certified laboratory of the Regional Chemical and Agricultural Research
Laboratory in Rzeszow, with the following methods:

e the granulometric composition of soil was determined by means of laser diffraction [16];

e pH: in a suspension of 1 mol KCl dm™ and in a suspension of HyO with a potentiometric
method [16];

e  organic carbon content Corg.—Tiurin’s method [22];

e  assimilable magnesium content—Schachtschabel method [24];

e  assimilable phosphorus and potassium content—Egner-Riehm method [21,22].

The results of soil analysis were evaluated based on limit values established by the Institute of
Soil Science and Plant Cultivation—National Research Institute in Putawy [24].

2.4. Analysis of Weed Infestation in Grains

The evaluation of weed infestation in grain crops on the farms under study was based mainly
on the quadrat method and the agro-phytosociological method. The evaluation of crop and weed
growth stage was based on the BBCH-scale [25]. The mass of the weed species was measured
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with the weight method. The quadrat method was applied prior to using weed control methods,
whereas agro-phytosociological weed assessment was carried out prior to grain harvest. The quadrat
analysis of weed was carried out on a surface of 1 m? in four replicates [26].

2.4.1. Quadrat Method

The research involved the assessment of species composition, species quantity, and measurement
of fresh and air-dried weed mass [26].
The number of weeds per 1 m? was measured using the following formula:

(L1412 + L3 + L4)

beh = (Ip *pr)

7

where:
Ly = number of weeds of a given species per 1 m?;
Ly; Lp; Ls; Ly = number of plants in a quadrat in subsequent measurements [No.];
l, = number of measurements;
pr = quadrat surface [m?2] [26].

The weight analysis of weeds allowed to determine the mass of all weed species in a given field.
The weed floristic list was compiled. To that end, a thorough search in the entire field was conducted,
and a list of all weed species from the field was established and their names entered in an analysis sheet.

Sampling. In the crop plot, all weeds were removed from a surface covered by a randomly placed
quadrat. Then, the plants were placed in plastic containers and labeled for reference. This was carried
out four times in each field. The plants collected during sampling were sorted and divided into groups
of individual weed species; fresh mass of each species was measured, and the results were recorded in
the analysis sheet. Masses of all plants of a given weed species were totaled and the average from four
replicates was calculated for each crop plot. All results were recorded in the sheet. The mean weight of
weeds was calculated as the arithmetic mean of four replicates.

The measurement of air-dried mass in fresh plant material involved drying the sample until
air-dried in a natural or artificial way at a temperature of up to 60 °C with forced air flow [26]. The paper
refers to air-dried weed mass.

2.4.2. Agro-Phytosociological Method

This method was used to evaluate weed infestation in crops prior to harvest.
The agro-phytosociological analysis was based on determining soil coverage by crops and weeds.
The analysis included soil coverage in %—separate for crops and weeds. Crop and weed growth stages
were determined based on the BBCH scale. The highest possible crop coverage was 100%. In order to
determine soil coverage by weeds, a floristic list was compiled including all weed species from the
given field, divided by class (monocot, dicot and fern) [25]. At the top of the list were the species that
were the most numerous in each class. The analysis was carried out in each field, including their entire
surface, except for the borders to eliminate the border effect on the analysis results. In determining
soil coverage, weeds were considered separately from crops. For each weed class, soil coverage was
calculated as a percentage [26].

2.4.3. Weed Community Structure

The structure of communities in the grain crops under study was described with two ecological
indices: Shannon biodiversity index (H’) and Simpson dominance index (SI). Shannon index was
calculated based on the Shannon-Weaver formula (1) [27],

n
H=- ijl pilnpi 1)
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where: Pi = %i—the ratio of weeds of a given species ni to the total number of weeds N on the
sample area.

Simpson index SI accounts for the number of species and the relative quantity of each species,
and was calculated with a modified formula: D = %n__ll)), where n—number of specimens of a given
species; N—number of all specimens of all species [28]. This index assumes values from 0 to 1, in which
values close to 1 point to a significant dominance of one or several species and small diversity of the
community [26]. Furthermore, the end result was transformed into the so-called Simpson’s Index of

Diversity: 1—D, and then into the Simpson’s Reciprocal Index: = % [26,28].

2.4.4. Soil Conditions

The research was conducted in soil consisting of flysch sediments, referred to
as Carpathian loess or carbonate-free loess-like soil. Classification of these soils:
autogenic—luvisols—lessive—pseudogley [29]. The granulometric composition of the soils points to
sandy loam (Table 4).

Table 4. Granulometric composition of soil (%) (average from 2013-2016).

Percentage of Fraction with Diameter
(mm Diameter)

Farms * Sand Silt Clay Grain Size Subgroup
2.0-0.05 mm 0.05-0.002 mm <0.002 mm

A 72.95 18.47 8.58 Sandy loam

B 65.08 25.21 9.71 Sandy loam

C 75.05 18.56 6.39 Sandy loam

D 70.40 19.94 9.66 Sandy loam

E 72.60 16.97 10.43 Sandy loam
Average 71.22 19.83 8.95 Sandy loam

Source: own study based on the results of the Regional Chemical and Agricultural Station in Rzeszéw,
* farms indicators: A—Lubla;, B—Dobrzechéw, C—Lubla,, D—Wisniowa, E—Markuszowa.

The concentration of assimilable phosphorus ranged from low to high; potassium—from medium
to very high; magnesium—from very low to low, with a medium level of copper, manganese, iron,
and zinc in soils. The content of humus in the topsoil ranged from 1.1 to 2.78 g kg~!, and the soil
pH ranged from acidic to neutral (Table 5). The soils where cereal crops were grown belonged to the
agronomic category of medium soils, good rye to defective wheat complex, valuation class Illa to
IVb [16].

Table 5. Physico-chemical properties of soil in the Podkarpackie province (2013-2016) (g kg’1 of soil).

Macronutrients €aco - Micronutrients
* (mg-100~1 of Soil) al0s umus pH (mg kg1 of Soil)
Farms (gkg™) (gkg™) (KCL)
P,0s5 K,O Mg Cu Mn Zn Fe

A* 5.5-14.1 17.0-28.1 3.8-13.7 0.02 1.79-2.69 5.3-6.7 561 1771 144 1581

B 5.1-17.0 11.7-28.3 2.5-15.0 0.03 1.45-1.70 49-74 571 1729 145 1572

C 10.6-16.3 11.4-20.1 2.8-6.4 0.02 1.98-2.75 4.6-5.6 561 1771 144 1569

D 5.2-12.4 15.2-25.6 3.1-8.7 0.03 2.13-2.65 44-6.1 534 1692 151 1610

E 8.5-29.0 13.4-22.0 1.8-7.3 0.02 2.01-2.78 5.1-6.2 568 1723 149 1597
Mean 5.1-29.0 11.4-28.3 1.8-15.0 0.02-0.03 1.45-2.78 - 559 1737 147 1586

Source: data was compiled on the basis of the results obtained by the District Chemical and Agricultural Station in
Rzeszéw (2013-2016); * farm indicators: A—Lubla;, B—Dobrzechéw, C—Lubla,, D—Wisniowa, E—Markuszowa.

2.5. Meteorological Conditions

In the vegetation period of winter and spring grains between the years 2013/2014-2015/2016,
the weather was changing, which is presented in Table 6. Grain vegetation period 2013/2014 was
considered wet, whereas vegetation periods 2014/2015 and 2015/2016 were very wet, which is reflected
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in the values of the hydrothermal coefficient of Selyaninov (Table 6). However, significant variation
of the hydrothermal coefficient was observed between individual months of the vegetation period.
In grain vegetation period 2013, September, October, and November were very wet, whereas in 2014,
the months from April through November were very dry. In vegetation period 2015/2016, almost all
months in 2015 except for June were wet and extremely humid, whereas in 2016, April, May, and June
were wet and extremely humid, and July and August were very dry (Table 6).

Table 6. Average monthly air temperature and total rainfalls during grain vegetation between 2013

and 2016 in Dukla.
Rainfall (mm) Sum of Temperature (°C) Average Sielianinov
Year Month Decade of the Month Rainfall Decade of the Month .. perature (°C) Hydrothermal
1 2 3 (mm) 1 2 3 Coefficient
September 35.1 414 479 1244 14.3 14.2 10.6 13.0 3.2
October 21.2 24.6 322 78 10.1 8.6 12.5 104 2.5
November 18.1 20.8 16.1 55.0 5.1 5.0 4.6 49 3.7
December 6.2 16.9 8.1 31.2 29 3.0 3.1 3.0 -
January 59 42 7.5 17.6 2.1 2.0 24 22 -
February 6.5 15 2.0 10.0 25 -2.8 23 25 -
2013/2014 March 44 72 5.8 174 1.8 22 1.9 2.0 -
April 7.8 7.2 6.4 214 15.1 14.1 17.3 15.5 0.5
May 19.1 20.2 8.9 48.2 17.6 18.9 19.8 18.8 0.9
June 12 16.5 13.5 42 18.4 18.9 254 209 0.7
July 272 20.8 14.5 62.6 20.1 21.6 222 21.3 1.0
August 33.2 451 15.3 93.6 20.8 219 22.1 21.6 14
Total 601.4
September 11.2 10.1 12.7 34.0 15.6 15.8 16.9 16.1 0.7
October 11.3 16.8 11.7 39.8 11.6 11.8 12.1 11.8 1.1
November 2.8 3.0 3.6 9.4 59 6.3 6.2 6.1 0.5
December 134 16.1 109 404 1.2 14 19 15 -
January 10.1 9.7 11.2 31.0 -1.2 -1.8 -1.7 -1.6 -
February 3.62 7.45 5.53 16.6 43 4.6 48 4.6 -
2014/2015 March 8.0 9.2 8.6 25.8 7.6 7.8 7.1 7.5 -
April 22.5 23.8 25.1 71.4 10.8 9.8 11.2 10.6 22
May 46.8 75.2 62.1 184.1 13.7 13.8 13.6 13.7 45
June 6.0 7.1 6.5 19.6 20.4 23.1 254 23.0 0.3
July 40.3 451 42.7 128.1 19.8 19.3 215 20.2 2.1
August 14.0 21.0 25.0 60.0 20.1 19.6 222 20.6 1.0
Total 660.2
September 22.5 14.5 29 66.0 154 15.1 16.1 15.53 14
October 10.1 13.8 18.7 42.6 12.5 12.6 12.8 12.6 1.1
November 19.2 214 17.2 57.8 8.6 7.6 8.7 8.3 23
December 114 15.0 18.7 451 4.0 5.1 3.6 4.2 -
January 6.9 25 5.2 14.6 1.2 1.8 1.9 1.6 -
February 12.9 18.2 23.1 54.2 4.6 43 48 4.6 -
2015/2016 March 6.8 5.6 42 16.6 54 7.2 8.0 6.9 -
April 26.3 19.6 241 70.0 9.8 8.7 11.6 10.0 2.3
May 21.8 471 38.2 107.1 11.6 12.6 12.9 124 29
June 55.7 49.8 53.1 158.6 16.9 17.3 17.2 17.1 3.1
July 154 9.4 10.2 35.0 20.2 19.6 21.3 20.4 0.6
August 19.7 11.1 15.2 46.0 21.6 20.6 21.8 21.3 0.7
Total 713.6

Source: own study according to data from the COBORU meteorological station at SDOO in Dukla. The following
ranges of values pg s for the Selyaninov coefficient were assumed: extremely dry k < 0.4; very dry 0.4 <k <0.7;
dry 0.7 < k £ 1.0; quite dry 1.0 < k < 1.3; optimal 1.3 < k < 1.6; quite damp 1.6 < k < 2.0; wet 2.0 < k < 2.5; very wet
2.5 < k £ 3.0; extremely humid k > 3.0 [30].

2.6. Statistical Analyses

The research results were analyzed statistically using analysis of variance, by means of statistical
software SAS v.9.2 [31]. Statistical analyses were based on a two-way analysis of variance (farm X crop)
and Tukey’s multiple tests, with the assumed level of relevance py os5. The significance of sources of
variance was subject to the F-Snedecor test [32,33].
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3. Results

3.1. Number and Air-Dried Mass of Weeds in Fields of Grains

The greatest number of weeds in a field of grain was recorded in spring wheat and spring triticale,
and the smallest in winter wheat. Weed infestation in spring wheat and spring triticale was almost
twice as high as in winter wheat. The greatest weed infestation in spring wheat was found on farm
A, and the smallest on farm D. Winter wheat suffered from the greatest weed infestation on farm C,
with rape as forecrop, and the smallest on farm B, with potato as forecrop. In the case of spring triticale,
the greatest weed infestation occurred on farm B, and the smallest on farm E, whereas farms A and D
turned out homogeneous in terms of this characteristic (Table 7).

Table 7. Number and air-dried mass of weeds in fields of grains (pcs m~2).

Number of Weeds Air-Dried Mass of Weeds
-2 -2
Farms * (Nom™ gm™
Winter Spring Spring Winter Spring Spring
Wheat Wheat Triticale Wheat Wheat Triticale
A 8.0c 76.8a 28.8b 9.1a 17.7a 42 .8a
B 2.0d 23.2¢ 72.0a 0.3e 1.9d 13.6b
C 30.4a 42.0b 21.6bc 3.8¢ 8.2b 24 cd
D 15.6b 6.4d 34.8b 7.5b 2.8d 6.2¢
E 13.6b 20.8¢ 16.8cd 2.3d 5.9¢ 4.0c
LSDg 05 3.55 8.6 8.5 1.2 1.9 35

* Farm indicators: A—Lubla;, B—Dobrzechow, C—Lubla,, D—Wisniowa, E—Markuszowa. Letter indicators at
averages determine the so-called homogeneous groups (statistically homogeneous). The occurrence of the same
letter pointer at averages (at least one) means that there is no (no) statistically significant difference between them.

The greatest air-dried area of weed in a field of grain was observed in spring triticale crop, and the
smallest in winter wheat. In the case of the latter, the greatest weed mass was recorded on farm A,
and the smallest on farm B, with corn as forecrop. Weed mass in the field of spring wheat was almost
by half lower than weed mass in spring triticale. The greatest air-dried weed mass in spring wheat was
found on farm A, and the smallest on farm B. Weed mass on farms B and D did not differ significantly
from each other. The greatest air-dried weed mass in spring triticale was noted on farm A, and the
smallest on farm E, whereas the weed mass on farms D and E turned out homogeneous (Table 7).

3.2. Floristic Composition of Weeds

Weed infestation of winter wheat grown on all farms included a total of 11 weed species (Table 8).
The presence of taxons per a single crop field ranged from two (farm B) to four weed species (farms A,
D) and five taxons on farm E. The most frequent were ANTAR, CIRAR, VIOAR [34] from the dicot class,
and EQUAR from the Equisetaceae family, the fern (Polypodiop) class, which were found in three out of
five examined fields of winter wheat; CONAR and POLCO were found in a relatively high quantity
but lower recurrence per farm. Significant differences in weed infestation in winter wheat between the
examined farms were found in such species as ANTAR, APHAR, CIRAR, CONAR, EQUAR, RUMAA,
and VIOAR (Table 8). The occurrence of the remaining species was less frequent, and they were not
found on all farms. Significant differences in air-dried weed mass were recorded in the case of such
species as CIRAR, CONAR, EQUAR. The greatest air-dried weed mass was observed in the case of
CONAR, whereas the remaining species produced a significantly lower weed mass, which did not
depend on location (Table 8). The greatest soil coverage by segetal plants was recorded on farm C and
amounted to 12.3%, with the soil coverage by winter wheat of 87.7%. Dominating weed species in
those crops were ANTAR and CIRAR belonging to dicots, and EQUAR belonging to the Equisetales
order, the Equisetidae subclass, the Polypodiopsida class [35] (Table 8).
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Table 8. The species composition, number and air-dried weed mass and soil coverage in a field of
winter wheat per 1 m?.

Number of Weeds Air-Dried Mass of Weeds
No  Species* (Nom~2) LSDg,s (gm~) LSDo.05
A B C D E A B C D E
1 ANTAR 0.0 1.2 8.8 52 0.0 0.8 00 02 19 04 00 0.1
2 APHAR 0.0 0.0 0.0 2.4 0.0 ns 00 00 00 05 00 ns
3 CIRAR 0.0 0.0 4.0 3.2 32 0.5 00 00 05 07 04 0.1
4 CONAR 1.6 0.0 0.0 4.8 0.0 0.3 42 00 00 59 00 0.5
5 EQUAR 2.4 0.0 8.0 0.0 3.2 2.7 06 00 13 00 08 0.1
6 POLLA 0.0 0.0 1.6 0.0 0.0 ns 00 00 00 00 00 ns
7 POLCO 0.0 0.0 0.0 0.0 32 ns 00 00 01 00 01 ns
8 RUMAA 32 0.0 0.0 0.0 0.0 0.6 38 00 00 00 00 ns
9 VICCR 0.0 0.0 0.0 0.0 0.1 ns 00 00 00 0.0 01 ns
10 VICTE 0.0 0.0 8.0 0.0 0.0 ns 00 00 00 0.0 00 ns
11 VIOAR 0.8 0.8 0.0 0.0 4.0 0.2 05 01 01 0.0 1.0 ns
Sum of species 4 2 5 4 5 - 4 2 5 4 5 -
* 978 965 877 924 951 - - - - - - -
** 0.0 0.0 0.0 0.9 0.0 - - - - - - -
woE 2.0 3.5 11.2 6.7 4.2 - - - - - - -
b 0.2 0.0 1.1 0.0 0.7 - - - - - - -

farm indicators: A—Lubla;, B—Dobrzechéw, C—Lubla,, D—Wisniowa, E—Markuszowa; ANTAR—Anthemis arvensis;
APHAR—Aphanes arvensis; CIRAR—Cirsium arvense; CONAR—Convolvulus arvensis; EQUAR—Equisetum arvense;
POLCO—Polygonum convolvulus; POLLA—DPolygonum lapathifolium; RUMAA—Rumex acetosella; VICCR—Vicia cracca;
VICTE—Vicia tetrasperma; VIOAR—Viola arvensis; * soil coverage with crop (%); ** soil coverage with monocot weeds
(%); *** soil coverage with dicot weeds (%); **** soil coverage with Equisetaceae weeds (%).

During the assessment of weed infestation in fields of spring wheat, 14 weed species were
identified, of which the most frequent were dicot weeds: BRANA (52.8%), SINAR (17.0%), and CIRAR
(8.8%). The share of these three species in the weed structure amounted to 78.6%. The only monocot
weed was APESV, which was only found on farms B, C, and E (Table 9). Significant differences in weed
infestation in winter wheat between the examined farms were found in such species as ANTAR, APESV,
CIRAR, EQUAR, GAELA, POLAYV, POLCO, SINAR, VIOAR. In four out of five farms, CIRAR and
EQUAR was recorded, with small numbers of other taxons. The most frequent weed species in fields
of spring wheat on farm A was BRANA (Table 9). A very large share of rape in fields of spring wheat
was a direct result of the forecrop, which was winter rape, leaving behind numerous fallen seeds of
that species. On farms B and E, the dominating species was SINAR, with a 65.5% and 30.8% share in
all weeds, respectively. Crops were least affected by weeds on farm D, where only four species were
recorded with the smallest quantity of all farms under study. It was observed that the differentiated
floristic composition in the examined farms resulted from the forecrop (Table 9). It turned out that the
air-dried weed mass depended significantly on the species. A significant influence of that factor was
recorded in the case of four species: ANTAR, BRANA, CIRAR, and EQUAR. On average, the highest
weed mass was generated by CIRAR. On farm A, the most frequent was BRANA, which was related
with the forecrop (Table 9). The greatest soil coverage by segetal plants was recorded on farm C and
amounted to 11.7%, with the soil coverage by spring wheat of 88.3%. Dominating weed species in
those crops were ANTAR and SINAR belonging to dicots, and EQUAR belonging to the Equisetaceae
family, the Equisetales order [35] (Table 9).

181



Agriculture 2020, 10, 589

Table 9. Species composition, number, and air-dried weed mass and soil coverage in a field of spring
wheat (pcs m?).

The Number of Weeds Air-Dried Mass of Weeds
No  Species* (Nom~2) LSDo,s (gm~) LSDo.05
A B C D E A B C D E

1 ANTAR 0.0 0.0 4.0 0.0 4.8 0.4 00 00 08 11 1.0 0.1
2 APESV 0.0 0.8 0.7 0.0 1.6 0.2 00 01 01 0.0 01 ns
3 APHAR 0.0 0.0 2.5 0.0 0.0 ns 00 00 05 00 0.0 ns
4 BRANA 67.2 0.0 0.0 0.0 0.0 ns 108 0.0 00 00 00 0.5
5 CIRAR 6.4 0.0 11.5 0.8 4.0 0.5 62 00 23 02 43 0.7
6 EQUAR 0.8 0.0 3.5 1.6 24 0.4 02 00 07 10 09 0.2
7 GAELA 0.0 24 1.5 0.0 1.6 0.3 00 03 03 00 02 ns
8 GALAP 0.0 0.8 0.6 0.0 0.0 ns 00 01 01 0.0 00 ns
9 POLAV 0.8 0.0 1.1 32 0.0 0.3 02 00 02 05 00 ns
10 POLCO 0.0 4.0 1.0 0.0 0.0 0.3 00 01 02 00 00 ns
11 POLLA 0.0 0.0 5.0 0.0 0.0 ns 00 00 1.0 0.0 0.0 ns
12 RUMAA 0.0 0.0 5.6 0.0 0.0 ns 00 00 11 0.0 0.0 ns
13 SINAR 0.0 15.2 33 0.0 6.4 1.3 00 08 06 00 04 ns
14 VIOAR 1.6 0.0 1.7 0.8 0.0 0.2 03 00 00 0.0 0.0 ns

Sum of species 5 5 13 4 6 - 5 5 13 4 6 -

* 938 956 883 969 945 - - - - - - -

** 0.0 0.1 0.2 0.0 0.2 - - - - - - -

il 6.0 4.3 10.8 2.9 4.0 - - - - - - -

e 0.2 0.0 0.7 0.2 1.3 - - - - - - -

farm indicators: A—Lubla;, B—Dobrzechéw, C—Lubla,, D—Wisniowa, E—Markuszowa; * farm indicators:
A—Lubla;, B—Dobrzechéw, C—Lubla,, D—Wisniowa, E—Markuszowa; ANTAR—Anthemis arvensis;
APESV—Apera spica-venti; APHAR—Aphanes arvensis; BRANA—Brassica napus; CIRAR—Cirsium arvense;
EQUAR—Equisetum arvense; GAELA—Galeopsis ladanum; GALAP—Galium aparine; POLAV—DPolygonum avicular;
POLCO—Polygonum convolvulus; POLLA—DPolygonum lapathifolium; RUMAA—Rumex acetosella; SINAR—Sinapis arvensis;
VIOAR—Viola arvensis; * soil coverage with crop (%); ** soil coverage with monocot weeds (%); *** soil coverage
with dicot weeds (%); **** soil coverage with Equisetaceae weeds (%).

Fields of spring triticale grown in five farms contained in total 20 weed species, including 13
on farm A, and six in each of the remaining farms (Table 10). Weed species that were found in at
least two fields of spring triticale, belonging to the dicot class, included ANTAR, LAMAM, POLLA,
and VICCR, the monocot class—APESV, and the Polypodiopsida class—EQUAR. The direct forecrop of
spring triticale on farm A was rape and winter wheat, which was most probably the reason for higher
weed infestation in crops. Significant differences in weed infestation in winter wheat were found
in such species as ANTAR, APESV, CENCY, CHEAL, CIRAR, EQUAR, LAMAM, POLLA, POLCO,
POLAV, STEME, TAROE, VICCR, VICSA, VIOAR, and VERPE (Table 10). On farm B, the greatest weed
infestation was recorded in the case of rape as the forecrop, and the most frequent weeds were VIOAR,
VERPE, and TAROF. The lowest quantity of weeds was observed on farm E, and the most frequent
weed was VICCR. The great difference in weed infestation between farms did not result from the direct
forecrop, which was rape in both cases. After an inquiry, it turned out that it was due to the short
usage period of the plot of land on farm B purchased only 2 years earlier. Additionally, high weed
infestation was caused by years of set-aside of the purchased land and its location around uncultivated
fields, which were a rich source of weed seeds transferred in soil (Table 10).

It turned out that air-dried weed mass significantly depended on the location in the case of such
species as BRANA, CIRAR, EQUAR, POLAV, STEME, TAROEF, VIOAR, VERPE, and VICCR (Table 10).
Among 20 weed species, the largest air-dried weed mass was recorded for BRANA and TAROF found
on farm A. Such a large air-dried mass of common dandelion resulted from its late growth stage
defined as one of the ripening and fruit coloring stages. Among other species, a significant share in the
measured weed mass was noted for VICCR, VIOAR, and VERPE. The share of other species did not
influence their frequency in that period. It was expected that a reverse relationship would occur in the
case of increasing share of weed species. The greatest air-dried weed mass in a field of spring triticale
was observed on farm A, and the smallest on farm C. The air-dried weed mass on farm B was almost
three times lower that on farm A (Table 10). The highest soil coverage by segetal plants was recorded
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on farm A and amounted to 19%, which resulted in an 81% density of the field of spring triticale.
The smallest soil coverage by segetal plants was recorded on farm E and amounted to 5.4%, with the
soil coverage by spring wheat of 95.4%. The lowest soil coverage in spring triticale crops involved
monocot weeds, with their only representative being APESV from the monocot class (Table 10).

Table 10. Species composition, number, and weed mass and soil coverage in a field of spring triticale

per 1 m2.
The Number of Weeds Air-Dried Mass of Weeds
No Species (Nom™2) LSDg o5 (g m~2) LSDg o5
A B C D E A B C D E
1 ANTAR 0.8 0.6 6.4 0.0 3.2 0.4 02 01 12 00 05 0.1
2 APESV 2.4 1.1 0.0 2.2 1.6 0.3 02 02 00 04 02 ns
3 BRANA 4.0 0.0 0.0 0.0 0.0 ns 150 00 00 00 0.0 0.8
4 CENCY 0.0 0.0 4.8 2.3 0.0 0.4 00 00 04 05 00 ns
5 CHEAL 0.0 0.7 24 2.1 0.0 0.3 00 01 04 04 01 ns
6 CIRAR 3.2 5.2 0.0 1.3 0.0 0.5 1.3 1.0 00 02 00 0.1
7 GAELA 0.0 1.1 0.0 0.6 0.0 ns 00 02 00 01 0.0 ns
8 GALAP 0.0 0.0 1.6 0.0 0.0 ns 00 00 00 0.0 0.0 ns
9 EQUAR 2.4 9.1 0.0 4.1 24 0.8 1.1 1.7 04 07 11 0.3
10 LAMAM 0.8 1.0 0.0 1.3 0.8 0.2 03 02 00 02 02 ns
11 POLLA 0.8 0.0 4.8 0.0 4.8 0.3 00 00 00 0.0 00 ns
12 POLCO 1.6 1.2 0.0 0.7 0.0 0.2 03 02 00 01 00 ns
13 POLAV 0.0 55 0.0 3.1 0.0 0.4 16 11 00 06 0.0 0.2
14 STEME 32 55 0.0 1.2 0.0 0.5 20 1.0 00 01 0.0 0.2
15 TAROF 0.8 10.6 0.0 5.8 0.0 0.9 104 20 00 1.0 00 0.7
16 VICCR 4.0 5.8 0.0 2.2 4.0 0.6 19 11 00 04 19 0.3
17 VICSA 0.0 1.0 1.6 0.7 0.0 0.2 03 02 00 01 0.0 ns
18 VIOAR 4.0 12.0 0.0 3.6 0.0 1.0 36 23 00 06 0.0 0.3
19 VICTE 0.0 0.8 0.0 0.0 0.0 ns 02 01 00 00 00 ns
20 VERPE 0.8 10.8 0.0 3.6 0.0 0.8 44 21 00 05 00 0.4
Sum of species 13 16 6 15 6 - 13 16 6 15 6 -
* 81.0 941 892 933 954 - - - - - - -
** 0.9 0.0 0.0 0.0 0.1 - - - - - - -
il 16.1 49 11.2 6.2 4.3 - - - - - - -
wEE 2.0 1.0 0.0 1.1 1.0 - - - - - - -

farm indicators: A—Lublal, B—Dobrzechéw, C—Lubla,, D—Wiéniowa, E—Markuszowa; ANTAR—Anthemis arvensis;
APESV—Apera spica-venti; BRANA—Brassica napus; CENCY—Centaurea cyanus; CHEAL—Chenopodium album;
CIRAR—Cirsium arvense; GAELA—Galeopsis ladanum; GALAP—Galium aparine; EQUAR-Equisetum arvense;
LAMAM—Lamium amplexicaule; POLLA—Polygonum lapathifolium; POLCO—Polygonum convolvulus;
POLAV—Polygonum avicular; STEME—Stellaria media; TAROF—Taraxacum officinale; VICCR—Vicia cracca;
VICSA—YVicia sativa; VIOAR—Viola arvensis; VICTE—Vicia tetrasperma; VERPE—Veronica persica; * soil coverage with
crop (%); ** soil coverage with monocot weeds (%); *** soil coverage with dicot weeds (%); **** soil coverage with
Equisetaceae weeds (%).

3.3. Biodiversity Indices

The highest Shannon biodiversity index was recorded in the field of triticale, and the lowest in
the field of winter wheat. This means that all species in the field of triticale had the same priority,
and the plant community manifested the greatest biodiversity (Table 11). Biodiversity indices reflect
the composition of communities in much more detail than just species richness (i.e., number of
species present). In fact, they also account for the relative number of various species. A biodiversity
index is a mathematical measure of species diversity in a community. Biodiversity indices reflect the
composition of communities in much more detail than just species richness (i.e., number of species
present). Simpson index (D) determines habitat biodiversity. It also established the probability of
randomly picking two specimens of the same species. Index “D” ranges from 0 to 1, where 0 stands for
unlimited biodiversity, and 1 no biodiversity. In general, the closer to 1, the poorer the biodiversity.
For the sake of intuitiveness and clarity, the end result D was transformed into the so-called Simpson’s
Index of Diversity: 1—D, and then to the Simpson’s Reciprocal Index: 1/D. In the case of such results,
the greater the number, the greater the biodiversity. The latter index points to the greatest biodiversity
in fields of triticale and the smallest in fields of spring wheat (Table 11).
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Table 11. Biodiversity indices in fields of grain.

. Farms *
Species Average
A B C D E

Shannon index (H)

Winter 0.56 0.29 0.64 0.64 0.14 045
wheat
Spring 0.22 0.45 0.97 0.53 0.72 0.58
wheat
Spring 0.92 0.90 0.68 1.00 0.72 0.84
triticale
Simpson index (D)
Winter 0.20 0.04 0.24 0.24 0.18 0.18
wheat
Spring 0.76 0.46 0.09 0.20 0.15 033
wheat
Spring 0.05 0.10 0.18 0.07 0.16 0.11
triticale
Simpson’s Reciprocal Index
Winter 5.00 25.00 417 417 5.56 8.78
wheat
Spring 131 2.17 10.11 5.00 6.66 5.05
wheat
Spring 20.00  10.00 5.55 14.28 6.25 11.21
triticale

* farm indicators: A—Lubla;, B—Dobrzechéw, C—Lubla,, D—Wisniowa, E—Markuszowa.

4. Discussion

The results of our own research explicitly show that the potential state and biodiversity of weeds in
winter and spring wheat and spring triticale was significantly differentiated. Increasing weed infestation
in crops is caused by more and more popular grain monoculture and applying the same type of
herbicide weeding agents for several years in the same field [7]. Looking for new and efficient solutions
to reasonably control weeds in a way that takes into account the eco-demands of protecting floristic
biodiversity is the primary goal of modern herbological studies [36]. One of the possibilities, so far
rarely used in weed management, is the selection of cultivars based on their natural competitiveness
with segetal flora. The degree and condition of weed infestation in fields of grain depends on a
number of factors, e.g., the abundance of weed seeds in topsoil, the number of weeding procedures,
the type of weed control agent used, the dose of herbicide active substance per surface unit, the time
of herbicide application, the growth stage of weeds during chemical weeding procedures, and the
weather conditions during and directly after spraying. In the conducted research, weed infestation
in grains was related to forecrop and location. Weed infestation in fields can also be significantly
influenced by the type and number of mechanical tillage procedures, manure fertilization, crop rotation,
crop species, plant density in the field, and plant height [4]. In the experiment, mechanical tillage,
chemical weed control, and grain species were the same. Weed infestation was differentiated by soil
conditions, quantity of weeds in soil and plot location. According to Kieloch [37], a weed community
in a given field is subject to dynamic changes due to various agricultural practices. The size of the
weed population and its species composition is shaped by two major factors: crop competition and
soil seed bank, which more or less depend on various elements of the agrotechnology, such as crop
rotation, soil cultivation, sowing time and density, choice of cultivar. According to Haliniarz et al. [38],
the aim of the optimal agrotechnology is to increase crop competitiveness against weeds and reduce
the weed seed bank in soil. The conducted studies focused on species diversity, species variety,
and species richness. The greatest number of weeds in a field of grain was recorded in spring wheat
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and spring triticale, and in terms of air-dried weed mass—the greatest mass was found in spring
triticale. Based on the analysis of species biodiversity of crops in south-eastern Poland, the richest
species composition and the greatest biodiversity according to Shannon index was also noted in spring
triticale. In fact, they also account for the relative number of various species. The factors that can
modify weed infestation in grains are numerous, with fertilization being the most prominent. In the
conducted research, fertilization was adjusted to the fertility of soil and the nutritional needs of grain
species. According to a number of authors [3,11,39], it is mainly nitrogen fertilization that strongly
affects weed infestation. It is believed that increased nitrogen fertilization results in changes to the
species composition of weed communities. It is manifested in the disappearance of oligotrophic species
and their replacement with nitrophile species [40,41]. Nitrogen facilitates weed emergence, and during
full vegetation—depending on the fertilization type—it can reduce or stimulate their occurrence. In the
conducted research, the influence of fertilization on the floristic composition of weed communities
in fields of grain was not investigated, but such influence was reported by other authors [39,42,43].
According to Czuba [12], Stepieni [41], Kwiatkowski et al. [11], this factor differentiates the population
size of weed species. The basic biodiversity means of measurement are based on the evaluation
of the species composition in a given area (testing for the occurrence of all species and monitoring
selected species) and comparison of the present state of the ecosystem to the past (comparison of the
area to protected areas). The most frequently used biodiversity measures include Margalef index
(D, R1), simplified Margalef index used by the Ministry of Environment, Shannon diversity index
(H), Shannon equitability (species share) index (EH, J), dominance index (of Shannon and Weaver),
modified Simpson index (D) [26]. In the conducted research, Shannon diversity index ranged from 0.46
to 0.84, depending on the type of crop field. The highest index value was recorded for fields of spring
triticale, and the lowest for winter wheat. According to Zanin et al. [26], Shannon index is the highest
when the share of species is even, i.e., all species have the same priority. When the number of species is
equal, the community with even species distribution is characterized by higher biodiversity. When the
share of species is even (p;), the area with more species is characterized by greater biodiversity [26].
Based on the results, Shannon-Wiener (H) and Simpson (D) indices of biodiversity were calculated.
Using the described methodology, it was established that the differences between indices H and D for
the analyzed area and time were minor. According to Kotlarz et al. [44], who estimated the diversity
of stands of trees, the investigated area of imaging differentiated after the first and second iteration
by means of PCA, and the changes were also minor. The aim of conducting other studies and more
thorough analyses, e.g., PCA, and thus complete identification of species in the context of biodiversity,
requires further research. Agriculture is one of the key factors causing biodiversity decrease. Beside the
loss of biodiversity due to habitat damage resulting from the transformation of natural areas into arable
land, increasing agricultural activity has led to a significant decrease in biodiversity of agricultural areas.
This threatens not only biodiversity but also the entire ecosystem and ecosystem service that agriculture
relies upon. According to Erisman et al. [2], the pressure of feeding the increasing human population
around the globe, combined with changing diet including more and more animal protein, has an
additional negative effect on available arable land and agricultural areas. An agricultural system based
on the full potential (functional agricultural biodiversity) opens up possibilities of establishing a resilient
system where both food production and nature can develop [1,43,45,46]. Therefore, we recommend a
complex approach in order to boost the development and implementation of agricultural practices
which use and support biodiversity and ecosystem service in agricultural areas, seminatural enclaves
and ecological grounds. An agricultural system based on the potential of functional agricultural
biodiversity opens up possibilities of establishing a resilient system where both food production and
nature can develop.

5. Conclusions

The greatest number of weeds in a field of grain was recorded in spring wheat and triticale,
and the smallest in winter wheat. Weed infestation in winter wheat grown on all farms included a
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total of 11 weed species. The most frequent were ANTAR, CIRAR, VIOAR belonging to the dicot
class, and EQUAR belonging to the Polypodiopsida class. Fields of spring triticale contained in total
20 weed species, including 13 on a single farm (A), and six in each of the remaining farms. During the
assessment of weed infestation in fields of spring wheat, 14 weed species were identified, of which
the most frequent were dicot weeds: BRANA, SINAR, and CIRAR. The only monocot weed found in
that crop was APESV, with specimens reported in three out of five locations. The highest Shannon
biodiversity index was recorded in the field of triticale, and the lowest in the field of winter wheat.
This means that all species in the field of triticale had the same priority, and the plant community
manifested the greatest biodiversity. The biodiversity evaluation of selected fields of grain conducted in
several towns in the region enables the assessment of biodiversity on the regional, national, and global
level. Some of the approved methods of biodiversity assessment are considered time-consuming
and/or subjective, others focus on some parameters only and ignore the rest. However, testing a single
index (parameter) does not provide a large picture of the situation, so in examining biodiversity, it is
best to use several different methods. The data obtained on the diversity of weeds in the south-eastern
part of Poland in the fields of cereal plants will be used in some weed control strategies. Additionally,
that will be the added value of this project.
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Abbreviations

ALOMY Alopecurus myosuroides L.
ANTAR Anthemis arvensis L.

APESV Apera spica-venti L.

APHAR Aphanes arvensis L.

AVRDC The World Vegetable Center
BBCH Biologische Bundesanstalt, Bundessortenamt und Chemische Industrie
BNI Biological Nitrification Inhibition
BRANA Brassica napus L.

CENCY Centaurea cyanus L.

CGIAR Consultative Group on International Agricultural Research
CHEAL Chenopodium album L.

CIRAR Cirsium arvense L.

CONAR Convolvulus arvensis L.

EQUAR Equisetum arvense L.

GAELA Galeopsis ladanum L.

GALAP Galium aparine L.

LAMAM Lamium amplexicaule L.

POLAV Polygonum aviculare L.

POLCO Polygonum convolvulus L.

POLLA Polygonum lapathifolium L.
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RUMAA Rumex acetosella L.

SINAR Sinapis arvensis L.

STEME Stellaria media (L.) Vill./Cyr.
TAROF Taraxacum officinale Web.
VERPE Veronica persica Poir.

VICCR Vicia cracca L.

VICSA Vicia sativa L.

VICTE Vicia tetrasperma L.

VIOAR Viola arvensis Murr.

WSSA Weed Science Society of America
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Abstract: The effect of potato cultivar and mechanical or herbicide treatments on weed densities and
biomass was determined in a research study on a field, conducted from 2007 to 2009 at the Institute of
Plant Breeding and Acclimatization. Included in the study were two cultivars and different weed
control treatments, including a mechanical method and metribuzin combined with various herbicides
and application timings. Chemical methods of controlling weeds were more effective than mechanical
methods to reduce weed densities and biomass. The combination of metribuzin with rimsulfuron
+ SN oil, applied before potato emergence (PRE), was more effective than the other metribuzin
combinations. The weed infestation of potato cv. “Irga” was greater than that of cultivar “Fianna”
due to differences in the type of growth.

Keywords: potato; cultivars; biodiversity of weeds; mechanical method; chemical method;
monocotyledonous weeds; dicotyledonous weeds

1. Introduction

Weeds compete with crops for water, light, and nutrients. Due to the long period from planting
to covering inter-rows, potatoes are not as competitive as some other crops. In addition, weeds can
reduce air circulation in the potato crop and contribute to favorable conditions for potato infection
by pathogens. Effective weed control can eliminate the competitive effects of weeds and should be
based on detailed knowledge, including factors impacting performance [1-4]. For example, the same
herbicide may have varying efficacy depending on the environmental conditions at and after the
application time. Other factors include absorption, translocation, and degradation in the plant [5-7].
Selection of herbicides, herbicide combinations, rates, and application timings should be suited to the
degree of weed infestation, the optimal date for using agrochemicals, and the combination of herbicides
required to eliminate a wide spectrum of weeds [3-8]. Earlier, Pawlonka [8] used metribuzin pre-
and postemergence on potato plants, combined with mechanical treatments, in order to minimize the
adverse effect of monoculture on potato yields. However, no publications by other authors concerning
the use of metribuzin in mixtures with other herbicides were found. Hence, research was undertaken
on the use of metribuzin in combination with other active substances of herbicides, with a different
spectrum of action to eliminate both dicotyledonous and monocotyledonous weeds.

The main aim of the research is to develop innovative, effective methods of weed control under the
conditions of weed threat, which will provide a larger spectrum of chemical agent action and result in
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weed control efficiency, costs, rate reductions, and impact on the environment. Hence, the intention of
the work is use metribuzin (pre- and post-emergence) and the chosen herbicide mixtures (metribuzin +
rimsulfuron + ethoxylated isodecyl alcohol; metribuzin + fluazifop-P-butyl; metribuzin + sulfosulfuron
+ SN oil) for the control of weeds in the cultivation of two potato cultivars, which will provide a
wider spectrum of action of the active substance compared to the mechanical method of combating
weeds. This will result in better weed control, a reduction in the dose of herbicides, a reduction in their
negative impact on the environment, and a reduction in costs. The selection of these herbicides results
from their availability, spectrum of action, and their prices, which is important for farmers, who will
make the most economical decision. This research can add value to existing methods. A comparison of
chemical weed control methods with mechanical methods that are rarely used today would make it
possible to move away from such mechanical methods.

The paper verifies the alternative hypothesis that the use of herbicides and their mixtures,
namely, (a) metribuzin—PRE; (b) metribuzin + rimsulfuron + ethoxylated isodecyl alcohol—PRE;
(c) metribuzin—POST; (d) metribuzin + rimsulfuron + isodecyl alcohol ethoxylate—PRE; (e) metribuzin
+ fluazifop-P butyl—POST; (f) metribuzin + sulfosulfuron + SN 0il—POST-emergence in potato
cultivation will

(a) provide a broader spectrum of action of herbicide chemistry and greater weed control than no
weed control and mechanical weed control;

(b) reduce environmental pollution and ensure better effectiveness of chemical treatments, due to the
use of lower doses of herbicides, against the null hypothesis that there are no differences between
the variants with herbicides and their mixtures and the variant without weed protection and the
variant with mechanical weed infestation control in potatoes.

2. Material and Methods

Field trials were carried out for three years, from 2007 to 2009, at the Institute of Plant Breeding
and Acclimatization—National Research Institute in Jadwisin (52°29” N, 21°03’ E). The soil each year
was a sandy loam [9]. The experimental design was randomized sub-blocks in a dependent, split-plot
system, with three replications. Two factors were examined in the experiment: the first-order factor
was potato cultivars (“Irga”, an edible, medium-early, stem-type cultivar, and “Fianna”, a medium-late,
edible, leaf-like cultivar). The second-order factors were weed control methods, including extensive
mechanical treatments (every 2 weeks) from planting until row closure and several metribuzin
combinations and application timings. Table 1 shows the combinations, rates, and application
timings of herbicide treatments. A nontreated control was included for comparison. Herbicides were
applied in 400 dm?® ha™! of water with a backpack sprayer with flat-spray nozzles and a flow rate of
0.35-0.65 dm.min™! and a pressure of 0.1-0.2 MPa. The plot area for treatments was 31.0 m?, of which
25 m? was harvested for tuber yields and quality.

2.1. Agrotechnical Treatments

The previous crops were winter wheat, and white mustard green manure was plowed the fall
before potato planting. The type and timing of tillage for field preparation, fertilizer rates and timing,
as well as nutrients provided by the white mustard, are shown in Table 2. After harvesting wheat,
nitrogen fertilization was applied in an amount of 50 kg N ha~!, followed by stubble cultivation and
the sowing of white mustard in an amount of 20 kg-ha™!. White mustard, as a green fertilizer for
plowing, brings macro- and micronutrients annually in the amount presented in Table 2.

In addition, in autumn each year, preceding planting, mineral phosphorus—potassium fertilization
was applied in the amount of 39.3 kg P-ha™! and 116.2 kg K-ha~! during prewinter plowing. Nitrogen
fertilizers were sown in spring, in the amount of 100 kg N ha™!, mixing them with the soil using
a tilling set (cultivator + string roller). The fertilizer doses were determined on the basis of the
abundance. Potato tubers were planted by hand in the third decade of April, with a spacing of

192



Agriculture 2020, 10, 455

75 x 33 cm. The propagating material was in Class C/A. Herbicide spraying was done manually using
a backpack sprayer. Nursing treatments were performed in accordance with the requirements of
good agricultural practice and the methodological assumptions of the experiment. They consisted of
covering ridges and ridging. Herbicides in the following combinations were applied to the freshly
formed soil, just before the emergence of the potato (metribuzin 1 kg ha™!; metribuzinl kg ha™! +
rimsulfuron 40 g ha™! + ethoxylated isodecyl alcohol 0.1%). After potato emergence, the following
preparations were used in reduced doses after prior ridging: metribuzin 0.5 kg ha™!; metribuzin
0.3 kgha™! + rimsulfuron 30 g ha + ethoxylated isodecyl alcohol 0.1%; metribuzin 0.3 kg ha™! +
fluazyfop-P butyl 2 L ha™!; metribuzin 0.3 kg ha™! + sulfosulfuron 26.5 g ha™! + SN 0il 1 L ha™!
(Table 3). In addition, 400 L ha~! of water was used for spraying with the herbicides.

Potato protection against diseases and insects (Table 4) was used in accordance with the
recommendations of the Institute of Plant Protection, National Research Institute, Poland [11].

Table 1. Characteristics of the herbicides and adjuvants used in the experiment.

Utility Forms and

1 Ok
Trade Names Common Names Formulation Dosage Application Date Grace
Herbicides
o o granules for water .
Apyros 75WG Sulfosulfuron 75% 26.5 g'ha suspension (POST) Not applicable
Fusilade Forte 150 EC  Fluazyfop-P butyl 150gin1Lof 2Lha’! (POST) concentre?te for Not applicable
measure water suspension
S o 0.5 (PRE *) or 0.3 kg ha™! granules for water
Sencor 70 WG Metribuzin 70% (POST **) suspension 42 days
. . o -1 granules for water .
Titus 25 WG Rimsulfuron 25% 40 g ha suspension (POST) Not applicable
Adjuvants (boosters)
. o -1 concentrate for water .
Atpolan 80 SC SN oil 76% 1L ha suspension (POST) Not applicable
ethoxylated o o concentrate for water .
Trend 90 EC isodecil alcohol 90% 0.1% suspension (PRE) Not applicable

Sources: [10,11]; * before potato emergence (PRE); ** after emergence (POST); *** the period from the day of the last
treatment to the day of harvesting plants intended for consumption
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Table 3. The agricultural treatments in the experiment in the years 2006—2009.

Autumn 2006-2008

Nitrogen fertilization (50 kg ha~!)—ammonium nitrate
Tillage
Sowing and plowing under the forecrop
white mustard sowing (20 kg ha™1)
disking of white mustard
fertilization with phosphorus (39.3 kg P ha™! in the form of granulated superphosphate) and potassium (116.2 kg K ha™! in the
form of 60% potassium salt)
winter plowing to a depth of about 27 cm

Spring 2007 Spring 2008 Spring 2009
Tillage and agricultural treatments
Harrowing Harrowing Harrowing
fertilization of N (100 kg ha~!—salmag) fertilization of N (100 kg ha~'—salmag) fertilization of N (100 kg ha~'—salmag)
Cultivation with an aggregate Cultivation with an aggregate Cultivation with an aggregate
planting of potato seeds—manually planting of potato seeds—manually planting of potato seeds—manually
Earthing 2 times; in mechanical Earthing 2 times; in mechanical Earthing 2 times; in mechanical

treatment, earthing and weeding 3 times  treatment, earthing and weeding 4 times  treatment, earthing and weeding 4 times
Herbicide spraying PRE andPOST with ~ Herbicide spraying PRE and POST with  Herbicide spraying PRE and POST with
atomic knapsack sprayerHarvest with atomic knapsack sprayer atomic knapsack sprayer
potato elevator digger Harvest with potato elevator digger Harvest with potato elevator digger

Source: own research.

Table 4. Potato protection against diseases and insects.

Pesticides Years
2007 2008 2009
hlorothalonil
propanfocfi)rgth;cﬁochloride o metalaxyl — M + mancozeb—2.5 kg ha™"
SC—2.5 dm3 ha-! metalaxyl — M + mancozeb—2.5 kg ha mancozeb +
fluazynam—0.4 L chlorothalonil cymoxanil/2-cyano-N-[(ethylamino)
Fungicides ha— fenamidon + (tetrachloroisophthalonitrile)—2 L ha™! carbonyl]-2-(methoxyimino)
mankozeb—1.25 kg ha-! propamocarb hydrochloride, acetamide—2 kg ha~!
metalaxyl — M + fenamidone—2 L ha™! propamocarb hydrochloride,
mancozeb—2.5 kg ha™! fenamidone—2 L ha™
i -1
Insecticides thiamethoxam—0.04 kg ha"! th;;ziﬁ;’;i;“ﬁ‘o%gik}ilj? imidacloprid—025 L ha™!

acetamiprid—0.08 kg ha™! thiacloprid—0.75 L ha™!

acetamiprid—0.08 kg ha™!
Source: [10,11].

2.2. Assessment of Weeds

The assessment of weed infestation was carried out using the quadrat method, quantitatively
and qualitatively, on three randomly selected 1-m? areas in each plot, after row closure and just before
harvest. Weed species were determined, and before potato harvest, when weed plants entered Stage
97 based on the BBCH scale (BBCH abbreviation comes from the German Biologische Bundesanstalt,
Bundessortenamt und CHemische Industrie), fresh biomass from three randomly selected 1.0 m?
quadrats per plot [11,12] was collected. After measuring fresh weight, samples were dried, and the dry
weight was recorded.

A weed species list was established. The number of weeds present in each 1 m? quadrat was
calculated according to the formula

(N1 + N2 + N3)

Nw = (Nm X Qa) @

where

Nw—number of weeds of a given species growing on an area of 1 m?,

N1, N2, N3—number of plants in the quadrat in subsequent measurements (pcs),
Nm—number of measurements,

Qa—quadrat of area (m?) [11].
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Plants were uprooted from soil, segregated by species, and the fresh weight of each species was
determined. The weight of a given species was averaged across the three randomly selected quadrats.
After drying, the dry weight of weeds was weighed for each species separately, and the weighing
results were recorded in an evaluation card. Weed samples were placed in a ventilated room until a
constant mass was obtained [11].

2.3. Meteorological Conditions

To characterize thermal and humidity conditions in the years of research, data from the
meteorological station located at the Institute of Plant Breeding and Acclimatization, National Research
Institute, Jadwisin, were used. The conditions of the growing season in 2007-2009 were characterized
by varying air temperatures and rainfall (Figure 1, Table 5).

The 2007 and 2008 growing seasons can be described as relatively dry, while 2009 could be
characterized as the year with the most favorable humidity and thermal conditions for potato
development. Weather data is included in Table 5.

In 2007, the average temperature of the April-September period was 13.7 °C, and this was lower
than the long-term average of this period by 0.6 °C. The sum of precipitation was 165.3% of the norm.
Weather conditions in May and August of 2008 exceeded the multiyear norm, and, in the remaining
months, there was a noticeable water shortage. The average air temperature in the April-September
period was 14.2 °C, and this was lower than the multiyear average by 0.3 °C. The meteorological
conditions of the 2009 growing season were varied, but their common feature was a drought period at
the beginning of the potato-growing season (Figure 1, Table 5).

Table 5. Precipitation and the hydrothermal coefficient of Sielianinov during the potato vegetation
period in 2007-2009 according to the meteorological station of the Plant Breeding and Acclimatization
Institute, National Research Institute, Jadwisin.

The Sum of Precipitation in the Month (mm)

% of the Long-Term Sielianinov Evaluation of
Year Month Decade Norm Hydrothermal .
Month (1971-1995) Coefficient the Month
1 2 3
April 12.0 4.0 0.3 16.3 <25 0.69 Extremely dry
May 11.6 28.7 38.1 78.4 75-125 1.93 Quite humid
June 30.4 13.6 65.6 109.6 75-125 2.32 Humid
2007 July 30.1 6.4 17.6 54.1 50-74 0.99 Dry
August 43.8 17.2 13.3 74.3 50-74 1.34 Optimum
September 42.5 49.0 122 103.7 75-125 3.20 Extremely moist
Total 170.4 118.9 146.8 436.4 - - -
April 11.4 12.9 5.0 29.3 25-49 1.36 Optimum
May 36.8 12.8 13.3 62.9 50-74 1.64 Quite humid
June 0.0 21.0 22,5 43.5 25-49 0.84 Dry
2008 July 20.2 38.2 10.4 68.8 50-74 122 Quite dry
August 26.8 37.8 16.3 80.9 75-125 1.48 Optimum
September 21.6 10.3 16.9 489 25-49 1.40 Optimum
Total 116.8 133.0 84.4 3343 - - -
April 0.0 0.0 0.0 0.0 <25 0.0 Extremely dry
May 8.8 13.3 58.7 80.8 75-125 2.12 Humid
June 30.2 17.5 24.7 724 50-74 1.38 Optimum
2009 July 36.8 20.5 28.3 85.6 75-125 1.28 Quite dry
August 12.5 485 221 83.1 75-125 1.54 Optimum
September 8.2 4.7 59 18.8 <25 0.44 Very dry
Total 96.5 104.5 139.7 340.7 - - -

** Hydrothermal coefficient according to Sielianinov: extremely dry (ed)—k < 0.4; very dry (vd) — 0.4 <k <0.7; dry
(d) = 0.7 <k < 1.0; quite dry (Qd) — 1.0 < k < 1.3; optimum (0) — 1.3 < k < 1.6; quite humid (pd) — 1.6 <k <2.0;
humid (w) — 2.0 < k <2.5; very humid (vh) — 2.5 < k < 3.0; extremely moist (em) — k > 3.0.
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Figure 1. Precipitation and air temperature during the potato-growing season according to the
meteorological station of the Institute of Plant Breeding and Seed Production, National Research
Institute, Jadwisin (2007-2009), against the background of the long-term average.

2.4. Statistical Analyses

SAS v.9.2 software was used for statistical analyses [13]. The factors for the models were (years X
cultivars X weed control treatment), and variance and multiple Tukey’s ¢-tests were determined at
significance level pg g5. The significance of sources of variation was tested using the Fischer-Snedecor
F-test [14].

The averaged data are given: for cultivars—means for treatments, years, and repetitions; in the
case of care treatments—averages for cultivars, years, and repetitions; in the case of years—averages
for treatments, cultivars, and repetitions.

3. Results

3.1. Soil Conditions

Information on the value of soils, on which research with potato are presented in Tables 6 and 7.

Table 6. The granulometric composition of the soil (%).

Percentage of Fraction with Diameter

(mm Diameter) Grain Size Soil-Agricultural
Years
Subgroup Complex
2.0-0.05 0.05-0.002 <0.002
2007 72.0 24.0 4.0 Sandy loam Rye complex
2008 71.0 26.0 3.0 Sandy loam Rye complex
2009 72.0 24.0 4.0 Sandy loam Rye complex

Source: Results were determined at the Chemical and Agricultural Station in Wesota, near Warsaw. The determinations
were made according to the applicable methods and standards [9,15,16].
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Table 7. Physicochemical properties of soil in Jadwisin (2007-2009).

Content of Available Forms

Years (mg'100 g~1 DM of Soil) pH (IM KCD) Content of
Organic Substance (%)
P205 Kzo Mg
2007 23.9 222 20.0 4.7 0.73
2008 9.9 16.8 15.5 5.4 0.68
2009 3.9 7.3 6.0 5.0 0.70

Source: Results were made at the Chemical and Agricultural Station in Wesota. The determinations were made
according to the applicable methods and standards [15-22].

3.2. Weed Species

In the plantation, before the row closure of plants, only two species of monocotyledonous weeds
(Echinochloa crus-galli—cockspur grass or barnyard grass (ECHCG) and Agropyron repens—quackgrass
(AGRRE)) and four species of dicotyledonous weeds (Chenopodium album—common lambsquarters
(CHEAL); Convolvulus arvensis—bindweed (CONAR); Erodium cicutarium—redstem filaree (EROCI);
Viola arvensis—field violet (VIOAR)) were recorded. Both the cultivars and methods of weed control,
as well as meteorological conditions in the years of research, shaped the floristic composition of weeds
that were recorded (Table 8). Weed control methods, cultivars, and years of research differentiated the
composition and number of weeds found on the potato plantation. The dominant monocotyledonous
species was ECHCG, while the main dicotyledonous species was VIOAR. The least ECHCG was
recorded on variants with the application of the mixture of herbicides metribuzin + sulfosulfuron +
SN 0il POST (Variant 8) and preparations metribuzin + rimsulfuron + ethoxylated isodecyl alcohol,
used before crop emergence (Variant 4), compared to the control variant and with the mechanical
weed control method (Variant 2). AGRRE was dominant in the variant where the metribuzin and
metribuzin + rimsulfuron + ethoxylated isodecyl alcohol mixture was used to control weeds, applied
PRE. The least dominance of this weed species was recorded after the application of the mixture
of metribuzin + fluazyfop-P butyl (variant 7) and metribuzin + sulfosulfuron + SN oil (Variant 8).
CHEAL was best destroyed by a mixture of metribuzin + rimsulfuron + ethoxylated isodecyl alcohol
preparations, applied before the potato emerges (Variant 4). Field bindweed was best limited by
metribuzin applied after crop emergence. EROCI was best removed when metribuzin + rimsulfuron +
ethoxylated isodecyl alcohol was applied PRE and with metribuzin applied after potatoes emergence.
VIOAR was the least numerous when applying the mixture of metribuzin + sulfosulfuron + SN oil.

Higher weed infestation before row closure was recorded in the medium-early “Irga” cultivar
than the medium-late “Fianna”, but only in the case of ECHCG. In the case of EROCI, on the other
hand, the “Fianna” cultivar was more weeded. Weed infestation with species such as AGRRE, CHEAL,
CONAR, and VIOAR did not differentiate the potato cultivars (Table 8).

ECHCG turned out to be the relatively dominant weed species in the years 2007 and 2008; in 2009,
the dominating weed was VIOAR, which could possibly be associated with the used forecrop of potato.
AGRRE was not present at row closure in the fairly humid conditions of 2008, and CONAR was not
present in 2007 and 2008. CHEAL, VIOAR, and CONAR were most frequently recorded in the potato
canopy in the quite-dry conditions of 2009. Only the size of EROCI did not significantly depend on
growing-season conditions (Table 8).

Species composition of weeds before potato harvest was of little variation. The state and structure
of weed infestation in variants with chemical plant protection, compared to mechanical cultivation
and the control variant, were similar to the weed infestation determined before shorting the rows.
In the species composition of weeds, determined before harvesting, monocotyledons taxa species
predominated, with ECHCG dominating (Table 9).
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Table 8. Species composition and the number of monocotyledonous and dicotyledonous weeds before
the closure of potato rows, depending on cultivar, weed control method, and year (pcs m?).

Species According WSSA ***
ECHCG AGRRE CHEAL CONAR EROCI VIOAR

Experiment Factors

“Trga” 6.6 0.8 1.1 0.4 0.0 3.6

Cultivar “Fianna” 5.4 0.7 13 0.3 05 3.1
LSDy0.05 1.0 ns ** ns ns 0.2 ns

1 14.9 0.9 5.4 1.2 1.8 9.3

2 6.5 0.7 2.7 0.6 0.2 5.9

3 5.3 0.7 0.2 0.3 0.1 3.8

4 3.0 0.7 0.0 0.2 0.0 1.8

Weed control 5 5.4 1.0 0.2 0.0 0.0 1.6
methods * 6 5.6 1.1 1.0 0.1 0.1 18
7 45 0.5 0.2 0.2 0.2 1.6

8 3.0 0.6 0.2 0.2 0.2 0.7

LSDy0.05 33 ns 15 0.8 0.8 2.7

2007 5.1 1.7 0.1 0.0 0.5 1.6

y 2008 10.1 0.0 0.6 0.0 0.4 0.4
cars 2009 2.8 0.5 29 0.9 0.0 8.0
LSD,0.05 15 0.5 0.7 0.4 ns 12

Mean 6.0 0.7 1.2 0.3 0.3 3.3

Source: own research; * (1) Control variant—without chemical protection; (2) extensive mechanical weeding
(every 2 weeks) from planting to closure of the rows; (3) metribuzin 1 kg ha~!—PRE; (4) metribuzin 0.3 kg ha™! +
rimsulfuron 40 gha’1 + ethoxylated isodecyl alcohol 0.1%—PRE; (5) metribuzin 0.5 kg ha~1—POST; (6) metribuzin 0.3
kg ha™! + rimsulfuron 30 g ha™! + ethoxylated isodecyl alcohol 0.1%—PRE; (7) metribuzin 0.3 kg ha™! + fluazifop-P
butyl 2 L ha~!—POST; (8) metribuzin 0.3 kg ha~! + ulfosulfuron 26.5 g ha™! + SN oil 1 L ha~!—POST; ns **—not
significant at the level pg os5; *** AGRRE—Agropyron repens; ECHCG—Echinochloa crus-galli; CHEAL—Chenopodium
album; CONAR—Convolvulus arvensis; EROCI—Erodium cicutarium; VIOAR—Viola arvensis [23].

The morphological and physiological features of the studied cultivars differentiated only in the
number of ECHCG, VIOAR, and EROCI. The first two were more numerous in the cultivar “Irga” than
“Fianna”, while, in the last cultivar, it was the opposite. The monocotyledonous weed community was
most effectively limited by the following treatments: variant 4 (metribuzin + rimsulfuron + ethoxylated
isodecyl alcohol), variant 7 (metribuzin + fluazifop-P butyl), variant 8 (metribuzin + sulfosulfuron +
SN oil) (Table 4), limiting their occurrence in comparison with mechanical treatments and the control
variant. Dicotyledonous species were eliminated to the greatest extent on Sites 5 (metribuzin) and
vriant 8 (metribuzin + sulfosulfuron). Homologous in terms of this feature turned out to be Variant 6
(metribuzin + rimsulfuron + ethoxylated isodecyl alcohol), Variant 7 (metribuzin + fluazifop-P butyl),
Variant 5 (Sencor), and Variant 8 (metribuzin + sulfosulfuran + SN oil), on which these herbicides were
used after potato emergence. Potato vegetation conditions also significantly differentiated the number
and species composition of weeds. Higher numbers of ECHCG were recorded in 2008, with high
rainfall in the period of July—August preceding the potato harvest, while there were high numbers of
CHEAL, CONAR, and VIOAR in 2009, as it was quite a dry year (Table 9).

The fresh matter of weeds before harvest was 254.1 g on average, whereas their average air-dry
matter was 102.8 gm~2. The weed mass at the end of the growing season was differentiated by
cultivars, weed control methods, and years of research (Table 10).

Among the compared cultivars, the medium-early “Irga” was more weeded, the shoots of which
dried up earlier and ended the growing season earlier than the medium-late cultivar “Fianna”. The best
herbicidal effect was achieved using mixtures of the metribuzin + rimsulfuron + ethoxylated isodecyl
alcohol (Variant 4) and Sencor + Apyros + Atpolan (Variant 8). Variants 4 and 8 proved to be
homologous in terms of this feature. Both fresh and air-dry matter of weeds were the highest in the
fairly humid conditions of 2008 and the lowest in 2009, a fairly dry year (Table 10).
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Table 9. Species composition and number of mono- and dicotyledonous weeds before potato harvest,

depending on cultivar, weed control method, and year (pcs. m~2).

Experiment Factors

ECHCG AGRRE CAPBP

CHEAL CONAR EROCI

SONAR VIOAR

“Irga” 8.3 14 0.3 24 1.6 0.0 0.04 47
Cultivars  “Fianna” 6.4 15 0.0 2.0 12 0.5 0.01 34
LSDy0.05 1.3 ns ** ns ns ns 0.1 ns 1.2

1 16.2 1.8 1.6 74 25 1.0 0.10 8.6

2 8.4 2.0 0.0 43 18 0.3 0.05 6.6

3 7.6 13 0.0 15 1.8 0.2 0.00 6.5

4 48 17 0.0 0.6 1.0 0.0 0.00 2.8

Weed control 5 6.0 2.1 0.0 0.7 1.0 0.0 0.00 15
methods * 6 6.7 12 0.0 1.1 1.0 0.2 0.00 2.8
7 5.7 0.8 0.0 13 13 0.3 0.00 2.2

8 3.2 1.0 0.0 07 0.8 0.0 0.00 14

LSDy0.05 4.0 ns ns 1.8 ns 0.6 ns 4.2

2007 43 3.5 0.0 0.8 0.6 0.4 0.00 0.6

v 2008 12.4 0.1 0.0 1.6 0.5 0.4 0.00 0.5
ears 2009 5.4 0.8 0.6 42 32 0.0 0.08 11.0
LSDy0.05 1.8 0.8 ns 0.8 0.9 Ns ns 1.9

Mean 73 14 0.2 2.2 14 0.2 0.02 4.0

Source: own research; * explanations as in Table 8; ** not significant at the level pg s,

Table 10. Fresh and air-dry matter of weeds and their number before potato harvest, depending on

cultivar, weed control method, and year.

Experiment Factors

Weed Matter (grm~2)

The Number of Weeds (pcs m~2)

Fresh Matter Air-Dry Matter Monocotyledonous Dicotyledonous
“Trga” 286.7 116.9 9.7 9.0
Cultivars “Fianna” 215 88.7 7.9 7.1
LSDy.05 38.6 16.1 ns ** 16
1 576.9 236.7 18.0 21.2
2 321.1 142.7 10.4 13.0
3 231.7 76.7 8.9 10.0
4 1114 55.8 6.5 44
Weed control 5 260.6 90.1 8.1 3.2
methods * 6 227.5 945 7.9 5.1
7 1425 63.1 6.5 5.1
8 141.1 62.9 42 2.9
LSDy0.05 120.6 50.4 43 49
2007 276.7 114.0 7.8 24
y 2008 295.3 132.2 12.5 3.0
ears 2009 190.3 62.2 6.2 19.0
LSD,0.05 56.7 23.7 2.0 2.3
Mean 2541 102.8 8.8 8.1

Source: own research; * explanations as in Table 7; ** not significant at the level pg s,

In the case of the fresh mass of weeds assessed before the rows were closed, a significant interaction
of cultivars X years was found. The medium-early cultivar “Irga” showed a significantly higher weed
weight than the medium-late cultivar “Fianna”, but only in 2009, which were characterized by lower
humidity in May-June than in 2007. Before the harvest, however, both cultivars showed a similar

response to the conditions in the years of research (Table 11).
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Table 11. Fresh matter of weeds depending on the cultivar and year (average for weed control methods).

Years
Cultivars
2007 2008 2009
Before row closing

“Irga” 283.1 310.8 265.0
“Fianna” 270.2 279.7 114.3

LSDy0.05 36.6

Before tuber harvest

“Irga” 125.4 142.1 83.2
“Fianna” 102.7 122.3 41.0

LSDy0.05 15.3

In the experiment, the number of monocotyledonous weeds before the potato harvest was
8.8 pcsm~2; for dicotyledonous weeds, it was 8.1 pcsm~2.
monocotyledonous and dicotyledonous weeds was higher in the case of mechanical and chemical
care using various herbicides than in mechanical weed control alone. The lowest number of these
species, for both classes, was recorded after using the mixture of herbicides Sencor + Apyros + Atpolan
(Variant 8) to regulate weed infestation. In the case of the number of monocotyledonous weeds,
Variants 4, 7, and 6, and, in the case of dicotyledonous weeds, the combinations of 4, 5, 6, and 7 proved
to be homologous in terms of this characteristic. The highest number of monocotyledonous and
dicotyledonous weeds was recorded in 2008 and 2009, respectively, while the smallest number was in
2009 and 2007, respectively, as a result of the weather conditions prevailing during the potato growing
season (Table 9). In 2009, the cultivar “Irga”, with a stem habit, reacted with more weed infestation
than the leaf cultivar “Fianna”, both before closing the inter-rows and before harvesting the tubers
(Table 12).

The reduction in the number of

Table 12. The number weeds per 1 m?, depending on the cultivar and year (average for weed
control methods).

Years
Cultivars
2007 2008 2009
Before row closing
“Irga” 8.7 11.9 17.0
“Fianna” 9.6 11.7 13.2
LSDy0.05 3.5
Before tuber harvest
“Irga” 10.7 15.2 31.0
“Fianna” 10.4 15.7 19.7
LSDy0.05 6.8

4. Discussion

The size of potato yields is largely determined by weeds, and the number, size of the air-dried
matter of weeds, and their species composition play a significant role [23-28]. The lowest number of
weeds in the tests, regardless of the date of weed infestation measurement timing, was recorded after
using the mixture of metribuzin + sulfosulfuran + SN oil, and the highest number of weeds found in
the tests was after the application of metribuzin before the emergence of the crop. Mechanical weed
control reduced the number of weeds by twice as much as the control variant. These results were
confirmed in the studies of Ciesielska and Wysmutek [29]. In their opinion, metribuzin, regardless of
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the date of use, is characterized by a wide spectrum of weed control, while the addition of rimsulfuron
and the ethoxylated isodecyl alcohol adjuvant caused the majority of weeds present in the potato
crop to be destroyed by 87-100%. Nowak et al. [30] and Ili¢ et al. [31] confirmed the improvement
of herbicide effectiveness due to the addition of adjuvants to the working liquid. These are chemical
substances of organic or inorganic origin, which directly or indirectly affect the herbicidal activity of
the herbicide’s active substance or change the usable properties of the formulation and application
liquid [31-33]. In addition, adjuvants prevent the crystallization of the utilized liquid on the surface of
plants and delay its drying, causing an increase in the adhesion and solubility of the herbicide and
better hydration of the leaf epidermis [24,31,34-39].

The effect of herbicides is largely dependent on the thermal conditions during the application of
the herbicide and a few days after the procedure. This was also confirmed by other authors [3,40,41].
According to Gugata et al. [40], a higher temperature promotes increased herbicide adsorption and
translocation. Air humidity is also positively correlated with herbicide effects. In conditions of higher
humidity, herbicide uptake increases because the used liquid evaporates more slowly from the leaf
surface, and, as a consequence, there is a greater amount of agent that can penetrate plant tissues [1,42].
In addition, in conditions of high humidity, the movement of the herbicide in the plant from its
penetration to the site of action is much faster than in the case of low humidity [43-46]. However,
as suggested by Lavlesh et al. [5], with excessive humidity, there may be a danger of greater herbicide
leaching, faster root uptake, and, therefore, increased plant toxicity. Toxicity and degradation rate of
biocides, according to Awasthi et al. [45] and Jezierska and Frac [47], depend primarily on their dose
and the structure of the active substance that is the basic plant protection product, which can also be a
cause of the inhibition and growth of microorganisms.

With Zarzecka et al. [48], the smallest number of weeds were observed on variants sprayed with
metribuzin, while the number was significantly higher after using flurochloridon and purely mechanical
treatments. Additionally, Tomczak et al. [49] demonstrated the high effectiveness of metribuzin and
mixtures of prosulfocarb and metribuzin in weed control in potato cultivation. Pszczétkowski and
Sawicka [50] obtained the best results of eliminating monocotyledonous weeds after applying linuron,
and they limited dicotyledonous weeds after using a mixture of linuron + clomazone. In the study of
Wichrowska [51], the most effective chemical in controlling weeds was linuron, reducing the population
size by 80.3%, especially of dicotyledonous weeds. The least effective in weed control was promethrin
used before potato plant emergence.

ECHCG and AGRRE were the most abundant among the monocotyledonous weed species,
while CHEAL was the most abundant of the dicotyledonous species. Similar results were also obtained
by Gugata et al. [40] and Baranowska et al. [52]. During the vegetation period, these authors showed the
dominance of taxa of the following weed species: AGRRE—19.8%, ECHCG—13.2%, VIOAR—12.1%,
and CHEAL—11.2%. A similar tendency also appeared before potato tuber harvesting. AGRRE was
the most frequently encountered weed (25.9%), followed by ECHCG (14.7%) and CHEAL (20.3%).

Cultivars were another factor that differentiated potato weed infestation. The difference in weed
infestation observed between the two examined potato cultivars may be determined by such features
as volume of foliage, plant growth rate, morphological and anatomical type, and resistance to abiotic
stress. The highest fresh and dry mass of weeds was found in the medium-early cultivar, with a stalk
habit, as well as a shorter vegetation period. A medium-late cultivar turned out to be significantly less
weedy, with a leaf habit. These results show that potato cultivars with a strong, erect shoot growth habit
(shorter stems, more branching, and a denser and taller canopy in the early stages of plant vegetation)
may be less susceptible to weed interference than cultivars with lofty plant habit. Similar observations
were made by Zarzecka et al. [50] and Baranowska et al. [52]. The optimal time for weed management
and the formation of the physiological age of tubers have not been thoroughly investigated and
probably vary by cultivar. These dependencies should be established in future research.

The varied response of the studied cultivars to the meteorological conditions of the growing season,
in the case of both the number and fresh mass of weeds, could be explained by a different plant habit,
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as well as by the length of the vegetation period. The medium-early “Irga” cultivar is characterized
by a stem habit that is more favorable to weed infestation, while the middle-late “Fianna” leaf type
cultivar shaded the soil more and thus prevented strong weed infestation. Other authors shared similar
observations [48-50,53]. In the Polish register of cultivars, and, currently, in the EU register, there is a
very large assortment of potato cultivars with different physiological and morphological types and
different production possibilities. Therefore, it is necessary to determine not only the potential of
the potato cultivars and lines currently grown in Poland but also to test them with biotic and abiotic
stresses, including the response to herbicides.

Weed management in the conditions of the changing climate in recent years requires the integration
of methods and strategies and a change in the way they are perceived. Weeds in potato crops must
be combated in a comprehensive, targeted, and proactive manner. Understanding the interactions
between weed control methods and the weed spectrum, as well as managing the crop system to
prevent and discourage weeds and keep the level of weed seed in the soil low, is essential for effective
weed management in all crop systems [50,53]. Good agricultural and tillage practices, including
well-planned crop rotation, planting of cover crops, as well as good sanitary practices [10], optimal
row spacing, and early planting dates are important aspects of weed management not only in organic
systems but also in other cultivation systems [54,55]. Timely mechanical weed control, before the
rows of potato plants close, can eliminate many early weed species. In this regard, the selection of
appropriate potato cultivars that have a fast initial growth rate and create a leaf canopy capable of
controlling weeds can help to reduce weed infestation and, thereby, increase yield. For this purpose,
further research, with the participation of potato breeders, is needed on new creations of cultivars that
will allow the reduction of primary weed infestation in potato cultivation.

Thanks to the conducted research, for the first time, a broader spectrum of chemical activity of
the active substance metribuzin was obtained, with better weed control than mechanical treatments
alone. The use of lower doses of metribuzin will contribute to reducing the pollution of the natural
environment. Moreover, it was proven that the deciduous cultivar “Fianna” contributed to less weed
infestation of potato stalks by creating a larger canopy of leaves than the stalk cultivar “Irga”.

5. Conclusions

The fresh and air-dry matter of weeds were most limited by the combination of the mixture of
metribuzin + rimsulfuron and ethoxylated isodecyl alcohol adjuvant used before potato emergence
(PRE). The best effect of reducing the number of monocotyledonous and dicotyledonous weeds was
obtained in the potato field with the following preparations: metribuzin + sulfosulfuron + SN oil
applied POST emergence of the potato plants.

The best way to reduce the number of monocotyledonous weeds in the crop of tested cultivars
was to use a mixture of herbicides and an adjuvant (metribuzin + sulfosulfuron + SN oil).

The combination of metribuzin + sulfosulfuron + SN oil eliminated CONAR, VIOAR, and mostly
limited the number of CHEAL weeds. In turn, the number of EROCI was best reduced by metribuzin
applied after potato emergence and a mixture of herbicides, metribuzin + rimsulfuron + ethoxylated
isodecyl alcohol, used before the emergence of the plants, while the numbers of SONAR and CAPBP
were successfully eliminated by all herbicides.

The leaf-type cultivar “Fianna” (shorter stems, more branched, and denser and taller leaf canopy)
proved to be less susceptible to weed infestation than the stem-type cultivar “Irga”.

Selecting cultivars with a fast initial growth rate and a leaf crown capable of controlling weeds
can help to reduce weed infestation in potato crops.
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Abbreviation
AGRRE Agropyron repens (L). P. Beauv.
ECHCG Echinochloa crus-galli (L.) P. Beauv
CAPBP Capsella bursa-pastoris (L.) Medik.
CHEAL Chenopodium album (L.)
CONAR Convolvulus arvensis (L.)
EROCI Erodium cicutarium (L.) L'H R
SONAR Sonchus arvensis (L.)
VIOAR Viola arvenis Murray
BBCH Biologische Bundesanstalt, Bundessortenamt und CHemische Industrie
PRE before potato emergence
POST after potato emergence
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Abstract: This study investigated the impact of exotic Tumarix species on vascular plant biodiversity
in riparian ecosystems in the Western Cape Province, South Africa. Vegetation was sampled, using
5 m wide belt transects, along the Leeu, Swart, and Olifants riparian areas, which had varying
invasion intensities. Each transect was split into three zones (Zone 1: 0-15 m; Zone 2: 15-35, and
Zone 3: >35 m), which were identified at each site based on species composition across each riparian
zone. Woody plant species were identified, counted, and their heights measured within the transects
that were laid out from the waterpoint (Zone 1) outwards (Zone 2 and 3). Herbaceous aerial cover
(HAC) was determined subjectively and objectified using the Walker aerial cover scale. Leeu River
had the highest species richness (Dmg = 2.79), diversity (H" = 2.17; —=InA = 1.91; N1 = 8.76 and
o = 4.13), and evenness (J’= 0.80). The Swart River had the lowest species richness, which declined
from Dmg = 1.96 (Zone 1) to Dmg = 1.82 (Zone 3). Exotic Tamarix species ranked in the top three
most abundant woody vascular plant species along the Swart and Olifants rivers, where they ranked
first and third, respectively. The Jaccard’s and Sorenson’s coefficients of similarity indicated that
species differed greatly between the different sites, X < 27% for both indices. The indices also indicated
that the Swart River had the lowest level of species distinctness between zones (x > 80%) while
the Leeu River had the highest level of species distinctness (x < 50%) between the different zones.
These findings suggest a possible displacement of herbaceous and woody tree species by exotic
Tamarix invasion, inter alia, a decrease in ecosystem functions and services associated with the loss
in biodiversity, as well as significant bearings on the agricultural ecosystem by reducing the faunal
diversity such as crop pollinators, inter alia.

Keywords: exotic Tamarix; riparian zone; biodiversity; richness; diversity; evenness; biodiversity
indicators

1. Introduction

The major causes of biodiversity loss are believed to be attributed to direct habitat destruction,
invasive organisms, pollution, population growth, and over-exploitation/over-harvesting of natural
resources [1-3]. All these causes are better known as the "HIPPO’ acronym [4]. Global warming due to
climate change has also been identified as one of the factors that cause the loss of biodiversity,
consequently endangering multiple species that are not adapted to a wide range of weather
conditions [5]. The loss of plant biodiversity is directly linked to a loss in ecosystem functions,
maintenance, resilience, and ecosystem services [6]. Ecosystem functions are ecological processes that
control energy, nutrient fluxes, and organic matter fluxes, whilst ecosystem services are benefits that are
provided to humanity by the interaction between biotic and abiotic components of the environment [7].
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The lack of plant conservation directly cascades into the loss of fauna and entomofauna [8].
Exotic Tamarix species have been identified as riparian invaders and are well studied in the United
States of America (USA) [9]. Several studies conducted in South Africa have identified riparian zones
as regions highly invaded by exotic Tamarix species [10-13]. Invasive alien plants (IAPs) not only
change the plant species composition and distribution patterns but they alter litter quantity and quality.
Nutrient cycling regimes change as a result of invasion by alien plants. Furthermore, ground cover
which provides surface stability is lost; this eventually leads to an increase in soil erosion [12,14].
Invasive species can alter fire regimes to favour the establishment of alien plants. Catchment hydrology,
sediment yield, and geomorphology are also altered upon invasion [12]. Native riparian vegetation
and ecosystems have been modified extensively, and there is an urgent need for management and
restoration strategies.

PySek and Richardson [15] identified key traits associated with the invasive potential of many
alien plants that give them a competitive advantage over indigenous plant species by comparing
64 IAPs. Downey and Richardson [16] defined six thresholds along the extinction trajectory and found
that, although no plants are extinct in the wild or globally due to alien plant invasions, native plants
have crossed other thresholds along the extinction trajectory due to alien plant invasions. The decline
in native plant populations and extirpations due to exotic Tamarix invasion in South Africa is yet to be
quantified. Newete et al. [13] compared the density of exotic Tamarix species to the co-occurring plants
and found that the Tamarix density was greater in seven of the 11 sites investigated.

The plant diversity of riparian communities provides shelter and food to animal populations,
thus, promoting integrity and even further growth of overall biodiversity. Maintaining riparian
corridors is important for diversity conservation [17]; however, they also provide an introduction
pathway for IAPs across landscape patches, which threaten native plant populations. Riparian areas
play a critical role with regards to acting as water sources and biodiversity hotspots, and, therefore,
need to be managed more-so in South Africa where they have been identified as vulnerable and
impacted by anthropogenic activities as well as IAPs [12,17]. Riparian vegetation differs across various
biogeographical areas [12]. Therefore, assessments of invasion should be conducted separately for
different areas. The determination of biodiversity relies on the assessment of species richness, evenness,
and heterogeneity within an ecosystem [7].

Over 10 million ha of land in South Africa is invaded by alien plants [18] and Tamarix Ladeb, is one
of them. Although the country has an indigenous Tamarix species (T. usneoides), the two exotic Tamarix
species (Tamarix ramosissima L. and Tamarix chinensis L.) have been in the country close to a century
after their first introduction reportedly as garden plants for ornamental purposes [19]. The two species,
along with their hybrids, are currently threatening many of the riparian ecosystems in the country and
they are listed under the National Environmental Management: Biodiversity Act 2014 (NEM: BA) as
category 1b invasive weed requiring urgent management intervention [13,20]). Alien Tamarix species
are also considered as one of the 100 worst invasive species globally, under the International Union
for Conservation of Nature (IUCN) list of Global Invasive Species Database [21]. Tamarix ramosissima
and T. chinensis have been found to hybridise between themselves and with the native congeneric,
T. usneoides, further extending their distribution range across the country [22]. This has accelerated the
species’ invasive potential, and complicated control of the exotics as the species are cryptic [13,22-25].
Exotic Tamarix species are well adapted to survive adverse conditions, i.e., frost, floods, or drought,
and they are also able to re-sprout, regenerate, and establish post-natural disasters [20,26].

The Southern African Plant Invaders Atlas (SAPIA) database identified woody species as the
most dominant invaders of riparian zones, which prompted this study, to investigate the impact that
exotic Tamarix species had on vascular plant diversity in riparian ecosystems that had been invaded
by the trees. To achieve the aim, species richness, diversity, evenness, and complementarity were
determined across sites that had varying Tamarix populations in terms of the Tamarix species that had
been previously identified at those sites. Establishing the species biodiversity would not only fill the
knowledge gaps with regards to which ecosystem services and functions are affected as a result of
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invasion, but this will eventually lead to improved and better-informed mitigation approaches to
protect indigenous plant biodiversity.

2. Methods and Materials

2.1. Study Site

The study was conducted at three riparian sites in the Western Cape Province, South Africa,
where Tamarix invasion had been identified as most prevalent [13]. Both Leeu River (S32,76794 and
E21,97958), near the town of Leeu Gamka and the Swart River (533,16627 and E21,97994) near the town
of Prince Albert were in the Central Karoo District of Western Cape. The third site, the Olifants River
(533,50776 and E22,69586), was in the Little Karoo (part of the Cape Floristic Region) about 10-15 km
away from the town of De Rust, Western Cape. The World Geodetic System (W(GS84) geographical
reference system was used to obtain the Global Positioning System (GPS) coordinates. The Leeu
River was the only site where the native congeneric, Tamarix usneoides, occurred. Both the central
Karoo and the Little Karoo are semi-arid regions with dwarf succulent shrubs being a common floral
feature [27,28]. Seasonal and periodic droughts are also common in the Karoo area [29].

2.2. Data Collection

Experimental Design

The study was conducted between late October and early November during the flowering season
of most Karoo vegetation. Vegetation was sampled, using 5 m wide belt transects, along three riparian
areas at Leeu, Swart, and Olifants rivers. Woody plant species were identified and counted before
their heights and stem diameters were measured within the transects that were laid out from the
waterpoint outwards (transects varied in numbers: 3-6 belt transect, length: 50-75 m, and width:
25-50 m). Herbaceous aerial cover (HAC) was determined subjectively, as a percentage, within three
1 m? quadrats laid out systematically within the 25 m? quadrats and objectified using the Domin
scale [30]. Plant growth forms were later classified into several categories, according to Germishuizen
and Meyer [31] and African Plant Database [32]. Each transect was split into three zones (Zone 1:
0-15 m; Zone 2: 15-35; and Zone 3: >35 m), which were identified at each site based on species
composition across each riparian zone. GPS coordinates (WGS84 geographical reference system) and
altitude were recorded at the beginning of each 25 m? quadrat.

2.3. Data Analysis

Determining Species Richness, Plant Diversity, and Evenness

Species accumulation (Sample-based species accumulation) and rarefaction (individual-based
species accumulation) curves were plotted for the three sites. The comparisons between both curves
provides information on whether the sampled sites are homogeneous or heterogeneous, indicating how
plant species differ across the riparian zones. Sample plots were randomised 100 times to compute the
mean estimator and expected species richness for each sample plot accumulation level using Estimate
S [33].

Species diversity entails richness (the number of species) and evenness (the equality in the number
of individuals for every species). The Margalef’s index for species richness (Dmg), Shannon—Weiner
diversity index (H’), the Simpson diversity index (—InA), Hills diversity number (H1), Fisher’s alpha
diversity index (c), and the Shannon evenness index (J’) were used to determine richness, diversity,
and evenness (Magurran, 1988; Williams et al., 2005). Indices were either directly computed by Estimate
S or as parameters that were used as substitutes into equations that were obtained from Estimate S [33].
Rank abundance curves (determine the number of individuals for different species and rank species
from most to least abundant) were plotted in order to further analyse the patterns of diversity in terms
of richness and evenness.
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The Shapiro-Wilk’s W test was used to examine the normality of the indices. The Fligner-Killeen
test was used to test for homoscedasticity. Two-way ANOVAs (R version 4.0.2) were conducted,
for the six indices, to determine whether there were significant differences at the zonal and site levels.
One-way ANOVAs and Tukey’s Honest Significant Difference (HSD) multiple comparison post hoc
tests were also conducted in order to establish whether, and to what extent, the zone and site impacted
on the indices.

2.4. Complementarity and Similarity

The Jaccard and Sorenson’s similarity indices were used to determine how similar or different
species composition was between zones sampled at each site. These indices provide a measure of
p-diversity (inter-habitat diversity) as well as the species turnover or species composition change
along an environmental gradient where environmental dynamics differ. The values were computed on
Estimate S and returned as a percentage.

3. Results
3.1. Species Richness, Diversity, and Evenness

Species Identification: Family Name, Binomial Nomenclature, Plant Type, Origin, and Status

A total of 42 vascular plant species from 32 genera within 15 families were identified and
sampled across the Swart, Olifants, and the Leeu rivers (Table 1). The most species-rich families
were Aizoaceae (seven species), Poaceae (6), Amaranthaceae (4), and Fabaceae (4). Asteraceae and
Solanaceae both comprised of three species each, with the remaining nine families having only one
species. The Galenia L., Atriplex L., Prosopis L., Argemone L., Lycium L., and Tamarix genera all had
more than one species. Species richness varied between the different rivers with the Swart, Olifants,
and Leeu rivers having 13, 25, and 18 vascular plants, respectively. A total of nine alien (not endemic
or indigenous to South Africa) plants were recorded across all three riparian areas, excluding exotic
Tamarix species. Six of the alien plants are known invasive species listed either under the Conservation
of Agricultural Resources Act, 1983 (Act No. 43 of 1983) [34] legislation or the National Environmental
Management: Biodiversity Act, 2004 (Act No. 10 of 2004) [35] legislation. Plants occurring naturally in
South Africa were all listed as Least Concern, according to the South African National Biodiversity
Institute (SANBI) Redlist plant species list.

Table 1. Plants sampled along the Swart (S), Olifants (O), and Leeu (L) rivers in Western Cape, South
Africa, where exotic Tamarix invasion was most prevalent. Alien plants have been marked with an *
while listed invasive species have been marked with **.

. . . . Site
Family Species Plant Type Origin Occurred Status
Aizoaceae Galenia africana L. Shrub South Africa S, 0,
Aizoaceae Galenia pubescens L. Dwarf shrub South Africa (@)
Aizoaceae Lampranthus uniflorus L. Bolus ~ Succulent-Shrub South Africa S
Aizoaceae Mesembrygnthemum Succulent South Africa S,0,L
crystallinum L.
Aizoaceae Prenia tetragona Thunb. Succulent South Africa
Aizoaceae Psilocaulon i){r}zgﬂrg;m Burch. ex Succulent-Shrub South Africa S
Eastern Asia,
Aizoaceae Tetragonia tetragonioides Pall. Shrub Australia, and New S,L **
Zealand
Amaranthaceae Atriplex muelleri L. Dwarf shrub Australia S,0 *
Amaranthaceae Atriplex semibaccata L. Dwarf shrub Australlia S,0,L **
Amaranthaceae Atriplex vestita L. Shrub South Africa O,L
Amaranthaceae Bassia salsoloides Fenzl Dwarf shrub South Africa (@]
Amaranthaceae Salsola barbata Aellen Shrub South Africa S
Anacardiaceae Searsia pendulina Jacq. Tree South Africa L
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Table 1. Cont.

. . . . Site
Family Species Plant Type Origin Occurred Status
Asteraceae Chrysocoma ciliata L. Shrub (O]
Asteraceae Oncosiphon piluliferum L.£. Herb South Africa O]
Asteraceae Senecio burchellii DC. Shnslﬁi E}ZV arf South Africa (@)
. . . Naturalised-introduced
Brassicaceae Sisymbrium sp. L. Herb in South Africa @)
Brassicaceae Unidentified Herb (@)
Europe and parts
Chenopodiaceae Chenopodium murale L. Herb of Asia and L *
northern Africa
Ebenaceae Diospyros lycioides Desf. Tree/Shrub South Africa L
. . Naturalised-introduced
Fabaceae Medicago sativa L. Herb in South Africa
Mexico, Central
Fabaceae Prosopis hybrid L. Tree/Shrub and northern South L *
America
Mexico, Central
Fabaceae Prosopis juliflora L. Tree/Shrub and northern South L **
America
Fabaceae Vachellia karroo Hayne Tree/Shrub South Africa S,0,L
Juncaceae Juncus kraussii Hochst. Herb South Africa (e]
Papaveraceae Argemone albiflora Hornem. Forb/Herb North America (@) *
Papaveraceae Argemone mexicana L. Forb/Herb Mexico (O] **
Poaceae Cenchrussp. Graminoid South Africa S
Poaceae Cenchrus ciliaris L. Graminoid South Africa O,L
Poaceae Cynodon dactylon L. Graminoid South Africa O,L
Poaceae Enneapogon desvauxii P.Beauv. Graminoid South Africa (O]
Poaceae Hordeum murinum L. Graminoid South Africa (@)
Poaceae Stipagrostis namaquensis Nees Graminoid South Africa O,L
Santalaceae Viscum rotundifolium L.f. Hemiparasite South Africa S
Scrophulariaceae Sutera sp.Roth Shrub South Africa S
Solanaceae Lycium hirsutum Dunal Shrub/Dwarf S, L
shrub
Solanaceae Lycium oxycarpum Dunal Shrub{?eicaswnal South Africa O,L
Solanaceae Solanum tomentosum L. Shnslﬁi E}ZV arf South Africa (@)
Tamaricaceae EXOt}i Zin;u;}ilgz;l;z::ssiz)s suma Tree/Shrub Eurasia S,0,L **
. . . Eurasia and South
Tamaricaceae Tamarix usneoides L. Tree/Shrub R L
Africa
Zygophyllaceae Zygophyllum retrofractum Succulent-Shrub South Africa S,L

Thunb.

3.2. Species Accumulation and Rarefaction Curves for Woody Vegetation

The species accumulation and rarefaction curves for the Olifants and Leeu rivers in the first two
zones showed heterogeneous species composition, only in the third zone, which was the furthest
away from the waterpoint, did the curves suggest a homogenous species composition (Figure 1).
Zones were classified as distances across the river bank with similar species composition (i.e., Zone 1:
0-15 m; Zone 2: 15-35; and Zone 3: >35 m). The Swart River species accumulation and rarefaction
curves showed that the species composition was homogenous across all the three zones. All the curves
reached an asymptote, which suggests that the sampling effort for all three sites was sufficient.
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Figure 1. Species accumulation (observed, dotted line) and Rarefaction (expected, solid line) curves for
riparian plants at Olifants (Black), Leeu (Grey), and Swart (Blue) river, Western Cape, South Africa.
The total number of woody species is 20, 15, and 12, respectively. The curves represent successively
pooled and randomly ordered samples between three different zones sampled. Curves were computed
using Estimate S [33].

3.3. Species Richness

The Margalef’s index (Dmg) for species richness showed that the Olifants and Leeu river species
richness increased from the waterpoint outwards in contrast to the Swart River species richness,
which decreased from the river bank outwards (Figure 2). The species richness indices for all the sites
were <3. The Leeu River had the highest species richness index, across all the three zones, compared
to the other rivers sampled. Two-way ANOVA tests indicated that there was an overall significant
difference (p < 0.05) between species richness at the site and zonal level.

. —— Olifants River
......... Leeu River

—-— Swart River

Margalef's index (Dmg)

Zones (n)

Figure 2. The cumulative species richness curves of Margalef’s index (Dmg) for plants at Olifants
(solid line), Leeu (dotted line), and Swart (solid-dotted line) rivers, Western Cape, South Africa.
The curves represent successively pooled and randomly ordered samples at three zones sampled.
Curves were computed using Estimate S [33]. The formula for the index is Dmg = (S — 1)/InN.

3.4. Species Diversity

The Shannon diversity index (H’) measures the level of uncertainty in correctly predicting the
identity of the next species chosen at random. The Shannon diversity index increased from the
waterpoint outwards in all three sites (Figure 3a). The Leeu riparian zones had the highest species
richness, i.e., the highest degree of uncertainty in predicting the identity of the next species chosen at
random, and, therefore, the highest diversity. The Simpsons diversity index (—InA) along the Leeu
riparian zone increased slightly from the waterpoint outwards, whereas that of the Olifants and Swart
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riparian zones showed no increase moving outward from the waterpoint (Figure 3b). The zone furthest
away from the waterpoint had the highest species diversity. The Olifants riparian zone had the highest
dominance (i.e., the vascular plant community was mostly made up of a single species) compared to
the Leeu and Swart riparian zones. High dominance (low —InA value) is indicative of lower species
diversity (Figure 3b). Hill’s Diversity Number (N1), which shows diversity in terms of the effective
number of species that are present within a sample indicates that the Leeu riparian zone species
diversity is likely to increase away from the river bank than the Olifants and Swart riparian zone
species diversity, which are more likely to remain low and unchanged (Figure 3c). These findings
corroborate those of the Shannon and Simpsons diversity index, which showed that the Leeu riparian
zone had the most diverse population. The Leeu riparian zone showed an increasing Fisher’s alpha
diversity index (&) away from the waterpoint, whereas the o of the Swart riparian zone decreased away
from the waterpoint. Furthermore, the Olifants riparian zone o plateaus away from the waterpoint
(Figure 3d). Two-way ANOVA tests conducted for the diversity indices indicated that between the
three zones and sites species diversity differed significantly (p < 0.001). In addition to these findings,
the one-way ANOVAs showed that for the Simpson’s diversity index, the Olifants River diversity was
significantly lower (p < 0.05) compared to both the Swart and Leeu river species diversity.

Olifants River
--------- Leeu River

(a) ) (b)

)
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Figure 3. Species diversity curves for Olifants (solid line), Leeu (dotted line) and Swart (solid-dotted
line) rivers in Western Cape, South Africa. (a) The Shannon diversity index curves with the riparian
zone has the highest index, (b) the Simpson’s diversity index curves with the Leeu River and Swart
riparian zones plateau at the same highest value (c) Hill’s diversity number curves show the Leeu
riparian zone to have the highest diversity value and (d) the Fisher’s alpha index is the highest for the
Leeu riparian zone with the Swart River Fisher’s alpha value decreasing away from the river bank.
Species diversity indices increased towards the zone furthest from the waterpoint.

3.5. Species Evenness

The Leeu riparian zone had the highest Evenness index than the Olifants and Swart riparian
zones (Figure 4), and across all sites, Zone 1 diverged from evenness. These results indicate that the
Leeu riparian zone species compositions have the lowest dominance of species. The two-way ANOVA
tests showed that, overall, the evenness differed significantly (p < 0.001) between zones and sites,
the one-way ANOVAs corroborated these findings showing that Olifants River species composition
was significantly less even than the Swart and Leeu rivers species composition.
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Figure 4. Evenness curves for Olifants (solid line), Leeu (dotted line) and Swart (solid-dotted line)
rivers in Western Cape, South Africa. Evenness index was the highest along the Leeu riparian zone.

3.6. Rank Abundance Curves

The rank abundance curves of the three sites sampled were all steep, which is a pattern indicative
of uneven plant communities (Figure 5). Only the top three most abundant plant species are displayed
in the curves as follows: (a) along the Swart River: (i) Exotic Tamarix, (ii) Lampranthus uniflorus, and (iii)
Atriplex muelleri; (b) along the Olifants River: (i) Oncosiphon piluliferum, (ii) Brassicaceae, and (iii) Exotic
Tamarix; (c) along the Leeu River: (i) Mesembryanthemum crystallinum, (ii) Lycium oxycarpum, and (iii)
Prosopis juliflora.

()

Exotic Tamarix

Lampranthus uniflorus

triplex muelleri

(b)
Oncosiphon piluliferum

Abundance

BRASSICACEAE

=4 xotic Tamarix
5

©, desembryanthemum crystallinum

Lycium oxycarpum

aH Prosopis juliflora

Species rank

Figure 5. Rank abundance curves showing the top three most abundant species for (a) Swart, (b) Olifants,
and (c) Leeu rivers, Western Cape, South Africa. The curves are all steep, and exotic Tamarix only
occurs in the top three most abundant species along the Swart and Olifants rivers.
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3.7. Complementarity and Similarity

The Jaccards and Sorenson’s similarity index between the three sampled rivers were all low
(x <27%) (Table 2). This indicates that vascular plant species composition varied greatly between
the sites that were invaded by exotic Tamarix species. Species composition was less similar between
the Leeu River (which had the highest species richness, diversity, and evenness) and the Swart River
(which had low species richness, diversity, and evenness). Between the three zones sampled along the
Leeu, Olifants, and Swart rivers, the Jaccards and Sorenson’s similarity index indicated that the Swart
riparian zone plant community had the highest species similarity between the zones (x > 80%) (Table 3).
The Leeu riparian zone plant community had low species similarity between the zones (x < 50%)
(Table 3). Similarly, the Olifants riparian zone plant community complementarity and similarity indices
were indicative of a community, across all three zones, with low degree of similarity (x < 59%) (Table 3).
Species similarities in all the three sites were relatively low between the first and the third zones,
although along the Leeu River, Zone 1 and 3 had the highest species similarities, whereas along both
the Olifants and Swart river species, the similarities were highest between Zone 2 and 3.

Table 2. The Jaccard’s and Sorenson’s coefficients of similarity between the Leeu, Olifants, and Swart
riparian zones, expressed as percentages.

Similarity and Complementarity Index Leeu River Swart River

Jaccard Index

Olifants River 21 23
Leeu River 17
Sorenson’s index
Olifants River 34 38
Leeu River 29

Table 3. The Jaccard’s and Sorenson’s coefficients of similarity between the three zones sampled along
the Leeu, Olifants, and Swart rivers, expressed as percentages.

Leeu River Olifants River Swart River

Similarity and Complementarity Index Zone2 Zone3 Zone2 Zone3 Zone2 Zone3

Jaccard Index

Zone 1 36 50 44 41 83 83

Zone 2 - 36 - 70 - 100
Sorenson’s index

Zone 1 53 67 62 52 91 91

Zone 2 - 53 - 82 - 100

4. Discussion

Invasive alien plants are strong drivers of biodiversity change or loss, and exotic Tamarix species
are such plants, with the ability to modify ecosystems, and this has become evident through research
conducted in the Western Cape Province. The Western Cape Province is known to have the highest
exotic species (T. chinensis—Tc and T. ramossissima—Tr) and exotic hybrid species (Tc X Tr) populations
in comparison to other South African provinces [36]. This finding is alarming in that Mayonde et al. [22]
found hybrid Tamarix species (Tc X Tr) to be the dominant (64.7%) invasive genotype. Hybridisation
is an evolutionary trait that invasive organisms have developed in order to rapidly increase genetic
variation and possibly invasion vigour as well.

Complementarity and similarity assessments of species between the study sites indicated that
the Leeu River was highly dissimilar to both the Olifants and Swart rivers with both the Jaccard’s
and Sorenson’s coefficients of similarity being the lowest for the Leeu River (Table 2). A closer
look at each individual site showed that the Swart River and the Olifants River had higher species
similarity between zones than the Leeu River, which had the lowest zonal species similarity (Table 3).
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High complementarity and similarity between zones are suggestive of a riparian community that is
made up of a high occurrence of a similar species. The species accumulation and rarefaction curves
showed that the Swart River had a homogenous riparian zone plant community (Figure 1). In both,
the case of the Olifants River and the Swart River, exotic Tamarix was identified as the most abundant
tree species. This finding was supported by the rank abundance curves where exotic Tamarix ranked
first and third along the Swart and Olifants River, respectively (Figure 5).

Newete et al. [13] conducted a study to establish the distribution and abundance of the invasive
Tamarix genotypes in South Africa and found a strong negative relationship (linear correlation) between
the density of the exotic Tamarix species and co-occurring tree and shrub species. The Olifants and
Swart rivers had the highest exotic Tamarix density across the 11 riparian zones sampled [13]. This study
developed on these findings to establish the knowledge gaps on how biodiversity, with regards to
species richness, diversity, and evenness, was impacted, and which parts of the riparian zone were most
vulnerable to invasion by exotic Tamarix. It became evident in this study that the Swart and Olifants
rivers had lower species richness, diversity, and evenness than the Leeu River, which consistently had
the highest biodiversity indices (Figures 2—4). The findings observed at the Swart and Olifants riparian
zones were similar to the trends observed in studies conducted in the United States of America where
biodiversity decreased in areas where invasion by exotic Tamarix increased [26,37].

This study further highlights that Zone 1 across all the three sites had the lowest biodiversity.
This is indicated by the gradual increase and peak, at Zone 3, for all biodiversity indices, except for the
Fishers alpha index at the Swart River, which decreased from the waterpoint outward (Figures 2—4).
The low biodiversity in Zone 1 is an indication of a high abundance of exotic Tamarix near the water
source. These findings allude to the notion that exotic Tamarix is well adapted to displace native plants
that naturally take advantage of the phreatic zone as an immediate water source. Tamarix shrubs and
trees have roots that can extend into alluvial deposits, allowing them access into the groundwater;
this further allows them to outcompete native shrubs and trees for water [38-40]. In addition, they form
dense stands which are not only less penetrable to animals, but they outcompete native flora for light,
this is similar to the observations made by Steenkamp and Chown [38] as well as van Klinken et al. [39]
regarding the invasive Prosopis species.

The higher abundance of exotic Tamarix trees in Zone 1 can most likely result in narrower river
banks which can alternatively contribute to the drying out of rivers; such consequences are even more
detrimental for areas where the affected rivers are a direct source of water, e.g., the Leeu River feeds
into the Gamka Dam, which provides water for the Beaufort West community of >51,000 people and
their animals [40]. Tamarix species also shed leaves high in salt content, as they are able to accumulate
and transport salt from the soil into their leaves [13,26]. The leaf litter acts as fire fuel or excrete salts
that remain on the soil surface, inhibiting the germination and growth of native competing flora [41].
In addition, exotic Tamarix trees becoming denser towards the water source compete with trees whose
growth relies on the catchment, this is a typical characteristic of V. karroo, S. pendulina, T. usneoides,
D. lycioides, and L. oxycarpum, which were sampled at the various sites. We can, thus conclude that
exotic Tamarix species are vigorous invaders and can act as modifying species in the ecosystems they
occur in.

The Leeu River was the only site sampled where the native congeneric to the exotic Tamarix species,
Tamarix usneoides, grew. Tamarix usneoides could be acting as a direct competitor to its exotic counterparts
because they grow to above-ground heights and root lengths that are similar, and, therefore, they use
the same water sources. Native congeneric species are also well adapted to the conditions imposed by
their exotic counterparts, e.g., T. usneoides is a better salt accumulator than exotic Tamarix and their
hybrids [36], and, therefore, an increase in soil salt concentrations through invasion does not impact the
abundance of T. usneoides. It was also the only site were exotic Tamarix did not rank among the top three
most abundant species. Instead, Prosopis juliflora, ranked as the third most abundant tree at the riparian
zone. These findings suggest that invasion by exotic Tamarix species at a site where they are exposed to
other competitors, ideally phreatophytes, halophytes, or xerophytes, have compromised competitive
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ability. Along the Leeu riparian zone, Mesembryanthemum crystallinum and Lycium oxycarpum ranked
first and second, respectively. This was the only site where native shrub species were more abundant
than exotic Tamarix trees (Figure 5).

The Swart riparian zone was not only invaded by exotic Tamarix, which ranked as the most
abundant vascular plant but Atriplex muelleri an exotic shrub native to Australia, ranked as the third
most abundant plant species (Figure 5a). This finding suggests that at riparian zones where exotic
Tamarix is the most abundant species, other alien and potentially invasive woody species are most
likely to establish. This is even more likely in arid areas like the Little Karroo, which are vulnerable to
invasion by exotic plant species [42]. Lampranthus uniflorus (succulent shrub) was the only native and
perennial species among the top three most abundant species. Lampranthus uniflorus is an indicator
species for highly degraded habitats and arid environmental conditions [29]. The shrub also provides
evidence for impacts of environmental change in an area, giving more information about the biotic or
abiotic state of the environment and predicting how diverse other plants species, taxa and communities,
are in an area. The high abundance of Lampranthus uniflorus is most likely influenced by changed soil
characteristics that are a result of exotic Tamarix invasion, which is known to increase soil salt levels [43].
This plant is not only alerting of potentially irreparable damage at this site, but it provides a red flag
for an urgent need of biodiversity conservation in terms of species richness, diversity, and evenness as
well as land rehabilitation.

The majority of the plants that were sampled where exotic Tamarix was the most abundant
species were indigenous to South Africa and common in the Little Karroo, Western Cape. A matter of
concern is that at these sites, the native vascular flora that ranks among the top three most abundant
species, particularly along the Olifants riparian zone (Figure 5b), are classified as herbs (Table 1).
Both Oncosiphon piluliferum and a species from the Brassiaceae have annual life cycles, and, therefore,
are at risk of extirpation should natural disasters (e.g., floods and severe droughts) affect environmental
and ecological dynamics that allow for the native plants to thrive along the riparian zone. They are both
most likely only planted as ornamentals, and, therefore, contribute very little towards the ecosystem
functions and services that occur along the river.

Three grass species were identified at the Leeu River; Cenchrus sp. (Subfamily: Panicoideae)
is a flammable grass genus, and species in the genus are well adapted to dry area conditions and
fire alike [44,45]. Cynodon dactylon (Subfamily: Cynodonteae), on the other hand, grows well and its
seedlings can re-establish in areas prone to seasonal flooding as observed in the Fafan valley of the
Jijinga rangelands, Ethiopia [46]. Stipagrostis namaquensis (Subfamily: Aristideae) is a typical Nama
Karoo riparian grass, which is able to survive maximum disturbance with unpredictable flooding
episodes [47].

Grasses adapted to floods, fire, warm, and dry weather conditions dominate areas that have been
invaded by exotic Tamarix. Along the Olifants River, in addition to the three species described above,
Enneapogon desvauxii (Subfamily: Pappophoreae) and Hordeum murinum (Subfamily: Triticeae) were
also sampled. Both grow well in arid environments that were highly degraded [46,48]. However,
should disturbance continue for long periods with increasing severity, the grass populations are prone
to decline rapidly. This will have direct implications on biodiversity loss, and, therefore, the loss of
ecosystem functions and services provided by the grass populations in the study sites.

Indigenous species that were sampled across the three sites were mostly small succulent shrubs
or herbs with, generally, lower water consumption than the exotic Tamarix. The large native trees,
which occurred more often in Zone 2 and Zone 3 of the Leeu riparian zone (i.e., T. usneoides, L. oxycarpum
and L. hirsutum) most likely had resource acquisition strategies, which allowed them to compete with
exotic Tamarix. These strategies could range from occupying a different niche from the exotic Tamarix
or capitalising on their tolerance to arid and saline conditions through morphological, physiological,
or biochemical adaptations.

Morphological adaptions include having deep roots that allow the plants to penetrate deep
water sources or having thorns that limit the extent of herbivory, which, if extensive, could result
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in plant population decline [49,50]. Physiological adaptations include modifications of plants to
their C4/C3 metabolism pathways of carbon fixation or leaf size and water use efficiency [51,52].
Biochemical adaptations are facilitated by multiple biochemical pathways that facilitate water retention
and acquisition, while also protecting chloroplast functions and maintaining ion homeostasis [53].

Unlike the Succulent Karoo, which boasts a wide variety of succulent flora that provide social
benefits to the surrounding communities [54], the Little Karoo flora leans more towards provisioning
and regulating ecosystem services [55]. This is evident in the host of indigenous trees and shrubs that
grew along the riparian areas of the latter region, e.g., Diospyros lycioides is a popular forage plant,
especially in the Karoo, where forage is scarce, particularly during the dry seasons or extreme drought
periods, which the plant is well adapted to [56].

The economic and ecological resources that are provided by the various plants that grew
along the sampled riparian zones vary greatly between the different plants (Table 4). Some of the
economic resources include grazing, medicinal value, aromatic source, edible food (for humans or
animals), fuelwood, fencing, ornamental value, making handicrafts, providing shelter, rope making,
and thatching. Ecological resources include sand stabilization, refuge provision, shading, soil fertility,
salt tolerance, windbreak, waterpoint stabilisation, and other resources such as bioremediation and
pollen supply [57].

Table 4. Summary of the economic and ecological resources provided by some of the trees, shrubs,
and herbs sampled along the Swart, Olifants, and Leeu riparian zones [57]. Economic sources
include: Grazing (Gr), Medicinal (Md), Aromatic source (Ar), Edible food (Ed), Fuelwood (Fu),
Fencing+ Windbreak (Fe), Ornamental (Or), Making handicrafts (Han), and other uses, such as shelter,
rope making, and thatching (Ot). Ecological resources include Sand stabilization (Sf), Refuge (Re),
Shading (Sh), Soil fertility (Sr), Salt tolerance (St), Wind break (Wb), Weed (We), Waterpoint stabilisation
(Rs), and other resources such as bioremediation and pollen supply (Ot).

Plant Economic Resources  Ecological Resources
Atriplex semibaccata Gr, Md, Ed Sf, We
Chenopodium murale Md, Ed, Ar St
Cynodon dactylon Gr, Md, Fu Sf, Re, Sh
Hordeum murinum Gr, Md Sf
Juncus kraussii Gr, Han, Ot Sf, Re, St, Wb, Ot
Lycium hirsutum Gr, Md, Ed, Fu, Fe, Ot  Sf, Re, Sh, Sr, Wb, Rs
Lycium oxycarpum Gr, Md, Ed, Fu, Fe, Ot  Sf, Re, Sh, Sr, Wb, Rs
Medicago sativa Gr Sr
Salsola barbata Gr, Md, Ed, Fu Ot
Senecio burchellii Gr, Md, Ed Sf, We
Sisymbrium sp. Gr -
Solanum tomentosum Md St
Stipagrostis namaquensis Gr, Md Sf, Sr
Tamarix usneoides Gr, Md, Fu, Or, Ot Sf, Re, Sh, Wb, Rs
Zygophyllum retrofractum Md, Ot Sf, St, Wb, Rs

Given the various uses of the flora growing across the riparian zones, losing elements of
biodiversity as a result of displacement by the invasion of exotic Tamarix species negatively influences
the maintenance and resilience of invaded riparian zones. Several plants have been identified as key
sources of pollen. The Little Karroo does not boast a wide range of flowering plants, and, therefore,
pollen sources are usually scarce yet valuable [55]. This has direct implications on industries that
rely on pollinators, such as agriculture and the textile industry. Pollination is a vital process for seed
and fruit production and the overall plant life cycle [58]. The site sampled along the Olifants River is
adjacent to a farm. Studies conducted by Kremen et al. [59] and Klein et al. [58] showed that farms next
to natural habitats attracted more pollinators, and therefore, resulted in higher crop yield. For areas
like the Little and Central Karoo, where an arable land is a form of subsistence and gaining revenue,
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this will have negative impacts on the livelihood of inhabitants in these communities. A loss in
biodiversity will have direct implications for food security.

Rutherford and Powrie [29] suggested that severe degradation of land, due to heavy grazing,
does, in fact, result in the decrease of species but can ultimately increase the diversity and evenness of
indigenous plant species. This was especially true for sites where land was vacant and accessible to
plant species such as Oncosiphon piluliferum, Drosanthemum framesii, and Galenia sarcophylla, which are
well adapted to overgrazed land [29]. This observation would not be true for sites that have been
degraded by IAPs, like exotic Tumarix, as they reduce biodiversity by occupying and modifying habitats
and ecosystems, making them inhabitable for the bulk of indigenous species. This outcome has become
evident in this study, particularly along the Swart and Olifants riparian zones, where biodiversity at
both sites decreased and was lower in comparison to the Leeu riparian zone.

Prioritising the rapid removal of exotic Tamarix species will gradually allow for the restoration of
ecosystem services and functions that are being rapidly lost as the exotic Tamarix extends across and
along the riparian zones. Not only will ecosystem disturbances become more frequent, it will become
easier for other exotic species to establish as they easily take advantage of the degraded and disturbed
sites. This is common of smaller herbs and weed plants (e.g., Argemone sp.) and other larger woody
plant species, which have commonly established easily in degraded sites (e.g., Prosopis sp.) [60].

Dwarf succulent shrubs are characteristic of and endemic to the Little and Central Karoo woody
plant flora [55]. Indigenous larger trees introduced into riparian zones to stabilise waterpoints amongst
other hosts of functions do not typically encroach ranges beyond their introduced ranges. The limited
range of the native larger trees grants exotic Tamarix species an opportunity to expand into ranges
beyond the riparian zone as they are not limited to just the riparian zones; this is due to the plants
not being obligate phreatophytes [61,62]. In the long-term, other ecosystems (e.g., wetlands) will
most likely become more vulnerable to invasion, and the extirpation, extinction, or a marked local
decline of plant populations of other indigenous and endemic vascular plant species will become even
more evident.

5. Conclusions

The introduction of exotic Tamarix species into South Africa has caused an imbalance in normal
ecosystem functions and services. This study further highlighted the importance of thorough
consideration of plants selected for phytoremediation purposes. Plants that are not native to novel
sites pose a higher threat to biodiversity, while native (hyper) accumulators do not affect ecosystem
functions and services negatively. Studies have shown that native congeneric species (e.g., T. usneoides)
are usually better options for phytoremediation practises, and, therefore, their use should always be
prioritised. Vachellia karroo, Lycium oxycarpum, and Lampranthus uniflorus, Cenchrus sp., Cynodon dactylon,
Stipagrostis namaquensis, Enneapogon desvauxii, and Hordeum murinum have been identified as native
vascular plants that can be re-planted on previously invaded land since they have been identified as
resilient and suited to saline and arid environmental conditions while providing essential roles to
the environment.

Successful revegetation projects can only be achieved with constant and consistent post-removal
assessments, ensuring that native vascular plant species are establishing and performing the identified
ecosystem services and functions. It is the role and responsibility of policy-advisers and policymakers
to take into consideration research outputs that serve to conserve biodiversity, and it is the collective
role of society at large to call out practises that result in biodiversity loss, especially plant biodiversity.
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Abstract: Problems with weed infestation under cover were the reason to conduct research on the
regulation of weed infestation in potato cultivation for early harvest. The field experiment was carried
out in 2015-2017 at the Experimental Station for Cultivar Assessment in Uhnin (51°34’ N, 23°02" E)
using the method of random subblocks, in a dependent system (split-split-plot). The first order factor
was edible potato cultivars ‘Denar” and ‘Lord’. The second order factor was cultivation technologies:
(A) traditional technology, (B) technology using polyethylene film cover, (C) technology using
polypropylene agrotextile. The third order factor was weed management methods: (1) mechanical,
(2) mechanical and chemical method using Afalon Dispersion 450 SC preparation, (3) mechanical and
chemical methods using Racer 250 EC herbicide, and (4) mechanical and chemical methods using a
mixture of herbicides Afalon Dispersion 450 SC and Command 480 EC. Mechanical and chemical
methods proved to be more effective than the mechanical method. The best effectiveness in limiting
both fresh and dry weed mass in potato cultivation under cover was achieved using the mechanical
and chemical method using a mixture of herbicides, Afalon Dispersion 450 SC and Command 480 EC.

Keywords: early potato production; polypropylene agrotextile; polyethylene sheeting; herbicides;
mechanical weed control; chemical weed control; potato cultivars; weed infestation

1. Introduction

The cultivation of very early potato cultivars under cover for a very early harvest requires the
plants to be provided with appropriate thermal and humidity conditions due to the risk of spring
frosts. The unfavorable influence of low temperatures in the initial period of potato growth increases
the effectiveness of using foil and agrotextile covers [1-3]. Temperature of the soil under the agrotextile
at a depth of 5 cm is 1-2 °C and at a depth of 10 cm it is 2-3 °C higher than that of uncoated soil [4].
Covers are placed flat, immediately after planting, and it is a procedure that accelerates the harvest of
tubers and reduces the risk of plant freezing. The most popular covers used in early potato plantations
include perforated foil, polypropylene non-woven fabric, and a biofilm that decomposes in contact
with the soil [2—4].

Weed infestation is one of the factors determining the potato yield. It is favored by a wide
row spacing, a long period from planting to plant emergence, slow initial growth of potato plants,
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introducing manure combined with intensive mineral fertilization [5-8]. In an integrated cultivation
system, chemical weed control is the basic treatment that eliminates segetal vegetation from the field
of a cultivated plant [8,9].

Potato yield losses due to weed infestation in Europe are estimated at 10% to 70%. Damage
resulting from limiting access to light, water, and nutrients should be added to them, as well as the
host role of weeds relating to diseases and pests, harvest difficulties, increase in mechanical damage to
tubers, and deterioration of their quality [10-12]. Scalla [13], Ackley et al. [14], Azadbakht et al. [10]
proved that during the action of herbicides on weeds, a selection process takes place, due to which the
plants that are the least sensitive to the preparation survive, and each weed population is more or less
heterogeneous, and the resistance production process may vary in intensity and speed. Physiological
and biochemical studies indicate differences between herbicide-resistant and herbicide-sensitive weeds,
which are based on the rate of herbicide uptake and decomposition in tissues and different distribution
of the root system in the soil (selectivity of uptake) [13,15,16]. Their distribution in cells and tissues also
plays an important role. In plants resistant to a given herbicide, they are not displaced, or they migrate
in small amounts to the tips of growth, which are very sensitive to toxic substances. The dominant role
in the selectivity of action of these compounds is played by the plant’s ability to detoxify them [15-17].
In the opinion of Hess and Foy [18] and Starck [16], the phenomenon of weed resistance to herbicides
will increase. It is already much more serious than it is supposed, and the survival of weeds in
plantations after treatment is most often attributed to inaccurate treatment or low-quality preparation.

Chemical control of weeds should be carried out in their early development stages [7,9,10].
Barbas [5] and Nowacki et al. [9] recommend three dates of herbicide application: after potato planting
(up to 10 days), a few days before the expected emergence of the plants, and after emergence, when
the plants develop 2—4 leaves and reach a height of 10-15 cm. It is difficult to implement these
recommendations in the cultivation of plants under cover, so the problem of controlling segetal
vegetation in this cultivation technology still awaits a solution. Hence, the aim of the research was
to develop a technology of growing very early potato cultivars under cover put on “flat” with the
use of herbicides or herbicide mixtures, compared to the mechanical method, and the impact of this
technology on the degree of weed infestation, species composition, and fresh and air-dried mass
of weeds.

It was assumed in the research hypothesis that it is possible to cultivate very early potato cultivars
with the use of polyethylene film covers and “flat” agrotextile with comprehensive weed control under
cover, against the null hypothesis about the lack of such possibility.

2. Material and Methods

The field experiment was carried out in 2015-2017 at the Experimental Plant for Cultivar
Assessment in Uhnin, Lubelskie Voivodeship (51°34’ N, 23°02" E, H = 155 m.a.s.1.), belonging to
the Central Research Center for Cultivar Testing. The experiment was carried out by the method of
random sub-blocks, in a dependent design (split-split-plot), in three replications. The first order factor
were potato cultivars, ‘Denar” and ‘Lord’. The second order factor were cultivation technologies: (A)
traditional technology as a control object, (B) technology with the use of polyethylene film covers, and
(C) technology with the use of agrotextile. Factors of the third order were potato weed management
practices: (1) mechanical as a control, (2) mechanical and chemical maintenance with the use of Afalon
Dispersive 450 SC in the amount of 2.0 dm3ha~!, (3) mechanical-chemical maintenance with the use
of the herbicide Racer 250 EC at a dose of 2.0 dm®ha~?, (4) mechanical-chemical maintenance with the
use of a mixture of Afalon Dispersive 450 SC and Command 480 EC herbicides in the amount of 1.0
dm*ha~! and 0.15 dm>ha~!. The size of the plots to be harvested was 15 m?.

2.1. Agrotechnical and Plant Protection Treatments

The potato forecrop was winter triticale. After harvesting the forecrop, stubble cultivation was
performed. In the fall of each year before planting, winter plowing was carried out to a depth of
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about 27 cm. In spring, the field was harrowed, then NPK fertilizers were sown and mixed with the
soil with a cultivating unit to a depth of 12 cm. Mineral fertilizers—potassium, phosphorus, and
sulfur—were applied to the soil in the following amounts: 39.3 kg'P'ha™!, 112.1 kg'K'ha™}, and 15.8
kg'Sha™!. The amount of mineral fertilization was determined based on the fertility of the soil with
these components. Nitrogen fertilizers were sown in spring in the amount of 90 kg'N-ha™! in the
form of polifoska (27 kg'ha™!) and urea (63 kg'ha™!). Potato propagating material (EU grade A) was
planted annually in spring by hand at the end of April, at a spacing of 67.5 cm x 37 cm. The size of
a single plot for harvest was 15 m?. After the potato tubers had been planted manually, dredging
was carefully performed, combined with light harrowing, to remove the top of the ridges, which is
eroded by water and wind. Then, the herbicides were sprayed in the given doses, and the covers
were applied. The protection of plants against diseases and pests was carried out in accordance with
recommendations of the Institute of Plant Protection, National Research Institute, and the principles
of Good Agricultural Practice [9,19]. During the growing season, spraying against alternariosis and
potato blight was performed in accordance with the warnings of the Institute of Plant Protection, and
the Colorado potato beetle was controlled using available preparations during its occurrence (Table 1).

Table 1. The agricultural treatments and plant protection products used in the experiment in the
years 2014-2017.

Autumn 2014-2016

Tillage

Winter plowing to a depth of about 27 cm

Herbicides for forecrop

Lentipur Flo 500 SC (chlorotoluron) — 1 dm*ha~! (Autumn 2014)
Snajper 600 SC (chlorotoluron + diflufenikan) — 1 dm*ha~! (Autumn 2014)
Glean 75 WG (chlorosulfuron) — 0.01 kg'ha™! (Autumn 2014)

Bizon (diflufenikan + florasulam + penoksulam) — 1 dm3ha~! (Autumn 2015)
Lentipur Flo 500 SC (chlorotoluron) — 1 dm®ha~! (Autumn 2016)
Snajper 600 SC (chlorotoluron + diflufenikan) — 1 dm*ha~! (Autumn 2016)
Glean 75 WG (chlorosulfuron) — 0.01 kg'ha™! (Autumn 2016)

Spring 2015 Spring 2016 Spring 2017
Tillage and agricultural treatments
Harrowing Harrowing Harrowing
Fertilization of NPK Fertilization of NPK Fertilization of NPK
Cultivation with an aggregate Cultivation with an aggregate Cultivation with an aggregate
Planting of potato seeds—manually Planting of potato seeds—manually Planting of potato seeds—manually
Earthing Earthing Earthing
Mechanical weed control Mechanical weed control Mechanical weed control

Harvest with potato elevator digger Harvest with potato elevator digger Harvest with potato elevator digger

Fungicides—after removing the covers

Infinito 867.5 SC (propamocarb
hydrochloride + fluopicolide) — 1.6
dm3ha™!

Ridomil Gold MZ 67.8 (mancozeb +
metalaxyl) — 2 kg-ha™?

Acrobat MZ 69 WG (mancozeb +
dimethomorph) — 2 kg'ha™!
Infinito 867.5 SC (propamocarb
hydrochloride + fluopicolide) — 1.6

Acrobat MZ 69 WG mancozeb +
dimethomorph) — 2 kg'ha™!
Infinito 867.5 SC (propamocarb
hydrochloride + fluopicolide) — 1.6 dm'ha™!

_ dm3ha!
Infinito 8.67.5 sC (prgpamocarb Acrobat MZ 69 WG mancozeb + Acrf)bat MZ 69 WG mancozs‘? +
hydrochloride + fluopicolide) — 1.6 imeth h ke-ha-1 dimethomorph) — 2 kg'ha
dm3ha-! dimethomorph) — 2 kg'ha

Insecticides—after removing the covers

Actara 25 WG (thiamethoxam) — 0.08

Apacz 50 WG (clothianidin) — 0.04 kg-ha™ Actara 25 WG (thiamethoxam) — 0.08

. . . kgha™! 1
Proteus OD 110 (thiacloprid + deltamethrin) . - S kgha
~ 0.4 dm>ha! Nuprid 200 SC {imidacloprid) =015 5 paes 50 WG (clothianidin) ~ 0.04 kg'ha™!

Source: own research.

2.2. Herbicide Active Substances

Characteristics of herbicides and adjuvants are given in Table 2.
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Table 2. Characteristics of the herbicides and herbicide additives used in the experiment.

Trade Names Active Content of Recommended
of the Substances Active Application Utility Forms  Grace Period *
Preparation Substances Rates per 1 ha
Afalon granules for
Dispersive 450 Linuron 450 g dm™3 1.5-2.0-dm=3 water Not applicable
SC suspension
concentrate for
Racer 250 EC Flurochloridone 250 g dm™3 2.0-dm=3 making a water ~ Not applicable
emulsion

concentrate for
Clomazone 480 g dm™3 0.2:dm™3 making a water ~ Not applicable
emulsion

Command 480
EC

Sources: Accinelli et al. [12], Caldiz et al. [14], Tomlin [13]; * The period from the last application of the product to
the day the crop of potato is harvested.

Afalon Dispersive 450 SC belongs to urea herbicides with toxicity class III. Its biologically active
substance is linuron—450 g in 1 kg of the preparation. Linuron [3-(3,4-dichlorocyl)-1-methylurea] is an
inhibitor of photosynthesis and electron transport [20,21].

Racer 250 EC is an herbicide of toxicity class IV. The biologically active substance
is 250 g of flurochloridone per 1 dm® of the preparation—[3-chloro-4-chloromethyl-1-
(trifluoro-m-tollyl)-2-pyrrolidone. It is an inhibitor of carotenoid synthesis [19,21].

Command 480 EC is a preparation with the toxicity class III. Its biologically active substance
is clomazone—480 g in 1 L of the preparation. Clomazone is also known as oxazolide
[2-(2-chlorobenzyl)-4,4-dimethyl-oxazolidine-5-one]. It can be mixed with other herbicides, e.g.,
with Afalon Dispersive (Table 2) [21,22].

2.3. Soil Sampling and Evaluation

Before establishing the experiment, 20 primary soil samples were collected each year, constituting
one aggregate sample weighing of about 0.5 kg [23]. The samples collected in this way were used to
determine the basic physicochemical and chemical properties of the soil. Soil samples were taken from
the humus level (025 cm), after harvesting the crop, from 20 randomly selected places [24].

Chemical and physicochemical properties of the soil were determined in a certified laboratory
of the District Chemical and Agricultural Station in Wesota near Warsaw by the following methods:
soil granulometric composition was determined by laser diffraction Ryzak et al. [25,26]; pH, in a
suspension of 1 mol'KCI'dm = and in H,O suspension by potentiometric method [27]; organic carbon
content Corg., the Tiurin method [26]; available magnesium content by the Schachtschabel method [28],
and content of available forms of phosphorus and potassium (by the Egner-Riehm method) [29,30].
Cu, Mn, Zn, Fe contents in 1 mole HC] were confirmed by the AAS method (Atomic Absorption
Spectrometry) [31-33]; B was determined spectrophotometrically with curcumin [34]. The results of
soil analysis were valued according to Mocek and Drzymata [24].

2.4. Soil Analysis

The experiment was carried out on fallow soil with a sandy loam grain composition WRB [35]. In
terms of the percentage of sand, silt, and clay fractions, it is a granulometric subgroup—clay sand (light
soil). The sand fraction was 67.0%, the dust fraction was 30.6%, and the clay was 2.4%. This proportion
of individual fractions corresponds to the composition of clay dust. In terms of agricultural suitability,
these soils belong to the weakly acid good rye complex. This soil is classified in the agronomic category
as light mineral [36]. The soil was slightly acidic, low humus content, high to very high phosphorus
and magnesium contents, and low to medium potassium content. The soil was characterized by an
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average content of manganese and iron, medium to high content of copper, high content of zinc, and
high content of boron [24,36] (Table 3).

Table 3. Physico-chemical characteristics of the soil before establishing the experiment in 2015-2017.

Content Macronutrients

Year of ) 1 os Humus pH Micronutrients Content [mg'kg1 soill
Research [mg100 g™* soill Content [KCL]
P K Mg [gkgl Cu Mn Zn Fe B
2015 8.9 10.9 7.8 0.94 5.9 7.51 318 40.1 3760 7.24
2016 8.3 9.1 7.0 1.06 5.8 4.92 337 56.7 3925 5.28
2017 10.6 9.8 6.3 1.03 6.6 8.99 166 41.1 3600 6.04
Mean 9.3 9.9 7.0 1.02 7.02 274 46.0 3762 6.17

Source: own results made at the District Chemical and Agricultural Station in Lublin.

2.5. Assessment of Weed Infestation

To compare the effectiveness of potato weed management, the infestation was determined
by the quadrat. The following were determined: fresh and air-dried mass of weeds, number of
monocotyledonous and dicotyledonous weeds, and their floristic composition. Weed infestation
analysis was performed at three times: before and after row closure and before potato plants ripened [19].

Before counting the weeds, a list of species was established and entered on the analysis sheet. The
square was placed randomly in three places of the plot under evaluation. Weed plants were counted
in a box covering an area of 0.5 m?. The number of weeds present on an area of 1 m? was calculated
according to the formula:

(L1 + L2 + L3)

(Ip * pr)

Lch = (1)

where:

Lch—number of weeds of a given species growing on an area of 1 m?,

L;; Ly; Ls—number of plants in the frame in successive measurements (pcs.),
lp—number of measurements,

pr—frame area (m?) [19].

The fresh weight of all weed species present on the experimental plot was determined. A floristic
list of weeds was established, and their names were entered in the analysis sheet. Then samples of
the fresh weight of weeds were taken from the area covered by a randomly placed throw square.
Plants were taken out of the soil and placed in plastic containers with an inventory label attached.
This operation was repeated three times in each plot. The weeds collected in the sample were sorted,
grouping individual weed species separately; fresh weight was determined for each species and
the weighing results were recorded in the evaluation sheet. The weights of all weed species were
summed and the average of three replicates for the plot was calculated. All results were recorded in
the worksheet.

The mean fresh weight of weeds was calculated according to the following formula:

(ml + m2 + m3)

Sm —
m 3

where:

Sm—average weight of the weed species concerned (g),
mj—weight of the weeds in the first throw of the square (g),
mpy—weight of weeds in the second square projection (g),
m3z—mass of weeds in the third square projection (g).
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The determination of the air-dried mass of weeds consisted in manually picking them from the
marked places and placing them in a ventilated room until a constant mass was obtained [19].

2.6. Meteorological Conditions

Meteorological conditions in the years of the study were varied. The highest amount of rainfall
during the potato vegetation period was recorded in 2015, but their distribution was not favorable for
the potato because during the intensive plant growth and accumulation of tuber yield, a significant
shortage was observed in June-August. The Sielianinov hydrothermal coefficient defines the months
of 2016 as: May, quite dry; June, optimal; July, quite humid; August, dry, and September, extremely
dry. In the third year of the research, meteorological conditions were changing. Optimal water supply
to potato plants was observed alternately, with a huge shortage of them in the subsequent month of
vegetation. The Sielianinov hydrothermal coefficient defines the month of May as optimal, June as
very dry, July as humid, August as very dry, and September as quite wet (Table 4).

~_10P

=T

)

Table 4. Meteorological conditions in the season of potato vegetation in 2015-2017.

Rainfall [mm] Air Temperature [°C] Hydrothermal
Year Month Decade Decade Coefficient of
Month Mean Sielianinov *
1 2 3 1 2 3
April 14.6 5.9 41.3 61.8 5.4 8.6 124 8.8 2.3
May 23.4 139 83.0 120.3 12.6 12.0 13.7 12.8 3.0
June 5.4 16.5 24.8 46.7 17.7 16.3 16.1 16.7 0.9
2015 July 10.5 21.6 13.1 45.2 19.6 18.7 19.9 194 0.8
August 0.4 0 5.7 6.1 23.4 20.6 20.3 214 0.1
September 324 32.6 65.2 130.2 16.0 17.7 12.8 155 2.8
Total 410.3
April 115 22.2 134 47.1 109 10.1 9.0 10.0 1.6
May 4.9 2.8 38.6 46.3 144 17.8 129 15.3 1.0
June 10.1 43.2 34.0 87.3 16.6 175 23.0 19.1 1.5
2016 July 224 30.8 60.9 1141 19.5 20.1 219 20.5 1.8
August 22.8 17.7 0.5 41.0 20.7 17.1 20.4 19.5 0.7
September 7.6 0.1 4.1 11.8 19.5 15.5 11.5 15.5 0.3
Total 347.6
April 6.4 7.2 38.2 51.8 10.6 6.8 6.9 8.1 21
May 45.1 1.3 19.1 65.5 10.5 13.0 174 13.7 1.5
June 1.9 9.2 12.0 23.1 16.6 17.7 20.7 18.3 0.4
2017 July 10.1 80.9 41.0 132.0 179 19.0 21.0 194 22
August 0.4 24.4 2.2 27.0 22.8 21.3 17.1 20.3 0.4
September 38.7 35.9 8.7 83.3 16.3 153 12.8 14.8 1.9
Total 382.7

Source: The meteorological station in Uhnin 2015-2017, * coefficient was calculated according to the formula:

Skowera et al. [37].

where P is the sum of the monthly precipitation in mm, Xt is monthly total air temperature > 0 °C.
Ranges of values of this index were classified as follows: extremely dry, 0.0 < k < 0.4; very dry, 0.7 < k
< 0.4; dry, 1.0 £k < 0.7; rather dry, 1.3 < k < 1.0; optimal, 1.6 < k < 1.3; rather humid, 2.0 < k < 1.6; wet,
2.5 <k <2.0; very humid, 3.0 < k < 2.5; extremely humid, 3.0 > k.

2.7. Statistical Calculations

The obtained results were subjected to statistical analysis. The calculations were performed with
the SAS/STAT 9.2 software [38]. They were based on a three-factor analysis of the variance model
and multiple t-Tukey tests with the significance level p = 0.05. Multiple comparison tests allowed for
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detailed analysis of mean comparisons by distinguishing statistically homogeneous groups of mean
(homogeneous groups) and determining so-called the smallest significant mean differences, which in
Tukey’s tests are denoted as HSD (Tukey’s honest significant difference) [39].

3. Results

3.1. Number of Monocotyledonous Weeds

The average population density of monocotyledonous weeds in the potato field was 25.6 pcs. m™2.

The highest number of weeds of this class was observed before the rows were closed, and the least was
before the tuber ripening. On the other hand, their number after row closure and before potato harvest
did not differ significantly (Table 5).

Table 5. The impact of technology, methods of weed management, cultivars, and years of cultivation
on the number of monocotyledonous weeds (pcs m~2).

The Terms of Observation *

Factors of the Experiment Mean
I II 111
Traditional 46.8 23.0 18.2 29.3
Technologies PE-Sheeting 34.7 16.4 19.9 23.7
& PP-Sheeting 51.0 16.9 159 27.9
HSD0.05 10.3 ns **
Mechanical 44.6 20.1 18.9 27.9
Potato weed Afalon 35.5 11.4 8.5 18.5
management Racer 43.0 30.5 29.4 34.3
practices Afalon + Command 412 11.9 12.7 21.9
HSDy o5 12.5 5.7
‘Denar’ 39.9 14.4 159 23.4
Cultivars “Lord’ 42.2 22.6 18.8 27.9
HSD0.05 ns 3.1
2015 23.3 335 42.7 33.2
Y 2016 18.6 18.1 5.5 14.1
cars 2017 80.8 3.9 45 29.7
HSDg g5 10.3 5.1
Mean 41.1 18.5 17.4 25.6
HSDy o5 5.1
* 1, before shorting rows; II, after closing the rows; III, before potato ripening; ** differences not significant at
Po.os level.

Only the cultivation technology under a polyethylene film cover, compared to traditional
cultivation, significantly reduced the number of weeds in this group, but only before the potato row
closing. Weed control methods with Afalon Dispersive 450 SC and a mixture of herbicides Afalon
Dispersive 450 SC and Command 480 EC significantly reduced the number of monocotyledonous
weeds compared to mechanical control. The greatest decrease in the number of weeds was observed in
mechanical and chemical methods using the herbicide Afalon Dispersive 450 S.C. Only potato methods
with Racer 250 EC contributed to an increase in the number of monocotyledonous weeds compared to
mechanical method. Such significant increase was observed only before the potato harvest. The potato
weed control methods did not differentiate the population density of monocotyledonous weeds before
the rows were closed, while after the rows closing and before the tuber ripening, development of this
group of weeds was most limited by the treatment with Afalon Dispersive 450 S.C. The objects where
‘Denar’ cv. was grown were characterized by a smaller population density of monocotyledonous
weeds than those with ‘Lord” cv., which results from greater foliage and better shading of the soil by
plants of the former cultivar. Regardless of the experimental factors, the randomness factor played an
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important role in shaping the population density of monocotyledonous weeds. The lowest number of
weeds in this group was recorded in warm 2016, with optimally distributed rainfall during the growing
season. Most of them were recorded in 2017, with periodic excesses and deficiencies of rainfall during
the growing season and with air temperatures higher than the long-term average. The number of
monocotyledonous weeds also depended on the time of observation. Their highest population density
was found in 2017 before the potato rows were closed, and then it was drastically reduced (more than
20 times). In 2016, the reduction in weeds in this group took place only before the tuber ripening. On
the other hand, in 2015, when there was a significant shortage of rainfall and high air temperatures
during the period of intensive growth of potato plants and accumulation of tuber yield, an increase in
the number of monocotyledonous weeds was observed as the plants developed, and their greatest
number was found before the potato ripening (the so-called secondary weed infestation) (Table 5).

3.2. Number of Dicotyledonous Weeds

Population density of dicotyledonous weeds was on average 20.2 PLA/m~2. The greatest weed
infestation of the potato plantation with this group of weeds occurred before the rows were closed,
while the smallest after their closing (Table 6).

Table 6. The impact of technology, methods of weed management, cultivars, and years on the number
of dicotyledonous weeds (PLA/m™2).

Terms of Observation *

Factors of the Experiment Mean
I II 111
Traditional 27.3 15.1 16.4 19.6
Technologies PE-Sheeting 18.6 18.5 24.6 20.6
& PP-Sheeting 24.4 17.9 20.0 20.8
HSD0.05 ns ** ns
Mechanical 26.3 115 17.5 18.4
Potato weed Afalon 32.1 21.5 19.0 24.2
management Racer 25.4 20.3 25.7 23.8
practices Afalon + Command 17.7 11.5 14.4 14.5
HSD0.05 ns 5.3
‘Denar’ 27.4 15.6 18.9 20.6
Cultivars “Lord” 23.4 16.7 19.3 19.8
HSD0.05 ns ns
2015 9.3 26.3 38.8 24.8
Y 2016 22.2 14.3 10.3 15.6
cars 2017 441 8.3 8.7 20.4
HSDy o5 9.6 4.2
Mean 254 16.2 19.1 20.2
HSDg g5 4.2
* I, before shorting rows; II, after closing the rows; III, before potato ripening; ** differences not significant at
p0.05 level.

Cultivation technologies did not differentiate the value of this feature in any of the weed infestation
observation periods. Reduction in the number of dicotyledonous weeds was facilitated using a mixture
of Afalon Dispersive 450 SC and Command 480 EC and mechanical method. Destruction of weeds with
the use of Afalon Dispersive 450 SC and Racer 250 EC turned out to be homogeneous in this respect.
Variable meteorological conditions during the potato growing season, regardless of the experimental
factors, differentiated the value of this feature. The lowest number of dicotyledonous weeds was
observed in 2016 with an optimally distributed amount of rainfall over time, and the highest in 2015
with significant shortage of rainfall and high air temperatures during the potato growing season. The
number of weeds in this group depended on the interaction of the development phases of potato plants
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and meteorological conditions in the years of the study. In 2015, with a late and cool spring, the number
of dicotyledonous weeds increased until the end of potato vegetation. In 2016, the highest number was
recorded before the potato row closing, and then it was gradually reduced. In 2017, in a warm spring,
the highest number of weeds was recorded before the rows were closed and after their closing; it was
reduced by as much as 5 times and only slightly increased before tuber ripening (Table 6).

3.3. Fresh Mass of Weeds

The lowest weed mass was recorded before the potato rows closing, and the highest one before
the plants ripened, which was caused by secondary weed infestation (Table 7).

Table 7. Impact of technology, methods of weed management, cultivars, and years of cultivation on
fresh weed mass (g m~2).

Terms of Observation *

Factors of the Experiment Mean
I II 111
Traditional 37 63 203 101
. PE-Sheeting 24 66 211 100
Technol
cenoiogies PP-Sheeting 29 48 203 93
HSD0.05 28 ns **
Mechanical 21 55 201 92
Potato weed Afalon 27 53 170 83
management Racer 36 43 270 116
practices Afalon + Command 21 72 185 93
HSDy o5 34 15
‘Denar’ 26 50 220 99
Cultivars “Lord” 27 62 193 94
HSD0.05 ns ns
2015 13 58 482 184
Y, 2016 5 15 105 42
ears 2017 61 95 36 64
HSDy o5 28 12
Mean 27 56 207 96
HSDy o5 12
* I, before shorting rows; II, after closing the rows; III, before potato ripening; ** differences not significant at
Po.os level.

The use of potato cultivation technology with coverings did not significantly affect the value of
this feature. Only in cultivation under a polyethylene film cover, a successive increase in the fresh
weight of weeds was observed as the potato plants developed. In traditional cultivation, as well as
in objects with the use of polypropylene agrotextile as a cover, a significant difference in the value
of this feature occurred between the first and the last observation of weed infestation. The use of
Afalon Dispersive 450 SC and a mixture of Afalon Dispersive 450 SC and Command 480 EC did not
significantly reduce the fresh weight of weeds per unit area, compared to the traditional, mechanical
method of controlling the segetal vegetation. Moreover, both these methods of method turned out
to be homogeneous in terms of the value of this feature. On the other hand, potato method with the
Racer 250 EC herbicide appeared to be ineffective and even contributed to an increase in the fresh
mass of weeds, compared to the mechanical method, considered a standard object, and to other weed
management methods. Morphological features of studied cultivars did not differentiate the fresh mass
of weeds in the field, while meteorological conditions in the years of study significantly modified this
feature. The lowest fresh mass of weeds was recorded in 2016 with warm and optimally distributed
rainfall during the growing season, and the highest was in 2015 with a significant shortage of rainfall
and air temperature higher than the multi-annual average (Table 7).
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3.4. Air-Dried Mass of Weeds

Phases of plant development were the factor determining the amount of air-dried mass of weeds
in a potato field. The air-dried mass of weeds was the lowest before the rows were closed, and the
highest was before potato harvesting (Table 8).

Table 8. Impact of cultivation technology, methods of weed management, cultivars, and years of
cultivation on the air-dried mass of weeds (g. m™2).

Observation Dates *

Factors of the Experiment Mean
I II 111
Traditional 8 11 82 34
Technologies PE-Sheeting 5 13 89 36
& PP-Sheeting 6 9 107 11
HSDO.Q5 19 ns **
Mechanical 4 9 89 34
Potato weed Afalon 5 9 82 32
management Racer 7 9 112 43
practices Afalon + Command 4 15 83 34
HSDy o5 19 9
‘Denar’ 5 10 92 36
Cultivars ‘Lord’ 5 11 91 36
HSDy o5 ns ns
2015 2 11 101 38
Y, 2016 1 2 31 11
ears 2017 12 18 143 58
HSDO.Q5 ns 7
Mean 6 10 92 36
HSDg o5 7
* I, before shorting rows; II, after closing the rows; III, before potato ripening; ** differences not significant at

Po.os level.

Technologies of potato cultivation and varietal properties did not significantly differentiate
this feature. However, a significant interaction of potato cultivation technology and dates of weed
infestation observation was found. In the cultivation under cover of polypropylene agrotextile, a
significant increase in the air-dried mass of weeds was observed, compared to the traditional technology,
but only before the potato was mature. Among the methods of mechanical and chemical weed control
used in the experiment, the use of the Racer 250 EC preparation contributed to a significant increase in
the dry mass of weeds, compared to both the standard object and other methods of potato cultivation.
The latter turned out to be homogeneous in terms of the value of this feature. However, this negative
effect of method with Racer 250 EC was noticed only in the period before tuber ripening, i.e., regarding
secondary weed infestation. Meteorological conditions during the growing season had a decisive
influence on the value of this feature. The lowest air-dried mass of weeds was recorded in 2016, which
was the most optimal, both in terms of rainfall and air temperature, and the highest value of this
characteristic was recorded in 2017, when there were periodical excesses or deficiencies of rainfall
during the potato growing season (Table 8).

3.5. Weed Species Composition

In the potato field, seven species of monocotyledonous weeds and 20 species of dicotyledonous
weeds were recorded. Among monocotyledonous weeds, the most numerous species were: Echinochloa
crus-galli, Setaria glauca, and Setaria viridis, and only occasionally, Avena fatua and Poa annua. The
highest number of Echinochloa crus-galli was recorded before the row closing, and the lowest one
was before the potato was ripened. In turn, the highest numbers of Setaria viridis and Setaria glauca
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were observed before the potato ripening, which was related to the development biology of these
species. Cultivation technologies used significantly modified the number of Echinochloa crus-galli
and Setaria glauca species. The agrotextile cover, for Echinochloa crus-galli, contributed to the increase
in the number of this species, compared to the foil cover, but did not differ significantly from the
abundance of this species in traditional technology. It follows that not only crops, but also weeds, and
especially thermophilic species, have better growth and development conditions under the agrotextile
cover. The number of Echinochloa crus-galli, the most onerous species of the monocotyledonous species,
was most effectively limited by mechanical and chemical treatment with Afalon Dispersive 450 SC,
compared to mechanical treatment. The use of the Afalon Dispersive 450 SC and Command 480
EC herbicide mixture significantly reduced the number of Echinochloa crus-galli per unit area, while
the use of the Racer 250 EC herbicide did not reduce the weed infestation with this species, and
there was even a tendency to increase its number under the influence of this herbicide compared
to the standard facility. In the objects with ‘Denar’ cv., the species Echinochloa crus-galli in the field
was less numerous than in the combinations with the ‘Lord” cv. It should be assumed that this was
related to the faster growth rate of ‘Denar’ cv. and more leafy conformation of these plants, which
probably contributed to faster and better soil protection by the cultivated plant. The most significant
variation in the number and species composition of weeds occurred in the years of the study. This
was due to the meteorological conditions of the growing season, differences in the years of the study,
different abundances of available nutrients in the soil—especially potassium, phosphorus, calcium, and
magnesium—and the weed seed abundance that varied between the years. In 2016, there were only
three species of monocotyledonous weeds, while in the warm and alternately severe and dry 2017, there
were as many as seven species, including Echinochloa crus-galli, in large numbers. While an abundant
species composition of monocotyledonous weeds was observed in the primary weed infestation, only
Echinochloa crus-galli, Setaria glauca, and Setaria viridis occurred in the secondary weed infestation. The
most abundant species of dicotyledonous weeds turned out to be Anthemis arvensis and Polygonum
convolvulus, and less abundantly in the soil were Viola arvensis, Veronica hederaefolia, Cirsium arvense,
and Stellaria media, while the remaining species occurred sporadically. Mechanical weed control only
limited the incidence of Anthemis arvensis. The application of mechanical and chemical treatment with
the herbicide Afalon Dispersive 450 SC reduced the number of Stellaria media, Galium aparine, Centaurea
cyanus, and Anagalis arvensis, and it was ineffective against Anthemis arvensis, Polygonum convolvulus,
and Veronica hedereafolia. In turn, weed management methods with Racer 250 EC eliminated Polygonum
lapathifolium and Galium aparine, and it limited Polygonum convolvulus and Viola arvensis. Mechanical
and chemical treatment with the use of a mixture of Afalon Dispersive 450 SC and Command 480
EC preparations limited the occurrence of the following species: Chenopodium album, Cirsium arvense,
Spergula arvensis, and Vicia tetrasperma. Variable meteorological and soil conditions in the years of
research also modified the number of dicotyledonous weeds. In 2015—which was poor in rainfall,
but warm and sunny—the largest number of the following species was recorded: Anthemis arvensis,
Stellaria media, Veronica hedereafolia, Vicia tetrasperma, and Viola arvensis. In 2016, the most optimal in
terms of temperature and rainfall were the most numerous species requiring thermal and wetness
conditions—Cirsium arvense, Polygonum lapathifolium, Polygonum aviculare, Spergula arvensis, Raphanus
raphanistrum, and Rumex acetosella—while in 2017, when a periodic excess or a shortage of precipitation
was observed, the most numerous were Chenopodium album, Polygonum convolvulus, Galeopsis tetrahit,
and Vicia hirsute. The species composition and the number of dicotyledonous weeds also varied over
time. Before the rows of the crop plant were closed, the most numerous were Chenopodium album,
Raphanus raphanistrum, and Polygonum convolvulus. After row closure, Cirsium arvense was the most
abundant species, and before the potato ripening, it was Anthemis arvensis, Spergula arvensis, Stellaria
media, Viola arvensis, Veronica hedereafolia and Myosotis arvensis, which results from the phenology of
weeds (Table 9). It should be noted that there were no weeds from other botanical groups in the
species composition.
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4. Discussion

The conducted research proved that the degree of soil coverage with weeds, both
monocotyledonous and dicotyledonous plants in covered objects, was not significantly higher than in
traditional cultivation without cover. These results are confirmed by Pszczétkowski and Sawicka [3].
Lutomirska and Roztropowicz [40], Lutomirska [4], Wadas [2], Krzysztofik [1], and Sawicka [41] are
of different opinion. These authors prove that the better development of weeds under cover results
from the fact that the temperature of the soil under cover, in comparison with the open area, is 1-2 °C
higher; moreover, air saturation with water vapor is much higher than in the open area. This difference
can be explained by the fact that conditions under the covers favor the germination and growth of
weeds, and high saturation with water vapor under cover promotes the formation of the so-called
herbicide filter on the surface of ridge, which eliminates germinating zoospores, and the fact that strict
field research was carried out in the years with air and soil temperatures significantly exceeding the
long-term average for the research point.

Own research confirmed previous reports by Gugala et al. [7], Azadbakht et al. [10], and
Baranowska et al. [11] that the number of weeds increases until the potato is fully flowering, and in the
later stages it decreases, while their air-dried mass increases until the end of the potato vegetation.
Technologies of cultivation with the use of covers did not significantly differentiate this feature, but
it was modified by the methods of weed management. The highest fresh and dry mass of weeds
was observed during the full ripeness period of the potato, which was caused by secondary weed
infestation, which is determined, as reported by Zarzecka et al. [12], by the length of the period
of vegetation and the aboveground potato mass. Sawicka and Pszczotkowski [42] proved that the
highest tolerated weed infestation, expressed in dry mass of weeds, in the cultivation of very early
potato cultivars on light soils at the end of potato vegetation, for the total yield it amounts to 98 g, in
mechanical and chemical treatment with the use of herbicide Afalon 50 WP it was 64 g, in the method
with Racer 25 EC it was 135 g, and in the method with the Afalon 50 WP and Command 480 EC
herbicide mixture it was 204 g'm~2. Cultivation with the mixture of herbicides Afalon Dispersive 450
SC and Command 480 EC gave a similar effect in destroying the fresh weed mass as their mechanical
control. The research by Gugata et al. [7] shows that the mechanical and chemical method reduces the
weight of weeds by about 59%. Ciesielska and Wysmutek [43] confirm this view as well.

In cultivation under cover, mechanical method treatments can be performed only after planting,
before placing the covers, thus supporting this method of weed control with chemical treatments is
the only way to reduce the weed infestation in the potato field [1,42]. The use of herbicides in potato
cultivation immediately after planting in combination with previous mechanical method did not result
in complete elimination of weeds. Weed species that survive after the treatment may constitute, in
the opinion of Sawicka et al. [44], Barba$ [5], Gugata et al. [7], and Zarzecka [12], a great threat to the
cultivated plant, as it may contribute to significant losses of tuber yield. Hess and Foy [18] report the
interaction of surfactants with plant skin and possible damage to it.

The total number of weeds per unit area in the field of cultivated potato cultivars exceeded the
weed harmfulness threshold adopted by Pszczétkowski and Sawicka [45]. Their number was most
severely limited employing a mixture of Afalon Dispersive 450 SC and Command 480 EC.

According to Accinelli et al. [20], Grundy et al. [46], and Haliniarz [47], the complete elimination
of weeds from crops is impossible, as they are an inseparable component of agrocenoses. In the
opinion of Zarzecka and Gugata [48], each crop may contain a certain number of weeds, which do
not reduce its yield. According to Zarzecka et al. [12], the complete elimination of weeds from crops
is not possible, because they are an inseparable component of agrocenoses, but their occurrence can
be limited to a level that does not exceed the harmfulness threshold, without reducing the yield. In
the opinion of Gugata et al. [7], the limit of harmless weed infestation should be defined as “tolerated
weed infestation” and, according to Barralis [49], “critical density”.

Results of the author’s own research stating that the weather conditions, varied in particular
years of research, significantly affect the population density of weeds, and the amount of fresh and
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air-dried weed mass are consistent with the reports of many authors [2,7,12,42,50], as in recent years,
abiotic stresses have had a large impact on the growth and productivity of crops. Sawicka et al. [51]
and Wadas and Dziugiet [52] proved that in regions with extensive plant production, there are more
and more frequent periods of high temperature and drought, which disrupt photosynthesis and limits
the potential of potato yielding. Krzyzewska et al. [53] proved that in Poland, the most unfavorable
bioclimatic conditions occur in the south-east of Poland, where forceful heat stress occurs with a
frequency of 10%. This phenomenon is associated with a drastic reduction in yields, especially of root
crops, as well as with the development of drought-resistant segetal species. The highest number of
cases with strong and very strong heat stress was recorded in 2015, and heat waves were observed
in the first half of August. This is an important period for the accumulation of yield from root crops.
The authors recorded an increase in the number of days with strong and forceful heat stress and their
highest frequency in July. Inhibition of potato plant growth is observed at the temperature of 29
°C [41], but most dicotyledonous and monocotyledonous species are resistant to high air temperatures
and survive this period, and after a drought period, they increase their weight and density, taking
advantage of the inhibition of crop growth. Simultaneously, the increased number of weeds uses the
same water resources as the cultivated plants and limits the access of light to them [47].

Diversity of the number and species composition of weeds was also determined by the course
of weather conditions in the years of the study. Their higher numbers and more abundant species
composition were observed in warm and dry year than in cooler and wetter years. These results
are consistent with the observations of Gugata et al. [7], Baranowska et al. [11], and Barba$ and
Sawicka [54].

Our research proved that the morphological properties of tested cultivars and length of their
growing season determined only the number of monocotyledonous weeds, while Gugata et al. [55,56]
found that the physiological and morphological properties of cultivars, i.e., conformation of bushes,
their foliage, and position of leaves relating to the light, are factors that most strongly modify the
weed mass.

The species composition of weeds in the field of the studied potato cultivars was quite abundant,
even though the experiment was conducted on light soil (seven monocotyledon species and 20
dicotyledonous species). SteSevi¢ and Jovovi¢ [57], in the Lublin region Haliniarz [47], made similar
observations. They observed 36-48 species of weeds in potato cultivation, but only five to eight species
were dominant. The most abundant of the monocotyledons was Echinochloa crus-galli, and of the
dicotyledons, it was Chenopodium album, Anthemis arvensis, and Raphanus raphanistrum. Haliniarz [47]
came to similar conclusions.

The species composition of weeds was significantly modified by the applied treatments. Afalon
Dispersive 450 SC used in the mechanical and chemical control of weeds showed high efficiency in
reducing Echinochloa crus-galli, Setaria glauca, Setaria viridis, Centaurea cyanus, Stellaria media, Anagalis
arvensis, and no or weak action against Anthemis arvensis, Polygonum convolvulus, Vicia tetrasperma,
and Veronica hederaefolia. Accinelli et al. [20], Andreasen and Streibig [58], and Gugata et al. [55]
recorded similar efficiency of Afalon 50 WP herbicide in other formulation. According to the research
of Haliniarz [47], the following weed species are particularly high in nutrient uptake from the soil:
Stellaria media, Amaranthus retroflexus, Echinochloa crus-galli, and Chenopodium album. Considering their
common occurrence, these species should be considered particularly competitive for potato cultivars
grown under cover; moreover, the uptake of minerals from the soil by weeds exceeds the uptake by
cultivated plants several times and reaches over 80% of macroelements and over 90% of their total
uptake by weeds and the plant being grown.

Herbicide Racer 250 EC used in the care of potatoes turned out to be effective against Polygonum
convolvulus, Polygonum lapathifolium, Galium aparine, and Viola arvensis and ineffective against Echinochloa
crus-galli, Setaria glauca, Setaria viridis, Chemopodium album, Cirsium arvensis, Spergula arvensis, and
Mysostis arvensis. However, it did not limit the fresh and dry mass of weeds, which mainly applies to
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secondary weed infestation. Similar results were obtained by Sawicka and Pszczotkowski [42], which
is consistent with the reports of Gupta and Gajbhiye [59].

Our own research confirms the reports of Barbas [5] and Zarzecka et al. [48,60], with high efficiency
of herbicide mixtures used in potato cultivation. The use of a mixture of Afalon Dispersive 450 SC
and Command 480 EC in potato cultivation showed high efficiency in reducing such species as
Chenopodium album, Raphanus raphanistrum, Vicia tetrasperma, Cirsium arvense, Galeopsis tetrahit, Spergula
arvensis, Veronica hederaefolia, and Myosotis arvensis, while it showed weak action towards Polygonum
lapathifolium, Galium aparine, Viola arvensis, and Stellaria media. Mystkowska et al. [61] and Mayerova
et al. [62] showed that both the application of mechanical and chemical treatments, with the use
of single herbicides and their mixtures, significantly reduced the weed infestation in potato crops.
Research by Riethmuller-Haage et al. [63] demonstrated the importance of the sensitivity of herbicide
combinations and species and proved that pre-spray weather information is crucial in developing the
dose reduction recommendations.

In the conducted studies, the phytotoxic effect of the herbicides used was observed not only on the
weeds to be controlled, but also on the cultivated plant. To provide potato plants with the best possible
conditions for growth and development, according to Gugata et al. [7], along with the application of
herbicides, biostimulators should also be used, which, in their opinion, reduces the phytotoxic effect
of herbicides on potato plants and significantly reduces the fresh mass of weeds, compared to the
standard object. According to Eshel et al. [64], cultivation under cover (CC) has direct benefits to a
society by reducing the cost of agricultural damage and restoring the infrastructure, and by protecting
the environmental benefits provided by agriculture.

According to Wang and Liu [65], Haliniarz [47], Barbas and Sawicka [54], and Zarzecka et al. [12],
the occurrence or significant delay in the resistance of weeds to herbicides is prevented, among others,
by crop rotation; alternating the use of agents from various chemical groups, as well as the use of
mixtures of herbicides with different mechanisms of action; the application of herbicides to weeds in
the period of their greatest sensitivity; the application of herbicides in doses guaranteeing complete
destruction of weeds; the addition of adjuvants to the spray liquid in case of dose reduction, including
mechanical treatments in the weed control system, and the use of non-selective herbicides before the
emergence of the crop.

Chemical methods of weeding with the use of the tested preparations reduced the population of
weeds to a varying degree, depending on the herbicide used. Afalon Dispersive 450 SC showed high
efficiency in reducing Echinochloa crus-galli, Setaria glauca, Setaria viridis, Centaurea cyanus, Stellaria media,
and Anagalis arvensis and showed no or weak activity against Anthemis arvensis, Polygonum convolvulus,
Vicia tetraspderaolia, and Vicia tetraspderaolia. Racer 250 EC herbicide proved to be effective in reducing
Polygonum convolvulus, Polygonum lapathifolium, Galium aparine, and Viola arvensis and was ineffective
against Echinochloa crus-galli, Setaria glauca, Setaria viridis, Chemopodium album, Cirsium arvensis, Spergula
arvensis, and Mysostis arvensis. The use of a mixture of Afalon Dispersive 450 SC and Command 480
EC has shown high efficiency in reducing species, such as Chenopodium album, Raphanus raphanistrum,
Vicia tetrasperma, Cirsium arvense, Galeopsis tetrahit, Spergula arvensis, Veronica hederaefolia, and Myosotis
arvensis, while the activity against Polygoneum lapathifolium, Galium aparine, Viola arvensis, and Stellaria
media is weak.

5. Conclusions

The use of covers in the cultivation of very early potato cultivars increased the number and mass
of weeds and enriched the species composition of segetal vegetation.

Mechanical and chemical methods proved to be more effective than the mechanical method. The
best effectiveness in limiting both fresh and dry weed mass in potato cultivation under cover was
achieved using the mechanical and chemical method using a mixture of herbicides Afalon Dispersion
450 SC and Command 480 EC.
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Variable courses of atmospheric conditions in the years of the study differentiated both the

number of monocotyledonous and dicotyledonous weeds, their fresh and dry mass, and the species
composition of segetal vegetation.
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Abstract: Glyphosate is the main tool for weed management in Brazilian citrus orchards, where weeds,
such as Conyza bonariensis and Digitaria insularis, have been found with resistance to this herbicide.
Field prospections have allowed the identification of a possible new case of glyphosate resistance.
In this work, the susceptibility levels to glyphosate on three Amaranthus viridis L. populations,
with suspected resistance (R1, R2, and R-IAC), collected in citrus orchards from the Sao Paulo State,
Brazil, as well as their accumulation rates of shikimic acid, were determined. The fresh weight of
the susceptible population (S) was reduced by 50% (GRso) with ~30 g ea ha™! glyphosate, while the
GR5 values of the R populations were between 5.4 and 11.3 times higher than that for S population.
The LDs (herbicide dose to kill 50% of individuals of a weed population) values of the S population
were <150 g ea ha™! glyphosate, while the LDs of the R populations ranged from 600 to 920 g ea ha™".
Based on the reduction of fresh weight and the survival rate, the R1 population showed the highest
level of glyphosate resistance, which had GRsy and LDs values of 248 and 918 g ea ha™! glyphosate,
respectively. The S population accumulated 240 pg shikimic acid at 1000 uM glyphosate, while the R1,
R2, and R-IAC populations accumulated only 16, 43, and 33 pg shikimic acid, respectively (between
5.6 to 15 times less than the S population). Enzyme activity assays suggested that at least one target
site-type mechanism was involved in resistance. This result revealed the first report of glyphosate
resistance in A. viridis reported in the world.

Keywords: dose-response; enzyme activity; herbicide resistance; shikimic acid; slender amaranth

1. Introduction

Brazil is the world’s largest producer and exporter of citrus [1]. The State of Sao Paulo (SP)
accounts for ~77% of the national production of orange (Citrus sinensis (L.) Osbeck), being the main
exporter of concentrated orange juice [2]. However, the yield of citrus fruit is not the best in the world,
mainly due to improper management of the plantations by growers [3]. The average orange yield is
27.6 tons ha™!, occupying the 13th world rankings [4]. Weed presence can be directly or indirectly
responsible for up to 30-52% of yield losses in citrus orchards of young and growing trees [3,5].
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In mature citrus orchards in full production, weeds do not have a great impact on yield, but they can
hinder agricultural operations [6,7].

Small-scale cultural and ecological practices, such as the use of dead covers of Brachiaria shoot
residues, are implemented for weed control in Brazilian citrus [3]; however, a chemical method
based on the use of herbicides is the most employed by growers [8]. Glyphosate is the most used
herbicide and, in some cases, the only weed control tool, which is applied up to four times a
year in high doses (=720 g ae ha™!) [3]. In susceptible plants, this herbicide inhibits the activity
of 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), causing the accumulation of shikimic
acid [9,10]. Extensive and excessive use of glyphosate to control weeds has led to select at least
45 species with resistance to this herbicide in the world [9,11]. Specifically, in Brazilian citrus orchards,
Conyza bonariensis, Conyza canadensis, and Digitaria insularis [12,13] have been reported as being resistant
to glyphosate. However, species of the genera Amaranthus, Bidens, Chloris, Conyza, Eleusine, Lolium,
among others, which present high occurrence rates in citrus orchards [8], have a great risk of evolving
resistance not only to glyphosate but also to other herbicides [14].

Growth rate, reproductive capacity, genetic variability, and stress tolerance are all high in
Amaranthus species [15,16]. These traits give them a large capacity to evolve resistance to herbicides [15],
which makes it difficult to control these species. Slender amaranth (Amaranthus viridis L.) is widely
spread over tropical and subtropical regions in more than 80 countries [17]. These species, as well
as other Amaranthus species, are the most abundant weeds in the Brazilian south and center-west
regions [18]. In 2010, this weed was reported with multiple resistance to the acetolactate synthase (ALS)
and photosystem II inhibiting herbicides in cotton in the states of Bahia and Mato Grosso, Brazil [19],
and in 2015, Amaranthus palmeri was found with resistance to glyphosate and ALS-inhibiting herbicides
in soybean in the state of Mato Grosso, Brazil [20].

This study hypothesized that slender amaranth might have evolved glyphosate resistance due
to the high survival rates in the field after herbicide applications observed in the last cropping
seasons. The objectives were to evaluate glyphosate resistance, monitor the accumulation rates of
shikimic acid, and check the activity of the EPSPS in three slender amaranth populations with suspected
resistance, which were harvested in lemon and sweet orange orchards of Mogi-Mirim and Cordeir6polis
municipalities, SP, aiming to confirm a new unique case of herbicide resistance.

2. Materials and Methods

2.1. Biological Material and Seedling Propagation in Greenhouse

Seeds of three slender amaranth populations with suspected resistance to glyphosate were
collected from at least 20 plants that survived the last application of glyphosate (>720 g ea ha™!) in
December 2018. The populations R1 and R2 were collected in sweet orange orchards that were 500-m
apart in the municipality of Mogi-Mirim, SP, Brazil (22°25" S, 47°09” W). The R-IAC population was
collected in the citrus experimental field of the Agronomic Institute (IAC) in Cordeir6polis, SP, Brazil
(22°32’ S, 47°27" W). Seeds of a susceptible population (S-Lim) used as control were collected in an
organic orchard (without the use of herbicides) of Tahiti acid lime, also in Mogi Mirim [3].

Seeds of each population were germinated in plastic containers (10 X 20 X 8§ cm) containing substrate
(Insumax, Nova Europa, SP, Brazil) and sand (1:2, v/v) moistened to field capacity. Some of these seeds
were deposited and covered with vermiculite (2-mm), and the containers were hermetically sealed.
Germinated seedlings were individualized in 250 mL pots filled with substrate, sand, and vermiculite
(2:2:1, v/v/v). Two days after transplanting, seedlings were fertilized with ~100 mg (5-6 granules) of
14-14-14 (Forth Cote, Osmocote, Froth Jardim Ltd., Cerquinho, SP. Brazil) and irrigated as needed
until use. Seedlings with 3-5 true leaves were used in all experiments, which were kept under
greenhouse conditions (25-32 °C, 60 + 10% relative humidity, and 16-h photoperiod) from germination
to evaluations.
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2.2. Glyphosate Dose-Response Assays

Plants from the R and S populations were treated with the following doses of glyphosate (Roundup
Original DI, 370 g acid equivalent (ae) L1, Monsanto do Brasil Ltd.): 0, 45.25, 92.5, 185, 370, 740
(reference field dose), 1480, and 2960 g ae ha~!. The glyphosate was sprayed using a pneumatic
backpack sprayer equipped with an LBD-110015E nozzle (KGF Bicos para Pulverizacao, Vinhedo, SP)
calibrated to deliver 200 L of ha™! herbicide mixture at 30 psi (pressure measured with a glycerin
manometer (Model GCN, Cotergavi Instrumentos de Medigao Ltd., Sao Paulo, Brazil) coupled to the
spray bar). Experimental design (completely randomized) included six replicates per glyphosate dose,
and they were repeated. When the dose-response experiments were repeated, the 2960 g ae ha~!
glyphosate dose was deleted, but a dose of 22.63 g ae ha~! was included. In both experiments, the fresh
weight by cutting the plants at ground level and the plant mortality rates were determined 21 days
after the treatment. Data were expressed as a percentage in relation to the untreated control, and the
effective mean doses that reduce the fresh weigh (GRsp) and cause plant mortality (LDsg) by 50% were
determined by non-linear regression analysis.

2.3. Shikimic Acid Accumulation

Shikimic acid accumulation was determined following two approaches. In the first one,
the methodology of Cromartie and Polge [21] was followed. A set of plants of each slender amaranth
population was treated with 370 g ae ha™! glyphosate, and another set of untreated plants was reserved
as a control to build the calibration curve with known concentrations of shikimic acid (0, 0.01, 0.05, 0.1,
and 0.2). The first and second leaf of treated and untreated plants were cut in small segments 96 h after
treatment (HAT). Samples of 50 mg of fresh leaf tissue were placed in tubes containing 1 mL of HCl
0.25 N, frozen in liquid nitrogen, and stored at —40 °C for further analysis. Samples were thawed at
room temperature and then incubated for 45 min at 37 °C. Aliquots of 50 pL were transferred to new
tubes containing 200 pL of periodic acid 0.25% (w/v) + sodium m-periodate 0.25% (w/v) (Solution 1).
Samples were incubated at 37 °C for 30 min, following which, 200 uL of 0.6 N sodium hydroxide +
0.22 N sodium sulfite (Solution 2) was added and, finally, they were homogenized. Volumes of 300 uL
were transferred to spectrophotometric cuvettes containing 600 uL of distilled water. Absorbance was
measured at 380 nm wavelength in a diode-array spectrophotometer (HP 8425A, Palo Alto, CA, USA).
The shikimic acid accumulation was determined from the difference between treated and untreated
plants, and the results were expressed as g of shikimic acid g™! fresh tissue. Five samples with three
technical replicates were analyzed per population in a completely randomized design.

In the second approach, shikimic acid was quantified in vivo, according to Dayan et al. [22],
with modifications. Different glyphosate concentrations (0, 10, 50, 100, 200, 500, and 1000 M) were
prepared in 10-mM ammonium phosphate monobasic solution (pH adjusted to 4.4 with 0.1 HCI).
Samples of 50 mg young leaf segments (4 X 4 mm) were placed in tubes containing 1 mL of the
corresponding glyphosate concentration. Tubes were incubated for 24 h in a BOD (biochemical oxygen
demand) chamber at 25 °C under fluorescent lights (150 uM m~2 s71). After incubation, tubes were
rapidly frozen in liquid nitrogen, thawed at room temperature, and incubated at 60 °C for 30 min.
Samples received 250 pL of 1.25 N HC], and they were incubated again at 60 °C for 15 min. Volumes of
75 uL of the samples were transferred to spectrophotometric cuvettes containing 300 uL of solution 1
and incubated at 25 °C for 90 min in a BOD chamber. Finally, samples received 300 uL of solution 2,
and the absorbance was measured at 380 nm, as described above. The experiment had a completely
random design with three replications (three technical replicates each one) per glyphosate concentration.
Results were expressed as pg shikimate per mL HCI solution (ug mL™1).

2.4. EPSPS Enzyme Activity Assays

Five grams of fresh leaf tissue from each A. viridis population was harvested, frozen immediately
in liquid N, and stored at —80 °C. EPSPS enzyme extraction was performed following the protocol
described by Dayan et al. [22]. The total soluble protein (TPS) in the extract (EPSPS basal activity in the
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absence of glyphosate) was determined by the Bradford assay [23]. The specific EPSPS activity was
assayed in the presence of glyphosate (0, 1, 10, 100, 1000 uM) using the EnzChek Phosphate Assay
Kit (Invitrogen, Carlsbad, CA, USA) to determine the amount of inorganic phosphate (umol) released
by ng™! TSP min~! in comparison to the control (basal activity). Three replications per glyphosate
concentration were assayed. The results were expressed as the inhibition rate of the EPSPS by 50% (I50).

2.5. Statistical Analysis

The GRs5p and LDsj values were calculated using a log-logistic model of four-parameters Y = ¢ +
{d-o0o)/[1+ (x/g)b]} [24], where: Y = response by 50%; d and ¢ are the upper and lower limits of the
curve; b is the slope of the line; x is the herbicide dose, and g is the herbicide rate at the point of an
inflection curve. SigmaPlot 10.0 (Systat Sofware Inc. San Jose, CA, USA) was used to obtain those
parameters. The resistance factors (RF = R/S) were computed as R-to-S GRsg or LDs ratios. Because
the estimated LDsg and GRsg values for population S differed between repetitions of the dose-response
experiments, the results were shown separately for each repetition.

One-way ANOVA was performed for the analysis of shikimic acid accumulation data. Differences
of p < 0.05 were considered significant, and Tukey’s test at & = 0.05 probability was conducted for
means comparison. Statistical analyses were performed using the Statistics 9.0 software (Analytical
Software, Tallahassee, FL, USA).

3. Results
3.1. Fresh Weight Reduction and Plant Survival

The fresh weight reduction was higher in individuals of the S-Lim slender amaranth population
than the R populations. In the first experiment, the estimated GRs for population S was 22 g ea ha™!
(Table 1). Thus, the RF of the R populations ranged were 7.5, 8.7, and 11.3 for the R2, R-IAC, and R1
populations, respectively. After repetition of dose-response experiments, more representative value
of GRs) was estimated for the population S-Lim (38 g ea ha™!) due to the smaller dose of glyphosate
included; while the GRs; values of the R populations were similar (according to the confidential
intervals) to those estimated in the first experiment. Because the GRs of the S-Lim population was
higher in the second experiment, the ratio of glyphosate resistance level in relation to the R populations
decreased and ranged from 5.4 to 7.9 (Figure 1).

Table 1. Parameters of the sigmoidal equations ! used to estimate the effective mean dose (g ea ha™!)
of glyphosate required to reduce the fresh weight by 50% (GRsp) and to cause plant mortality (LDs5g) by
50% in resistant (R1, R2 and R-IAC) and susceptible (S-Lim) slender amaranth (Amaranthus viridis L.)
populations (Pop.) collected in citrus orchards from Sao Paulo State, Brazil.

Pop. Fresh Weight Reduction Plant Mortality
c d b GRs+CI RF? ¢ d b  LDsp+CI RF?
Experiment I
S-Lim 03 999 09 220+74 - 19 1022 28 1495x118 -

R1 1.8 1002 22 2484+177 113 11 1007 34 9189+314 6.1
R2 06 1001 19 1659+161 75 22 1003 34 6078151 4.1
R-IAC 29 1013 19 1922+174 87 41 1011 23 7683 +326 5.1

Experiment II

S-Lim 1.7 100.0 1.6 38.1+3.8 - 04 1014 34 113.1+8.1 -
R1 04 984 21 301.8+394 79 0 99.4 34 7063 +45.4 6.2
R2 55 98.4 14 2055+425 54 4.6 96.7 36 639.7+751 5.7

R-IAC 37 979 1.5 2595+524 6.8 49 97.0 27 7267 +£59.2 6.4

ly=c+{(d-o)/[1+ (x/g)bl}, where Y = fresh weight reduction or plant mortality by 50% with respect to the control,
¢ = lower limit, d = upper limit, b = slope of the curve, g = herbicide dose at the inflection point (i.e., GRsy or LDsp),
and x = herbicide dose. CI values are the 95% limits of the confidence intervals (1 = 6). > Resistance factors are the
R-to-S GRg( or LDs ratios.
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Figure 1. Glyphosate dose-response curves relative to percentages of fresh weight reduction and plant

survival of susceptible and resistant slender amaranth (Amaranthus viridis L.) populations collected in

citrus orchards from Sao Paulo State, Brazil. Vertical bars of the fresh weight reduction plots represent

the standard error of the mean (n = 6).

Based on plant survival, the S-Lim population had LDsj values of 149 and 113 g ea ha™! in the
experiments I and II, respectively. However, individuals of this population did not survive glyphosate
doses greater than 370 g ea ha~!. In the resistant populations, although their individuals had a large
weight loss in relation to their respective untreated controls, around 50% of their individuals survived
to the field dose of 720 g ea ha~!. In addition, plants of the R1 and R-IAC populations survived at
1480 g ea ha~!. Thus, the R populations were between 4.1 and 6.4 times more resistant than the S-Lim
population. In both experiments, the R1 population was the most resistant based on its lower weight
reduction or the highest survival rate of its individuals (Figure 1, Table 1).

3.2. Shikimic Acid Accumulation

Monitoring the shikimic acid at 96 HAT, the S-Lim population accumulated ~26 pg g=! fresh
weight. This amount of shikimic acid found in the S population was between 6 and 9 times higher than
that accumulated in R populations, which accumulated less than 4 pg g~! fresh weight (Figure 2A).
In the in vivo assays, the highest amount of shikimic acid was also found in the S-Lim population that
began to accumulate it from the lowest glyphosate concentration (6.4 jtg mL~! at 10-uM glyphosate).
The accumulation increased as glyphosate concentrations increased, reaching up ~240-ug shikimic
acid mL~! at 1000 uM glyphosate. R populations began to accumulate shikimic acid only from 50 uM
glyphosate; however, such accumulation was much lower than in population S-Lim. At 1000 pM
glyphosate, the R1, R2, and R-TAC populations accumulated 16, 43, and 33 g shikimic acid mL~!,
respectively (between 5.6 and 15 times less than the S-Lim population) (Figure 2B).
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Figure 2. Shikimic acid accumulation in glyphosate-susceptible and -resistant slender amaranth
(Amaranthus viridis L.) populations collected in citrus orchards from Sao Paulo State, Brazil. (A) Shikimic
acid accumulation in sprayed plants with 360 g ae ha~! at 96 h after treatment. (B) In vivo shikimic
acid accumulation at different glyphosate concentrations. Groups of bars with the same letter above
them are not different using the Tukey test at 95%. Vertical bars represent the standard error of the
mean (n = 9 technical replicates).

3.3. EPSPS Activity

Resistant A. viridis populations presented higher EPSPS basal activity than the S population
(0.22 umol Pi ug~! TSP min~!), but there were differences between them (ranged from 0.38 to 0.52 wmol
Pi pug~! TSP min~') (Figure 3A). To inhibit the EPSPS activity in the S-Lim population, only 4 uM
glyphosate was necessary. The R1 population was 20 times more resistant than to the S-Lim population,
and the R2 and R-IAC populations were 9 and 12 times more resistant, respectively (Figure 3B, Table 2).
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Figure 3. EPSPS (5-enolpyruvylshikimate-3-phosphate synthase) activity in glyphosate-susceptible
and -resistant slender amaranth (Amaranthus viridis L.) populations collected in citrus orchards from
Sao Paulo State, Brazil a. (A) Basal EPSPS activity (absence of glyphosate). Same letter above bars
are not different using the Tukey test at 95%. (B) Dose-response curves of the EPSPS enzyme activity,
expressed as a percentage of the untreated control, exposed to different glyphosate concentrations (uM).
Histograms represent the means, and vertical bars the standard error (n = 3).
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Table 2. Parameters of the sigmoidal equations ! used to estimate the glyphosate concentration (1M)
required to inhibit the EPSPS by 50% (I5¢) in glyphosate-resistant and -susceptible slender amaranth
(Amaranthus viridis L.) populations (Pop.) collected in citrus orchards from Sao Paulo State, Brazil.

Pop. c d b Iso + CI RF 2

S-Lim 0.5 99.9 1.1 40+03 -
R1 1.1 99.2 0.9 824 +6.3 20.6
R2 2.6 99.4 0.9 364+ 3.6 9.1

R-IAC 21 98.9 1.0 484 +4.4 12.1

Yy =c+{d-oy[1+ (x/g)b]}, where Y = EPSPS inhibition by 50% with respect to the control, ¢ = lower limit,
d = upper limit, b = slope of the curve, g = herbicide concentration at the inflection point (i.e., I5p), and x = herbicide
dose. CI values are the 95% limits of the confidence intervals (1 = 3). 2Resistance factors are the R-to-S GRsg or
LDs ratios.

4. Discussion

The GRs values found for the S-Lim population of slender amaranth were lower than 100 g ae ha™!
and showed the great susceptibility to glyphosate of this species. Susceptible populations of Amaranthus
hybridus [16], A. palmeri [25], and Amaranthus tuberculatus [26] also showed GRg( values less than
100 g ae ha™! (17, 89, and 61 g ae ha™!, respectively). In general, Amaranthus species are very sensitive
to glyphosate, so the recommended label doses by manufacturers range from 370 (initial growth stage)
to 740 (adult stage) g ae ha~!, while for other weed species, such as Panicum maximum, Richardia
brasiliensis, and Sida rhombifolia, the minimum dose is 1850 g ae ha™! [27]. Taking into account the
phenological stage of the plants used in our experiments (3-5 true leaves), the reference dose must be
370 g ae ha~!. However, a dose of 740 g ae ha™! was considered as the field reference dose because it is
the minimum glyphosate dose sprayed by Brazilian citrus growers [3].

One of the main criteria to consider a weed as a new case of herbicide resistance is that individuals
have been survived to a dose normally lethal to individuals of a wild (susceptible) population of
the same species, and these individuals are able to reproduce sexually, i.e., the resistance must be
inheritable [28,29]. The estimated LDs, values for the R slender amaranth populations were close
to 740 g ae ha~!, with RFs ranging from 4.1 to 6.4 in relation to the S-Lim population (LDsg <
150 g ae ha™!). These results demonstrated that the field reference dose did not satisfactorily control
~50% of individuals of R populations. Although not arbitrary, the herbicide amount enough to achieve
an acceptable control level in a resistant weed population often requires at least twice its LDsq [30].
However, increasing the herbicide dose is not recommended because the selection pressure also
increases, as well as the resistance level, depending on the resistance mechanism involved [31].

Glyphosate is a potent inhibitor of the EPSPS, enzyme responsible for the biosynthesis of the
chorismate from shikimic acid [9]. Therefore, glyphosate effect can be measured by monitoring the
accumulation of shikimic acid [22]. In both experiments, the R plants of slender amaranth accumulated
less shikimic acid than the S-Lim plants, showing the low sensitivity of the R populations to this
herbicide. The lower accumulation of shikimic acid in resistant plants is due to glyphosate that
does not reach the EPSPS in sufficient amount to inhibit this enzyme [32]. The R1 population had a
shikimate accumulation pattern different from those observed in the R2 and R-IAC, suggesting that
the mechanisms endowing glyphosate resistance among R populations were different from each other.

Enzymatic activity tests did not directly reveal the mechanism that is involved in resistance
but could guide whether it is a target-site or non-target-site mechanism. In this case, the three R
populations showed high levels of basal enzyme activity than the susceptible population, which might
suggest that an EPSPS overexpression participated in the resistance. This mechanism has been the
most common resistance mechanism found in glyphosate-resistant Amaranthus sp., such as A. palmeri,
A. tuberculatus, and Amaranthus spinosus, which have presented different EPSPS gene copy numbers,
ranging from 5 to more than 160 [33-36]. This mechanism may confer an unpredictable resistance level
to glyphosate [37]; however, the higher I5j of the R1 population suggests that another mechanism is
also involved in resistance. Single mutations at 106 position in the EPSPS gene confer low levels of
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glyphosate resistance (2 to 4 times the recommended dose); reduced glyphosate translocation and
vacuole sequestration endow moderate resistance levels (4 to 8 times), and double or triple mutations
at 102, 103, and 106 positions confer high resistance levels (>10 times) [16,37,38]. Our results did
not allow us to confirm the mechanism(s) that endows glyphosate resistance in the R populations of
slender amaranth; therefore, biochemical and molecular studies are necessary to unravel them.

5. Conclusions

These results confirmed that slender amaranth (A. viridis) was selected for glyphosate resistance
in Brazilian citrus orchards, being the first case in the world reported for this species. At least one
target site-type mechanism participated in this glyphosate resistance; however, further experiments
are required to elucidate the resistance mechanisms involved.
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Abstract: Camelina is an oil plant classified as a minor crop. The small acreage is the main cause of
the small amount of plant protection products that are registered for use on camelina plantations.
This contributes to difficulties in the protection of this plant. In the conducted experiment, the genetic
similarity of genotypes of camelina was compared. The effect of selected herbicides (propaquizafop
at rate 70 g a.i. ha™!, quizalofop-p-ethyl at rate 50 g a.i. ha~!, clopyralid at rate 90 g a.i. ha™!, and
picloram at rate 24 g a.i. ha™! applied in the three-four-leaves growth stage of camelina) on six
individual genotypes of the plant and plant chlorophyll fluorescence after the use of these substances
was also determined. The Przybrodzka variety showed the lowest level of damage in the assessment
carried out 42 days after herbicide application and the damages of plants after quizalofop-p-ethyl and
propaquizafop was completely gone. The variety Przybrodzka had the lowest genetic similarity to all
analyzed genotypes. In other cases, genetic similarity of analyzed genotypes could not be linked to
herbicide-related damage. Picloram contributed to the greatest damage to test plants and had the
greatest impact on the operation of photosystem II (PSII). However, the level of plant chlorophyll
fluorescence parameter values indicates small PSII damage for all substances and the possibility of
subsequent plant regeneration. The results of the presented research indicate that it is worth referring
to several plant varieties in phytotoxicity studies of herbicides towards arable crops.

Keywords: camelina; herbicides; genetic similarity; phytotoxicity; formulation; plant chlorophyll
fluorescence

1. Introduction

One of the features of modern agriculture is the simplification of crop rotation [1]. Diversity
in agriculture plays an important role, both in terms of preserving biodiversity and the agricultural
environment and protecting crops against pests, diseases, and weeds [2,3]. Therefore, it is worth
looking for plants that can diversify the species composition of contemporary farming plants. Camelina
is a self-pollinating annual plant belonging to the Brassicaceae family. The vegetation period of spring
forms in the climatic conditions of Poland is about 100-130 days, while winter forms are 280-300 days.
The first of these forms is mainly grown in the world. Plant height in the case of spring camelina varies
in the range of 50-90 cm; for winter forms it is 80-120 cm. The diameter of the flowers is 5-7 mm.
The fruit of the plant in question is the silicule, in which there are 8-15 seeds reaching a length of about
2 mm. The mass of one thousand seeds is about 0.8-1.8 g [4].
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Drought is becoming a growing problem in agricultural production in the world [5,6]. Camelina
is considered a plant with low water requirements [7]. The production of phytalexins exhibiting
antimicrobial activity and the limited area of cultivation of camelina contribute to the fact that this
plant is characterized by high resistance to diseases and pests [8]. In the cultivation of camelina,
the main problem is the presence of weeds, whose quantity and fresh mass are sometimes greater than
on plantations of other plants belonging to the Brassicaceae family [9].

Camelina was an important oilseed plant in Europe until the mid-20th century, especially in the
northern and central parts of the continent. Later, its production level decreased [10]. In recent years,
interest in camelina has been noted due to the unique composition of oil obtained from camelina. High
oil content (28-40%) [11] makes it a suitable oil source for biodiesel production [12]. Camelina oil
is rich in oleic (18:1, 14-16%), linoleic (18:2, 15-23%), linolenic (18:3, 31-40%), and eicosenoic (20:1,
12-15%) acid [13].

The most attention is paid to the use of camelina oil for the production of biodiesel, renewable
diesel, and renewable jet fuel [13,14]. The first tests of hydroprocessed renewable jet fuel (a mixture
of the branched aromatics and the C7-C18 branched alkanes) were carried out by the US Air Force
in 2009 [15]. Since then, numerous fighter jets (Thunderbirds) and jets (KLM Royal Dutch and Japan
Airlines) have been successfully tested on a blend of JP-8 (typical jet fuel) and camelina-derived jet
fuel [13].

Camelina oil is also used in the food industry as functional food and in the cosmetics industry [16].
Camelina oil can be used in the petrochemical-based polymer industry, because epoxidized camelina
oil has the properties of peel adhesion and, after further formulation, the potential to be used for
preparation of pressure-sensitive adhesives, coating, or resin [17].

Camelina meal, or ground camelina oil cake or press cake, which is a by-product of the oil
extraction process can be used as animal feed [18,19]. The US Food and Drug Administration (USDA)
approved the use of camelina meal in feed rations given to beef cattle and broiler chickens, provided
that the percentage is not higher than 10% [20].

The possibility of full use of Camelina sativa is highly economically advantageous. The cost of
producing fuel for Camelina sativa grown in Canada was USD 0.83/L, with approximately 88% of the
total production cost resulting from the cost of feedstock [21].

Due to the fact that this plant is grown in a small area, the availability of plant protection products
registered for use in this crop is an important problem. In the European Union, the availability of plant
protection products registered for use in this crop is a limitation. However, it closes within the limits of
several active substances that can be used [22].

Winter oilseed rape is the most important oilseed plant in Europe [23]. Herbicides registered for
use in this include propaquizafop, quizalofop-p-ethyl, clopyralid, and picloram [24]. Camelina and
winter oilseed rape belong to the same family; hence, it is likely that these herbicides could also be
used in minor crops such as camelina. However, it is important to determine the phytotoxicity of these
herbicides to camelina. Determining the impact of herbicides on crop development is also important
in the context of different varieties, which is associated with their intraspecific variability [25].

Propaquizafop and quizalofop-p-ethyl are herbicides that belong to the group of
aryloxyphenoxypropionates [26,27]. Aryloxyphenoxypropionates are classified as inhibitors of acetyl
coenzyme A carboxylase (ACCase inhibitors) [28]. This enzyme is involved in the synthesis of fatty
acids [29]. It catalyzes the reaction of attaching carbon dioxide to acetyl-CoA, resulting in the formation
of malonyl-CoA. There are two forms of this enzyme in plant cells—prokaryotic and eukaryotic.
The latter of these forms is sensitive to the effects of these herbicides [30]. Most higher plants have
both forms of CoA acetyl carboxylase. The exception are plants from the family Gramineae, in which
only the eukaryotic form is found [31]. Weeds belonging to this family are therefore sensitive to the
action of herbicides belonging to the inhibitors of acetyl coenzyme A carboxylase [32].

Clopyralid and picloram are substances classified as pyridine carboxylates. They belong to the
group of synthetic auxins [33]. These herbicides mimic the action of excessive amounts of indole-3-acetic
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acid (IAA), which is the main natural phytohormone found in higher plants [34]. The reason for the
selectivity of these preparations for monocots is not yet known [35].

Chlorophyll fluorescence is becoming a very powerful tool in agricultural, environmental, and
ecological research [36]; along with increasing the sensitivity of fluorimeters measurement, these
methods become also useful in ecotoxicological studies [37]. The chlorophyll fluorescence signal can
be used as a probe for photosynthetic activity [38]. As is known, plant stress, both biotic and abiotic,
negatively affects the physiological state of plants and their photosynthetic activity. Plant protection
treatments, including herbicidal ones, cause short-term stress in crops, whereas they are toxic to the
undesirable plants (weed). In many cases, herbicidal preparations directly reduce photosynthetic
activity or indirectly cause damage to plants, which in turn reduces the efficiency of photosynthesis.
Herbicides that directly affect PS-II usually work by inhibiting the transport of electrons in PS-1I [39].
Analysis of chlorophyll fluorescence can yield important information on how herbicides interfere with
photosystem I and II mechanisms [40]. The assessment of the physiological state of the photosynthetic
apparatus is performed on the basis of analyses of several groups of measured and calculated parameters
based on induction and general identification of two different states of the photosynthetic apparatus:
photochemically inactive (after adaptation to the dark)—electron transport is completely stopped,
the H* gradient across thylakoid membranes is minimal, the concentration of NADPH and ATP is
minimal—and photochemically active (after adaptation of the sample to light)—NADPH and ATP
synthesis and CO; binding occur. In addition, the technique for measuring chlorophyll fluorescence
allows the recording of changes occurring in PSII under the influence of stress factors before visual
symptoms are seen, which makes this technique the perfect complement to the visual assessment of
phytotoxicity. Chlorophyll fluorescence measurement is a non-destructive tool that allows scientists to
obtain information on the photosynthesis process without destroying the test sample [41].

The aim of the study is to assess the effect of selected herbicides on different camelina genotypes,
compare the sensitivity of different genotypes with the genetic distance between them, and determine
the effect of herbicides on plant chlorophyll fluorescence.

2. Materials and Methods
2.1. Genetic Distance Testing

2.1.1. Plant material

The spring variety Omega and winter varieties Luna and Przybrodzka of camelina were obtained
from the Polish National Plant Breeders’ Rights (PBR). The winter genotype Lenka has been protected by
temporary rights in Poland since 2017. The spring 57L3 genotype is stable breeding material. All of the
above genotypes were bred at the Poznan University of Life Sciences (Poznati, Poland) [42]. The spring
genotype Hoga (PI 650150) collected in Denmark came from the US National Plant Germplasm System
(NPGS, Copenhagen, Denmark).

2.1.2. DNA Extraction

DNA was isolated from the leaves of 10-day-old seedlings with the use of an extraction kit
(Genomic Mini AX Plant, A&A Biotechnology, Gdynia, Poland) by means of the column-based method.

2.1.3. Random Amplified Polymorphic DNA Assays

The RAPD-PCR reaction was carried out in a 12.5 pL mixture consisting of: water, 1 M Tris
HCI (pH 8.3), 2 mM MgCl,, 2 mM dNTP, 5 pmol/uL primer, 5 U/uL Taq polymerase, 25 ng/uL. DNA
extract. The temperature regime was set to an initial denaturation of 60 s at 94 °C, followed by 34
cycles (60 s at 94 °C, 45 s at primer annealing at the optimal temperature, 30 s at 72 °C), and finishing
with an extension step of 5 min at 72 °C. The PCR was carried out in a T Professional Basic Gradient
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Thermocycler. A set of 20 10-mer RAPD-PCR primers was used for DNA amplification (Supplementary
Table S1).

2.1.4. Microsatellite Markers of DNA Assays

A set of 7 primer pairs (P3H4, P4B3, P4C2, P4H3, P6C2, P6E4, P7D4) was used for DNA
amplification according to the method developed by Manca et al. [43]. The polymerase chain reaction
(PCR) was conducted in a mixture composed of water, 5 pL; DreamTaqTMGreen PCR Master Mix,
6.25 pL; primers, 2 x 0.25 pL (final concentration was 20 uM); and DNA matrix, 1 pL. The amplification
took place under the following conditions: initial denaturation for 5 min at 94 °C, 40 cycles (denaturation
at 94 °C for 30 s, primer annealing at the optimal temperature for 30 s, synthesis 72 °C for 30 s), final
synthesis 72 °C for 30 min. Two slightly different touchdown PCR protocols called TD1 and TD2 were
used for selected primers (P4H3, P6C2, and P7D4). The TD1 profile consisted of initial denaturation
for 5 min at 94 °C, followed by 10 cycles of 30 s at 94 °C, annealing for 30 s at a temperature of 65 °C
reduced by 1 °C every cycle, and for 30 s at 72 °C. This was followed by 30 cycles of 30 s at 94 °C, 30 s
at 55 °C, 30 s at 72 °C, and one final extension step at 72 °C for 30 min. The TD2 program differed from
the TD1 profile in the annealing temperature and number of cycles. The annealing temperature was
reduced in steps of 0.5 °C in each cycle (8 cycles) from 54 °C to 50 °C, followed by 32 cycles at 50 °C.

2.1.5. Electrophoresis Conditions

The PCR products were separated by electrophoresis lasting 90 min at 100 V in 1.5% agarose gels
containing TBE buffer. Next, they were visualized under UV light after being stained with ethidium
bromide. To visualize PCR products, a Molecular Imager Gel Doc™ XR UV transilluminator was used
with the ImageLabTMSOftware (Bio-Rad, Hercules, CA, USA).

2.1.6. Statistical Analysis

The coefficients of genetic similarity (S) between the cultivars were calculated using the formula

developed by Nei and Li [44]:
o _ 2N
U7 Ni+ Nj

1)

where:

Nij is the number of alleles present in the ith and jth cultivars,

Ni is the number of alleles present in the ith cultivar,

Nj is the number of alleles present in the jth cultivar, and

i,j=1,2,...,20.

The cultivars were grouped hierarchically according to the coefficients, using the unweighted pair
group method of arithmetic means (UPGMA). The relationships between genotypes were presented in
a dendrogram.

2.2. Greenhouse Experiment

Camelina were grown for 76 days in a greenhouse on photoperiod 16 h day/8 h night. Greenhouse
temperature was maintained at 25 + 2 °C during the day and at 20 + 2 °C during the night. Camelina
were planted in the greenhouse in plastic pots (1.0 L, 15 cm diameter) containing a mixture of peat
and soil at a 1:1 ratio. Soil moisture was systematically measured by ML3 ThetaProbe Soil Moisture
Sensor (ThetaProbe, Eijkelkamp, The Netherlands). By regular replenishment, the appropriate weight
of pots was maintained at 65-75% of soil water capacity. Relative air humidity was around 50-80%.
Natural sunlight with an intensity of 600 pE m~2 s~! was supplemented with sodium lamps (HPS)
with a capacity of 400 W (Elektro-Valo Oy. Netafim. Avi: 13473, Uusikaupunki, Finland). Two weeks
after emergence, camelina plants were thinned to 6 uniform seedlings per pot.
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Herbicides were applied at doses recommended for use in winter rapeseed cultivation. Tested
herbicides were: propaquizafop at rate 70 g a.i. (active ingredient)* ha=! (Agil S 100 EC, Adama Agan
Ltd, Airport city, Israel), quizalofop-p-ethyl at rate 50 g a.i.* ha~! (Targa Super 05 EC, Nissan Chemical
Europe, Saint-Didier-au-Mont-d’Or, France), clopyralid at rate 90 g a.i. ha=! (Major 300 SL, Innvigo Sp.
z 0.0., Warsaw, Poland), and picloram at rate 24 g a.i.* ha=! (Zorro 300 SL, Innvigo Sp. z 0.0., Warsaw,
Poland). Herbicides have been applied in the three-four-leaves growth stage of camelina.

Treatments were applied using a spray chamber with Tee Jet 1102 (TeeJet Technologies GmbH,
Schorndorf, Germany) nozzles delivering 200 L* ha~! at 0.2 MPa. Water used for herbicide application
contained (mg/L): 114 Ca?*, 7.4 Mg?*, 0 Na*, 0 K*, <1 Fe’*, 356 CaCO3, and pH 7.3. Camelina
plants were assessed 21 and 42 days after treatment (DAT) by estimating the herbicidal phytotoxicity
compared to untreated control. The data was calculated using the Henderson-Tilton formula [45].
Visual evaluation of the herbicidal phytotoxicity was based on the comparison of the condition of
camelina plants from objects treated with herbicides with plants from the untreated control. Visual
phytotoxicity was shown using a scale ranging from 0% (untreated) to 100% (completely destroyed
plant). The greenhouse trial was designed as a randomized complete block with four replications.
Four herbicide variants and untreated controls for six camelina genotypes were tested in each series,
resulting in 30 combinations (120 replicates) in both series. Assessments were made for two series
of tests. They were made in accordance with EPPO Standards PP 1/49 (3) [46]. At the end of the
experiments, the weight of the plants was tested (data not shown). Statistical analysis was conducted
using Statistica software (Version 12, StatSoft Inc., Tulsa, OK, USA). Data were subjected to ANOVA
followed by Tukey’s protected LSD test at the 0.05 probability level.

2.3. Plant Chlorophyll Fluorescence

Chlorophyll fluorescence was measured at the first young fully mature healthy leaf with
Multi-Mode Chlorophyll Fluorometer (OS5p, Opti-Sciences, Inc., Hudson, USA) with PAR Clip.
The Fv/Fm protocol was selected [47]. Fluorescence measurements were done in triplicate for each
replication, which gives 12 results for combination for one series of test. Measurements were made
14 and 21 days after herbicide application. Before the measurements, the leaves were dark-adapted
for 30 minutes using white clips to silence photosynthesis. Measurements were made at the same
time of day, at midday. Settings fluorometer protocols were selected according to the OS5p User’s
Guide, the standard in Plant Stress Measurement, Opti-Sciences, as follow: Modulation Source: Red,
Modulation Intensity: 15, Detector Gain: 05, Saturation Flash Intensity: 29 (non-nominated units).
Before measurement, settings parameters were adjusted to an appropriate level. Modulation intensity
and detector gain values were adjusted so that the set Ft (fluorescence signal) was stable and in the range
of 150-250 counts, which means that modulated illumination is not driving photosynthesis. Similarly,
based on the values of the measured parameters, the saturation flash intensity was determined to
get the saturation point. The following parameters were measured: FO—minimum fluorescence,
Fm—maximum fluorescence, Fv—variable fluorescence. The following parameters were calculated:
Fv/Fm—Maximum Photochemical Efficiency of Photosystem II; Fv/Fm = (Fm — F0)/Fm. Statistical
analysis of average results for all tested genotypes was conducted using Statistica software (Version 12,
StatSoft Inc., Tulsa, OK, USA). Data were subjected to ANOVA followed by Tukey’s protected LSD test
at the 0.05 probability level.

3. Results

3.1. Genetic Distance Testing

To assess genetic variation of Camelina sativa genotypes, RAPD (random amplified polymorphic
DNA) and SSR (simple-sequence repeats also known as microsatellites) analyses were carried out.
Finally, 6 polymorphic PCR products were obtained from SSR analysis (P4C2 and P6C2 were
monomorphic) and 69 for RAPD analysis.
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The RAPD and SSR data were used for grouping genotypes by the UPGMA method.
The relationship among genotypes is presented in the form of a dendrogram (Figure 1). Genotypes
(spring and winter) from Polish breeding of the last 20 years had the greatest genetic similarity: Omega
(registered in PBR in 2013), Luna (registered in PBR in 2012), Lenka (in registration process), and the
stabilized breeding line 57L3. The old Polish variety Przybrodzka was characterized by the lowest
genetic similarity to all analyzed genotypes. The Przybrodzka variety was donated by the Institute
of Soil Science and Plant Cultivation (Poznan, Poland) to the US National Plant Germplasm System
(NPGS) in 1966.

Przybrodzka -

Hoga

Luna

57L3 «

Lenka

Omega

T T T T T T
1.0 0.9 0.8 0.7 0.6 0.5

Figure 1. A dendrogram of Camelina sativa genotypes. The cultivars were grouped hierarchically using
the unweighted pair group method of arithmetic means (UPGMA).

3.2. Greenhouse Experiment

Quizalofop-p-ethyl and propaquizafop caused the smallest damage to all camelina varieties
and genotypes. At 21 days after the use of propaquizafop, the largest damage (15%) was observed
on the Omega variety (Table 1). In the assessment at 42 DAT (Table 2), no statistically significant
camelina damage was found after the use of these herbicides. The greatest damage occurred after
using herbicides from the group of synthetic auxin herbicides (clopyralid, picloram). Picloram caused
the most damage to camelina and Luna at 21 DAT. Unlike graminicides, damage after clopyralid and
picloram was not completely transient, and their levels were still high. In the assessment carried out
42 DAT, the largest damages (30%, 30%, 25%, respectively) were observed on the Hoga genotype
and on the Omega and Luna varieties. The smallest damage after using picloram was found on the
variety Przybrodzka and genotype Lenka and after the application of clopyralid on the Przybrodzka
variety and genotypes Lenka and 57 L3. In the experiment, the mass of plants was analyzed. However,
the results were not presented in the results and discussions. The reason is a problem with drawing
reliable conclusions for this parameter.
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Table 1. Visual assessment of phytotoxicity (%) 21 days after treatment (21 DAT).

Varieties/Genotypes
Treatment Przybrodzka Lenka Luna Omega Hoga 5713  LSD (0.05)
0 0 0 0 0 0
Untreated C D E E C C
Propaquizafop 10b Oc 10b 15a 10b 7.5b
70 g a.i* ha | B D C C B B 29
Quizalofop-p-ethyl 0Oc 7.5ab 5b 10a Oc Oc
50 g a.i* ha™! C C D D C C 31
Clopyralid 10d 22.5¢ 20c 35ab 40a 32.5b
90 gai*ha ! B A B B A A 57
Picloram 20d 20d 55a 45b 40bc 35¢
24gai*hal A B A A A A 72
LSD (0.05) 2.8 24 0.2 48 1.6 3.7 -

0% (untreated) to 100% (completely destroyed plant); a-e and A-E different letters indicate statistically different
mean LSD (p < 0.05); capital letters—vertical, e.g. A; lower-case letters—horizontal, e.g., a.

Table 2. Visual assessment of phytotoxicity (%) 42 days after treatment (42 DAT).

Varieties/Genotypes
Treatment
Przybrodzka Lenka Luna Omega Hoga 5713  LSD (0.05)
Untreated g g g ]g ]?) g -
Propaquizafop Oa Oa Oa 10a 10a 5a
70 g a.i*ha™l C C C C C C s
Quizalofop-p-ethyl Oa Oa Oa 10a 10a Oa
50 g ai*hal C C C C C D e
Clopyralid 7.5¢ 7.5¢ 15b 20a 20a 10c
90 g ai*ha! B B B B B B 3.2
Picloram 15cd 10d 25ab 30a 30a 20bc
24gai*hal A A A A A A 53
LSD (0.05) 19 1.9 3.9 1.4 2.6 3.2 -

n. s.—no significant differences; 0% (untreated) to 100% (completely destroyed plant); a—e and A-E different letters
indicate statistically different mean LSD (p < 0.05); capital letters—vertical, e.g., A; lower-case letters—horizontal,
eg., a.

3.3. Plant Chlorophyll Fluorescence

Chlorophyll fluorescence was measured 14 and 21 days after herbicide application. Averages
of results of herbicide effects on plant chlorophyll fluorescence for all genotypes are shown.
The measurement at the first date showed no significant differences in the parameters: Fv (Figure 2)
and Fm (Figure 3). However, significant differences were noted in the Fv/Fm parameter (Figure 4).
They were observed in all combinations where herbicides were used, relative to the values obtained for
the unsprayed control. The highest decrease in Maximum Photochemical Efficiency of Photosystem II
was found in plants sprayed with picloram. During the second, subsequent measurement, significant
differences were found between the preparations used in all three parameters of chlorophyll fluorescence
measurement: Fm, Fv, and Fv/Fm. Similar to the case of changes in the Fv/Fm parameter value,
a significant decrease in Fm and Fv parameters was observed in all sprayed objects relative to the
control, to the greatest extent in plants treated with picloram and to the smallest those treated with
quizalofop-p-ethyl and propaquizafop. The highest decrease in Fm and Fv parameters in relation to
the unsprayed control was recorded for objects treated with picloram. The measurements showed no
significant differences in the parameter FO (data not shown).

257



Agriculture 2020, 10, 185

940
920
900

880

g

84

[e=]

82

[==]

a
a a
a g a
b p
bc
c

14 days after treatment 21 days after treatment

800

W untreated M propaquizafop ® quizalotop-p-ethyl = clopyralid M picloram

Figure 2. The effect of herbicides on Fv—rvariable fluorescence (non-nominated units). Different letters
(37¢) indicate statistically different mean LSD (p < 0.05) 14 DAA =19.52; LSD (p < 0.05) 21 DAA =25.91;
DAA—days after herbicides application.
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Figure 3. The effect of herbicides on Fm—maximum fluorescence (non-nominated units). Different
letters (*°) indicate statistically different mean LSD (p < 0.05) 14 DAA = 23.80; LSD (p < 0.05) 21
DAA =32.17; DAA—days after herbicides aplication.
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Figure 4. The effect of herbicides on Fv/Fm—maximum Photochemical Efficiency of Photosystem II
(non-nominated units). Different letters (°) indicate statistically different mean LSD (p < 0.05) 14
DAA =0.029; LSD (p < 0.05) 21 DAA = 0.0036; DAA—days after herbicides aplication.

4. Discussion

The phytotoxicity of herbicides towards a crop means exceeding the maximum protective capacity
of this plant related to the mechanisms of selectivity or the possibility of detoxification of these
substances [48]. Selective herbicides can therefore cause transient stress in crop plants [49]. In some
cases, they can damage plants and reduce yields [50].

In the conducted experiment, propaquizafop and quizalofop-P-ethyl contributed to the inhibition
of plant growth. For most varieties and genotypes, however, these were transient symptoms.
Quizalofop-P-ethyl is a registered substance for use on camelina plantations in different parts of
the world [13,22]. This substance is therefore widely used in practice to control monocotyledonous
weeds in this crop. According to data available in the literature, propaquizafop contributed little
to the phytotoxicity effect on Indian mustard [51]. Damage was also observed in the case of the
application of other substances classified as acetyl coenzyme A carboxylase inhibitors in canola
cultivation [52]. These plants, like camelina, belong to the Brassicaceae family. The results of the
conducted research indicate that substances belonging to synthetic auxin herbicides have contributed
to greater damage to plants than graminicides. The application of these preparations resulted in
twisting of camelina leaves. Picloram has the highest degree of phytotoxicity. Slight damage caused by
picloram and aminopyralid (also included in synthetic auxin herbicides) in relation to some species of
plants belonging to Brassicaceae were also noted in other papers [53]. The Przybrodzka variety was
characterized by the smallest genetic similarity in relation to all tested varieties and genotypes. At the
same time, it was characterized by the greatest tolerance to the effects of applied substances. In the
case of other varieties and genotypes, no relationship between genetic similarity and sensitivity to the
herbicides used was observed.

The herbicides used in the study included synthetic auxins. Substances belonging to this group
may cause calluses of plants, which affect their mass [54]. It is estimated that for studies using synthetic
auxins, visual assessment of phytotoxicity is more desirable than testing the weight of plants [55].

One of the biggest problems associated with camelina breeding is the low diversity within this
species. In addition, only spring camelina genotypes were collected in gene banks. Due to the low
intraspecific variability, breeders look for variability of related species and genera, or induce variation
through mutagenesis or due to genetic engineering [56]. Analysis of the genetic similarity of spring
genotypes (currently grown in Poland and Ukraine) and winter varieties of Camelina sativa (which are
traditionally grown only in Western Europe) was performed by Kurasiak-Popowska et al. (2018) [56].
Apart from the ‘Przybrodzka’ cultivar, the Polish cultivars of spring and winter camelina were included
in one similarity group. The plant material for this publication was selected based on the results of
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molecular analyses, yielding, and the content of chemical compounds in camelina genotypes collected
at the University of Life Sciences in Poznan [56,57].

An important factor influencing the herbicidal effectiveness of herbicides is the formulation of
the preparations [58]. The type of formulation also plays an important role in relation to herbicide
phytotoxicity to the crop [59]. In the experiment, quizalofop-p-ethyl and propaquizafop were used in
the EC (emulisfiable concentrate) formulation. This formulation is a mixture of pesticides, adjuvants,
and emulsifiers that are dissolved in oil. Together with the water in the sprayer tank, they form a
diluted, stable emulsion. One of the disadvantages of this formulation, however, is the possibility
of damage to the leaves of crop plants [60]. The oil-based adjuvants contained in the herbicide
formulation may contribute to the dissolution of the wax layer covering the surface of the crop [61].
Oil adjuvants work in a similar way and are included in the composition of the spray liquid. In some
cases, they increase the risk of phytotoxicity but at the same time contribute to improving the herbicidal
herbicide effectiveness [62]. Most of the graminicides available on the market occur in the EC
formulation, which due to the oil content can cause damage to some plants. In our research, herbicides
from the aryloxyphenoxypropionates group that control monocotyledonous weeds were phytotoxic
for some genotypes of camelina because they were in EC formulation, injurious for cuticular wax.

The Fv/Fm parameter is considered to be a reliable indicator of the photochemical activity of the
photosynthetic apparatus, and its reduction indicates the occurrence of stress in plants, the consequence
of which is damage to the PSII function [63]. During both the first and second measurements,
a significant decrease in the Fv/Fm parameter (maximum photochemical efficiency of PSII) was
observed. However, according to studies of other authors [63,64], the obtained values do not indicate
strong damage, and it can be concluded that they did not affect the health of plants. The Fv/Fm
value for unstressed control of most plant species is close to 0.83 [65,66]. The decrease in the Fm
parameter—maximum fluorescence—indicates the occurrence of stress in plants, the effect of which
means that not all electron acceptors in PSII can be completely reduced [67]. In turn, a decrease in the Fv
parameter—variable fluorescence—may indicate a decrease in PSII activity and scattering of excitation
energy in the form of heat [63]. However, the level of the obtained parameters indicates slight damage
to the PSII. The measurements were to show the trend of plant stress caused by individual herbicides,
but the level of this reaction, due to the selected mechanisms of herbicide action, did not indicate
high stress of the plants; hence, the average results for genotypes were shown. Larger differences in
the response of individual genotypes were found in the visual assessment; therefore, the results of
visual observation are presented separately for individual genotypes. However, the trend in plant
reactions was the same for both parameters—for plant chlorophyll fluorescence and visual assessment:
the highest plant damage was observed for picloram and the lowest for ACCase inhibitors. Dayan
et al. (2012) [40], studying the mechanisms of herbicide action using chlorophyll fluorescence, showed
that the effect on photosynthesis caused by herbicides from the group of aryloxyphenoxypropionate
inhibitors of ACCase was very modest on cucumber cotyledons, which may be due to the grass
selectivity of this herbicide. In the same research, some herbicides acting as superauxins did not affect
photosynthesis in the cucumber cotyledon assay. It can therefore be concluded that the decrease in
fluorescence parameters as a consequence of spraying is secondary and results from leaf damage
caused by herbicide injury, and the photosynthetic activity carried out is proportional to the surface of
the undamaged leaf.

5. Conclusions

The small number of herbicides registered for use on camelina plantations makes weeds a difficult
problem. The conducted research determined the genetic distance between different varieties and
genotypes of camelina (spring and winter forms). The effect of individual herbicides on chlorophyll
fluorescence was tested. The Przybrodzka variety was characterized by the greatest genetic distance in
relation to other varieties and genotypes. At the same time, it was highly resistant to phytotoxic effects
of herbicides. For the other varieties and genotypes, no similar relationship was observed. Damage
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to camelina after herbicide application was largely transient. Among the substances used, picloram
contributed most to the occurrence of phytotoxicity. Plant fluorescence measurements indicate that
PSII damage was not large and plants have a chance of regeneration. Further research is needed on the
possibility of using various herbicides in camelina and other minor crops. It should be carried out
taking into account the effect of the substance on individual plant varieties.
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Abstract: Chamomile is a herbal plant of very high economic importance worldwide. Its organically
grown raw material is particularly valuable. Under organic farming conditions, weeds and fungal
diseases are an important problem in a chamomile plantation. Seeking agronomic solutions designed
to eliminate the occurrence of these pathogens in chamomile crops is constantly valid. The aim of the
present study was to evaluate the effect of some foliar sprays (enhancing the condition of the crop
plant and its competition against pathogens) and different row spacing of two chamomile cultivars on
weed infestation and health of a chamomile plantation. The study results presented in this paper were
collected from field experiments carried out in the organic system in the village of Dys (the central
Lublin region, Poland) over the period 2014-2016. Experiments were conducted on podzolic soil
(class IIT) as a split-block design in 3 replicates in plots with an area of 525 m? (6.25 m? a single plot).
This study included two chamomile cultivars (“Ztoty Lan”, “Mastar”). The second experimental
factor was single or double foliar application of three bioproducts (Herbagreen Basic, Bio-algeen,
Effective Microorganisms—EM Farming). The other experimental factor was a different row spacing
of chamomile (40 cm and 30 cm). The obtained study results show that 10-16 annual weed species
and 1-3 perennial species occurred in both chamomile cultivars. Foliar application of the bioproducts
contributed to a reduction in the total number of weeds in the crop, but at the same time to greater
weed species diversity. In the control treatments (without the bioproducts), the dominance of several
weed species (Viola arvensis, Galeopsis tetrahit, Sperqula arvensis, Juncus bufonius, Scleranthus annuus)
and lower biodiversity of the weed flora were observed. The largest reduction (by about 20%) in the
number of annual weeds was found under the influence of the bioproducts Herbagreen Basic and
Bio-algeen applied once. Bio-algeen and Effective Microorganisms (EM), in turn, had a significant
effect on decreasing the weed weight. A narrower (30 cm) row spacing of chamomile had a significant
impact on reducing the weight of weeds in chamomile crops compared to the wider spacing, which
was 40 cm. It should be concluded that infection of the chamomile plantation with fungal diseases
was overall at a low level. Significantly higher infection with fungal diseases was found in the
case of the cultivar “Mastar”, regardless of the experimental factors. A statistically proven decrease
in infection of chamomile plants with fungal diseases was determined under lower crop density
conditions (a row spacing of 40 cm). Chamomile plants were found to exhibit better health under the
influence of double application of the biofertilizers Herbagreen Basic and Bio-algeen.

Keywords: chamomile; organic system; bioproducts; seeding density; quantitative weed infestation
indicators; weed species; fungal diseases
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1. Introduction

Chamomile (Chamomilla recutita (L.) Rausch.) is one of the most popular herbal plants grown in
different countries across the world. The great economic importance of this herbal plant is due to
the valuable chemical composition of chamomile raw material (flower heads) and its application in
medicine, pharmacy, and cuisine [1,2]. Chamomile raw material obtained from organic plantations
is particularly valuable. In organic cultivation where, by definition, no crop protection chemicals
(herbicides, fungicides, insecticides) or synthetic mineral fertilizers are used, chamomile plants are more
susceptible—than in conventional cropping—to weed pressure and infection with fungal diseases [3,4].
The negative effects of weed infestation on yield quantity and quality of crops are due to the high
competitiveness of weeds for all environmental resources (light, water, nutrients, space) as well as
their initial faster rate of growth and more effective use of CO, [5-7]. Differences in the number
and weight of weeds and in their biological diversity between the organic and conventional farming
systems predominantly result from crop agronomy, which involves crop rotation, tillage and cropping
technology, and weed control methods [8-10]. By depleting nutrients from the soil, weeds increase the
susceptibility of crops to fungal diseases [11].

Seeking environmentally friendly agronomic solutions that enhance the resistance and
competitiveness of herbal plants against weeds and pathogenic fungi is currently very popular.
A proper selection of a chamomile variety as well as an appropriate seeding rate and density (the width
of interrows in herbal crops), which will allow for natural competition with weeds, can be of major
importance in this respect [3,12]. In science and agricultural practice, special hopes are associated with
bioproducts (such as growth biostimulators, organic foliar fertilizers, Effective Microorganisms) which
increase crop plant resistance to adverse habitat conditions and pathogens [4,13,14].

This study hypothesized that foliar application of biological products in chamomile crops would
contribute to better competitiveness of this crop plant against weeds and its higher resistance to fungal
pathogens compared to the control treatment (without foliar application). An assumption was also
made that the study would allow us to determine a species-specific optimal row spacing in the context
of crop competition with pathogens. It was also hypothesized that the cultivar factor would not have a
significant effect on weed infestation and health of chamomile.

The aim of the present study was to evaluate the effect of some foliar sprays: biostimulator, foliar
fertilizer, Effective Microorganisms (enhancing the condition of the crop plant and its competition
against pathogens), and different row spacing (30 and 40 cm) of two chamomile cultivars (“Ztoty Lan”
and “Mastar”) on weed infestation and health of a chamomile plantation.

2. Methods

Field experiments in growing chamomile (Chamomilla recutita (L.) Rausch.) were conducted in the
village of Dys located in the Municipality of Niemce (51°18’57”” N 22°35’06” E), Lubelskie Voivodeship,
Poland, over the period 2014-2016. The experiment was set up as a split-block design with 3 replicates.
The total experimental area was 525 m?. Treatments with the two chamomile cultivars were the
experimental blocks. These blocks comprised alternately arranged plots with 2 different row spacings
of chamomile. Seven foliar spray fertilization treatments were randomly assigned to these 2 chamomile
cultivars and 2 row spacings of this herbal plant. The experiment included a total of 84 plots with a
single plot area of 6.25 m? (each plot was in the shape of a 2.5 m x 2.5 m square). The characteristics
analyzed in this study were determined in each of the 84 experimental plots. The specific design of
this field experiment is shown in Figure 1. Chamomile was grown on a podzolic soil classified as very
good rye soil complex (soil class II). Crops were grown in the experimental field in the organic farming
system (without using synthetic mineral NPK fertilizers and without application of crop protection
chemicals—herbicides, fungicides, and insecticides).
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Explanations: ' - cv (cultivar) “Ztoty Lan” - cv “Mastar”
% - single rows every 40 cm ﬁ - single rows every 30 cm
A, B,C, D, E F, G - foliar sprays

Figure 1. Design of the field experiment on the cultivation of chamomile.

In the field where the experiment was conducted, organic farming had been carried out since
2009 and thus for 5 years before the establishment of the experiment in question. During the period
2009-2013, the following crops were organically grown in this field: oats, potato, spring barley and
white mustard. Throughout this entire period (2009-2016), this field was (and still is) under supervision
of a certification body (Polish Society of Organic Farming "Eco-guarantee") and it has an Organic
Farming Certificate. The experiment conducted in the organic system was surrounded by a 200-m
“buffer zone” (with organically grown lacy phacelia, red clover, and oats). The distance between the
experimental plots and the nearest traffic artery was 700 m.

During the study period, the soil was characterized by slightly acidic pH (in 1 M KCl = 6.2-6.4) and
a medium content of available macronutrients (P = 78.1-78.6; K = 84.9-86.1; Mg = 31.6-32.6 mg kg 1).
The soil humus content was 1.39-1.43%.

In both experiments with the above-mentioned chamomile cultivars, the following factors
were included:

I. Chamomile cultivars

a. “Ztoty Lan”—a commonly grown cultivar;

b. “Mastar”—a new and less popular cultivar.

II. Foliar sprays:

A—Without application of foliar sprays (control treatment);

B—Foliar spray Herbagreen Basic—(10 g in 1.0 L of water);

C—Foliar spray Bio-algeen S90—(4.0 mL in 1.0 L of water);

D—Foliar spray Effective Microorganisms—EM Farming—(60.0 mL in 1.0 L of water);

E—Double application of the foliar spray Herbagreen Basic—(2 X 5 g in 1.0 L of water);

F—Double application of the foliar spray Bio-algeen S90—(2 x 2.0 mL in 1.0 L of water);

G—Double application of the foliar spray Effective Microorganisms—EM Farming—(2 x 30.0 mL
in 1.0 L of water).

III. Row spacing and seeding density:
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1. Single rows every 40 cm;

2. Single rows every 30 cm.

In each year of the study, white mustard grown for green manure was the previous crop for
chamomile. Pre-sowing soil fertilization included a mineral fertilizer approved for use in organic
farming—Humac Agro (Table 1.).

Table 1. Chemical composition of Humac Agro fertilizer.

Nutrient Content on A Dry Weight Basis *

Humic K Ca Na Fe Zn Br Cu Se
acid % gkg! gkg! gkg! gkg! mgkg™! mgkg! mgkg! mgkg!
62.0 1.18 16.80 12.80 14.50 64.0 77.0 19.0 6.0

* Moisture content = 20%.

Chamomile seeds were sown directly into the soil in the third decade of April (using a hand
seeder with a press wheel). The seeding rate was 2.0 kg ha~! (a row spacing of 40 cm)-2.5 kg ha™!
(a row spacing of 30 cm). Weed control involved mechanical weed removal (with a weeder) at the
3-5 leaf stage of chamomile. The foliar sprays (treatments B-G) were applied using a field sprayer
under a pressure of 0.25 MPa. Double application was done at the 2-3 leaf stage of chamomile and at
the 5-7 leaf stage (after mechanical weed removal). Single application of the sprays was carried out at
the 5-7 leaf stage of chamomile. The specific composition of the bioproducts used in this experiment is
shown in Table 2.

Table 2. Components of the sprays used in the experiment.

Name of Spray Spray Composition

An extract from sea algae; the spray contains 90 groups of chemical compounds, including amino
acids, vitamins, alginic acid, and other unidentified active ingredients of seaweeds; the major
elements include the following: nitrogen—0.02%, phosphorus—0.006%, potassium—0.096%,

calcium—0.31%,magnesium—~0.021%, as well as boron—16 mg kg1, iron—6.3 mg kg7,
copper—0.2 mg kg~!, manganese—0.6 mg kg!; zinc—1.0 mg kg~!; moreover, the spray contains
molybdenum and selenium.

Calcium oxide (CaO)—36.7%, silicon dioxide (SiOp)—17.0%, iron trioxide (Fe;O3)—3.4%, magnesium
Herbagreen oxide (MgO)—2.4%, titanium dioxide (TiO,)—0.5%, potassium oxide (K,O)—0.5%, sodium oxide
Basic (Nap0)—0.5%, sulfur trioxide (SO3)—0.4%, phosphorus pentoxide (P,O5)—0.5%, manganese oxide
(MnO)—0.1%; and trace amounts of boron (1), cobalt (13), copper (26), zinc (34) (mg kg’1 DM).

Bio-algeen S90

Anaerobic organisms which release free, chemically uncombined oxygen into the environment during
metabolic processes (photosynthetic bacteria, actinobacteria, lactic acid bacteria, fermentation fungi,
yeasts)—the percentage contributions of particular microorganism strains in the spray is the
manufacturer’s secret (patent) and this information is not included in any available data sheets.

EM Farming

Before harvesting the chamomile crop, the following activities were performed:

e  Evaluation of weed infestation of the crop using the agro-phytosociological method at the 2-3 leaf
stage of chamomile (moving around the 6.25 m? plots according to the scheme in Figure 2).
Weed infestation intensity was determined using the Braun-Blanquet scale [15], where: - = no
individuals; r = 1-3 individuals; + means less than 1% of ground cover; 1 = 1-5% of ground cover;
2 = 5-25% of ground cover; 3 = 25-50% of ground cover; 4 = 50-75% of ground cover; 5 = 75-100%
of ground cover.

e  Determination of health of chamomile plants according to a five-point scale carried out 15 days
before harvest, based on 30 randomly selected plants per 6.25 m? plot (Table 3).

e  Over a period of 10 days before harvest of chamomile, evaluation of weed infestation of the
plantation was performed by the dry-weight-rank method (number and air dry weight of weeds
as well as their botanical composition) using a 0.25 X 1.0 m quadrat frame (Figure 3) in 4 randomly
selected places in each 6.25 m? plot. The frame was placed in the randomly selected places in
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each plot (Figure 4), taking care not to damage chamomile plants. Within the frame, weeds were
cut down just above ground and subsequently the species composition and number of weeds
were determined. Next, weeds collected from 4 replicates in a given plot were combined into
a composite sample and placed in paper bags with labels (plot number). The collected weed
samples were dried in a plant house, bringing them slowly to air-dry weight.

3. Statistical Analysis

Analysis of variance (ANOVA) was used to statistically analyze the results by employing Statistica
PL 13.3, while Tukey’s test was applied to determine HSD (Honest Significant Difference) values at
p < 0.05. The results tables show the mean for the study period because the year-to-year differences
between the characteristics analyzed were statistically not significant. No significant interactions were

Table 3. The scale used to determine health of chamomile plants.

Degree of Health % of Plants Infected
I 1-10
II 11-25
I 26-50
v 51-75
\Y 76-100
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found between the main experimental factors: cultivars, foliar sprays and row spacing. The statistical
calculations also included the standard deviation (SD) and the coefficient of variation (CV). Correlation
coefficients (r) between the quantitative weed infestation indicators for the chamomile crop and the
level of health of chamomile plants were also calculated.

4. Results

4.1. Weed Infestation of the Chamomile Crop

The first stage of evaluation of the chamomile plantation was to analyze in-crop weed infestation
at the 2-3 leaf stage of this herbal plant. The evaluation performed using the agro-physiological
method allowed the intensity of occurrence of dominant weed species to be determined. The data
included in Tables 4 and 5 show that 7-11 annual weed species and 1-2 perennial species occurred
in crops of the cultivars “Ztoty Lan” and “Mastar”, depending on the experimental plots included
in the experimental design. Galeopsis tetrahit and Viola arvensis were predominant in the weed flora,
Scleranthus annuus, Spergula arvensis, and Juncus bufonius were found at a medium level, while the
other weed species occurred at the lowest level (r) or were found not to occur at all in some plots.
It should be indicated that at the 2-3 leaf stage of chamomile the effect of different row spacings on
weed infestation was not yet observed and that the foliar sprays had not been applied yet, either.

Number of weeds in the chamomile crop determined several days before its harvest was
independent of the cultivar and almost identical values were found for the “Zloty Lan” and “Mastar”
crops (Table 6). However, number of weeds as affected by row spacing exhibited significant relationships.
Denser sowing of chamomile (at a row spacing of 30 cm) promoted a reduction in the number of weeds
by about 20% compared to a row spacing of 40 cm. Some of the foliar sprays had a statistically proven
effect on decreasing the number of weeds in chamomile crops—single spraying with the bioproducts
Herbagreen Basic and Bio-algeen as well as double spraying with EM Farming promoted a reduction
in the number of weeds by about 23% compared to the control treatment.

Table 4. Number and species composition of weeds found in the crop of the chamomile cultivar
“Ztoty Lan” at the 2-3 leaf stage of this herbal plant.

Row Spacing—40 cm Row Spacing—30 cm
A* B C D E F B C D E F G

Species

O
>

Annual

Galeopsis tetrahit L. 1**
Viola arvensis Murray

Juncus bufonius L.

Spergula arvensis L.

Scleranthus annuus L.

Geranium pusillum L.

Erigeron canadensis (L.) Cronquist)
Tripleurospermum maritimum (L.) W. D. J. Koch
Polygonum convolvulus L.

Chenopodium album L.

Veronica arvensis L.

Erodium cicutarium (L.) L'Her. r - r r
Capsella bursa-pastoris (L.) Medik - - - r

Number of annual species 0 8 9 9 10 8 10 10 11 10 8 7 8 8
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Perennial

Elymus repens (L.) Gould r r r - r r r r T - T T T T
Convolvulus arvensis L. - r - - - - - - - - - r - -

Number of perennial species 1 21 0 1 1 1 1 1 0 1 2 1 1

* A—without application of foliar sprays (control treatment), B—single application of Herbagreen Basic, C—single
application of Bio-algeen 590, D—single application of EM Farming, E—double application of Herbagreen Basic,
F—double application of Bio-algeen S90, G—double application of EM Farming; ** r, +, -, I —explanation in the
Methods section.
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Table 5. Number and species composition of weeds found in the crop of the chamomile cultivar
“Mastar” at the 2-3 leaf stage of this herbal plant.

. Row Spacing—40 cm Row Spacing—30 cm
Species

A* B C D E F G A B C D E F G
Annual
Galeopsis tetrahit L. = 1 + 1 + 1 + 1 + 1 + + + +
Viola arvensis Murray + + 1 1 1 1 1 1 1 + 1 1 + +
Juncus bufonius L. + + r 4+ r 4+ 4+ 4+ 4+ 4+ r T + T
Spergula arvensis L. + + 4+ r r r r 4+ 4+ r r Tr T T
Scleranthus annuus L. + r r + r + + + r r + r + +
Geranium pusillum L. + + - r 4+ - - r - r - 4+ + +
Erigeron canadensis (L.) Cronquist) r + + - 4+ r r + r - 4+ 1 T r
Tripleurospermum maritimum (L.) W. D. J. Koch r r - r - r - T - T - - T r
Polygonum convolvulus L. r r - - r - - r - T - T - -
Chenopodium album L. r r - - r - - r Tr - Tt - - -
Veronica arvensis L. - - - r r - r - T - - - - -
Erodium cicutarium (L.) L'Her. r - r - - r Tr - T - T - T -
Capsella bursa-pastoris (L.) Medik - r r - - - - - - - - - - -
Number of annual species 11 1 8 8 10 8 8 10 9 8 8 8 9 8
Perennial
Elymus repens (L.) Gould r r r r r r r r T - T r - T
Convolvulus arvensis L. r - - - r - - - r - - r - -
Equisetum arvense L. - - - r - r - - - Tr - - - -
Number of perennial species 2 11 2 2 2 1 1 2 1 1 2 0 1

* A—without application of foliar sprays (control treatment), B—single application of Herbagreen Basic, C—single
application of Bio-algeen S90, D—single application of EM Farming, E—double application of Herbagreen Basic,
F—double application of Bio-algeen S90, G—double application of EM Farming; ** r, +, -, 1—explanation in the
Methods section.

Table 6. Number of weeds in the chamomile crop (plants per m~%)—evaluation before harvest of the

herbal crop.
Zloty Lan Mastar Mean for Spacing
Treatment
40 cm 30 cm Mean 40 cm 30 cm Mean 40cm 30cm Mean
A* 21.6+19* 194+1.8 20.5 238+19 196+1.2 21.7 22.7 19.5 21.1

B 17117 132+14 15.2 199+17 151+09 17.5 18.5 14.2 16.3
C 171+1.6 174+ 1.6 17.2 191+11 129+0.8 16.0 18.0 15.2 16.6
D 21.2+1.1 18.6 £1.7 20.0 229+15 148+09 18.3 22.2 16.7 194
E 214 +1.8 158 +£1.3 18.5 228+09 182+13 20.5 22.0 17.0 19.5
F 201+1.5 182+1.8 19.2 19.7+10 17.0+1.0 18.3 19.8 17.7 18.8

G 19.7 +1.6 133+14 16.5 176 +15 15.1+0.6 16.3 18.7 14.2 16.4
CV (%) *** 6.2 5.6 6.7 59
Mean 19.7 16.6 18.1 20.8 16.1 18.5 20.3 16.3 -
for years—n.s. ****; for cultivars—n.s.; for row spacing—2.5; for foliar sprays—4.3; for interaction:
HSD(q.05) cultivar X row spacing—n.s.; for interaction: cultivar X foliar spray—n.s.; for interaction: row

spacing X foliar spray—mn.s.; for interaction: cultivar X row spacing X foliar sprays—n.s.

* A—without application of foliar sprays (control treatment), B—single application of Herbagreen Basic, C—single
application of Bio-algeen S90, D—single application of EM Farming, E—double application of Herbagreen Basic,
F—double application of Bio-algeen S90, G—double application of EM Farming; ** SD—standard deviation;
*** CV—coefficient of variation; **** n.s.—not significant differences.

The cultivar factor did not also have a major influence on the dry weight of weeds in the chamomile
crop (Table 7). The weed infestation indicator in question was however significantly dependent on row
spacing—the wider row spacing (40 cm) contributed to a higher weight of weeds in the crop by about
35% relative to a spacing of 30 cm. Among the foliar sprays used, Bio-algeen (applied once and twice)
and EM Farming (applied twice) had a statistically significant effect on decreasing the dry weight of
weeds in the chamomile crop. In the case of the other bioproduct application treatment combinations,
the bioproducts were found to tend to decrease the weed weight.

271



Agriculture 2020, 10, 168

Table 7. Dry weight of weeds in the chamomile crop (g m~?)—evaluation before harvest of the

herbal crop.
Zioty Lan Mastar Mean for Row Spacing
Treatment
40 cm 30 cm Mean 40 cm 30 cm Mean 40cm 30cm Mean
A* 15.01+£1.22* 923+087 1212 1541+190 10.73+092 13.07 15.21 9.98 12.59

B 11.77£0.74  6.15+0.93 8.96 1478 £+ 099  7.43 +£0.58 11.10 13.27 6.79 10.03
C 7.28 £0.71 6.81 + 0.66 7.04 1595+133 4.68+0.42 10.31 11.61 5.74 8.67
D 1152+ 086  7.45+091 9.48 10.67 £0.83  7.74+£0.61 9.20 11.09 7.59 9.34
E 1243 +1.04 974+065 11.08 11.31+092 11.15+0.79 11.23 11.87 10.52 11.19
F 8.91 +0.83 8.80 + 0.52 8.85 8.66 + 0.49 6.23 +0.47 7.44 8.78 7.51 8.14

G 11.33+092 532+039 832 915+059 667+056 791 1024 599 811
CV (%) *** 48 5.2 5.1 6.1
Mean 11.17 7.64 9.41 12.27 7.80 1003 1172 7.72 -

for years—n.s. **; for cultivars—n.s.; for row spacing—2.79; for foliar sprays—3.52; for interaction:
HSD( 5  cultivar X row spacing—n.s.; for interaction: cultivar X foliar spray—n.s.; for interaction: row spacing X
foliar spray—n.s.; for interaction: cultivar X row spacing X foliar spray—n.s.

* A—without application of foliar sprays (control treatment), B—single application of Herbagreen Basic, C—single
application of Bio-algeen S90, D—single application of EM Farming, E—double application of Herbagreen Basic,
F—double application of Bio-algeen S90, G—double application of EM Farming; ** SD—standard deviation;
*** CV—coefficient of variation; n.s.—not significant differences.

Table 8 presents the number of dominant weed species in crops of the chamomile cultivars “Ztoty
Lan” and “Mastar” relative to the other experimental factors (foliar sprays, row spacing). The data
contained in this table show that 10-16 annual weed species and 1-3 perennial species occurred in crops
of both chamomile cultivars, and hence 5-6 species more than the numbers found during the initial
plantation development period (2-3 leaf stage of chamomile). The following species were dominant in
terms of numbers: Viola arvensis, Galeopsis tetrahit, Spergula arvensis, Juncus bufonius, and Scleranthus
annuus, and thus the species that had been observed to occur with greater intensity already during the
first (agro-phytosociological) evaluation of weed infestation. When analyzing the effect of row spacing
in chamomile crops on weed infestation, we note that it had no impact on the number of annual or
perennial weed species, regardless of the foliar sprays, but the total number of annual weeds was found
to be lower (by 21%) under narrow row spacing conditions (a spacing of 30 cm) compared to a spacing
of 40 cm. The foliar sprays used in the experiment had a different impact on the number of annual
weeds and the number of annual weed species, but did not modify the perennial flora almost at all.
Overall, it can be stated that the foliar sprays had an indirect effect on decreasing the number of annual
weeds in comparison with the control plots. The largest reduction (by about 19-20%) in the number of
annual weeds was recorded under the influence of the bioproducts Herbagreen Basic and Bio-algeen
applied once (treatments B and C) and under the influence of Effective Microorganisms (treatment G).
The cultivar factor had no impact on the number of weeds and their species composition (Table 8).
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Table 8. Number and species composition of weeds in the chamomile crop depending on the
experimental factors—evaluation before harvest of the herbal crop.

P Foliar Spray Application Treatments Row Spacing Cultivar
ecies
P A* B C D E F G 40cm 30cm ZiotyLan  Mastar
Annual
Viola arvensis Murray 43 30 33 35 27 29 28 3.9 2.7 3.5 3.1
Spergula arvensis L. 39 24 31 24 22 21 24 3.1 2.1 2.5 2.7
Galeopsis tetrahit L. 37 31 29 25 34 28 29 34 24 2.7 3.1
Juncus bufonius L. 19 14 15 15 12 26 21 2.2 15 15 2.1
Scleranthus annuus L. 11 19 14 12 20 15 12 15 1.6 15 12
Erigeron canadensis (L.) Cronquist) 0.8 07 03 11 07 09 05 0.7 0.6 0.8 0.9
Tripleurospermum maritimum (L.)
W. D.J. Koch 07 04 01 04 03 07 09 0.7 0.4 0.5 0.6
Echinochloa crus-galli (L.) P. Beauv. 0.7 02 04 07 12 11 07 0.6 0.7 0.9 04
Geranium pusillum L. 06 05 02 15 10 05 03 0.6 0.8 0.7 0.8
Setaria pumila (Poir.) Roem. 0.5 04 - 04 02 04 02 0.3 0.1 0.3 0.2
Polygonum convolvulus L. 05 03 06 03 05 08 04 0.4 0.5 0.6 0.5
Hypericum humifusum L. 0.5 0.5 0.8 06 07 04 0.3 0,5 0.7 0.7 0.3
Chenopodium album L. 03 02 - 04 04 - 0.6 0.4 0.2 0.1 0.5
Capsella bursa-pastoris (L.) Medik 03 01 01 05 05 06 03 0.2 04 0.2 0.3
Veronica arvensis L. 0.1 - 02 03 03 04 02 0.3 0.1 0.2 0.2
Erodium cicutarium (L.) L'Her. - 01 02 02 05 - 0.2 0.1 0.2 0.2 0.1
Galinsoga parviflora Cav. - - 01 05 02 03 - 0.1 0.2 0.1 0.2
Number of annual weeds 196 151 152 181 178 177 158 191 15.1 17.0 17.1
Number of annual species 15 5 15 17 17 15 16 17 17 17 17
Perennial
Elymus repens (L.) Gould 11 07 11 09 13 09 06 1.0 0.9 0.7 1.0
Equisetum arvense L. 0.3 03 02 01 - 0.2 - 0.1 0.2 0.1 0.1
Convolvulus arvensis L. 0.1 03 01 04 04 - — 0.1 0.1 0.2 0.3
Number of perennial weeds 15 12 14 13 17 11 06 1.2 1.2 1.1 1.4
Number of perennial species 3 3 3 3 2 2 1 3 3 3 3

* A—without application of foliar sprays (control treatment), B—single application of Herbagreen Basic, C—single
application of Bio-algeen S90, D—single application of EM Farming, E—double application of Herbagreen Basic,
F—double application of Bio-algeen S90, G—double application of EM Farming.

4.2. Health of Chamomile Plants

Infection of chamomile plants with fungal pathogens was at a low level (ranging on average
2.7-10.1%). Nonetheless, the experimental factors were found to significantly affect the analyzed trait
(Table 9). The chamomile cultivar “Mastar” was characterized by almost twice higher susceptibility
to infection with fungal diseases than cv. “Zloty Lan”, which is probably attributable to its poor
adaptation to local habitat conditions. The foliar sprays contributed to a significant reduction in
the occurrence of fungal diseases in relation to the level of occurrence of fungal pathogens in the
control plots (without application of the bioproducts). Herbagreen Basic and Bio-algeen applied twice
during the growing season of this herbal plant had a particularly beneficial effect on the health of
chamomile plants. Regardless of the foliar sprays, chamomile plants sown at a row spacing of 40 cm
were found to be significantly healthier in comparison with the narrower spacing (30 cm). The greater
infection of chamomile plants with fungal diseases in the control treatments (without application of
the bioproducts) and in the case of the narrower row spacing was positively correlated with the higher
number of weeds in these treatments, as evidenced by the calculated correlation coefficients Table 10.
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Table 9. Health of chamomile plants (%)—evaluation before harvest of the herbal crop.

Zloty Lan Mastar Mean for Row Spacing
Treatment
40 cm 30 cm Mean 40 cm 30 cm Mean 40cm 30cm Mean
A* 6.2 +0.9** 79+1.1 7.0 115+13 154+ 1.7 13.4 8.8 11.6 10.2
B 34+06 45+0.6 39 75+1.0 8.0+0.9 7.7 54 6.2 5.8
C 3.2+0.6 3.8+0.7 35 6.1+0.7 6.5+0.8 6.3 4.6 5.1 4.8
D 4.0+0.7 51+0.8 45 84+05 9.7+09 9.0 6.2 74 6.8
E 20+03 24+05 2.2 31+03 34+04 3.2 2.5 29 2.7
F 22+05 2.8+0.6 25 3.7+04 40+05 3.8 2.9 34 3.1
G 34+08 41+09 3.7 55+0.6 6.2+0.7 5.8 44 5.1 4.7
CV (%) *** 8.4 7.3 12.5 13.2
Mean 34 44 3.9 6.5 7.6 7.0 5.0 6.0 -

for years—n.s. ****; for cultivars—0.97; for row spacing—0.94; for foliar sprays—1.11; for interaction:
HSD(g05y  cultivar X row spacing—n.s.; for interaction: cultivar X foliar spray—n.s.; for interaction: row spacing x
foliar spray—n.s.; for interaction: cultivar X row spacing X foliar spray—n.s.

* A—without application of foliar sprays (control treatment), B—single application of Herbagreen Basic, C—single
application of Bio-algeen 590, D—single application of EM Farming, E—double application of Herbagreen Basic,
F—double application of Bio-algeen S90, G—double application of EM Farming; ** SD—standard deviation;
*** CV—coefficient of variation; **** n.s.—not significant differences.

Table 10. Correlation coefficients (r) between the number and weight of weeds in the crop and infection
of chamomile plants with fungal diseases.

. Number of Weeds Weight of Weeds
Treatment = Row Spacing (cm)
Ztoty Lan Mastar Ztoty Lan Mastar
A 30 0.71 ** 0.89 ** 0.36 0.55 **
40 0.58 ** 0.62 ** 0.28 0.33
30 0.18 0.23 0.11 0.15
B 40 0.09 0.16 0.07 0.06
30 0.20 0.22 0.09 0.13
¢ 40 0.08 0.10 0.06 0.09
30 0.27 0.33 0.21 0.26
P 40 0.22 0.28 0.14 0.18
30 0.22 0.21 0.20 0.17
F 40 0.28 0.32 0.31 0.26
30 0.18 0.19 0.22 0.28
F 40 0.13 0.11 0.12 0.15
30 0.13 0.15 0.11 0.23
G 40 0.09 0.12 0.09 0.17

* A—without application of foliar sprays (control treatment), B—single application of Herbagreen Basic, C—single
application of Bio-algeen 590, D—single application of EM Farming, E—double application of Herbagreen
Basic, F—double application of Bio-algeen S90, G—double application of EM Farming; ** significant correlation
coefficient(g s).

5. Discussion

There are few scientific studies regarding direct and indirect effects of foliar applied bioproducts
on weed infestation and health of organically grown chamomile. Therefore, the discussion of these
study results is based primarily on other researchers’ reports dealing generally with the problem of
weeds and fungal diseases in crop plantations grown in the organic system.

Segetal flora occurring in crop fields is one of the more important elements influencing the
functioning of the entire agroecosystem. Its competitiveness against a crop and also its reproductive
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potential significantly impact agricultural production [16-18]. The farming system, which includes
crop rotation, selection of varieties, fertilization method and level, and weed control methods, is of key
significance for the preservation of the biodiversity of segetal flora in an agroecosystem [19-22].

The present study confirmed the research hypothesis and demonstrated lower weed infestation of
chamomile crops fertilized with the foliar sprays. At the same time, greater richness of the segetal flora
was observed in the plots where the foliar sprays were used. Foliar biological products (biostimulators,
micronutrient fertilizers, Effective Microorganisms) contribute to greater resistance of a crop to
unfavorable habitat conditions (including pressure from agricultural pests) through, among others, a
faster generative growth rate. Due to this, the crop competes more effectively for light and nutrients
with weeds [3,13]. In conventional agriculture, when crops are fertilized, for example, with soil
applied mineral nitrogen, the result is that weeds, taking up N from the soil substrate, show an even
greater growth rate than the crop [23]. In organic farming, weeds are perceived as an integral part
of an agroecosystem [24]. If weeds occur in low numbers, but exhibit high species variation (greater
biodiversity), they are even perceived as a positive aspect of an ecosystem [25,26]. The present study
confirms this thesis because in the treatments with application of the foliar sprays the number and
weight of weeds were observed to be lower, but at the same time exhibiting greater biodiversity in
chamomile crops. Furthermore, this research reveals that the weed species composition determined
before harvest of chamomile was slightly greater (by only 5-6 species) than that found at the 2-3 leaf
stage of chamomile. This situation is explained by other authors’ studies which reveal that in organic
crops changes in weed species composition occur more slowly than changes in weed numbers [27].
This evidences relatively high stability of weed flora in such crops [28].

Another method to reduce weed infestation in organic plantations is to select an appropriate
spacing of crop rows. If a narrower row spacing is used, weeds occurring in interrows of a crop have
limited light access and competition with the crop is more difficult [29]. The results of the present
study confirm this view because chamomile sown at the narrower row spacing (30 cm) exhibited a
lower degree of weed infestation than at the wider spacing (40 cm). Kraska et al. [30] also recorded
a lower number and weight of weeds in organically grown lentil crops in the case of the narrowest
row spacing, which was 20 cm. Kwiatkowski et al. [31], in turn, observed significantly lower weed
infestation of a winter oilseed rape crop using a row spacing of 18 cm in comparison with a spacing of
30 cm. Similar relationships (a lower degree of weed infestation of crops with narrowing row spacing)
were also found by Lins and Boerboom [32] on the example of soybean as well as by Primot and
Valantin-Morison [33] on the example of winter oilseed rape. Lutman et al. [34] also report on the
importance of a higher crop density as regards competition with weeds in a study investigating the
competitiveness of oilseed rape against the dominant species Stellaria media in oilseed rape crops.

The cultivar factor can also be of significance in controlling weed infestation of crops. This research
did not find significant differences in the quantitative weed infestation indicators between the
chamomile cultivars “Ztoty Lan” and “Mastar”. Feledyn-Szewczyk [35] also found a lower effect of
the crop variety on the level and state of weed infestation on the example of winter wheat.

The results of this study show infection of chamomile with fungal diseases to be significantly lower
compared to the control plots (without application of the bioproducts), regardless of the bioproduct
used (foliar fertilizer, biostimulator, Effective Microorganisms) and the number of its applications
(single or double). Bioproducts are not directly fungicides [36]. Their indirect role in controlling
plant infection with fungal diseases consists in “feeding plants” and enhancing their resistance to
environmental stresses as well as to fungal and bacterial pathogen activity [37,38]. Numerous scientific
studies confirm the positive effects of various biological products on the biometric characteristics,
nutritional composition, and health of herbal, horticultural, cereal, and root plants [39-44].

While being effective in reducing weed infestation in a field (as evidenced by this research),
a dense crop (a smaller interrow width) poses at the same time a greater risk of development of fungal
diseases, which is promoted by, among others, higher humidity and temperature in a dense crop [45,46].
As shown by the present study, infection of a crop with fungal diseases is due not only to the crop
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density, but also results from a higher number and weight of weeds in the crop, which are hosts for
many disease-causing fungi [47,48]. Resistance to fungal diseases can also be driven by the cultivar
factor [45,49]. This is confirmed by the results of this study because infection of the chamomile cultivar
“Ztoty Lan” (better adapted to habitat conditions of the central Lublin region, Poland) was found to be
significantly lower than in the case of cv. “Mastar”.

This research demonstrates that in the case of the bioproducts Herbagreen Basic and Bio-algeen
single application of these sprays proved to be sufficient in controlling agricultural pests, with its
effect being similar to that of double application. The studies by Kwiatkowski [3] on chamomile
and Kwiatkowski et al. [4] on common thyme also confirm the high efficacy of single application
of bioproducts.

6. Conclusions

Weed species composition was quite a stable characteristic (the number of weed species in the
chamomile crop during the period from the 2-3 leaf stage until its harvest increased only slightly).
The experimental factors modified the number and species composition of the weed flora to a
small degree. Sixteen annual weed species and 3 perennial species were found in chamomile crops.
Viola arvensis, Galeopsis tetrahit, Sperqula arvensis, Juncus bufonius, and Scleranthus annus dominated in
terms of numbers.

Among the foliar sprays tested in this experiment, the bioproducts Bio-algeen and Effective
Microorganisms (number and weight of weeds) as well as Herbagreen Basic (number of weeds) showed
the most beneficial effect on reducing the quantitative weed infestation indicators. All the foliar sprays
used in this experiment significantly improved the health of chamomile plants.

From the point of view of plant health, the wider spacing (40 cm) undoubtedly proved to be more
beneficial for the cultivation of chamomile. The narrower row spacing (30 cm), on the other hand,
reduced weed infestation of the chamomile crop more effectively.

The chamomile cultivar “Zloty Lan” exhibited better plant health when grown organically than
the cultivar “Mastar”. Nevertheless, both chamomile cultivars were characterized by a similar degree
of weed infestation of the plantation, regardless of the other experimental factors.
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