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Abstract: Introducing insectary plants along with principal crops is an effective way to increase
the biological diversity of beneficial insects and improve the stability of ecological equilibrium in
agrocenoses and could be an alternative to chemical plant protection, particularly in organic farming.
The goal of this study was to determine the effect of white mustard as a companion plant in broad
bean cultivation on the occurrence of Aphis fabae Scop., Syrphidae, and Coccinellidae. The study also
aimed at finding the optimum row separation of broad bean plants. It also evaluated the effectiveness
of the thinning of mustard in a specific time to eliminate excessive competition with the main crop.
The results showed that white mustard contributed to visible suppression of A. fabae abundance
on broad bean (to the level similar as with the use of chemical protection). S. alba contributed to
an increased abundance of hoverflies and lady beetles on broad bean despite the relatively low
abundance of their prey, i.e., aphids. Mustard thinning positively affected abundance of larvae
and adults of lady beetles as well as improved predator-prey ratio for hoverfly larvae and adult
lady beetles. The most appropriate distance between broad bean rows when white mustard was
introduced was 65 cm, with the concomitant conduct of mustard thinning when the broad bean
plants reached flower bud formation. White mustard can be recommended as an element increasing
the role of natural enemies of aphids in mixed crops, however, its strong growth should be taken
into account and the plant density should be properly adjusted to avoid excessive competition with
main plant.

Keywords: white mustard; hoverflies; lady beetles; field conditions; Vicia faba L.; ecosystem services

1. Introduction

Introducing plants, particularly those producing large amounts of pollen (such as
white mustard), along with principal crops is an effective way to increase the biological
diversity of beneficial insects and improve the stability of ecological equilibrium in agro-
cenoses [1-4]. These plants can also provide an alternative to chemical plant protection,
particularly in ecological management schemes [5].

White mustard (Sinapis alba L.) is known to reduce feeding by some soil pests (e.g., beet
cyst eelworm Heterodera schachtii Schmidt) [6,7]. Because of their allelopathic properties,
the root exudates of this plant have been studied for their potential as proecological
herbicides [8]. Introducing white mustard to the cultivation area of faba beans Vicia faba
L. var. minor can increase the density of faba beans roots in the deeper layers of soils
and thus allow better utilization of nutrients. White mustard has shallow root system, so
they do not compete. Nevertheless, emphasis has been given to the high competitiveness
of mustard for aboveground parts which leads to a reduction in the yield of faba beans
seeds [9]. Therefore, it is necessary to select the appropriate row spacing between plants
cultivated under companion planting system [10,11].

Thus far, only limited information is available on the effect of mustard as a compan-
ion plant on the occurrence of the pests of cultivated plants and their natural enemies,
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especially predators. It was shown that when cultivated near common peas, mustard
reduced the feeding by pea leaf weevils (Sitona spp.) and pea thrips Kakothrips pisivorus
Westwood [12,13]. This was due to the direct adverse effects of the compounds contained
in the plants of the Brassicae family (glucosinolates). However, mustards can also indirectly
affect herbivores by attracting predators or parasitoids that are natural enemies of those
pests. Research to date has largely focused on the positive impact of white mustard on the
occurrence, fecundity and longevity of parasitoids of herbivorous insects [14-16], whereas
its impact on predatory insects remains relatively poorly studied. Mustard plants are
characterized by a rapid rate of development and a short period of vegetative growth. Its
flowers are intensively yellow, and produce large amounts of pollen [17]. Adult hoverflies
(Syrphidae), whose larvae are the natural enemies of the pests (principally aphids) of
cultivated plants, feed upon the nectar and pollen; therefore, insectary plants provide them
with food and habitat, which results in the increase of their numbers [18]. The flower pollen
is a source of amino acids, carbohydrates, sugars, proteins, and other organic and inorganic
substances which are indispensable for energy generation and egg-laying. Furthermore,
these compounds are necessary for the proper growth and development of other important
aphid predators such as lady beetles (Coccinellidae) [19]. Several authors have underlined
the effect of the composition of the nectar, pollen and the structure of flowers on the occur-
rence, fertility, and lifespan of the natural enemies of pests [20-22] and flowering mustard
was observed to be one of the plants most commonly visited by hoverflies [18].

Although not widely cultivated, broad bean Vicia faba L. var. maior is a very useful
model plant to study various factors affecting pests because it is attacked by numerous pests
that also have a major economic impact on other cultivated plants (pea leaf weevils, black
bean aphid Aphis fabae Scop., and bean weevils Bruchus rufimanus Boh.). Feeding by black
bean aphid causes malformation of shoots and affects the formation of flowers and seeds.
When plants are severely infested, the yield of seeds can be reduced by 30 to 50 percent
depending on the variety [23]. Hoverflies and lady beetles are the main predators, which
when abundant can effectively inhibit the development of A. fabae colonies and thus avoid
the need to use chemical control.

The objectives of this study were to determine the effect of white mustard as a com-
panion plant in broad bean cultivation on the occurrence of A. fabae, hoverflies, and lady
beetles and on the growth of broad bean plants; determine optimum row separation of
broad bean plants; and evaluate the effectiveness of thinning of companion plants in a
specific time, to eliminate excessive competition with the main crop.

2. Materials and Methods
2.1. Experimental

Field experiment was conducted in 2015-2017 in the Experimental Stations of the
Agricultural University in Prusy near Krakéw (50°07' N, 20°05’ E), Poland. The soil on
the experimental site is degraded chernozem, formed from loess, with a granulometric
composition of silt loam with a pH in H,O = 6.56 and a humus content of 2.28%. The trial
area comprised three blocks: untreated homogenous broad bean (21 m x 21 m; served
as control), companion planting (39 m x 39 m), and chemically protected (21 m x 21 m)
(Figure 1). Division into three blocks was performed to avoid interference of investigated
factors (mustard vicinity in companion planting, pesticides drifts in chemically protected
treatment) with homogenous, unprotected treatment. Soil conditions within all three blocks
as well as their surroundings were similar. The experiment was conducted each year in
different part of the same bigger field. Broad bean of the Bartek variety was cultivated
in companion planting with white mustard of the Bardena variety with different row
spacing. White mustard was sown as a row in the midway between two broad bean rows
(Figure 1). In order to find the correct spacing, the main experiment was preceded by a
1-year preliminary experiment. As it was observed in the preliminary experiment (three
row spacing were tested: 50 cm (standard distance in broad bean cultivation), 65 cm and
80 cm) that white mustard was competitive toward broad bean, in the main experiment, the
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standard distance (50 cm) was eliminated and only row spacing of 65 and 80 cm was applied.
Additionally, when the broad bean plants reached the phase of flower bud formation, half
of the plots in which mustard was cultivated as a companion plant were thinned (every
other mustard plant was uprooted). In the initial stage of growth of broad beans, mustard
does not show any competitive effect on the main crop. To exert its limiting effect on the
pests invading the emerging broad beans (adult pea leaf weevils), the population density
of mustard must be high. During the development of both broad bean and mustard plants
(both grow fairly fast and at similar rates), competitiveness shows up, and mustard plants
limit the flowering of broad bean plants and subsequent pod setting; therefore, at that
time, it is necessary to thin the mustard plants to reduce their competitiveness, while still
retaining the attractiveness of their flowers.
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Figure 1. Experiment scheme. Ch—broad beans in homogeneous cultivation with 50-cm row spacing subjected to standard
chemical pest control practice; Control—broad beans in homogeneous cultivation with 50-cm row spacing; M65—broad
beans with mustard with 65-cm row spacing, not thinned; M80—broad beans with mustard with 80-cm row spacing, not
thinned; Mt65—broad beans with mustard with 65-cm row spacing, thinned; Mt80—broad beans with mustard with 80-cm
row spacing, thinned. In Ch and Control were: 13 rows of broad bean per plot, 40 plants of broad bean in each row; in M65
and Mt65: 10 rows of broad bean per plot, 40 plants of broad bean in each row, 9 rows of mustard, 240 plants of mustard in
each row (before thinning in Mt65); in M80 and Mt80: 8 rows of broad bean, 40 plants of broad bean in each row, 7 rows of
mustard, 240 plants of mustard in each row (before thinning in Mt80).

In this study, the control treatment (unprotected) and chemically protected treatment
(Ch) were characterized by homogeneous cultivation of broad beans at a row spacing
of 50 cm. During cultivation in the Ch treatment, the following chemical insecticides
were applied for protection as per conventional protection practice: Fastac 100 EC (BASF
SE, alpha-cypermethrin, 100 g per liter of preparation (10.87%)) against pea leaf weevils
(0.09 L/ha when the first damage caused by those agrophages was noticed, repeated after
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7 days) and Decis 2.5 EC (Bayer SAS, deltamethrine, 25 g per liter of preparation (2.8%)) to
combat broad bean weevils and black bean aphids (0.25 L/ha at the time of appearance of
aphids on the broad bean plants, repeated after 7 days).

Each of the three blocks was further divided into experimental plots according to the
specific protection method (Figure 1). The surface area of a single plot measured 36 m?
(6 m x 6 m). The experiment was carried out in four repetitions. The position of the plots
with companion planting was randomized within the block. The blocks were separated
by 8-m-wide oat strips, except for the chemically protected block, which was located 50 m
away from the other blocks and separated by oat to avoid the effects of pesticide drift. Due
to their neutrality for pests, similar buffer zones with cereals (1.25-m-wide stripes) had
been used by other authors in previous studies investigating the effect of crop co-ordinates
on natural enemies of pests [3]. The spacing of 3 m between the experimental plots within
blocks was maintained mechanically as bare soil. Cereal plants (winter wheat in 2014,
spring barley in 2015 and oat in 2016,) were used each year as a forecrop for broad bean
plants. Broad bean seeds were sown at the end of March (25 March 2015, 30 March 2016,
and 31 March 2017). Spacing of 15 cm within rows was maintained between the broad
bean seeds. Seeds were placed in the soil at a depth of 6 cm. White mustard seeds were
also sowed simultaneously between the rows of broad beans. The total volume of white
mustard seeds was 50% of the volume per hectare normally sown for the seed production.
Throughout the experiment, weed control was implemented by mechanical methods.

The following experimental treatments were set up:

- broad beans with mustard with 65-cm row spacing, not thinned (M65);

- broad beans with mustard with 80-cm row spacing, not thinned (M80);

- broad beans with mustard with 65-cm row spacing, thinned (Mt65);

- broad beans with mustard with 80-cm row spacing, thinned (Mt80);

- broad beans in homogeneous cultivation with 50-cm row spacing (control); and

- broad beans in homogeneous cultivation with 50-cm row spacing subjected to stan-
dard chemical pest control practice (Ch).

2.2. Black Bean Aphid Abundance

During the monitoring of black bean aphid (only asexual population of A. fabae was
investigated [24]), the numbers of particular morphotic forms of aphids (wingless females,
winged females, nymphs) were determined. These observations were conducted once
every 3—4 days from the time of occurrence of the first winged female migrant up to the
end of the period of occurrence of aphids on 30 randomly selected and marked plants
on each plot. The aphids were counted on the whole plant (similarly as Almogdad and
Semaskiene [25]). Generally, when the number of aphids was less than 100, all specimens
were precisely counted, and when the number became higher, the number of aphids was
estimated. Initially, the aphids colonise the apexes of plants, and then spread onto shoots
and flowers, and subsequently to leaves and pods in the final stage of foraging. In the case
of aphids feeding on the apex all individuals were carefully counted (even if their number
was higher than 100). Aphids feeding on the shoot (all individuals) were counted on the
length of 1 cm of the shoot and multiplied by the length of the colony on the shoot. The
same applies to the aphids feeding on the pods. Similarly for aphids feeding on leaves or
flowers, all individuals per 1 randomly selected and infested leaf (flower) were counted
and multiplied by the number of leaves (flowers) infested by the aphids. The leaves were
turned during counting.

2.3. Predator Abundance

The occurrence of predators of aphids (hoverflies Diptera: Syrphidae, lady beetles
Coleoptera: Coccinellidae) was assessed simultaneously with aphids, on the same plants
selected for assessing the occurrence of A. fabae. The occurrence and numbers of predators
were analyzed in particular developmental stages (eggs and larvae for hoverflies; egg
clutches, larvae and adult forms for lady beetles). In the case of lady beetles, which
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oviposit in clutches, the egg clutches rather than individual eggs were counted. Mean
clutch size for Harmonia axyridis L. (which was the predominant species in this experiment)
is 27.4 (£15.4) eggs [26]. To determine the species composition of hoverflies, all pupae
encountered were transferred to the laboratory and placed in Petri dishes at a temperature
of 22-24 °C and 70% relative humidity. Adults that emerged were identified to the species
level with the use of the identification guides by Bartkowska [27] and van Veen [28].
Hoverfly larvae were not collected to avoid interference with the aphid—predator system.

2.4. Growth and Yield Assessments of Broad Beans

After completion of the assessment of the occurrence of A. fabae and predators (usually
mid-July), plant materials (20 randomly selected whole plants from each plot, excluding
plants from the outer rows to eliminate the marginal effect on the plant growth) were
collected and their growth parameters were measured in a laboratory. This analysis was
done once each year. The following characteristics were included in the analyses: mass
of leaves, mass of shoots, mass of pods with seeds, and yield of seeds. Masses of leaves,
shoots, and pods with seeds were measured for each plant separately, using laboratory
balance. Mass of shoots was evaluated after removing leaves and pods with seeds. The
seeds were taken from the pods and weighed as well. The average mass of seeds per plant
was calculated for each plot separately. To calculate the seed yield, the average weight of
seeds per plant in a given plot was multiplied by the number of plants in the plot. Then
the seed yield per 1 m? was calculated.

2.5. Statistical Analysis

The obtained data (number of aphids and individual stages of predators per plant,
growth parameters and yield) were checked for normality (Shapiro-Wilk test with Lilliefors
correction), and when necessary log-transformed. Then they were analyzed using STA-
TISTICA 12.5 software. The significance of differences between the companion planting
treatments was tested firstly by three-factor variance analysis (row spacing, thinning and
year of study as factors). Because each of the parameters analyzed was significantly affected
by the year of study (Tables S1, S3 and S5) the data from each year was then analyzed
separately and two-factor variance analysis (row spacing and thinning as factors) was per-
formed. The means were differentiated by Fisher’s LSD test at a level of p < 0.05. Data from
control and Ch treatments were treated as standards and not included in Anova analyses.
To determine the quantitative relationships between the components of the assemblage of
A. fabae predators, the numerical predator—-prey ratios were also calculated (mean data per
plot were used, the total number of aphids was divided into three equal parts and then
each part (number of aphids) was divided by the number of specific predator—Syrphidae
larva, Coccinellidae larva or adult Coccinellidae).

3. Results
3.1. Abundance of Black Bean Aphid, Hoverflies, and Lady Beetles

Aphids were the most abundant in 2015, and the least in 2017 (Table 1). Neither
different row spacing nor the thinning had a significant effect on their numbers (Table S2).
The respective mean counts of A. fabae in 2015, 2016 and 2017 on broad bean in treatments
with accompanying mustard was 2-, 9- and 7-fold lower than in homogenous broad bean
crop (control).

Thinning and row spacing significantly influenced number of hoverfly larvae only in
2017 (Table S2). Thinning and 65 cm row spacing resulted in increased number of hoverfly
larvae in this season (Table 2). Comparing with control treatment number of hoverfly
larvae in mustard treatments was similar (2015, 2016) or lower (2017).
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Table 1. Mean numbers of black bean aphid (all morphotic forms) per one broad beans plant in the
2015-2017 seasons.

Treatments 2015 2016 2017
Row spacing
65 287a 84a 10a
80 326a 63a 10a
Thinning
no 293a 71a 11a
yes 320a 76a 10a
Row spacing x Thinning
65 no 273a 71a 11a
65 yes 301a 97a 9a
80 no 314a 70a 10a
80 yes 338a 55a 11a
Control 879 (4+59) 943 (4+96) 83 (£17)
Ch 211 (+22) 104 (£11) 64 (48)

Means marked with the same letters in columns for each effect separately do not differ significantly according to
LSD test at p < 0.05. Ch and Control data (mean =+ SE) originated from separate but simultaneous plantings (not
included in Anova analysis).

Table 2. Mean numbers of Syrphidae larvae per one broad beans plant in the 2015-2017 seasons.

Treatments 2015 2016 2017
Row spacing
65 0.090a 0.035a 0.034b
80 0.097a 0.018a 0.019a
Thinning
no 0.097a 0.019a 0.017a
yes 0.090a 0.033a 0.036b
Row spacing x Thinning
65 no 0.093a 0.029a 0.024a
65 yes 0.086a 0.041a 0.044a
80 no 0.101a 0.010a 0.011a
80 yes 0.094a 0.025a 0.027a
Control 0.101 (4£0.016)  0.036 (+£0.010)  0.061 (40.018)
Ch 0.026 (£0.007)  0.008 (£0.005)  0.003 (4-0.003)

Means marked with the same letters in columns for each effect separately do not differ significantly according to
LSD test at p < 0.05. Ch and Control data (mean =+ SE) originated from separate but simultaneous plantings (not
included in Anova analysis).

Thinning resulted in increased number of lady beetle larvae in 2015 (three-fold) and
2016 (by approximately 50%). In 2016 significant interaction between row spacing and
thinning in the number of lady beetles larvae was found. This parameter had significantly
higher value in Mt65 treatment than in M65 and Mt80 treatments. The number of adult
lady beetles was affected by thinning procedure in 2016 and 2017 as well as by row spacing
in 2017 (Table S2). Thinning increased the abundance of adults by nearly 50% to 110%
(depending of the year of study) while increased row spacing increased this parameter by
approximately 70% (Table 3).

To check if the treatments influenced early appearance of eggs of predators the dynam-
ics of their abundance during individual days of observations was presented (Figure 2).
Hoverflies eggs were more abundant already at the beginning of aphid development on
broad bean plants cultivated in the vicinity of mustard than in control (Figure 2a,c,e). In
the case of lady beetles egg clutches there were no such tendencies (Figure 2b,d,f). Counts
of hoverfly eggs in the treatments, where broad bean was accompanied by mustard was
affected by row spacing in 2015 and 2017 seasons (Table 52). However, in 2015 significantly
higher number of hoverfly eggs was found in the treatment with 65 cm spacing, while
in 2017 in the treatment with 80 cm. In 2015, significant interaction between row spacing
and thinning was found—the number of hoverfly eggs in Mt80 treatment was significantly
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lower than in all other treatments. Comparing with control treatment number of hoverfly
eggs in mustard treatments was similar (2015 and 2017) or higher (2016). No significant
impact of thinning and row spacing on the number of lady beetle egg clutches laid could
be observed (Table S2).

Table 3. Mean numbers of Coccinelidae larvae and adults per one broad beans plant in the 2015-2017 seasons.

Treatments Larvae Adults
2015 2016 2017 2015 2016 2017
Row spacing
65 0.364a 0.099a 0.011a 0.162a 0.050a 0.049a
80 0.527a 0.093a 0.005a 0.156a 0.071a 0.083b
Thinning
no 0.162a 0.069a 0.008a 0.122a 0.039a 0.053a
yes 0.515b 0.122b 0.008a 0.196a 0.082b 0.079b
Row spacing x Thinning
65 no 0.152a 0.034a 0.011a 0.128a 0.022a 0.044a
65 yes 0.488a 0.163¢ 0.011a 0.196a 0.077a 0.054a
80 no 0.161a 0.104bc 0.005a 0.116a 0.055a 0.062a
80 yes 0.582a 0.082ab 0.005a 0.196a 0.087a 0.104a
Control 0.543 0.622 0.032 0.094 0.219 0.118
(£0.074) (£0.091) (£0.012) (£0.017) (£0.034) (£0.026)
Ch 0.002 0.000 0.006 0.044 0.024 0.035
(£0.002) - (£0.004) (£0.012) (£0.008) (£0.012)

Means marked with the same letters in columns for each effect separately do not differ significantly according to LSD test at p < 0.05. Ch
and Control data (mean =+ SE) originated from separate but simultaneous plantings (not included in Anova analysis).
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Figure 2. Mean numbers of Syrphidae eggs (a,c,e) and Coccinellidae egg clutches (b,d,f) per one broad beans plant at
individual days of observations in the 2015 (a,b), 2016 (c,d), and 2017 (e,f) seasons. Vertical bars mean + SE. Symbols as in
Figure 1. The scale for Figure 2a different from Figure 2c,e.

3.2. Predator-Prey Ratio and Species Composition of Predators

Predator-prey ratio in the case of hoverfly larvae was significantly affected by thinning
in two years of study (2016 and 2017) and by row spacing in one year (2016) (Table S4).
Significantly lower (approximately two times) number of aphids per hoverfly larva was
observed when mustard was thinned (Table 4). Increased row spacing in 2016 resulted in
increased number of aphids per hoverfly larva. Significant interaction between these two
factors in 2016 and 2017 was also found—the most favorable predator-prey ratio (i.e., the
lowest number of aphids per hoverfly larva) was observed in Mt65 treatment (in 2017). The
effect of row spacing and thinning on predator-prey ratio for lady beetle larvae differed
between two years of study: in 2016 increased distance between rows (up to 80 cm) and
thinning resulted in lowered predator-prey ratio, while in 2017 it was the opposite (Table 4).
The interaction of these two factors in 2016 and 2017 was also significant (Table 54). In
2016 the least favorable predator-prey ratio was found in M65 treatment, while in 2017—in
M80. The effect of thinning procedure was more distinct for adult lady beetles than for
larvae: in each year of study lower number of aphids per adult lady beetle was observed
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when thinning procedure was performed (effects statistically significant in 2016 and 2017).
Similar effect was found under increasing row spacing in 2016.

Table 4. The number of aphids per predator (larva of Syrphidae or Coccinellidae, adult of Coccinellidae) in the 2015-2017 seasons.

Syrphidae Larva Coccinellidae Larva Coccinellidae Adult
2015 2016 2017 2015 2016 2017 2015 2016 2017
Row spacing
65 1057a 1016a 133a 152a 342b 178a 636a 951b 75a
80 1144a 1815b 150a 150a 226a 326b 745a 382a 55a
Thinning
no 973a 1968b 178b 180a 360b 207a 766a 1038b 82b
yes 1228a 862a 105a 122a 208a 297b 616a 294a 47a
Row spacing x Thinning

65 no 966a 1076a 188c 163a 483b 72a 712a 1511a 92a

65 yes  1148a 955a 78a 140a 201a 285b 561a 390a 58a

80 no 981a 2860b 169bc 196a 238a 342d 820a 566a 73a

80 yes  1307a 770a 132b 104a 215a 310c 670a 199a 36a

Control 2891 8802 455 538 504 858 3124 1433 234
(£286)  (+684)  (£111) (£68) (£30) (£294)  (£578)  (£288) (£50)

Ch 2712 4310 7256 34,492 3624 1608 1437 605
(£39) (£384)  (£841) (£1347) (£289)  (£308) (£67) (£83)

Means marked with the same letters in columns for each effect separately do not differ significantly according to LSD test at p < 0.05. Ch
and Control data (mean =+ SE) originated from separate but simultaneous plantings (not included in Anova analysis).

The numbers of aphids per hoverfly larva in control were 2-11 fold higher than in
treatments with mustard (depending on the year of study and treatment). In the case of
lady beetle larvae the predator-prey ratio was also more favorable in the vicinity of mustard
comparing to control (between 1.04 and 11.96-fold lower number of aphids per lady beetle
larva dependently on the year of study in different treatments with mustard). In the case of
adult lady beetles the predator to prey ratio in mustard treatments was 3.8 to 7.2 fold lower
(depending on the year and treatment) than in control, except for M65 treatment in 2016.

Among lady beetles, Harmonia axyridis (Pallas) was the predominant species, while
the most abundant representative of hoverflies was Episyrphus balteatus (Deg.) (Table 5).

Table 5. Species composition of Syrphidae and Coccinellidae.

Species [%]
Syrphidae
Episyrphus balteatus (Deg.) 40.52
Syrphus ribesii (L.) 18.10
Syrphus vitripennis (Meig.) 15.52
Epistrophe eligans (Harr.) 12.93
Scaeva pyrastrii (L.) 5.17
Meligramma triangulifera (Zett.) 431
Metasyrphus corollae (Fabr.) 3.45
Coccinellidae
Harmonia axyridis (Pallas) 58.80
Coccinella septempunctata (L.) 34.83
Propylea gatuordecimpunctata (L.) 6.28
Adalia bipunctata (L.) 0.09

3.3. Growth and Yield Assessments of Broad Beans

Increased row spacing resulted in increased masses of leaves (all years of study),
shoots (2015 and 2017) and mass of pods with seeds (2016 and 2017) (Table 6). Thinning
procedure influenced positively mass of leaves (all years of study) and mass of pods with
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seeds (2016 and 2017). Mass of pods with seeds in all treatments with mustard (except
for M65 treatment in 2017) was higher than in the control treatment. Interestingly, this
parameter was also higher in some treatments with mustard than in the treatment utilizing
chemical protection (see years 2016 and 2017).

Table 6. Growth parameters of broad beans in the 2015-2017 seasons.

Mass of Leaves Mass of Shoots Mass of Pods with Seeds
[g Plant—1] [g Plant—1] [g Plant—1]
2015 2016 2017 2015 2016 2017 2015 2016 2017

Row spacing
65
80
Thinning
no
yes

59.7a 78.9a 83.1a 78.2a 99.9a 108.4a 153.0a 221.4a 183.8a
71.9b 89.7b 95.0b 94.3b 106.5a 120.6b 135.9a 255.2b 199.2b

61.2a 80.7a 82.2a 86.9a 107.6a 113.8a 143.4a 224 .3a 166.4a
70.3b 87.9b 95.8b 85.6a 98.8a 115.2a 145.4a 252.3b 216.6b

Row spacing x Thinning

65 no 56.9a 77 2a 73.6a 76.9a 99.7a 105.0a 155.1a  213.8a 153.3a
65 yes  62.5a 80.5a 92.6a 79.5a 100.1a 111.8a 150.8a  2289a  214.3a
80 no 65.5a 84.2a 90.9a 96.8a 115.4a 122.6a 131.7a  234.8a 179.4a
80 yes  78.2a 95.3a 99.1a 91.8a 97.6a 118.6a 140.0a 275.6a 218.9a
Control 53.0 78.2 98.7 89.2 121.4 132.9 64.7 143.2 156.4
(£3.1) (£6.0) (£6.5) (£5.2) (£9.4) (+8.2) (£89) (£126) (£9.2)

Ch 86.8 76.6 111.3 141.7 128.9 153.7 164.6 135.3 170.7

(£4.4)  (£45)  (£61)  (£63)  (£6.1)  (£8.0) (£12.0) (£88) (£104)

Means marked with the same letters in columns for each effect separately do not differ significantly according to LSD test at p < 0.05. Ch
and Control data (mean =+ SE) originated from separate but simultaneous plantings (not included in Anova analysis).

Smaller row spacing (65 cm) contributed to increased seed yield by 10-44% (depending
on the year) compared with 80 cm row spacing (Table 7). The effects were significant in
2015 and 2016. Mustard thinning increased the yield significantly in 2017 (by 32%). In
other years of study the yield was also higher when thinning was performed, however the
differences were not significant (Table 7 and Table S6). In the result, the highest mean seed
yield in 2016 and 2017 was in Mt65 treatment. In 2016 it was even higher by 15% than in
chemically protected treatment.

Table 7. Broad bean seed yield [g m 2] in the 2015-2017 seasons.

Treatments 2015 2016 2017
Row spacing
65 550.9b 809.6b 444.2a
80 380.4a 715.5a 404.0a
Thinning
no 463.2a 733.2a 365.5a
yes 468.2a 791.9a 482.7b
Row spacing x Thinning
65 no 551.8a 799.5a 373.3a
65 yes 550.1a 819.7a 515.1a
80 no 374.6a 667.0a 357.7a
80 yes 386.2a 764.1a 450.3a
Control 252.5(£34.8) 697.4 (£63.6) 522.0 (£40.1)
Ch 824.2 (£62.9) 710.0 (£46.8) 578.0 (+41.3)

Means marked with the same letters in columns for each effect separately do not differ significantly according to
LSD test at p < 0.05. Ch and Control data (mean =+ SE) originated from separate but simultaneous plantings (not
included in Anova analysis).
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4. Discussion
4.1. Abundance of Black Bean Aphid, Hoverflies, and Lady Beetles

Results of the conducted study shows that white mustard used as an accompanying
plant can be a favorable solution in controlling aphids in broad bean crop. In each treatment
tested, clearly fewer aphids were recorded on broad bean plants in the company of S. alba
than in homogenous unprotected crop (Table 1). In some years of the study (2016 and 2017),
the aphid population size in mixed crop was lower even than in the insecticide-treated
broad bean plots. Other studies have shown that diversified cropping systems reduce
general aphid abundance as compared with monoculture [29,30]. S. alba used as living
mulch in zucchini crop resulted in lowered densities of Aphis gossypii Glover [10]. The
cause for the lower density of aphids in mixed crop may involve difficulty in finding the
host plant by the incoming migrants. Flying aphids are directed by visual stimuli, resulting
from the contrast between soil background and plant foliage [31,32], which is lowered in
mixed crop due to greater coverage of soil surface by vegetation. Another significant cause
for the lower abundance of aphids in mixed crops may be the increased role of natural
enemies, which are provided by the accompanying crop.

In this study, a positive impact of the presence of mustard in broad bean inter-rows
on the number of eggs laid by hoverflies was visible (especially in 2016). Synchronous
occurrence of predators and prey is crucial to effective biological control. Hoverflies
typically appear in aphid colonies with some delay after the aphids [33]. Often-times,
their abundance is therefore too low to keep the pest population below the threshold
level, especially on broad bean, where the aphid development rate is higher than on
other host plants of A. fabae [34]. However, our results point to an early appearance of
hoverflies on the broad bean. This was particularly visible in treatments with mustard,
where the aphid abundance was clearly lower than in homogenous crop (Figure 2a,c).
Hoverflies are well adopted to ovipositing in small colonies of aphids [35], which likely
contributes to their effectiveness in suppressing aphid populations. Early appearance
is also important because aphid colonies inhabited by lady beetles are less attractive for
oviposition by hoverfly females [36]. Our results showed lady beetles oviposited later than
hoverflies (Figure 2).

White mustard is characterized by an intense growth and may compete with the main
crop, therefore selection of the appropriate row spacing is vital. In the present experiment
increasing the spacing between broad bean rows to 80 cm did not influence the abundance
of aphids. The effect of this treatment on hoverfly eggs differed depending on the year
of study (higher number of eggs in M65 than in M80 in 2015, but lower in 2017), while
significant influence of row spacing on hoverfly larvae was exerted only in 2017 (with
higher number in M65 than in M80). Lady beetles adults were more abundant as an effect
of increased row spacing to 80 cm only in 2017. Very little is known about the effect of
different row spacing on the occurrence of aphids and their predators. A study showed
that variable soybean row spacing did not affect abundance of predatory insects, including
hoverflies and lady beetles [37], while another study on this plant showed greater density
of predators in the high density plantings [38]. In potato crop, average daily abundance
of lady beetles was similar irrespective of the different spacing used [39]. Spacing did
not have a significant impact on the occurrence of Aphis craccivora Koch. on groundnuts,
whereas the incidence of hoverfly larvae was strictly correlated with the occurrence of
aphids [40]. Also multivariate analysis points to a strict dependency between the counts of
aphids and predators and any variation in the occurrence of A. gossypii under the impact
of different row spacing in cotton crop affected the presence of predators [41]. However,
the present experiment has an additional factor, i.e., the presence of mustard, which could
modify the response of predators to the varied row spacing.

A positive impact of the mustard thinning procedure on the number of hoverfly
larvae was observed only in one year of study, while on lady beetles larvae and adults in
two years of study (Tables 2 and 3). In 2015 the number of lady beetles larvae increased
as a result of thinning to the level similar as in the homogenous broad bean crop, despite
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considerably poorer diet base, i.e., the aphids. This fact may be explained by an easier
access to food sources (flower pollen and aphids) with lower plant density. Although for lady
beetles the main attractant is the presence of aphids, the supplementary plant resources
(such as pollen) may be of key significance for reproduction and life history even when
suitable prey are not limiting [42]. In our experiment there was no significant effect of
thinning on aphids abundance.

Our results suggest that the effect of spacing and/or thinning on predator and aphid
abundances are interconnected. Lower plant densities favored higher abundance of preda-
tors, which suppressed aphids. However, lack of significant decrease of aphids abundance
as a result of increased row spacing or thinning, where predators were more abundant, may
suggest that lower density of plants is also beneficial for aphids. It was seen in 2015, when
along with increased row density the number of aphids and lady beetles larvae increased.

4.2. Predator Species Composition and Predator-Prey Ratio

E. balteatus was the predominant hoverfly species, while H. axyridis and C. septem-
punctata were the most common lady beetle species. The recorded species composition
do not deviate from reports of other authors on hoverflies and lady beetles feeding on
A. fabae colonies [35,43]. A positive influence of mustard vicinity on predator-prey ratio
was recorded. The number of aphids per 1 predator in treatments with mustard vs. control
was lower by 2- to 11-fold for hoverfly larvae; from 1.04- to 11.96-fold for lady beetle
larvae and from 3.8 to 7.2-fold for adult lady beetles depending on the year of the study
and the treatment. Increased row spacing lowered the predator-prey ratio for lady beetle
adults in one of three years of study, while in the same year the number of aphids per
hoverfly larva increased as a result of increased row spacing (Table 4). The effect of different
row spacing on predator-prey ratio for lady beetles larvae differed between two years of
study (in one year it was lower, while in the next it was higher as a result of increased
row spacing). Mustard thinning improved predator-prey ratio for hoverfly larvae and
adult lady beetles in two out of three years of study. The influence of natural enemies on
aphid populations depends on the relation between the pest population growth rate and
the rate of prey consumption by the predators. One E. balteatus larva may eat between
660 to 1400 aphid nymphs of the III stage [35] throughout its entire development under
laboratory conditions. As calculated by Wnuk [44], in the absence of other natural en-
emies, one E. balteatus larva can destroy an A. fabae colony, with predator to prey ratio
from 1:15 to 1: 50 within 1.5-4 days, while with 1:200 within 7-8 days. At the 1:300 ratio
a larva is unable to destroy a colony, but it significantly reduces colony growth rate. In
our experiment, the predator-prey ratio in Mt65 in the 2017 season (78) was closest to this
ratio (1:50). Predator-prey ratio for lady beetles in present experiment was generally more
favorable than for hoverfly larvae (Table 4). According to Hodek et al. [45] lady beetles
can significantly reduce or even destroy aphid colony with predator to prey ratio 1:150.
Thus, considering the values of predator-prey ratio in the treatments with the vicinity of
mustard (particularly those with mustard thinning performed), the hoverflies and lady
beetles present in aphid colonies were able to prevent outbreaks of A. fabae.

4.3. Growth and Yield Assessments of Broad Beans

Analysis of the competitive effect of mustard on growth of broad bean in the prelim-
inary experiment confirmed the earlier reports [9]. This effect was observed at all row
spacings tested but declined with increasing row spacing. For this reason, the treatment
where the distance between broad bean rows was standard 50 cn was abandoned. Thus,
in the presented experiment only M65 and M80 treatments were used and in addition
mustard thinning was introduced during the period of its most intense growth, for the
further reduction of competition with broad bean. This procedure produced the expected
results: the mass of leaves in all years of study and the mass of pods with seeds in 2016
and 2017 were significantly higher in treatment with thinning than when thinning was
not performed (Table 6). This later parameter was even higher when compared to the
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chemically protected treatment. However, as row spacing increases the number of plants
per unit area declined, such that the highest seed yields in 2016 and 2017 occurred in the
mustard treatments with 65 cm row-spacing and thinning (Mt65). In 2015 the yield in this
treatment was also higher than in the treatments with 80 cm spacing but it was similar to
M65 treatment.

5. Conclusions

e  White mustard intercropped with broad bean crop contributed to visible limitation
of black bean aphid abundance on broad bean (to the level similar as with the use of
chemical protection);

e  The presence of white mustard caused increased abundance of hoverflies and lady
beetles on broad bean despite the relatively low abundance of prey-aphids and in-
creased hoverfly oviposition early in the development of aphid infestations, which is
important to effective biological control;

e  Mustard thinning positively affected abundance of larvae and adults of lady beetles
as well as improved predator-prey ratio for hoverfly larvae and adult lady beetles;

e  Mustard thinning improved mass of leaves and mass of pods with seeds of broad
bean, while broad bean seed yield increased only at a row spacing of 65 cm distance
and when the mustard was thinned;

e  The most appropriate distance between broad bean rows when white mustard was
introduced as insectary plant was 65 cm, with the concomitant conduct of mustard
thinning when the broad bean plants reached the phase of flower bud formation.
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of aphids, Syrphidae eggs and larvae, Coccinellidae egg clutches, larvae and adults in broad bean
in each year of study, Table S3: Anova results for year (Y), row spacing (RS) and thinning (T) on
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year of study, Table S5: Anova results for year (Y), row spacing (RS) and thinning (T) on the growth
parameters and yield of broad bean, Table S6: Anova results for spacing (RS) and thinning (T) on the
growth parameters and yield of broad bean in each year of study.
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