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MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editor

Renata Bažok
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Editorial

Integrated Pest Management of Field Crops

Renata Bažok

Department of Agricultural Zoology, Faculty of Agriculture, University of Zagreb, Svetošimunska 25,
10000 Zagreb, Croatia; rbazok@agr.hr; Tel.: +355-1-239-3969

1. Introduction

The Special Issue “Integrated Pest Management of Field Crops” contains eight original
research articles and two review articles dealing with different aspects of IPM in some of the
major field crops, including Potato [1,2], Maize [2,3], Soybean [4], Sugar Beet [5], Barley [6],
Rice [7], Eggplant [8] and Quinoa [9] as well as farmer education issues on IPM [10]. The
papers published in the Special Issue address all eight principles of IPM, as proposed by
Barzman et al. [11].

2. Principle 1: Prevention and Suppression

The first principle of IPM is the prevention and suppression of pests. The goal of IPM
is not to eliminate pests completely, but to prevent a single pest from becoming dominant
or causing damage in a cropping system [11]. This principle combines three different
sub-principles [11]: combinations of tactics and multi-pest approach, crop rotation and
crop management, and ecology. Each of these principles is discussed in the papers in this
Special Issue.

A good example of the combination of tactics and multi-pest approach is the work
of Poggi et al. [2], who discussed strategies to control wireworms in field crops. New
agroecological strategies should start with a risk assessment based on the production context
(e.g., crop, climate, soil characteristics and landscape) and monitoring of adult and/or larval
populations. Suggested prophylactic measures to reduce wireworm infestation (e.g., low-risk
crop rotations, tillage, and irrigation) should be applied when the risk of damage appears
significant. They also suggested cures based on natural enemies and naturally derived
insecticides, which are either under development or already practiced in some countries.
It is interesting to note the suggestion that wireworm control practices do not necessarily
need to target the pest population, but rather to reduce crop damage via the use of selected
cropping practices (e.g., resistant varieties, planting and harvest timing) or by influencing
wireworm behavior (e.g., companion plants).

Host plant resistance is an important strategy to prevent pest emergence and it is
suggested for use in the control of several pests [11]. In a study by Raeyat et al. [8],
the susceptibility of fourteen eggplant cultivars to green peach aphid (Myzus persicae
Schultz) was investigated. The degree of antixenosis and anthibiosis was determined using
different parameters. The authors identified three eggplant cultivars resistant to M. persicae.
Susceptible cultivars were also identified. The authors proposed a plant resistance index
(PRI) as a simplified method to evaluate all resistance mechanisms. It provides a certain
value to determine the correct resistant cultivar.

Many cropping practices have a significant impact on pest incidence and susceptibility
of cropping systems to pests. The ability of a crop to resist or tolerate pests and diseases
is often related to optimal physical, chemical, and especially biological properties of the
soil. In the work of Vahamidis et al. [6], different aspects of the epidemiology of net
blotch disease (NFNB) caused by Pyrenophora teres f. teres and barley leaf scorch caused by
Rhynchosporium secalis were investigated in an area free of barley diseases when the initial
inoculation of the field occurred with the use of infected seeds. The study determined

Agriculture 2022, 12, 425. https://doi.org/10.3390/agriculture12030425 https://www.mdpi.com/journal/agriculture

1



Agriculture 2022, 12, 425

the spatial dynamics of disease spread under the interaction of the nitrogen rate and
genotype in the presence of limited sources of infected host residue in the soil and the
relationship between nitrogen rate, grain yield, quality variables (i.e., grain protein content
and grain size), and disease severity. It was confirmed that both NFNB and leaf scorch
can be transmitted from one season to the next in infected seed under Mediterranean
conditions. However, disease severity was more pronounced after the barley tillering stage
when the soil had been successfully inoculated, supporting the hypothesis that the major
source of primary inoculum for NFNB is from infected host residues. An increase in the
nitrogen application rate when malt barley was grown in the same field for the second
consecutive year resulted in a nonsignificant increase in disease severity for both pathogens
from anthesis. However, hotspot and commonality analyses indicated that spatial and
genotypic effects were mainly responsible for hiding this effect. In addition, the effects of
disease infection on yield, grain size, and grain protein content were found to vary with
genotype, pathogen, and plant developmental stage. The importance of crop residues in
the development of both diseases was also highlighted.

Biological balance refers to the interactions between organisms, including the struc-
ture of food webs and the ability of ecological systems to sustain themselves over time.
Improper and inappropriate tillage can lead to increased soil compaction or disruption
of the continuity of larger soil pores as well as corridors of soil organisms, and can affect
the abundance, as well as the diversity of the biological component of the soil [12]. Lemić
et al. [4] investigated the effects of different pre-sowing measures on the abundance and
composition of total soil fauna in soybean cultivation, with special attention to carabids as
biological indicators of agroecosystem quality. During the study, 7836 individuals of soil
fauna were collected, out of which 84% were beneficial insects (insects or spiders). The
number of fauna collected was influenced by the interaction between pre-sowing inter-
vention and sampling date. Pre-sowing interventions that did not involve soil activities
(such as cover crops, glyphosate application and mulching) did not affect the number
and composition of soil fauna at the beginning of vegetation. Mechanical intervention
in the soil and warmer and drier weather had a negative effect on soil fauna numbers
and composition. As the season progresses, the influence of pre-sowing activities on soil
fauna in soybean crops decreased. It appears that a reduction in mechanical activities in
the shallow seed layer of the soil has a positive effect on species richness and diversity.
The results of this study contributed significantly to a better understanding of the baseline
situation of soil fauna in an intensive agricultural landscape and could be a good starting
point for future studies and conservation programs.

3. Principle 2 and 3: Monitoring and Decision Based on Monitoring and Thresholds

Principle 2 (monitoring) and Principle 3 (decision making) come into play once the
cropping system is established [11]. They are based on the idea that in-season control
measures are the result of a sound decision-making process that takes into account actual
or predicted pest occurrence. Weather and agronomic conditions in different areas can
significantly affect the abundance of pests and their potential to cause damage to the same
crop. Therefore, the life cycle of a species and its occurrence in newly developed areas
may differ from those in areas where the crop has been grown for a long time. Studies
on the biology and ecology of major pest species and their natural enemies are necessary
to develop appropriate pest-management strategies for the crop. The study by Cruces
et al. [9] investigated the incidence of insect pests and the natural enemies of quinoa in a
traditional cultivation area, San Lorenzo (in the Andes), and in two new areas at lower
altitudes, La Molina (on the coast) and Majes (in the Maritime Yunga ecoregion). Their data
indicated that pest pressure in quinoa is higher at lower elevations than in the highlands.
Non-traditional quinoa-growing areas have better conditions to produce higher yields
than the Andean region. Pests are likely to become an important constraint to successful
quinoa production, and the situation may worsen if pesticides are misapplied. The pest
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management strategies used in the three regions differ. The results suggest that agricultural
extension programmes are still needed to improve the use of agrochemicals.

4. Principle 4: Non-Chemical Methods

Combining control measures in management strategies leads to more effective and
sustainable results in the implementation of IPM [11]. The preference for non-chemical
over chemical methods when they provide satisfactory pest control is defined as the fourth
principle of IPM [11]. A wide range of non-chemical but direct measures are available
for pest control. Some examples are soil solarization, trap cultivation, mechanical control,
biological control or various biotechnical methods. However, their availability, effectiveness
or usefulness varies greatly.

For example, Goldel et al. [1] list a wide range of alternative control methods used
to date to control the Colorado potato beetle (Leptinotarsa decemlineata Say), the world’s
largest potato pest. In addition, they categorize the advantages and disadvantages of each
method and compare them to conventional insecticides. They also discuss the positive and
negative impacts of using alternative control methods and illustrate how alternative control
methods, farmer activities, and environmental factors (e.g., biodiversity and ecosystem
health) are closely linked in a cycle of self-reinforcing effects. Specifically, the higher the
farmer adoption of alternative control methods, the healthier the ecosystem, including
the biodiversity of pest enemies. The subsequent decrease in pest density potentially in-
creases yield, profit, and farmer acceptance in using less conventional and more alternative
methods.

Even though several non-chemical control methods are available for the most impor-
tant pests, research and extension need to continuously develop more methods and tools.
Once developed, they need to be integrated into pest-control strategies. Trap cropping as
a method of controlling the new invasive nematode Meloidogyne graminicola (Golden and
Birchfield) was studied by Sacchi et al. [7]. This is one of the most damaging organisms in
rice crops worldwide and was first detected in mainland Europe (northern Italy) in 2016.
Preliminary research results showed that nematode density and root gall index were lower
in plots where rice was grown in three separate cycles and plants were destroyed at the
second leaf stage each time compared to the other two management approaches. In addi-
tion, plant population density and rice plant growth were higher than in the unmanaged
and control plots. Based on the studies, the use of the trap crop technique to control M.
graminicola could be advocated for as a new pest management measure to control this pest
in rice growing areas.

5. Principle 5 and 6: Pesticide Selection and Reduced Pesticide Use

Two principles of IPM directly target pesticides and suggest that the pesticides used
should be as specific as possible to the target pests and have the least side effects on human
health, non-target organisms and the environment. In addition, reducing the dosage,
frequency of application, and resorting to the partial application of pesticides contributes
to the goal of IPM to reduce or minimize risks to human health and the environment.
Therefore, seed treatment has been considered as an ecologically acceptable method. Due to
their negative effect on the environment (especially on bees, other pollinators and possibly
on other non-target organisms), the use of neonicotinoid seed treatment insecticides is
restricted. The studies conducted by Virić et al. [5] aimed to determine the residue levels
of imidacloprid and thiamethoxam used for the seed treatment of sugar beet plants in
different agroclimatic regions to assess the environmental risk and possible transfer to
other crops. The study shows that imidacloprid and thiamethoxam used for seed treatment
of sugar beet during sugar beet vegetation degraded below the maximum residue level
allowed. Residue levels were highly dependent on weather conditions, especially rainfall.
The results of this study show that seed treatment of sugar beet leads to a minimal trace
in the plants as it is completely degraded by the end of the growing season, while higher
residue concentrations in the soil show that there is a risk in dry climates or after a dry period.
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Dry conditions, the inability to leach, or irregular flushing may result in higher concentrations
in the soil, which may pose a potential risk to subsequent crops. This study provides additional
arguments for a possible risk assessment in the seed treatment of sugar beet.

6. Principle 7: Anti-Resistance Strategies

Cases of pest resistance have been reported ever since man began using chemicals
to protect plants. When a pest becomes resistant, the insecticide is used more frequently
and eventually must be replaced as its effectiveness wanes. In their work, Kadoić Balaško
et al. [3] attempted to find a reliable pattern of differences in resistance type in western corn
rootworm (Diabrotica virgifera virgifera LeConte) using population genetic and geometric
morphometric approaches. Their results confirmed that the hindwings of WCR contain
valuable genetic information. This study highlights the ability of geometric morphomet-
rics to detect genetic patterns and provides a reliable and cost-effective alternative for a
preliminary estimation of population structure. The combined use of SNPs and geometric
morphometrics to detect resistant variants is a novel approach in which morphological
traits can provide additional information about underlying population genetics and mor-
phology can contain useful information about genetic structure. The study provides new
insights into an important and topical area of pest management, namely, of how to prevent
or delay the evolution of pests into resistant populations to minimize the negative effects
of resistance.

7. Principle 8: Evaluation

Principle 8 encourages farmers to evaluate the soundness of the crop protection
measures they adopt [11]. This is a very important aspect of sound management. However,
farmers’ knowledge of pests and their understanding of pest management solutions is often
very limited. Therefore, many researchers highlight the need for the continuous professional
development of farmers, not only to provide administrative support, but also to provide
advice on sustainable practices [13]. This is very important as climate change and the
acceleration of global trade will increase uncertainties and the frequency of the occurrence of
existing and new pests. The study by Houngbo et al. [10] investigated farmers’ knowledge
of Spodoptera frugiperda (J.E. Smith), their perceptions and their management practices in
Benin. Their results showed that farmers’ management practices were significantly related
to their knowledge of the pest and their socio-economic characteristics such as membership
of a farmers’ organization and contact with research or extension services. Since farmer
organizations and extension services have the potential to improve farmers’ knowledge and
bring about behavioral changes in their pest management strategies, they can influence the
pest management decisions made by farmers. Therefore, extension services should consider
disseminating relevant information in local languages and conducting demonstrations
directly in fields to improve farmers’ pest management knowledge and skills and their
ability to assess the soundness of the pest management measures they adopt.

8. Conclusions

Field crops occupy about 1.7 billion hectares. They are at great risk of infestation by
insects and diseases, so the amount of pesticides used in production is very high. One
solution to reduce the use of pesticides is to implement IPM as a dynamic and flexible
approach that takes into account the diversity of agricultural situations and the complexity
of agroecosystems, which can improve the resilience of cropping systems and a farmer’s
ability to adapt crop protection to local conditions. The studies published in this Special
Issue refer to all the basic principles of IPM as systemized by Barzman et al. [11] and provide
examples of their implementation in different crops and cropping systems. Research on
various aspects of the implementation of IPM in crop production is a continuous need. The
research presented helps to provide a mosaic picture with examples of how crop-specific,
site-specific and knowledge-intensive IPM practices should be considered and translated
into workable practices.
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Abstract: Spodoptera frugiperda has caused significant losses of farmer income in sub-Saharan countries
since 2016. This study assessed farmers’ knowledge of S. frugiperda, their perceptions and management
practices in Benin. Data were collected through a national survey of 1237 maize farmers. Ninety-one
point eight percent of farmers recognized S. frugiperda damage, 78.9% of them were able to identify its
larvae, and 93.9% of the maize fields were infested. According to farmers, the perceived yield losses
amounted to 797.2 kg/ha of maize, representing 49% of the average maize yield commonly obtained
by farmers. Chi-square tests revealed that the severity of the pest attacks was significantly associated
with cropping practices and types of grown maize varieties. About 16% of farmers identified francolin
(Francolinus bicalcaratus), village weaver (Ploceus cucullatus), and common wasp (Vespula vulgaris)
as natural enemies and 5% of them identified yellow nutsedge, chan, shea tree, neem, tamarind,
and soybean as repellent plants of S. frugiperda. Most farmers (91.4%) used synthetic pesticides and
1.9% of them used botanical pesticides, which they found more effective than synthetic pesticides.
Significant relationships exist between farmers’ management practices, their knowledge, organization
membership, and contact with research and extension services. More research is required to further
understand the effectiveness of botanical pesticides made by farmers against S. frugiperda and to
refine them for scaling-up.

Keywords: Spodoptera frugiperda; farmers’ knowledge; perception; pest management practices; maize
yield losses; damage severity; fall armyworm

1. Introduction

The fall armyworm, Spodoptera frugiperda (J.E. Smith) (Lepidoptera: Noctuidae), once considered
endemic to North and South America, has become an invasive pest in Africa [1]. It was detected for
the first time in Sao Tome and Principe, Nigeria, Benin, and Togo in 2016 [2]. To date, the presence of
S. frugiperda has been reported in more than 30 sub-Saharan countries [3,4]. It has been documented to
feed on 353 host plants belonging to 76 plant families, mainly Poaceae, Asteraceae, and Fabaceae [5].

Agriculture 2020, 10, 430; doi:10.3390/agriculture10100430 www.mdpi.com/journal/agriculture
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In the absence of proper management methods, S. frugiperda has the potential to cause maize yield
losses of 8.3 to 20.6 million metric tons per year in 12 of Africa’s maize producing countries, which
represents a range of 21 to 53% of the annual production of maize [4]. The value of these losses ranged
from US$ 2.48 billion and US$ 6.19 billion [4]. In Benin, S. frugiperda attacks mainly maize crops [6].
Surveys carried out in 2016 by the Ministry of Agriculture, Livestock, and Fisheries of Benin revealed
that over 395,000 ha of maize were damaged, resulting in a loss of 415,000 tons, or 30% of national
production [6]. Therefore, it represents a threat to the country’s food security and economy.

The main management methods used in America against S. frugiperda are synthetic pesticides and
genetically modified crop varieties [7]. Several studies have indicated that S. frugiperda is resistant to
several insecticides such as pyrethroids, organophosphorus, and carbamates [8,9]. In addition, recent
studies have shown resistance of S. frugiperda to several genetically modified varieties of maize such as
MON89034, TC1507, and NK603 [10–13]. Therefore, alternative methods that reduce the application
of synthetic pesticides and that use botanicals and natural enemies are recommended in Africa [1,4].
Information on farmers’ knowledge and management practices are essential for developing appropriate
management methods suited to farmers’ need [14–16]. Farmers develop knowledge and management
practices and have their own ideas on how to solve a given problem in the practical and economical
ways [17]. One of the main barriers to implementing a pest management program has been shown to
be the lack of information about farmers’ knowledge, perceptions, and management practices [18].

In the literature, two complementary approaches to the development and extension of technologies
are known: conventional and participatory approaches. Some critics to conventional approach viewed
it as a linear process of practical application of scientific knowledge [19], where farmers’ knowledge
could be overlooked in the development of technologies [20]. African farmers are well-known as
innovators and experimenters [21]. The participatory approach addresses the limits of the conventional
approach by considering farmers’ knowledge and involving farmers in the process of development
and extension of technologies [22,23].

In this study, knowledge refers to what farmers know about the biology and ecology of S. frugiperda.
Perception refers to how farmers perceive S. frugiperda attacks, the damage caused by this pest, and the
effectiveness of the management practices they use. The identification of pests and the quantification
of their damage by farmers could be quite different and less accurate than that of a trained expert.
Nevertheless, they provide crucial information, as farmers make decisions based on what they think is
the problem [24]. Management practices used by farmers are the cumulative result of their knowledge
and perceptions of the pest and depend on access to pesticides. These knowledge and perceptions
are often specific to each region [25] and influenced by many socio-economic factors, for example
membership in a farmer organization [26,27].

Farmers’ knowledge and management strategies for S. frugiperda have been poorly documented
since its appearance in Africa. Thus far, the only study specifically focusing on farmers’ knowledge of
S. frugiperda has been carried out by Kumela et al. [28] in Kenya and Ethiopia. Their results revealed
farmers’ knowledge on S. frugiperda infestation, damage, and development stages. The management
practices of farmers, such as the use of synthetic pesticides, plant extracts, handpicking of larvae, and
application of soil to maize whorls were also reported by the same study. However, specific information
regarding natural enemies, host, and repellent plants known by farmers has not been reported,
though these are important for developing sustainable pest management methods. Additionally,
the effectiveness of the different management practices adopted by farmers has not been addressed.
The objective of the current study was to improve the understanding of the behaviour of maize farmers
regarding the invasion of S. frugiperda in Benin. A national survey was carried out to assess farmers’
knowledge of the pest, their perceptions, and management practices. We hypothesize that farmers
could develop effective management strategies against S. frugiperda based on their knowledge and
perceptions. This study will be useful to define the actions required for the sustainable management of
S. frugiperda.
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2. Materials and Methods

2.1. Study Area

The study was conducted in 19 districts distributed in the three climatic zones of Benin: the
Sudanian zone, the Sudano-Guinean zone, and the Guinean zone. Each of these zones has specific
climatic characteristics (Table 1) [29].

Table 1. Characteristics of Benin’s climatic zones.

Parameters Sudanian Zone Sudano-Guinean Zone Guinean Zone

Annual rainfall range (mm) 1200 900–1110 <1000

Temperature range (◦C) 25–29 25–29 24–31

Relative humidity range (%) 69–97 31–98 18–99

The choice of districts was made considering the statistics on the quantity of maize produced
district published by CountrySTAT and the diagnosis of the Agricultural Development Poles carried
out by the National Agricultural Research Institute of Benin (INRAB) in 2018. The location of these
districts is shown in Figure 1.

Figure 1. Map of Benin showing the location of the surveyed districts.
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2.2. Data Collection

In each district, two maize producing villages were randomly selected. About 33 maize farmers
were face-to-face interviewed per village by surveyors using a standardized questionnaire. The final
sample consisted of 1237 maize farmers. The surveys were conducted from October to December
2018. The data collected included the socio-economic profile of farmers (Table 2). In addition, data
were collected on farm characteristics, knowledge, and perceptions of S. frugiperda, periods of attack,
severity of damage, yield losses, trends in the spread of S. frugiperda attacks, farmer management
practices, and their effectiveness.

Table 2. Descriptive statistics on the socio-economic profiles of the surveyed farmers.

Quantitative Variables Means
Standard

Deviations

Age 41.9 12.3

Farm experience (year) 19.5 11.8

Household size 9.2 6.7

Qualitative Variables Numbers Frequency (%)

Education levels

None 757 61.2

Primary 266 21.5

Secondary 198 16.0

Tertiary 15 1.2

Main activity

Crop production 1144 92.6

Livestock production 14 1.1

Food processing 2 0.2

Trade 23 1.9

Employee (public or private) 9 0.7

Crafts (e.g., sewing, hairdressing) 22 1.8

Other activities (car drivers and
motorbike-taxi riders) 22 1.8

Secondary
activities

Crop production 92 8.9

Livestock production 378 36.5

Food processing 157 15.2

Trade 165 15.9

Employee (public or private) 16 1.5

Crafts (e.g., sewing, hairdressing) 78 7.5

Other activities (car drivers and
motorbike-taxi riders) 150 14.5

Gender (Female) 208 16.8

Member of a farmer organization (yes) 433 35.0

Contact with research or extension services (yes) 432 35.1

Participation in pest management training (yes) 80 6.5

Yield losses in this study were estimated by farmers. They compared maize yield before and
after the invasion of S. frugiperda. To prevent farmers from confusing attacks of S. frugiperda with
those of other maize pests, colour photographic images showing the condition of a field attacked
by S. frugiperda, the stages of S. frugiperda development, the severity of attack and other maize pests
frequently encountered in Benin were included in the questionnaire.
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The Likert scale techniques [30] have been used to collect data on the management practices
effectiveness among farmers who have applied at least one management practice. The Likert scale
used has been labelled as follows: 1—totally ineffective, 2—ineffective, 3—relatively ineffective,
4—indifferent, 5—relatively effective, 6—effective, and 7—totally effective.

2.3. Data Analysis

The collected data were analysed using descriptive statistics (frequencies, means, and standard
deviations). Chi-square tests were also applied to analyse the relationships between knowledge of
S. frugiperda, perception of damage and socio-economic characteristics of farmers; between cropping
practices (cropping systems, application of mineral fertilizers, and types of grown varieties) and
severity of S. frugiperda attack; and between farmer protection practices and knowledge of S. frugiperda.
Chi-square tests are valid when the values of the cells in the contingency table are greater than 1
and at least 80% of these values are greater than 5 [31]. Mean scores were calculated on the effective
data collected.

3. Results

3.1. Socio-Economic Profile of Farmers

The surveyed farmers were mostly men (83.2%), and their household had an average of nine
people. The number of years of experience in maize production averaged 19.5 years. About 61.2% of
farmers were illiterate. They practised agriculture as their main activity (92.6%). Livestock production
(e.g., poultry, goat, sheep, cattle, or pigs), food processing, and trade were their secondary activities.
About 35% of them belonged to a farmer organization and had contacts with research or extension
services. Six-point five percent of farmers had received training in crop pest management (Table 2).

3.2. Farmers’ Knowledge and Perceptions of S. frugiperda Attacks

Most farmers (91.8%) recognized the damage of S. frugiperda on maize crop. The majority (78.9%)
of them were able to identify the pest during its larval stage (Table 3). Farmers (88.6%) observed the
activities of S. frugiperda in their maize fields (Table 3). They recorded the first attacks of S. frugiperda
in 2015 and 2016. They perceived S. frugiperda as a new pest. Currently, there is no name in local
languages to specifically refer to S. frugiperda.

Table 3. Farmers’ knowledge and perceptions of S. frugiperda.

Variables Numbers Frequency (%)

Knowledge of S. frugiperda damage (Yes) 1136 91.8

Knowledge of
S. frugiperda

development stages

Egg (yes) 96 7.8

Larva (yes) 975 78.9

Pupa (yes) 392 31.7

Adult (yes) 297 24.0

Farmer information
sources on S. frugiperda

Own observation in the field (yes) 1095 88.6

Village residents (yes) 86 7.0

Extension agents (yes) 36 2.9

Medias (radio/television) (yes) 69 5.6

Residents of neighbouring localities
(yes) 51 4.1
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Table 3. Cont.

Variables Numbers Frequency (%)

Perception of the
vulnerability of maize

plants according to their
development stages

Emergence (yes) 70 5.7

1 WAP 1 (yes) 312 25.2

2 WAP (yes) 508 41.1

4 WAP (yes) 436 35.3

6 WAP (yes) 307 24.8

8 WAP (yes) 158 12.8

10 WAP (yes) 79 6.4

Severe attack periods

Period of light rain 1035 88.2

Period of heavy rain 132 11.2

Period of light and heavy rain 6 0.5

Trend in the spread of
S. frugiperda attacks

Decrease 161 13.3

Stable 85 7.0

Increase 963 79.7
1 Weeks After Planting (WAP). (n = 1237).

For most farmers, maize plants were more vulnerable from the 1st to the 4th week after planting,
and attacks were more severe during periods of light rain (Table 3). The majority of farmers saw an
increase in the spread of S. frugiperda attacks in 2018 compared to the previous year. About 32% of
the farmers believed that S. frugiperda caused more damage compared to the other maize pests they
encountered in their fields (Figure 2). These include Formosan termites (Coptotermes formosanus), cob
borers (Mussidia nigrivenella), maize leaf rollers (Marasmia trapezalis), grasshopper (Zonocerus variegatus),
pink stalk borer (Sesamia calamistis), and corn leaf aphid (Rhopalosiphum maidis).

Figure 2. Farmers’ perceptions of damage from maize pests.

Chi-square tests indicate that there was a relationship between farmers’ knowledge and perceptions
of S. frugiperda and their socio-economic characteristics. Farmers’ knowledge of the pest was significantly
associated with education level (p = 0.003), main activity (p = 0.006), membership in a farmer
organization (p = 0.024), and contacts with research or extension services (p = 0.001). In addition,
their perception of damage was significantly associated with membership in a farmer organization
(p = 0.001) and contacts with research or extension services (p = 0.001) (Table 4).
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Table 4. Chi-square analysis of the relationships between knowledge of S. frugiperda, perception of
damage, and socio-economic characteristics of farmers.

Socio-Economic Characteristics
Knowledge of S. frugiperda Perception of S. frugiperda Damage

DF χ2 p DF χ2 p

Education level 3 13.8 ** 0.003 6 9.7 ns 0.138

Main activity 6 17.9 ** 0.006 12 7.0 ns 0.855

Membership in a farmer organization 1 5.1 * 0.024 2 28.8 ** 0.001

Contact with research or extension services 1 16.1 ** 0.001 2 97.7 ** 0.001

DF: Degree of Freedom; χ2: Chi-square coefficient; P: Probability; *: p < 0.05, **: p < 0.01, ns: not significant.

3.3. Cropping Practices

Two main cropping systems were used for maize production: single-cropping in rotation with
other crops (cotton, cowpea, cassava, soybean, and groundnut) and intercropping with cassava,
groundnut, cowpea, and sorghum. Overall, single-cropping was the most common cropping system
(67.6%) (Table 5). More than half of the farmers applied mineral fertilizers to the maize plants, on
average 134.6 kg/ha of NPK (Nitrogen, Phosphorus, and Potassium) and 75.4 kg/ha of urea.

Table 5. Farmers’ cropping practices.

Cropping Practices Numbers Frequency (%)

Maize cropping
systems

Intercropping 329 28.1

Single-cropping in rotation with
other crops 791 67.6

Monocropping 51 4.4

Application of
mineral fertilizers

No fertilizer application 520 42.0

NPK 24 1.9

Urea 20 1.6

NPK and Urea 673 54.4

Types of grown
maize varieties

Traditional varieties 710 58.7

Modern varieties 410 33.9

Traditional and modern varieties 90 7.4

Traditional varieties refer to local varieties cultivated by farmers over generations while modern
varieties refer to improved varieties developed by research centers. About 58.7% of the farmers grew
traditional varieties of maize (Table 5). Farmers who grew modern varieties of maize used more
mineral fertilizers and intercropping. In addition, farmers who grew traditional varieties of maize
used fewer mineral fertilizers and practised more single-cropping in rotation with other crops.

3.4. Damage Caused by S. frugiperda

The results showed that around 97.1% of farmers suffered from S. frugiperda attacks in 2018.
It confirms the presence of S. frugiperda throughout Benin, despite the geo-climatic contrasts (Table 1).
About 93.9% of the maize fields were infested. The incidence of damaged maize plants per field was
estimated to 58.9%, and the incidence of damaged maize ears was estimated at 50.4%. The estimated
yield losses by farmers averaged 797.2 kg/ha of maize in 2018 (Table 6). The farmers revealed that
before the invasion of S. frugiperda, they obtained an average maize yield of 1626 kg/ha. Thus, the yield
losses caused by S. frugiperda represented 49% of the average maize yield that farmers obtained before
the invasion of S. frugiperda.
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Table 6. Indicators of damage caused by S. frugiperda according to farmers.

Incidence and Maize Yield Losses Means Standard Deviations

Incidence of infested maize fields 93.9 18.1

Incidence of damaged plants per infested field 58.9 22.6

Incidence of damaged ears 50.4 20.7

Maize yield losses (kg/ha) 797.2 613.6

Damage severity for farmers who suffered from
S. frugiperda attacks (n = 1198)

Numbers Frequency (%)

Severity of S. frugiperda
attack on maize leaves

Low 130 10.6

Medium 1003 81.7

High 95 7.7

Severity of S. frugiperda
attack on maize ears

Low 324 26.6

Medium 819 67.1

High 77 6.3

The analysis of the severity of S. frugiperda attacks was carried out by distinguishing the different
parts of the attacked maize plants, in particular the leaves and ears. The majority of farmers reported
that S. frugiperda attacks were moderately severe on the leaves and ears (Table 6). At the time of the
attack, they found large elongated perforations on the leaves, whorl attack and damage ranging from
15 to 25% of maize grains.

Chi-square tests showed that there was a relationship between the severity of S. frugiperda attack
and the types of grown maize varieties. The severity of S. frugiperda attack on the leaves and ears was
significantly associated with types of grown maize varieties (p = 0.001). S. frugiperda attacks were more
severe for modern varieties of maize. There was no significant relationship between the cropping
systems, application of mineral fertilizers, and attack severity (Table 7).

Table 7. Chi-square test analysis of the relationship between cropping practices and the severity of
S. frugiperda damage.

Cropping Practices
Severity of S. frugiperda Attack on the Leaves Severity of S. frugiperda Attack on the Ears

DF χ2 p DF χ2 p

Maize cropping systems 4 8.1 ns 0.088 4 6.3 ns 0.176

Types of grown maize varieties 4 165.0 ** 0.001 4 173.7 ** 0.001

Application of mineral fertilizers 6 7.5 ns 0.275 6 10.4 ns 0.110

DF: Degree of Freedom; χ2: Chi-square value; p: Probability; **: p < 0.01, ns: not significant.

3.5. Knowledge of Natural Enemies, Host and Repellent Plants of S. frugiperda

About 16% of farmers stated knowing insects and birds that feed on S. frugiperda larvae.
They identified the francolin (Francolinus bicalcaratus), the village weaver (Ploceus cucullatus), and the
common wasp (Vespula vulgaris) as natural enemies of S. frugiperda. For 14% of farmers, S. frugiperda
could destroy other crops besides maize. They said the pest could damage sorghum, cotton, cowpea,
and tomato crops.

In addition, about 5% of farmers stated knowing plants that repel S. frugiperda. They identified
yellow nutsedge (Cyperus esculentus), chan (Hyptis suaveolens), shea tree (Vitellaria paradoxa), neem
(Azadirachta indica), tamarind (Tamarindus indica), and soybean (Glycine max) as repellent plants of
S. frugiperda.
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3.6. Farmers’ Management Practices

About 38% of the farmers surveyed used at least one control practice. The most common
management method used by farmers was synthetic pesticides. Among farmers using at least one
management method, 91.4% used synthetic pesticides, 1.9% used botanical pesticides, and 6.6% used
other management practices. The wide range of synthetic pesticides used by farmers included Thalis
112 EC (emamectin benzoate and acetamiprid), Pyro FTE 472 (cypermethrin and chlorpyriphos-ethyl),
Pacha 25 EC (lambda-cyhalothrin and acetamiprid), Lambda super 2.5 EC (lambda-cyhalothrin), and
Emacot 019 EC (emamectin benzoate) (Table 8).

Table 8. Management practices used by farmers.

Management Practices Used Numbers Frequency (%) Average Effectiveness Score

Synthetic pesticides 428 91.4 5

Thalis 112 EC 193 45.1 5

Pyro FTE 472 41 9.6 4

Pacha 25 EC 67 15.7 4

Lambda super 2.5 EC 42 9.8 4

Emacot 019 EC 29 6.8 6

Botanical pesticides 9 1.9 6

Other practices 31 6.6 3

The average effectiveness score for all of these synthetic pesticides is 5 out of 7. Thus, farmers
believed that synthetic pesticides were relatively effective against S. frugiperda. Among the synthetic
pesticides, Emacot 019 EC is the one for which the average effectiveness score is 6 followed by Thalis
112 EC whose score is 5 (Table 8).

The botanical pesticides used by farmers against S. frugiperda were usually made from neem
leaves or seeds (Azadirachta indica), vernonia leaves (Vernonia amygdalina), pepper (Capsicum annuum),
and ashes. Some farmers also added other raw materials such as soap, detergents, or petroleum to
botanical pesticides. The average effectiveness score for all botanical pesticides is 6 and indicates that
the botanical pesticides were effective against S. frugiperda.

Moreover, some farmers used other practices to manage S. frugiperda (7%). These included
early planting, handpicking larvae, and the application of ash to the whorls of maize. The average
effectiveness score for these practices is 3 and indicates that they were relatively ineffective against
S. frugiperda.

Chi-square tests showed that there was a relationship between knowledge of the pest and the use
of management practices (p = 0.001) and between knowledge of the pest and the types of management
practices used (p = 0.002) (Table 9). This result confirms that the implementation of management
strategies by farmers was associated with their knowledge of the pest. The Chi-square tests also
showed that the use of management practices by farmers and the type of management practices used
were significantly associated with membership in a farmer organization and contact with research or
extension services (Table 9).
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Table 9. Chi-square test analysis of the relationships between farmers’ management practices,
knowledge, perceptions, and socio-economic characteristics.

Socio-Economic Characteristics
Use of Management Practices Type of Management Practices

DF χ2 p DF χ2 p

Knowledge of S. frugiperda 1 24.7 ** 0.001 2 12.3 ** 0.002

Perception of S. frugiperda damage 2 67.3 ** 0.001 4 5.6 ns 0.234

Education levels 3 4.4 ns 0.218 6 2.2 ns 0.903

Main activity 6 7.1 ns 0.312 10 9.8 ns 0.457

Membership in a farmer organization 1 41.1 ** 0.001 2 6.1 * 0.047

Contact with research or extension
services 1 41.9 ** 0.001 2 7.2 * 0.027

DF: Degree of Freedom; χ2: Chi-square coefficient; p: Probability; *: p < 0.05, **: p < 0.01, ns: not significant.

4. Discussion

4.1. Farmers’ Knowledge and Perceptions of S. frugiperda Attacks

In this study, most maize farmers recognized the damage of S. frugiperda and were able to identify
it at its larval stage. Some farmers (7.8 to 31.7%) were able to identify other development stages of
S. frugiperda, including eggs, pupae, and adults. The identification of these development stages requires
a better knowledge of the biology of the pest [4].

The first attack of S. frugiperda was recorded in 2015 by some farmers. According to Goergen et al. [2],
the attacks of S. frugiperda were first reported in West and Central Africa in early 2016. From farmers’
perception, it could be inferred that S. frugiperda was present in Benin before 2016, but its damage
became significant from 2016.

As well, the study showed that farmers’ knowledge and perceptions of S. frugiperda were
associated with their membership in a farmer organization and their contact with research or extension
services. Therefore, the institutional environment of farmers could play a crucial role in the sustainable
management of S. frugiperda.

4.2. Damage Caused by S. frugiperda

S. frugiperda was present throughout Benin despite the geo-climatic contrasts. The life cycle of the
pest lasts, on average, 30 days and the optimal temperatures for adults and larvae are 25 ◦C and 30 ◦C
respectively [32]. In Benin, the temperature varies between 24 and 31 ◦C depending on the climatic
zones [29]. Thus, the country offers favourable climatic conditions for the permanent reproduction of
this pest.

Yield losses caused by S. frugiperda averaged 797 kg of maize per hectare, or 49% of the average
maize yield obtained by farmers before the invasion of S. frugiperda. This result corroborates forecasts
by the Centre for Agriculture and Bioscience International (CABI), indicating that S. frugiperda could
cause a loss of 40% of the average annual maize production in Benin [33]. In Kenya and Ethiopia,
yield losses were greater. They ranged from 0.8 to 1 ton of maize per ha [28]. The differences in yield
losses between countries could be explained by the levels of infestation which may depend on climatic
factors, management practices used by farmers and insecticide availabilities. In Nicaragua, Hruska
and Gould [34] demonstrated a positive relationship between yield losses and levels of S. frugiperda
infestation. For them, infestations of 55 to 100% of maize plants could cause yield losses ranging from
15 to 73%.

The severity of the pest attacks was not significantly associated with cropping systems.
Andrews [35] showed that intercropping was less severely attacked by S. frugiperda than monocropping
and that intercropping could reduce damage by up to 30%. Furthermore, Baudron et al. [36]
demonstrated that frequent weeding and no-till sowing reduced the damage of S. frugiperda. As well,
yield losses due to S. frugiperda attacks have been shown to vary with planting dates. Some farmers
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in Kenya reported significant yield losses on late-planted maize plots compared to plots planted
earlier [3].

Moreover, the severity of S. frugiperda attack was associated with the types of grown maize
varieties. The attacks were more severe for modern varieties than traditional varieties. This means that
the modern varieties used in Benin were not resistant to S. frugiperda attacks. Some papers reported
that yield loss of modern varieties due to S. frugiperda was not significant when they received adequate
fertilizers or when they were planted on rich soils [36,37]. Certainly in this research, farmers lacked
in supplying enough fertilizers that may reinforce modern varieties defense against S. frugiperda.
The perception of farmers about the resistance of traditional varieties to S. frugiperda suggests that
these varieties may contain resistant genes that need to be investigated. In terms of management
strategies, increasing the diversification of varieties could be one of the means of effective management
of S. frugiperda, in addition to identify the resistance traits of traditional varieties and breed them into
modern varieties.

4.3. Farmers’ Knowledge of Natural Enemies and Host Plants of S. frugiperda

Some farmers identified the francolin, the village weaver, and the common wasp as natural
enemies of S. frugiperda. The francolin and the village weaver are known in the literature as bird
species that feed on a wide variety of plants and insects. Thus, they could truly be natural enemies of
S. frugiperda. However, they are classified as the main grain-eating birds in maize field [38]. In general,
insectivorous birds play an important role in reducing pest abundance in various agro-ecological
systems. Some bird species may be able to extract S. frugiperda larvae from whorls and husks [39].
These birds are able to cause significant additional damage to plants [38]. Regarding the natural enemy
function of the common wasp, studies confirm the perception of farmers. In a study in Brazil, wasps
picked an average of 1.54 larvae per colony per hour and predated 77% of S. frugiperda present in maize
plots (1 colony per 25 m2), providing effective control [39].

Other natural enemies of S. frugiperda have been recorded in West Africa. In Benin and Ghana, ten
species were found parasitizing S. frugiperda among which two egg parasitoids (Telenomus remus Dixon
and Trichogramma sp.), one egg–larval (Chelonus bifoveolatus Szépligeti), five larval (Coccygidium luteum
(Brullé), Cotesia icipe Fernandez-Triana and Fiaboe, Charops sp., Pristomerus pallidus (Kriechbaumer) and
Drino quadrizonula (Thomson)), and two larval–pupal parasitoids (Meteoridea cf. testacea (Granger) and
Metopius discolor Tosquinet) [40]. Three predator species, namely Pheidole megacephala (F.), Haematochares
obscuripennis Stål and Peprius nodulipes (Signoret), were recorded in Ghana [41].

As well, some farmers reported pest attacks in the sorghum, cotton, cowpea, and tomato fields.
All these crops are among the 353 host plants of S. frugiperda larvae inventoried in Brazil [5].

4.4. Farmers’ Knowledge of Repellent Plants of S. frugiperda

Farmers identified yellow nutsedge, chan, shea tree, neem, tamarind, and soybean as repellent
plants of S. frugiperda through their experiments. They considered that the presence of these plants near
or in the maize fields coincided with the low infestations of S. frugiperda. Some of these plants may act
as a trap plant as a push pull system [4]. Peruca et al. [42] studied the harmful effects of soybean plants
on S. frugiperda. They confirm that soybean plants could activate chemical defence mechanisms that
alter the developmental cycle of S. frugiperda, suggesting effective cultural control options. Several other
studies showed the effectiveness of neem extracts against S. frugiperda. Magrini et al. [43] concluded
that neem derivatives had potent and adverse antifeedant effects on all stages of larval development
of S. frugiperda. Tavares et al. [44] recommended neem oil to manage S. frugiperda due to its high
toxicity. Zuleta-Castro et al. [45] formulated a botanical product active against S. frugiperda using neem
extracts. Adeye et al. [46] found that neem oil at 4.5 l.ha−1 reduced the incidence of pest attacks, the
severity of damage and the loss of maize yield by 42.8% and 57.0%. Regarding the other repellent
plants identified by farmers (yellow nutsedge, chan, shea, and tamarind), future studies should be
carried out to evaluate the accuracy of farmers’ perception.
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4.5. Farmers’ Management Practices

Most farmers in Benin used synthetic pesticides to manage S. frugiperda. The same was observed
in other African countries such as Ghana, Zambia, Nigeria, Kenya, and Ethiopia [7,28,47]. Synthetic
pesticides are indeed easily accessible for farmers. Institutions like USAID and other organizations
such as FAO advocate low use of synthetic pesticides. However, there is no evidence that farmers
comply with the recommendations of these organizations which advocate the rational and threshold
use of synthetic pesticides. This implies that an effort remains to be deployed by the extension services
concerning the use of synthetic pesticides against S. frugiperda.

In Benin, farmers found that chemical control was relatively effective. Farmers’ perceptions of the
effectiveness of chemical control differ from country to country. For example, in Kenya about 60% of
farmers found synthetic pesticides ineffective, while Ethiopian farmers claimed that chemical control
was effective against S. frugiperda [28].

Some farmers who used botanical pesticides thought they were more effective than synthetic
pesticides against S. frugiperda. However, these botanical pesticides were little used. This could be
explained by the lack of knowledge on the raw materials and the manufacturing process. The botanical
pesticides used by farmers against S. frugiperda were usually made from neem leaves or seeds, vernonia
leaves, pepper, and ash. Some of the farmers also added soaps, detergents, or petroleum to botanical
pesticides. Vernonia is one of the African pesticidal plants selected to improve botanical-based pest
management in smallholder agriculture in Africa [48]. However, its effectiveness against S. frugiperda
has not yet been studied. It is the same with pepper, ashes, soaps, detergents, and petroleum. It is up
to agricultural research institutions and scientists to refine and standardize botanical pesticides made
by farmers for their scaling up.

The results showed that farmers’ management practices were significantly associated with their
knowledge of the pest and their socio-economic characteristics such as membership of a farmer
organization and contact with research or extension services. It is inferred that farmers’ management
practices are the result of their knowledge of the pest. Farmer organizations and extension services
have the potential to improve farmers’ knowledge and induce behavioural changes in their pest
management strategies [49], and thus influence their pest management decisions. As more than half of
the farmers surveyed were uneducated, extension services should consider disseminating relevant
information in the local language and doing demonstrations directly in the fields to improve farmers’
knowledge and pest management skills.

5. Conclusions

This paper reported on farmers’ knowledge, their perceptions, and management practices they
use against Spodoptera frugiperda. The majority of farmers use synthetic pesticides which do not
always satisfy them in the management of S. frugiperda. A minority use local practices which seem
more effective according to their perceptions. These essentially ecological local practices deserve to
be studied and scaled up. The study showed that there was a relationship between knowledge of
S. frugiperda and the use of management practices. There was also a relationship between knowledge
of the pest and types of management practices. Therefore, the study confirms that farmers’ knowledge
of the pest is an important factor that influences their decision to manage the pest. Further research is
required to refine and standardize management practices deemed effective by farmers and to analyse
farmers’ willingness to pay for improved management practices.
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Abstract: European sugar beet was mostly grown from seeds treated by neonicotinoids which provided
efficient control of some important sugar beet pests (aphids and flea beetles). The EU commission
regulation from 2018 to ultimately restrict the outdoor application of imidacloprid, thiamethoxam,
and clothianidin could significantly affect European sugar beet production. Although alternative
insecticides (spinosad, chlorantraniliprole, neem) are shown to have certain effects on particular pests
when applied as seed treatment, it is not likely that in near future any insecticide will be identified
as a good candidate for neonicotinoids’ substitution. The aim of this research is to evaluate residue
levels (LC-MS/MS method) of imidacloprid and thiamethoxam applied as seed dressing in sugar
beet plants during two growing seasons in fields located in different agro-climatic regions and in
greenhouse trials. In 2015, 25 to 27 days post planting (PP) maximum of 0.028% of imidacloprid and
0.077% of thiamethoxam were recovered from the emerged plants, respectively. In 2016, the recovery
rate from the emerged plants 40 days PP was 0.003% for imidacloprid and 50 days PP was up to
0.022% for thiamethoxam. There were no neonicotinoid residues above the maximum residue level in
roots at the time of harvesting, except in case of samples from thiamethoxam variant collected from
greenhouse trials in 2016 (0.053 mg/kg). The results of this research lead to the conclusion that the
seed treatment of sugar beet leaves minimal trace in plants because of the complete degradation while
different behavior has been observed in the two fields and a glasshouse trial regarding the residues in
soil. Dry conditions, leaching incapacity, or irregular flushing can result in higher concentrations in
soil which can present potential risk for the succeeding crops. The results of our study could provide
additional arguments about possible risk assessment for seed treatment in sugar beet.

Keywords: sugar beet; degradation; residues; neonicotinoids; imidacloprid; thiamethoxam

1. Introduction

Sugar beet (Beta vulgaris var. saccharifera L.) is an economically viable crop produced mainly for
white sugar. The world’s leading sugar beet producers (France, Germany and Poland) account for
almost 50% of total world production (111.7 million tons in 2016). However, only 20% of the world’s
sugar comes from sugar beet; 80% is produced from sugar cane [1]. Given the production technology
and the length of the growing season of almost 180 days, sugar beet is considered the most intensive
agricultural crop [2].

Agriculture 2020, 10, 484; doi:10.3390/agriculture10100484 www.mdpi.com/journal/agriculture
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The economically important pests of South East Europe sugar beet include wireworms,
pigmy mangold beetle, sugar beet and corn weevil, black beet weevil, alfalfa snout beetle, several species
of noctuid moths, sugar beet flea beetle, aphids, and beet cyst nematode [3–11]. Their appearance
depends on the region and the year.

Since the introduction of neonicotinoid seed treatment in the 1990s, there has been a strong
decrease in insecticide use in Croatia [12]. Wireworms, aphids, and flea beetles were successfully
controlled by neonicotinoid seed treatments [7,13–15] so additional treatment was only required in the
case of severe infestation of some foliar pests that cannot be successfully controlled with neonicotinoids
(e.g., sugar beet weevil) [16]. In north-western Europe, only aphids require occasional control with
foliar insecticides [17].

Seed treatment is a method that has brought many advantages to modern agriculture [18–24],
although there are some negative effects as well. In heavy infestations the efficacy against wireworms
and sugar beet weevil is weak, so additional protection measures are necessary [7]. It is often applied
at higher rates [24] or when control is not even necessary.

The use of neonicotinoids has become a major controversy because of their negative effects on
bees, other pollinators, and possibly other non-target organisms [25–27]. According to the available
evidence and a risk assessment carried out by EFSA, the use of neonicotinoid pesticides (clothianidin,
imidacloprid, and thiamethoxam) was severely restricted by European Commission (EC) in 2013 by
the implementation of Directive 485/2013 [28]. The restriction applied to bee-friendly crops such as
maize, oilseed rape, and sunflower, with the exception of greenhouse crops and the post-flowering
treatment of certain crops, and to winter cereals. Based on the EFSA peer review of the pesticide risk
assessment carried out for clothianidin [25], imidacloprid [26], and thiamethoxam [27], the Commission
adopted on 30 May 2018, regulations banning completely the outdoor use of imidacloprid, clothianidin,
and thiamethoxam to protect domestic honey bees and wild pollinators [29]. The only risk identified
by EFSA for the treatment of sugar beet seeds with neonicotinoids was the risk of succeeding crop
scenario [25–27].

In the succeeding crop scenario, the residues of neonicotinoids are expected to remain in the
soil and be absorbed by the succeeding crop or weeds in the same field. Thus, if the significant
concentrations of neonicotinoids were to remain in the soil after the growing season, they could be
adsorbed by the succeeding crop (or weeds) from the soil and then the neonicotinoids could be found
in pollen or excreted in guttation fluid.

The Commission has not considered the possibility of proposing further options in addition to the
total ban on the treatment of sugar beet seed with neonicotinoids. This decision could endanger sugar
beet production. The ban was justified by the fact that some ecologically more acceptable substitute
chemicals (diamides) are effective in controlling the most serious pests and that tools to control most
pests are available under integrated pest management (IPM). However, the arguments do not fully
apply to all economically important pests that damage sugar beet production in all production areas in
the EU.

Hauer et al. [17] discussed neonicotinoid seed treatments in European sugar beet cultivation with
regard to their effectiveness against target pests and their impact on the environment. They proposed to
develop monitoring systems and models to identify regions (and years) with a higher risk of occurrence
of pests and to allow the use of insecticide seed treatments only when high pest pressure is likely.
In their analysis, Hauer et al. [17] only looked at sugar beet production in northwestern European
countries and did not consider the different climatic conditions and the occurrence of pests in eastern
and southeastern Europe, where problems in production are mainly caused by flea beetles and sugar
beet weevils. This fact makes their proposal even more important.

The aim of this research was to determine the residue levels of imidacloprid and thiamethoxam
used as a seed treatment in sugar beet plants in different agroclimatic regions in order to estimate
environmental risk and possible transfer to other crops. Greenhouse trials have been established in
order to provide insight to neonicotinoid behavior in controlled conditions.
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2. Materials and Methods

2.1. Field Site and Experimental Design

2.1.1. Field Site

The two-year study was conducted in 2015 and 2016 on three different locations. Field trials
were located in two distinct counties of Croatia, Virovitica-Podravina County in Lukač (45◦52′26” N
17◦25′09” E) and Vukovar-Sirmium County in Tovarnik (45◦09′54” N 19◦09′08” E), while greenhouse
trial was set up in Zagreb at the Faculty of Agriculture, Department of Agricultural Zoology
(45◦82′77′′ N, 16◦03′09′′ E).

2.1.2. Characteristics of the Soil

To determine the physical and chemical soil properties in Lukač and Tovarnik, soil samples were
taken in 2016 according to an internal protocol for annual crops provided by the Department of Plant
Nutrition (University of Zagreb Faculty of Agriculture). At each site, 15 individual soil samples were
taken on the same date from a depth of 0–30 cm, evenly distributed over the entire plot. A homogenized
sample was prepared and 1.000 g were extracted for analysis. Chemical soil properties and texture
analyses were carried out according to standard methods (ISO 11277 2004) in the pedological laboratory
of the Department of Soil Science University of Zagreb Faculty of Agriculture.

2.1.3. Climatic Data

The data on climatic conditions were collected by Croatian Meteorological and Hydrological
Service. The climatic conditions were monitored by the nearest climate stations (Virovitica for Lukač
and Gradište for Tovarnik). The distance between the meteorological stations and the experimental
sites was not more than 20 km. For the period from April to September, data on mean air and soil
temperatures and total precipitation were collected and analyzed for Virovitica and Gradište in both
years under investigation.

2.1.4. Design of Experiments

At each site, sugar beet seed was sown in three treatments, one of which was untreated seed
(0 mg a.i./seed), the second treatment was sugar beet seed treated with imidacloprid (0.91 mg a.i./seed)
and the third treatment was seed treated with thiamethoxam and teflutrin (0.36 + 0.036 mg a.i./seed).
In both years sowing was done in regular spring terms (2015: 9 April—Lukac, 10 April—Zagreb,
11 April—Tovarnik; 2016: 26 March—Tovarnik, 1 April—Lukac, 7 April—Zagreb). In field trials,
each treatment was sown on 1.000 m2 in three repetitions. Each repetition was 123 m long and was
sown with a six-row sowing harrow (i.e., 333 m2) at a depth of 3 cm, the distance between rows was
45 cm and the distance in one row was 18 cm (i.e., 123,321 seeds/ha). In the greenhouse research the
sowing conditions in the arable layer (30 cm) were simulated. The same treatments were sown in plastic
containers of 90 cm × 50 cm × 38 cm (length × width × height) filled with 100 L Klasmann-Deilmann
GmbH Supstrat 1 (EN Standard). The substrate used was a mixture of white peat (H2–H5) and black
peat (H6–H8) with a pH value (H2O) of 5.5–6.5 and 14:10:18 NPK fertilizer. The amount of heavy metal
was significantly below the maximum permissible concentration. The sowing was done by hand at
a depth of 3 cm and the distance between the seeds was 5 cm with an approximate quantity of 45 seeds
per container. A total of six containers were sown per treatment (2 per repetition).

2.2. Sampling

2.2.1. Sampling of Sugar Beet Plants

Starting four weeks after sowing, sugar beet plant samples were collected every two weeks at all
three locations during the two growing seasons (2015 and 2016). In the first four sampling periods,

25



Agriculture 2020, 10, 484

whole plants were collected. From the fifth sampling until the end of the experiment, the collected
plants were divided into leaves and roots, which were analyzed separately. The last sampling concerned
only the roots. Three samples were taken for each treatment. A total of 432 sugar beet samples were
collected and analyzed for neonicotinoid residues. Each sample contained five plants with a minimum
weight of 20 g. The collected samples were carefully labeled and transported in portable coolers to an
accredited laboratory for analysis.

2.2.2. Sampling of Soil

In order to determine neonicotinoid residues in the soil, two samples were taken once at each site
from the depth of a plow layer (30 cm). In 2016, 15 sub-samples (each weighing 1.000 g, depending on
field size) were taken, pooled and homogenized at each site, and a subset of the pooled soil samples
(20 g) from each treatment area was taken and stored in a freezer until analyzed.

2.3. Sample Analysis

2.3.1. Neonicotinoid Residues Analysis in Sugar Beet Plants and Soil

The determination of neonicotinoid residues in sugar beet plants and soil was performed
by an accredited laboratory by liquid chromatography/tandem mass spectrometry (LC -MS/MS)
using acetonitrile extraction and the QuEChERS method (EN 15662: 2008). The limit of quantification
(LOQ) for this method is 0.01 mg/kg. The neonicotinoids were extracted from the homogenized sample
with acetonitrile. Neonicotinoids, imidacloprid, thiamethoxam, and clothianidin were determined
using the LC -MS/MS technique applied to the filtered extract with the Agilent Technologies 6460 Triple
Quad LC/MS apparatus. Thiamethoxam is converted to clothianidin in soil and plant tissues,
therefore the thiamethoxam residues were determined as the sum of thiamethoxam and clothianidin [30].

2.3.2. Statistical Analysis

The data on neonicotinoid residues were analyzed by analysis of variance (ANOVA) using the
AOV factorial method with two or three factors [31]. The first factor was location which was considered
as a fixed factor because of a limited production area of sugar beet and characteristic weather conditions.
The second factor was insecticide treatment and the third factor was the plant part. This factor was
analyzed for sampling during the growing season, where leaves and roots were sampled separately.
A Tukey post-hoc test was used to determine which mean values of the variants were significantly
different after a significant test result (p < 0.05).

3. Results

3.1. Climatic and Edaphic Conditions

Our analyses confirmed earlier data published by other authors [32–35] that the average annual
temperatures in Tovarnik (Table 1) are higher than in Lukač. Precipitation varied from place to place
in one of the two years of investigation and confirmed earlier published data [32–35] that when
comparing Lukač (west) and Tovarnik (east), temperatures increased while precipitation decreased in
the eastern part.

In both years the mean air and soil temperatures in the area of Lukač were significantly lower
compared to Tovarnik, and the precipitation was significantly higher in 2015 in the same place, while in
2016 the differences were not significant. Between the years studied (2015 vs. 2016) there were no
significant differences between the climatic conditions at both locations.
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Table 1. Characteristics of the weather conditions prevailing at the two locations where the field
investigations were carried out and the corresponding ANOVA results.

Climatic Factor Location
Year

HSD 2 (p = 5%)
2015 2016

Mean air temperature (◦C)
(April–September)

Lukač 18.65 ± 0.72 b * 18.16 ± 0.59 b ns
Tovarnik 19.85 ± 0.75 a 19.15 ± 0.56 a ns

HSD (p = 5%) 0.338 0.325

Mean soil temperature (◦C)
(April–September)

Lukač 21.1 ± 0.88 b 20.5 ± 0.75 b ns
Tovarnik 22.63 ± 0.97 a 21.47 ± 0.7 a ns

HSD (p = 5%) 0.676 0.517

Total amount of precipitation
(mm) (April–September)

Lukač 600.03 ± 68.02 a 457.80 ± 34.99 ns
Tovarnik 309.72 ± 40.05 b 395.25 ± 30.62 ns

HSD 1 (p = 5%) 236.82 ns

* Values followed by the same lowercase letters are not significantly different (p > 0.05; HSD test), 1, small letters
refer to no differences among locations; 2, small letters refer to no differences among years within same location;
ns, letters refer to no differences.

The edaphic conditions differed between the locations. The soil in Tovarnik has a higher content
of soil organic matter than the soil in Lukač (Table 2). In addition, both soils are classified as silty
clay according to the soil particle size fractions. A detailed description of the regional physical and
chemical soil properties is given in Table 2.

Table 2. Physical and chemical soil properties in Lukač and Tovarnik, 2016.

Particle Size Distribution (%) in mm
Chemical Soil Properties

pH % Al-mg/100 g CaCO3

Fine Sand
0.2–0.063

Coarse Silt
0.063–0.02

Fine Silt
0.02–0.002

Clay < 0.002
Texture
Mark

H2O nKCl
Soil

Organic
Matter

N P2O5 K2O %

Lukač 25.50 31.60 24.60 14.00 Silty clay 6.38 5.17 1.54 0.10 12.90 10.20 0.00
Tovarnik 1.90 40.60 31.90 25.00 Silty clay 8.42 7.24 2.70 0.14 29.70 26.50 10.20

3.2. Degradation in Soil

Table 3 shows that there were no residues of neonicotinoids above LOQ in Lukač. Tovarnik showed
concentrations of imidacloprid residues above LOQ and slightly increased thiamethoxam, while higher
residues were found in the greenhouse.

Table 3. Residues of neonicotinoids (mg/kg) in soil samples taken from field sites at the end of the
growing season 2016 (i.e., 180 days’ post planting), Croatia.

Locality Untreated
Imidacloprid

(mg/kg)
Thiamethoxam (mg/kg)

(Including Chlothianidin)

Lukač <0.01 <0.01 <0.01
Tovarnik <0.01 0.17 0.04
Zagreb <0.01 5.34 2.65

3.3. Degradation Dynamics in Plants

Figure 1 shows a degradation dynamic of imidacloprid in sugar beet plants.
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Figure 1. Degradation dynamics of imidacloprid during the growing seasons 2015 (a) and 2016 (b)
in sugar beet plants in Lukac, Tovarnik and in greenhouse trials, in compliance with the maximum
permitted residue level of 0.5 mg/kg; LOQ— limit of quantification; MRL—maximum residue level.

The maximum residue level (MRL) for imidacloprid in sugar beet roots is 0.5 mg/kg (EU No
491/2014) [36]. Concentrations of imidacloprid in whole plants collected in field trials (Lukač and
Tovarnik) fell below the MRL of 0.5 mg/kg (EU No. 491/2014) 40–55 days after sowing in both years
under investigation [36] (Figure 1). After that, residues in the leaves of sugar beets grown under field
conditions were almost no longer detectable. Root samples were taken 60 days after sowing, and from
the first sample onwards the residue level in the roots was below the MRL. At the time of harvesting the
roots (180 days after planting), no residues above LOQ were detected. In the greenhouse trial (Zagreb),
degradation was much slower because no regular water rinsing was possible. Residues of imidacloprid
in leaves from greenhouse trials fell below the MRLs ten days later compared to field conditions
(i.e., 60 days after sowing). A slightly faster degradation of imidacloprid residues in roots of sugar
beet grown in greenhouse trials was observed in 2016 compared to 2015. In general, the residue level
of imidacloprid in roots was below the MRL 80 days after sowing. At the time of harvest, the residue
level in roots was quite low, 0.08 mg/kg in 2015 and <0.01 mg/kg in 2016.

The results of the statistical analysis are presented in Tables 4–7. Residue levels were significantly
affected by treatment with imidacloprid at almost all sampling times, except for two final samples
where degradation was completed in both years of the study. Residue levels in plants from treated seeds
were significantly higher compared to those in untreated plants throughout the vegetation until harvest
where degradation was completed. In 2015, residues of imidacloprid were significantly influenced by
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location (i.e., agroclimatic conditions) in almost all but two of the last samples taken (Tables 4 and 5).
In 2016, residues were significantly site-dependent (i.e., agroclimatic conditions) in only one sampling
(76–85 days after sowing) when residues were significantly higher under greenhouse conditions in
Zagreb (Tables 6 and 7). The third factor (plant part) was observed in three samples. In 2015, residues of
imidacloprid were significantly affected in two out of three samples (Table 5), while in 2016 residues of
plant parts were not affected at all (Table 7), confirming the good systemic translocation of imidacloprid.

Table 4. Imidacloprid residues in the whole sugar beet plants during the first three observing periods
and for roots at harvesting in 2015.

Source of Variation df

Days after Sowing

Whole Plant Root

25–27 39–41 52–54 158–160

Total 17
Rep 2
Location (A) 2 0.0079 ** 0.0004 ** 0.0048 ** 0.0620
Insecticide application (B) 1 0.0001 ** 0.0001 ** 0.0001 ** 0.0826
A × B 2 0.0901 0.0006 ** 0.0063 ** 0.0620
Error 10

Analysis of variance for imidacloprid residues in the whole sugar beet plants and root. ** significant at p = 0.01.

Table 5. Imidacloprid residues in different plant parts during the vegetation period in 2015.

Source of Variation df
Days after Sowing

66–68 81–83 95–97

Total 35
Rep 2
Location (A) 2 0.0001 ** 0.1882 0.2633
Insecticide application (B) 1 0.0001 ** 0.0087 ** 0.1669
A × B 2 0.0001 ** 0.1882 0.4588
Plant part (C) 1 0.0001 ** 0.0127 * 0.1964
A × C 2 0.0011 ** 0.2117 0.3212
B × C 1 0.0001 ** 0.0127 * 0.1964
A × B × C 2 0.0015 ** 0.2117 0.3212
Error 22

Analysis of variance for imidacloprid residues in different plant parts. * significant at p = 0.05, ** significant at p = 0.01.

Table 6. Imidacloprid residues in the whole plants during the first two observing periods and for roots
at harvesting in 2016.

Source of Variation df

Days after Sowing

Whole Plant Root

50–55 62–70 166–178

Total 17
Rep 2
Location (A) 2 0.1380 0.1822 1.000
Insecticide application (B) 1 0.0001 ** 0.0135 * 1.000
A × B 2 0.1380 0.1822 1.000
Error 10

Analysis of variance for imidacloprid residues in the whole sugar beet plants and root. * significant at p = 0.05,
** significant at p = 0.01.
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Table 7. Imidacloprid residues in the different plant parts during the vegetation period in 2016.

Source of Variation df
Days after Sowing

76–85 92–97 102–110

Total 35
Rep 2
Location (A) 2 0.0001 ** 0.1041 0.1346
Insecticide application (B) 1 0.0001 ** 0.0106 * 0.0087 **
A × B 2 0.0001 ** 0.1041 0.1346
Plant part (C) 1 0.7046 0.1628 0.0517
A × C 2 0.0234 * 0.5097 0.3246
B × C 1 0.7046 0.1628 0.0517
A × B × C 2 0.0234 * 0.5097 0.3246
Error 22

Analysis of variance for imidacloprid residues in different plant parts. * significant at p = 0.05, ** significant at p = 0.01.

The significant interaction between all three factors (location × insecticide treatment × plant part)
for the imidacloprid residue level was present at the first sampling when plant parts were sampled
separately (i.e., 66–68 days after sowing in 2015 and 76–85 days after sowing in 2016). A significant
insecticide “treatment × location” interaction for imidacloprid residues was not observed in the first
and the last two samples in 2015 (Tables 4 and 5), while in 2016 the significant interaction was only
observed when samples were taken 76 to 85 days after sowing (Tables 6 and 7). For all other sampling
data, the significant interaction “insecticide treatment × location” did not exist for imidacloprid
residues. Significant interactions between “location × plant part” and “insecticide application × plant
part” for imidacloprid residues existed only occasionally in both years of the study.

Figure 2 shows a degradation dynamic of thiamethoxam (expressed as sum of thiamethoxam and
clothianidin) in sugar beet plants.

The maximum residue level (MRL) for thiamethoxam and clothianidin has been reduced in Europe
from 0.05 mg/kg to 0.02 mg/kg in 2017 (EU 2017/671) [37]. For sugar beets grown under field conditions,
the residue content of thiamethoxam in the leaves and roots of sugar beets dropped below the MRL
between 70 and 80 days after sowing, depending on the year and location (Figure 2). No residues were
found in sugar beet roots in open field cultivation at the time of harvest.

Similar to imidacloprid, the degradation of thiamethoxam was much slower in greenhouse trials.
The residues of thiamethoxam in sugar beet roots in greenhouse cultivation were above the MRL
(i.e., 0.053 mg/kg) at harvest time in 2015 (Figure 2), while in 2016, 100 days after sowing, the residues
fell below the MRL of 0.02 mg/kg in 2016.

The results of the statistical analysis are presented in Tables 8–11. Residue levels were significantly
affected by thiamethoxam treatment at all sampling dates including the last sampling in 2015,
indicating that degradation at harvest is not complete in all trials. At the time of harvest in 2015,
residues (0.053 mg/kg) were confirmed in beet roots grown in greenhouses (see Figure 2).
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Figure 2. Degradation dynamics of thiamethoxam (expressed as sum of thiamethoxam and clothianidin)
during the growing seasons 2015 (a) and 2016 (b) in sugar beet plants in Lukac, Tovarnik and
in greenhouse trials, in compliance with the maximum permitted residue level of 0.02 mg/kg;
LOQ— limit of quantification; MRL—maximum residue level.

Table 8. Thiamethoxam (including chlothianidin) residues in the whole plants during the first three
observing periods and for roots at harvesting in 2015.

Source of Variation df

Days after Sowing

Whole Plant Root

25–27 39–41 52–54 158–160

Total 17
Rep 2
Location (A) 2 0.1246 0.0025 ** 0.0001 ** 0.0003 **
Insecticide application
(B) 1 0.0001 ** 0.0001 ** 0.0001 ** 0.0011 **

A × B 2 0.0452 * 0.0025 ** 0.0001 ** 0.0003 **
Error 10

Analysis of variance for thiamethoxam residues in the whole sugar beet plants and root. * significant at p = 0.05,
** significant at p = 0.01.
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Table 9. Thiamethoxam (including chlothianidin) residues in different plant parts during the vegetation
period in 2015.

Source of Variation df
Days after Sowing

66–68 81–83 95–97

Total 35
Rep 2
Location (A) 2 0.0001 ** 0.0001 ** 0.0001 **
Insecticide application (B) 1 0.0001 ** 0.0001 ** 0.0001 **
A × B 2 0.0001 ** 0.0001 ** 0.0001 **
Plant part (C) 1 0.0049 ** 0.0262 * 0.0263 *
A × C 2 0.0006 ** 0.0002 ** 0.0103 *
B × C 1 0.0062 ** 0.0262 * 0.0263 *
A × B × C 2 0.0006 ** 0.0002 ** 0.0103 *
Error 22

Analysis of variance for thiamethoxam residues in different plant parts * significant at p = 0.05, ** significant at p = 0.01.

Table 10. Thiamethoxam (including chlothianidin) residues in the whole plants during the first three
observing periods and for roots at harvesting in 2016.

Source of Variation df

Days after Sowing

Whole Plant Root

50–55 62–70 166–178

Total 17
Rep 2
Location (A) 2 0.1380 0.1822 1.0000
Insecticide application (B) 1 0.0001 ** 0.0135 * 1.0000
A × B 2 0.1380 0.1822 1.0000
Error 10

Analysis of variance for thiamethoxam residues in the whole sugar beet plants and root. * significant at p = 0.05,
** significant at p = 0.01.

Table 11. Thiamethoxam (including chlothianidin) residues in the different plant parts during the
vegetation period in 2016.

Source of Variation df
Days after Sowing

76–85 92–97 102–110

Total 35
Rep 2
Location (A) 2 0.0001 ** 0.0255 * 0.1346
Insecticide application (B) 1 0.0001 ** 0.0007 ** 0.0087 **
A × B 2 0.0001 ** 0.0255 * 0.1346
Plant part (C) 1 0.7046 0.0672 0.0517
A × C 2 0.0234 * 0.1438 0.3246
B × C 1 0.7046 0.0672 0.0517
A × B × C 2 0.0234 * 0.1438 0.3246
Error 22

Analysis of variance for thiamethoxam residues in different plant parts. * significant at p = 0.05, ** significant at p = 0.01.

In 2016, residue levels were significantly affected by thiamethoxam treatment on all but the last
sampling dates, indicating that degradation at harvest was complete under all conditions studied,
including greenhouse trials. In 2015, residues of thiamethoxam were significantly influenced by
location (i.e., agroclimatic conditions) at almost all sampling dates except the first sampling (Table 8).
In 2016, residues were significantly influenced by the location (Tables 10 and 11) on only two samples
(76–85 and 92–97 days after sowing), when residues were significantly higher under greenhouse
conditions in Zagreb (Figure 2). The third factor (plant part) was observed in three samples. In 2015
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the residues of thiacloprid were significantly influenced by plant parts in three samples (Table 9),
whereas in 2016 the residues were not influenced by plant parts at all (Table 11). A significant insecticide
“treatment × location” interaction for thiamethoxam residues was observed in 2015 in all samples
(Tables 8 and 9), while in 2016 the significant interaction was observed in only two samples taken after
76–85 days and 92–97 days after sowing (Table 11). Significant interactions between “location × plant
part” and “insecticide application × plant part” for thiacloprid residues were complete in 2015. In 2016,
these interactions only existed on a single sampling date for the “location × plant part” interaction.
The significant interaction between all three factors (location × insecticide treatment × plant part)
for thiacloprid residue level existed in 2015 for all three samples and in 2016 for only one sample when
plant parts were sampled separately (i.e., 76–85 days after sowing in 2016).

4. Discussion

When the neonicotinoids were introduced to the market, they were considered safe to use
because they are stable in soil and have low toxicity to mammals [38]. However, recent studies
have shown that neonicotinoids have adverse effects on bees, other pollinators, and possibly other
non-target organisms [25–27]. A complete EU Commission Regulation ban on the outdoor use of
imidacloprid, thiamethoxam, and clothianidin could have a significant impact on the practice of
sugar beet production in Europe, as 100% of all commercial sugar beet seeds have been treated with
neonicotinoids. According to Ester et al. and Lanka et al. [39,40] spinosad and chlorantraniliprole
applied as seed treatment were ineffective at controlling flea beetles and cabbage aphid [39] as well
as adult stages of rice water weevil [40]. It is unlikely that they will become a good substitute of
neonicotinoid seed treatment. Hauer et al. [17] have pointed out the lack of effective alternatives for the
control of M. persicae on sugar beet in Central and North Europe. Moreover, Bažok et al. [16] achieved
the same conclusions for substituting control of sugar beet flea beetle in South and Eastern Europe.
Therefore, the problems related to the control of the above mentioned pests could become a serious
problem in the future if no alternatives are developed.

In our study, at the end of sugar beet cultivation (180 days after planting), imidacloprid residues at
a concentration of 0.17 mg/kg and thiamethoxam residues at a concentration of 0.04 mg/kg were found
in the soil of Tovarnik, while in Lukač all residues were below LOQ levels (Table 4). Such a result is
partially consistent with that of [41] who randomly sampled 74 soils after the cultivation of maize,
wheat, and barley grown from treated seeds. Imidacloprid was found in all samples, so the authors
concluded that imidacloprid is always present in the soils after cultivation and is easily detectable if
sampling is carried out in the year of treatment.

Alford and Krupke [42] concluded that high water solubility of neonicotinoid seed treatment
applications makes it unlikely that they will remain near the relatively confined rhizosphere of the target
plant long enough to be absorbed by the plant when not on the seed. The loss of neonicotinoids from
agricultural soils is thought to occur through degradation or leaching in soil water [43]. EFSA’s risk
assessment [25–27] did not take into account the results of [42] on the low probability of residues
of neonicotinoids remaining in soil for a longer period of time. Their findings, together with those
of [44] on the recycling of neonicotinoid insecticides from contaminated groundwater back to crops,
point to the possible risk scenario of irrigation, which will be further investigated. In our laboratory
study, the sugar beet plants were sown at five times higher density than in the field, which means that
the concentration of neonicotinoids is also significantly higher (40.95 mg imidacloprid and 32.76 +
1.62 mg thiamethoxam + teflutrin per container 100 l soil). Soil from greenhouse trials treated with
imidacloprid contained the average value of 5.34 mg/kg a.i., while the thiamethoxam-treated variant
of the sample form contained 2.65 mg/kg a.i. (Table 4). This is much higher if we consider that in
open field the application rate as seed coating is 112.2 g imidacloprid or 44.4 + 4.44 g thiamethoxam +
tefluthrin to one ha, while one ha contains on average three million liters of soil (calculation of the
average soil layer of 30 cm). This is the average concentration of 0.04 mg/kg a.i. imidacloprid or
0.015 + 0.0015 mg/kg thiamethoxam + tefluthrin. Our result confirms that high concentrations of
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neonicotinoids in soil are to be expected in case of dry conditions, leaching incapacity, or irregular
flushing (bottom of the container) into ground water meaning that they can present potential risk for
the succeeding crops. Concerning field trials, there is no systematic monitoring of the presence of
pesticides in water in Croatia and no data on concentrations of neonicotinoids in the area of our study
are available.

Studies on the degradation of neonicotinoids in soil depend on temperature, moisture, and soil
type, in particular on texture and organic matter content, pH and UV radiation [41]. According to
Bonmatin [41], persistence is highest under cool, dry conditions and in soils with high organic matter
content. On average, Lukač has more precipitation (more humid soil), lower soil and air temperatures,
while Tovarnik is drier with low precipitation and slightly higher air and soil temperatures (Table 2).
Table 3 shows that in our investigations the pH of the soil at both locations was between 5 and 7,
which means that the soils are slightly acidic to neutral and do not allow degradation in the moist
soil or water. Guzsvány et al. [45] found that imidacloprid and thiamethoxam degrade faster at
23 ◦C in alkaline media, while they remain relatively stable at pH 7 and 4. Regarding residues of
neonicotinoids in soil after the vegetation period, Table 3 shows that all residues were lower than LOQ
in Lukač while in Tovarnik 0.17 mg/kg imidacloprid and 0.04 mg/kg thiamethoxam were detected.
Such results can be explained by the dry conditions, low precipitation, and slightly higher air and
soil temperatures prevailing in Tovarnik. The soils of Tovarnik also contain a large amount of soil
organic matter as well as available phosphorus and potassium (Table 3), which prevents the leaching of
residues and allows higher sorption in soils with high organic matter content, which is also in line with
the results of [46]. Even though the results of the residues in soil are not statistically assessed, we may
conclude that the faster reduction of residues in Lukač is most likely due to higher precipitation which
is confirmed with the analyses of the residues in plants. The presence of a significant “treatment ×
location” (i.e., agroclimatic conditions) interaction for thiamethoxam in 2015 (when locations differ
in temperature and precipitation) and the absence of a significant interaction for the same factors in
2016 (when locations differ only in temperature) implies that precipitation is an important factor in
thiamethoxam leaching. The same logic could not be followed for the degradation of imidacloprid
because there was a significant “treatment × location” (i.e., agroclimatic conditions) interaction for
imidacloprid residues only in three out of seven samples in 2015 and in one out of six samples in 2016.

According to Bonmatin et al. [41], the half-life of imidacloprid for seed treatment in France was
about 270 days, while [47] reported 83 to 124 days under field conditions and 174 days on bare soil.
Under field conditions, thiamethoxam showed a moderate to fast degradation rate [48]. The calculated
half-life in soil was between 7 and 335 days for thiamethoxam [49].

Uptake by the roots ranged from 1.6 to 20% for imidacloprid in aubergines and maize [50].
Krupke et al. [50] pointed out that the uptake of clothianidin by maize plants was relatively low and
that plant-bound clothianidin concentrations followed an exponential decay pattern with initially high
values, followed by a rapid decrease within the first ~20 days after planting. A maximum of 1.34% of
the initial seed treatment rate (calculated as mg a.i./kg of seed) was successfully obtained from plant
tissues (calculated as mg a.i./kg of plant tissue) and a maximum of 0.26% from root samples. Our study
showed that 25 days to 27 days after planting in 2015, a maximum of 0.028% imidacloprid and 0.077%
thiamethoxam was obtained from the raised plants (Figures 1 and 2). In 2016, the recovery rate from
the raised plants 40 days after planting was 0.003% for imidacloprid and 50 days after planting up
to 0.022% for thiamethoxam. These data confirm that the degradation scenario of imidacloprid and
thiamethoxam in sugar beet crops is similar to the scenario established for clothianidin by [50].

Westwood et al. [51] found that the concentration of imidacloprid in the leaves of sugar beet
grown from treated seed was 15.2 mg/kg 21 days after planting and degradation to 0.5 mg/kg 97 days
after planting (25-leaf stage). Bažok et al. [52] found twice as high a concentration of 0.95 mg/kg
imidacloprid in sugar beet leaves 42 days after planting using the HPLC method. Compared to HPLC,
the LC -MS/MS method has a lower limit of determination (LOQ) and offers the possibility of a clear
identification of the analyte [53]. Therefore, our results show more precise results confirming that there
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are no residues of neonicotinoids in the roots of sugar beet during harvest time. Nevertheless, the risk
is not negligible in dry climates or after a dry period since results showed higher soil concentrations of
imidacloprid than expected in Tovarnik. Results have shown [47] that field trials in Europe and the
United States on the degradation of imidacloprid show that it does not accumulate in soil after repeated
annual applications. Although sugar beet in Croatia is grown in crop rotation where neonicotinoids are
already prohibited (maize, oilseed rape, wheat, etc.,), there should be a limited risk of bioaccumulation
and transfer to other crops but the risk for succeeding crops needs to be further assessed.

Neonicotinoid seed treatment of sugar beet is still allowed in many other regions of the world
(except the EU). Increase in the wide use of insecticides, in particular pyrethroid insecticides,
against aphids and flea beetles (depending on the growing area) is expected in areas where
neonicotinoids are banned. The status of neonicotinoids for sugar beet seed treatment will possibly be
further investigated by various regulatory authorities around the world.

5. Conclusions

The residue levels of imidacloprid and thiamethoxam used for seed treatment of sugar beet plants
were below the maximum permitted residue level at the time of harvest and were highly dependent on
weather conditions, in particular rainfall. The results of this research show that the seed treatment of
sugar beet leaves minimal trace in plants because of the complete degradation by the end of the growing
season while higher residue concentration in the soil shows that there is risk in dry climates or after
a dry period. The results of our study provide additional arguments for a possible risk assessment for
sugar beet seed treatment in the succeeding crop and irrigation scenarios and provide further guidance
for the assessment and/or reassessment of the use of neonicotinoids in sugar beet production. However,
further investigation is needed to assess the possible neonicotinoids uptake by succeeding crops.
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33. Kozina, A.; Lemić, D.; Bažok, R.; Mikac, K.M.; Mclean, C.M.; Ivezić, M.; Igrc Barčić, J. Climatic, Edaphic
Factors and Cropping History Help Predict Click Beetle (Agriotes spp.) Abundance. J. Insect Sci. 2015,
15, 100–101. [CrossRef]
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Abstract: Malt barley is one of the promising crops in Greece, mainly due to high yields and contract
farming, which have led to an increase in malt barley acreage. Net form net blotch (NFNB), caused by
Pyrenophora teres f. teres, and barley leaf scald, caused by Rhynchosporium secalis, are among the most
important barley diseases worldwide and particularly in Greece. Their occurrence in malt barley
can exert a significant negative effect on malt barley grain yield and quality. An experimental trial
across two growing seasons was implemented in Greece in order (i) to estimate the epidemiology
of NFNB and leaf scald in a barley disease-free area when the initial inoculation of the field occurs
through infected seeds, (ii) to explore the spatial dynamics of disease spread under the interaction of
the nitrogen rate and genotype when there are limited sources of infected host residues in the soil
and (iii) to assess the relationship among the nitrogen rate, grain yield, quality variables (i.e., grain
protein content and grain size) and disease severity. It was confirmed that both NFNB and leaf scald
can be carried over from one season to the next on infected seed under Mediterranean conditions.
However, the disease severity was more pronounced after the barley tillering phase when the soil
had been successfully inoculated, which supports the hypothesis that the most important source
of primary inoculum for NFNB comes from infected host residue. Increasing the rate of nitrogen
application, when malt barley was cultivated in the same field for a second year in a row, caused a
non-significant increase in disease severity for both pathogens from anthesis onwards. However,
hotspot and commonality analyses revealed that spatial and genotypic effects were mainly responsible
for hiding this effect. In addition, it was found that the effect of disease infections on yield, grain size
and grain protein content varied in relation to the genotype, pathogen and stage of crop development.
The importance of crop residues in the evolution of both diseases was also highlighted.

Keywords: malt barley; barley net blotch; barley leaf scald; nitrogen rate; genotype; crop residues
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1. Introduction

Barley (Hordeum vulgare L.) is one of the leading cereal crops of the world, and it is clearly number
two in Europe in terms of cultivated acreage, next to bread wheat (Triticum aestivum L.) [1]. According to
Meussdoerffer and Zarnkow [2], barley is a major source of brewing malts and constitute the single
most important raw material for beer production. Pyrenophora teres f. teres, an ascomycete that causes
the foliar disease net form net blotch (NFNB), and Rhynchosporium secalis, the causal agent of barley
leaf scald, are among the most important barley diseases worldwide [3–5]. It is estimated that both
these diseases can decrease barley grain yield by up to 30–40% [5–11]. In addition, there are indications
that these diseases can also have a negative effect on malt barley quality [5].

Understanding the temporal and spatial dynamics of disease epidemics is crucial for the development
of more efficient, integrated disease-management systems [12]. For example, Gibson [13,14] developed
a novel approach involving the spatio-temporal analysis of spatially referenced diseased plants
when a sequence of disease maps is available. Recently, several authors addressed the spatial and
spatiotemporal structures of epidemics [15,16]. According to Luo et al. [17], geostatistics have been
proposed in plant pathology to analyze the spatial patterns of epidemics. However, although they
have several advantages in characterizing the disease pattern, they do not explicitly account for the
epidemiological mechanisms that determine disease spread. Despite the increasing importance of
NFNB and leaf scald in Greece, only a few epidemiological studies have been conducted worldwide
and, especially, under similar climatic conditions [18].

Compared to other cultural practice factors (e.g., the seeding rate, tillage practice, etc.), nitrogen
management presents the highest variability in the Greek cropping belt of malt barley. The nitrogen
fertilizer rate plays a major role in malt barley by affecting to a great extent the final yields and grain
protein content (which has to be maintained below a threshold of 11.5–12.0% depending on the brewing
industry), as well as the susceptibility to leaf diseases. More nitrogen can increase the yield of malt
barley [19–22] but can also exert an adverse effect on quality by increasing grain protein content [23–26].
In addition, high nitrogen rates can also increase the susceptibility of barley to leaf diseases [27–30].
Therefore, understanding the degree of the relationship among the nitrogen rate, grain yield, quality
variables and leaf disease infections can be very useful for further raising yield and maintaining the
quality at a level that meets the requirements of the malt industry.

As far as we are aware, only a few studies have addressed, to date, the impact of NFNB and
leaf scald on malt barley quality [30,31], and their results have been restricted to northern climates.
However, there is a lack of evidence of what really happens under Mediterranean conditions, where the
occurrence of malt barley diseases coincides with terminal drought. Malt barley has to meet certain
specific quality requirements according to malt industry demands. The grain size and grain protein
content are among the most important quality factors for malting barley [24]. Although the average
grain weight and size is primarily determined during the post-anthesis period [32,33], the grain protein
content can also be affected during the pre-anthesis period. For example, pre-anthesis drought stress
can cause a low nitrogen uptake during the vegetative period, thus reducing the yield potential.
Then, more nitrogen is available during grain filling due to the low number of seeds, and the grain
protein content is increased [34].

In this study we aimed (i) to estimate the epidemiology of NFNB and leaf scald in a barley
disease-free area when the initial inoculation of the field occurred through infected seeds, (ii) to explore
the spatial dynamics of disease spread under the interaction of the nitrogen rate and genotype when
there were limited sources of infected host residues in the soil and (iii) to assess the relationship
among the nitrogen rate, grain yield, quality variables (i.e., grain protein content and grain size) and
disease severity.
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2. Materials and Methods

2.1. Study Site and Experimental Design

The experiment was divided into three different phases, namely, (a) the selection of malt barley
seeds from infected crops (i.e., with NFNB and leaf scald) grown in the main productive areas for
malt barley in Greece (growing season 2013–2014), (b) the inoculation year (Exp 1; growing season
2014–2015) when the seeds from the infected malt barley varieties (i.e., Grace, Charles, Fortuna,
KWS Asta and Zhana) were grown in a barley disease-free area (Spata is mainly a wine-producing and
olive oil-producing region due to the occurrence of dry conditions; the nearest region with cereal crops
is located more than 40 km away) and (c) the application in the same location (i.e., inoculated soil with
infected crop residues from Exp 1) of nitrogen treatments on the most important (in terms of harvested
areas) malt barley varieties in Greece, namely, Zhana, Grace, Traveler and RGT Planet (Exp 2; growing
season 2015–2016). A conceptual diagram of the methodological approach is presented in Figure 1.

Figure 1. Conceptual diagram of the methodological approach.

The experiments (Exp 1 and Exp 2) were conducted in Spata, Greece (37◦58′44.34′′ N, 23◦54′47.87′′
E and 118 m above sea level), at the experimental station of the Agricultural University of Athens, during
the growing seasons 2014–2015 and 2015–2016, respectively. The soil was clay loam. The physical and
chemical characteristics of the soil at the beginning of the experiments (November 2013) were a pH of
7.7 (1:1 soil/water extract), organic matter at 2.02%, CaCO3 at 27.80%, an electrical conductivity (Ec) of
0.29 mmhos cm−1, available P (Olsen) at 52.84 ppm and 452 ppm of exchangeable K.

In Exp 1, the treatments consisted of five malt barley varieties as stated above. The experimental
design was a randomized complete block design with 9 replications (in order to have a better spatial
distribution of the selected genotypes) per genotype. During the second year (Exp 2) the experiment was
arranged in a two-factorial randomized complete block design with three replications. The treatments
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were completely randomized within each block and included four two-rowed malt barley (H. vulgare
L.) varieties (i.e., Zhana, Grace, Traveler and RGT Planet) and four nitrogen fertilization rates. The four
N application rates were 0 (N0), 60 (N1), 100 (N2) and 140 (N3) kg N ha−1. In order to achieve a
more efficient use of the N, half of its application was applied to the experimental plots at the onset of
tillering phase (stages 20–22 according to Zadoks et al.’s [35] scale), and the remaining, at the end of
the tillering phase (stages 25–29 according to Zadoks et al.’s [35] scale), as ammonium nitrate.

In both experimental years, the plot size was 9 m2, including 15 rows with a row space of 20 cm,
and the crops were planted at a seed rate of approximately 350 seeds m−2. The plots in Exp 2 were
established in the same location where the plots of Exp 1 had been seeded. In Exp 1, sowing was
carried out following conventional soil tillage (i.e., ploughing and then disc cultivation), whereas only
a rotary cultivator was used in Exp 2 in order to simulate the conditions of increased soil-borne disease
pressure. Only certified malt barley seeds were used in Exp 2; therefore, the only source for disease
dispersal was the crop residues from Exp 1.

The soil water content was frequently determined during each cultivation season. EC-5 sensors of
Decagon Devices, Inc. were installed at a 25 cm depth in four different plots for the monitoring of the
soil water content (SWC).

2.2. Disease Assessment

A slight modification (i.e., we integrated the percentage of diseased plants in each plot; D1) of the
widely used [36–38] equation proposed by Saari and Prescott [39] was adopted to estimate disease
severity (DS) during the phenological stages of tillering, stem elongation and milk development:

DS (%) = (D1/100) × (D2/9) × (D3/9) × 100 (1)

where D1 is the percentage of diseased plants in each plot, D2 is the height of infection (i.e., 1 = the
lowest leaf; 2 = the second leaf from base; 3–4 = the second leaf up to below the middle of the plant;
5 = up to the middle of the plant; 6–8 = from the center of the plant to below the flag leaf; and 9 = up to the
flag leaf) and D3 is the extent of leaf area affected by disease (i.e., 1 = 10% coverage to 9 = 90% coverage).

The area under disease progress curve (AUDPC) was calculated by following the formula given
by Shaner and Finney [40]:

AUDPC =
n−1∑

i = 1

[{(Yi + Y(i+1))/2} ×
(
t(i+1) − ti

)
] (2)

where Yi = the disease level at time ti, (t(i+1) – ti) is the interval between two consecutive assessments
and n is the total number of assessments.

Barley varieties were naturally infected by both diseases. The pathogens were further identified
in the lab [4].

2.3. Yield and Malt Character Measurements

At maturity, grain yield estimation was based on an area of 1 m2 per plot. The grain size was
determined by size fractionation using a Sortimat (Pfeuffer GmbH, Kitzingen, Germany) machine,
according to the 3.11.1 Analytica EBC “Sieving Test for Barley” method (Analytica EBC, 1998).
The nitrogen content was determined by the Kjeldhal method, and the protein content was calculated
by multiplying the N content by a factor of 6.25, as described by Vahamidis et al. [41].

2.4. Spatial Statistical Analysis

Using the geographical coordinates of the experimental plots, ArcGIS 10 was used to explore the
spatial associations, based on autocorrelation indices, of the disease severity among the experimental
plots during the different developmental stages. Global autocorrelation indices, such as Moran’s I,
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assess the overall pattern of the data and sometimes fail to examine patterns at a more local scale [42].
Thus, aiming at deepening our knowledge on spatial associations, local autocorrelation indices were
used to compare local to global conditions. In this framework, hotspot analysis was used to identify
statistically significant clusters of high values (hotspots) and low values (cold spots) using the Getis–Ord
Gi statistic. Anselin Local Moran’s I was used to identify spatial clusters with attribute values similar
in magnitude and specify spatial outliers.

In order to further explore the relationship between crop residues and disease severity, the distance
from the crop residues of the previous season (2014/2015) to the location of the experimental plots of the
investigated growing season (2015/2016) were calculated (concerning Zhana, it was the only cultivar
that was infected by Rhynchosporium secalis, and Grace was the cultivar with the highest infection by
Pyrenophora teres f. teres).

2.4.1. Hotspot Analysis

Moran’s I is a popular index for globally assessing spatial autocorrelation; however, it does
not efficiently recognize the grouping of spatial patterns [43]. Hotspot analysis was used to assess
whether experimental plots with either high or low values clustered spatially. Hotspot analysis uses
the Getis–Ord local statistic, given as:

G∗i =
∑n

j = 1 wi, jxj −X
∑n

j =1 wi, j

S

√[
n
∑n

j =1 w2
i, j−
(∑n

j=1 wi, j
)2]

n−1

(3)

where xj is the disease severity value for an experimental plot j, wi,j is the spatial weight between the
experimental plot i and j, n is the total number of experimental plots and

X =

∑n
j=1 xj

n
(4)

S =

√∑n
j=1 x2

j

n
−
(
X
)2

(5)

The Getis–Ord Gi statistic assesses whether the neighborhood of each experimental plot is
significantly different from the study area and can distinguish high-value clusters (hotspots) and
low-value clusters (cold spots).

The Gi* statistic returns a z-score, which is a standard deviation. For statistically significantly
positive z-scores, higher values of the z-score indicate the clustering of high values (hotspot). For statistically
significantly negative z-scores, lower values indicate the clustering of low values (cold spot).

2.4.2. Cluster and Outlier Analysis

Anselin Local Moran’s I was used to identify clusters and spatial outliers. The index identifies
statistically significant (95%, p < 0.05) clusters of high or low disease severity and outliers. A high
positive local Moran’s I value implies that the experimental plot under study has values similarly high
or low to its neighbors’; thus, the locations are spatial clusters. The spatial clusters include high–high
clusters (high values in a high-value neighborhood) and low–low clusters (low values in a low-value
neighborhood). A high negative local Moran’s I value means that the experimental plot under study is
a spatial outlier [44]. Spatial outliers are those values that are obviously different from the values of
their surrounding locations [45]. Anselin Local Moran’s I enables us to distinguish outliers within
hotspots, because it excludes the value of the experimental plot under study, contrary to the hotspot
analysis, which takes it into account.
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The local Moran’s I is given as:

Ii =
xi −X

S2
i

n∑
j=1, j�i

wi, j
(
xi −X

)
(6)

where xi is an attribute for feature I, X is the mean of the corresponding attribute, wi,j is the spatial
weight between feature I and j, and:

S2
i =

∑n
j=1, j�i wij

n− 1
−X

2
(7)

2.5. Statistical Analysis

Analyses of variance were performed using the Statgraphics Centurion ver. XVI software package
(Statpoint Technologies, Inc., Warrenton, VA, USA). Prior to ANOVA, the residuals (standardized)
of the data were visually tested with qq-plots, as well as with Shapiro–Wilk tests, using SPSS (IBM
SPSS Statistics for Windows, Version 22.0, IBM Corp. Armonk, New York, NY, USA). Percentage
values concerning disease severity were arcsine transformed prior to ANOVA. Significant differences
between treatment means were compared by the protected least significant difference (LSD) procedure
at p < 0.05. Commonality analysis was performed in the R environment (version 3.4.3) using the “yhat”
package (version 2.0–0) as described by Nimon et al. [46]. For a number k of predictors, CA returns
a table of (2k-1) commonality coefficients (or commonalities), including both unique and common
effects [47]. In the case where the dependent variable y is explained by two predictors i and j, the unique
effects are:

U(i) = R2
y.i j − R2

y. j
U( j) = R2

y.i j − R2
y.i

(8)

and the common contribution I is:

C(i j) = R2
y.i j − U(i) −U( j) (9)

3. Results

3.1. Weather Conditions

The weather regime, in terms of the maximum (Tmax) and minimum air temperature (Tmin) and
rainfall, during both experiments, is presented in Figure 2. The maximum and minimum temperatures
increased from February to May, as typically occurs in Mediterranean environments. The environmental
conditions differed between the two experimental years, with differences in the amount and distribution
of precipitation during the growing season, as well as differences in temperature. In general, 2015–2016
(Exp 2) was considered to be a drier growing season compared to 2014–2015 (Exp 1).
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Figure 2. Precipitation and air temperature (Tmin and Tmax) during Exp 1 ((A), 2014–2015) and Exp 2
((B), 2015–2016). The arrows indicate the main phenological stages: S = sowing; A = anthesis.

3.2. Temporal and Genotypic Effects

Charles, Grace, Traveler, Fortuna, KWS Asta and RGT Planet were exclusively infected with
Pyrenophora teres f. teres (net form net blotch—NFNB), whereas the cultivar Zhana was exclusively
infected with Rhynchosporium secalis (leaf scald). NFNB occurred at all developmental stages and in
both experiments, whereas leaf scald was consistently observed after the onset of the stem elongation
phase (Figure 3). Although the disease severity tended to be higher in Exp 1 (disease dispersal from
the infected barley seed) compared to Exp 2 (disease dispersal from the infected barley debris left after
harvest) during the tillering phase for the malt barley, after the onset of the stem elongation stage, it was
more pronounced in Exp 2. The same trend was also observed concerning leaf scald. The initial seeds
from the malt barley varieties studied in Exp 1 presented different infection levels due to the occurrence
of different disease severities in the collection sites (i.e., Charles DS = 33%, Grace DS = 26.5%, Fortuna
DS = 17.8%, KWS Asta DS = 18.6% and Zhana = 6.7%). Interestingly, the disease severity in Exp 1
followed to a great extent the differences in the initial seed infection levels (Figure 3).
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Figure 3. Malt barley cultivars’ susceptibility to Pyrenophora teres f. teres (net form net blotch—NFNB) and
Rhynchosporium secalis (leaf blotch and scald) at different developmental phases during both experiments.
The numbers in the brackets refer to the Zadoks scale. Broad lines are medians, square open dots are
means, boxes show the interquartile ranges, and whiskers extend to the last data points within 1.5 times
the interquartile ranges. p-values of ANOVA and permutation tests are given. Groups not sharing the
same letter are significantly different according to least significant difference (LSD) test (p < 0.05).

In general, infections by NFNB were more severe compared to leaf scald during all the tested
developmental phases for the malt barley (Figure 3).

3.3. The Area under Disease Progress Curve (AUDPC)

The area under disease progress curve (AUDPC) in Exp 2 was not significantly affected either by
the nitrogen rate or the interaction cultivar x nitrogen (Table 1). However, the analysis of variance
for AUDPC indicated that a significant degree of genotypic variation existed among the studied malt
barley cultivars in both experiments. The AUDPC values were lower in Exp 1 compared to Exp 2.
Charles and Grace presented the highest values in Exp 1 and Exp 2, respectively (Figure 4).

Table 1. ANOVA summary for grain yield (GY), grain protein content (GPC), maltable (% grains> 2.2 mm),
AUDPC and disease severity during the onset of stem elongation (DSSE) and grain filling (DSGF) phases.

Source of Variation GY GPC Maltable AUDPC a DSSE DSGF

Cultivar ** ns *** ** * *
Nitrogen ns *** ns ns ns ns
Cultivar x Nitrogen * ns ns ns ns ns

*, ** and ***: F values significant at the p < 0.05, p < 0.01 and p < 0.001 probability levels, respectively. ns stands for
non-significant effect. a AUDPC: Area under disease progress curve.
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Figure 4. Malt barley cultivars’ susceptibility to Pyrenophora teres f. teres (net form net blotch—NFNB)
and Rhynchosporium secalis (leaf blotch and scald) based on the area under disease progress curve
(AUDPC). Broad lines are medians, square open dots are means, boxes show the interquartile ranges,
and whiskers extend to the last data points within 1.5 times the interquartile ranges. p-values of
ANOVA and permutation tests are given. Groups not sharing the same letter are significantly different
according to LSD test (p < 0.05).

3.4. Epidemiology Assessment When Nitrogen Rate and Genotype Are the Main Sources of Variation

The distribution patterns of disease severity were analyzed by using hotspot and cluster and
outlier analysis in ArcGIS 10x for three different crop developmental periods: (1) tillering (20–21Z),
(2) stem elongation (30–31Z) and (3) milk development (71–73Z). Cluster and outlier analysis was used
to identify clusters of disease-infected areas with the cluster types of HH, HL, LL and LH. LH represents
a cluster of low values surrounded by high values, while HL is a cluster of high values surrounded by
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low values. In addition, LL and HH were statistically significant (p < 0.05) clusters of low and high
disease severity values, respectively.

During the onset of the tillering phase, two experimental plots presented significant positive
z scores, demonstrating significant clusters of intense disease severity. They were located on the
western part of the field, and both of them included Traveler with nitrogen rates of 100 and 140 kg/ha,
respectively (Figure 5). RGT Planet with a nitrogen rate of 100 kg/ha was also marked as a hotspot
but less intense, though presenting a lower z-score (Figure 5). Note that lower z-scores indicate less
intense clustering. The local Moran’s I spatial analysis indicated only one High–Low outlier in the
western part of the field. Indeed, Traveler with a rate of 100 kg N/ha was considered as an outlier since
it presented high values of disease severity surrounded by lower surrounding values.
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Figure 5. Composite hotspot analysis (Gi z-score) and cluster pattern analysis (local Moran’s I) of
disease severity (caused by Pyrenophora teres f. teres and Rhynchosporium secalis) assessed at different
developmental stages of malt barley. A georeferenced arrangement of the experimental area showing
the distribution of the cultivar and N-fertilizer treatments is also presented. The abbreviations stand
for Gr = Grace, Zh = Zhana, Tr = Traveler and Pl = Planet.

During the stem elongation phase, hotspots increased in number and continued to be present in
the western part of the field. The analysis identified three hotspots with very high z-scores (Grace with
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60 kg N/ha; Traveler with 100 kg N/ha; and Traveler with 140 kg N/ha, one with a high (RGT Planet
with 0 kg N/ha) and one with a moderate z-score (Grace with 60 kg N/ha). Although Zhana with 60 and
100 kg N/ha was surrounded by hotspots, it presented low values of disease severity. The local Moran’s
I spatial analysis confirmed the abovementioned results by characterizing these plots as Low–High outliers,
indicating low values of disease severity compared to the surrounding plots. The analysis also identified
a statistically significant (p < 0.05) cluster of increased disease severity, which coincided with two of the
hotspots (Traveler and Planet in the western side) determined with the Getis–Ord G* statistic (Figure 4).

Two Grace plots with 140 kg of N/ha were identified as hotspots of the highest z-scores during
milk development and were followed by RGT Planet without nitrogen application. The local Moran’s I
spatial analysis again identified two Zhana plots (i.e., with nitrogen rates of 0 and 100 kg/ha) as spatial
outliers, since they presented low disease severity in a neighborhood of high values (Figure 5).

3.5. Quantifying the Effects of the Rate of Nitrogen Application and the Distance from the Nearest Hotspot on
Crop Disease Severity

Commonality analysis (CA) served to quantify the relative contributions of the rate of nitrogen
application (kg/ha) and the distance from the nearest hotspot to crop disease severity. It is a method of
partitioning variance that can discriminate the synergistic or antagonistic processes operating among
predictors. Commonalities represent the percentage of variance in the dependent variable that is
uniquely explained by each predictor (unique effect) or by all possible combinations of predictors
(common effect), and their sum is always equal to the R2 of the multiple linear regression. The distance
from the nearest hotspot (m) and the quantity of applied nitrogen (kg/ha) explained 10 to 74% of the
variance in disease severity (Table 2).

Table 2. Commonality coefficients including both unique and common effects, along with % total
contribution of each predictor variable or sets of predictor variables to the regression effect.

Cultivar Unique and Common Effects
Onset of Stem Elongation

Onset of Grain Filling
(Milk Development)

Coefficient % Total Coefficient % Total

Traveler Unique to Distance a 0.4547 72.51 0.0008 0.22
Unique to Nitrogen b 0.0004 0.07 0.3493 93.17

Common to Distance and Nitrogen 0.1720 27.42 0.0248 6.61
Total 0.6271 100.00 0.3748 100.00

Zhana Unique to Distance 0.1678 67.81 0.0819 79.91
Unique to Nitrogen 0.0089 3.59 0.0241 23.51

Common to Distance and Nitrogen 0.0708 28.61 −0.0035 −3.42
Total 0.2475 100.00 0.1025 100.00

Grace Unique to Distance 0.3837 97.65 0.1641 22.26
Unique to Nitrogen 0.0105 2.66 0.2850 38.66

Common to Distance and Nitrogen −0.0012 −0.31 0.2881 39.08
Total 0.3930 100.00 0.7373 100.00

RGT Planet Unique to Distance 0.1912 38.76 0.3672 83.26
Unique to Nitrogen 0.0925 18.75 0.0020 0.46

Common to Distance and Nitrogen 0.2096 42.49 0.0718 16.29
Total 0.4933 100.00 0.4411 100.00

a Refers to the distance from the nearest hotspot (m); b Refers to the rate of nitrogen application (kg/ha).

Examining the unique effects, it was found that for the period of the stem elongation phase,
the distance from the nearest hotspot (m) was the best predictor of disease severity for all the study
cultivars, uniquely explaining 16.8 to 45.5% of its variation. This amount of variance represented 38.76
to 97.65% of the R2 effect (Table 2). On the contrary, during the onset of the grain filling phase the
variation in disease severity was best explained by either the nitrogen rate (i.e., Traveler and Grace) or
the distance from the nearest hotspot (m) (i.e., RGT Planet and Zhana) (Table 2).
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3.6. Effect of N and Genotype on Grain Yield and Quality Characters

Disease severity was clearly not influenced by the N rate during the vegetative phase (i.e., stem
elongation phase) of the malt barley. On the contrary, during the grain filling phase, the experimental
data demonstrated a tendency for a positive relationship between the disease severity and the rate of
nitrogen application (Figure 6); however, this tendency was not expressed in a statistically significant
way according to ANOVA (Table 1).

 

Figure 6. The effect of nitrogen rate on disease severity (caused by Pyrenophora teres f. teres and
Rhynchosporium secalis) assessed at different developmental stages of the studied malt barley varieties
(Zhana, Grace, Traveler and RGT Planet). Broad lines are medians, square open dots are means,
boxes show the interquartile ranges, and whiskers extend to the last data points within 1.5 times the
interquartile ranges. p-values of ANOVA and permutation tests are given.

The grain yield was significantly affected by the cultivar and by the interaction cultivar x nitrogen
(Table 1), and varied from 0.84 to 4.26 t ha−1. Grace and Traveler were the only cultivars that presented
significant relationships between the grain yield and disease severity (Figure 7). In particular, Traveler
showed a marginal, statistically significant negative relationship between the grain yield and disease
severity, only for the period of tillering (Figure 7). Concerning Grace, the grain yield showed a negative,
significant direct relationship with disease severity for the period of grain filling (milk development)
and, on the contrary, presented a moderate, positive association with disease severity for the period of
the tillering phase (Figure 7).
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Figure 7. Relationship between grain yield and disease severity (caused by Pyrenophora teres f. teres and
Rhynchosporium secalis) assessed at different developmental stages of malt barley, when the main source
of variation is the nitrogen rate. The numbers in the brackets refer to the Zadoks scale. * At p ≤ 0.05;
** at p ≤ 0.01; ns = non-significant.

Although the grain protein content was significantly affected by the N rate, the proportion of the
maltable grain size fraction (% grains > 2.2 mm) seemed to be unaffected (Table 1). The relationship
among the disease severity, maltable grain size fraction and grain protein content is shown in Figure 8.
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Figure 8. Relationship of disease severity (caused by Pyrenophora teres f. teres and Rhynchosporium
secalis) with grain protein content and maltable grain size fraction (>2.2 mm) at grain filling phase
when the main source of variation is the nitrogen rate. ** At P ≤ 0.01; ns = non-significant.
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4. Discussion

Although our approach provides a further insight into the factors (i.e., Integrated Pest
Management-IPM, spatial and temporal) determining disease severity and crop performance, it could
be argued that our experimentation was not adequate to provide solid evidence about the effect of
the nitrogen rate. Indeed, we intentionally tested the nitrogen rate effect for only one year. Our main
objective was to explore the introduction and spread of net form net blotch and barley leaf scald under
the combined effect of nitrogen fertilization and genotype in a field with limited sources of infected
host residues in the soil. Therefore, repeating Exp 2 for a second year, which means 3 years of barley
cultivation in the same field, would inevitably lead to a wide spread of infected host residues and,
in turn, to a poor estimation of the spatial dynamics of disease epidemics. Furthermore, it is quite
clear that both experiments (Exp 1 and Exp 2) are interrelated, and this was essential for exploring a
continuous process such as the entry, establishment and spread of a disease in a new area.

Despite the possible constraints and also by taking into consideration the fact that the tested
experimental field was inside a disease-free area (cereals are not cultivated in this region), this study
supports the hypothesis [3,18,48,49] that both NFNB and leaf scald could be carried over from one
season to the next on infected seed. Furthermore, it was shown that the disease severity, concerning
both diseases, differed between the two experimental years (Figure 3). However, the question is whether
this difference can be attributed to the initial source of the inoculum or just to the meteorological
conditions that occurred during the tested years. On the one hand, our results revealed a higher
disease severity in Exp 1 during the early development of the barley, and on the other hand, there was
a higher disease severity in Exp 2 from the onset of stem elongation onwards (Figure 3). What we
actually know is that rain episodes and moist conditions are essential for the dissemination and the
infections of conidia concerning both pathogens [5,50,51]. Therefore, the higher disease severity in
Exp 2 could not be explained by favorable meteorological conditions due to the occurrence of drier
conditions in Exp 2 compared to Exp 1 (Figure 2). In addition, it is widely accepted that the most
important source of primary inoculum for NFNB comes from infected host residue [5], an argument
that supports the hypothesis that the higher disease severity in Exp 2 could presumably be attributed
to a greater quantity of infected host residue during Exp 2.

As far as we are aware, our study, for the first time, demonstrates a spatial epidemiology
assessment of both diseases under a Mediterranean environment and also sheds more light on the role
of crop residues concerning their establishment in a new barley field. The epidemiology assessment
of both diseases, when the nitrogen rate and genotype were the main sources of variation (Exp 2),
was implemented with hotspot and Anselin Local Moran’s I analysis. We found that the location
of the hotspots changed during the growing season (Figure 5). This can be explained either by soil
heterogeneity or by the spatial presence of the pathogens in the soil (i.e., as infected host residue) and
genotype susceptibility. Soil heterogeneity was considered negligible because (i) the acreage of the
experimental field was small (approximately 0.1 ha), (ii) there was no land inclination and (iii) the
differentiation of the field soil moisture was rather small (Figure 9). Commonality analysis during
Exp 2 revealed that the most important factor concerning NFNB disease severity was the distance of
the plots from the hotspots, concerning the period of the onset of stem elongation (Table 2). According
to Liu et al. [4], NFNB is classified as stubble-borne disease because the fungus usually produces
the ascocarp as an over-seasoning structure on infected barley debris left after harvest. The primary
inoculum early in the growing season is made by mature ascospores, which are dispersed by the wind.
After initial colonization, the pathogen produces a large number of conidia, which serve as secondary
inocula. These asexually produced spores can be dispersed by either the wind or rain to cause new
infections on plants locally or at longer distances [4]. On the other hand, Zhana was the only cultivar
that was not infected in both seasons by NFNB (i.e., it was infected only by Rhynchosporium secalis).
However, it was found that the distance of the Zhana experimental plots from the previous season crop
residues (i.e., the sites with Zhana) explained 58% of the variation in the disease severity (Figure 10).
This result is also supported by the Anselin Local Moran’s I spatial statistical analysis. Zhana was
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considered an outlier due to having lower disease severity values while being surrounded by plots
with high values from stem elongation onwards (Figure 5).

Figure 9. The variation in soil water content from anthesis until the end of grain filling (during Exp 2).
Broad lines are medians, square open dots are means, boxes show the interquartile ranges, and whiskers
extend to the last data points within 1.5 times the interquartile ranges.
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Figure 10. Relationship between disease severity and the distance of the Zhana plots from the previous
season’s Zhana crop.

The late occurrence of Rhynchosporium secalis symptoms on Zhana compared to NFNB (Figure 3)
during both experiments could possibly be attributed to its specific life cycle. According to Zhan
et al. [3], R. secalis grows symptomlessly under the cuticle, especially where the walls of adjacent
cells are joined before producing new conidia and, finally, visual symptoms. Further investigations
concerning the infection process of R. secalis in barley were conducted by Linsell et al. [52]. In general,
NFNB was more prevalent compared to leaf scald during all the tested developmental phases of malt
barley (Figures 3 and 4). According to Robinson and Jalli [53], this could be a result of net blotch
being comparatively less demanding of environmental conditions (mostly wind dispersed) than scald
(mostly splash dispersed) for effective spore dispersal and epidemic development.

The effect of N on plant disease severity is quite variable in the literature [29]. Both increases [27,30]
and decreases [28] in disease severity are reported from increasing N in plants. In addition, Turkington
et al. [31] found that the total leaf disease severity caused by NFNB in barley was not significantly
affected by the N rate. Our results showed that the disease severity for both pathogens during the
second year for the malt barley in the same field (Exp 2) tended to increase from anthesis onwards upon
increasing the rate of nitrogen application (Figure 6). The lack of a significant relationship between the
disease severity and N rate could presumably be hidden behind spatial and genotypic effects. Indeed,
according to commonality analysis, the effect of the distance from the locations with the highest disease
infections was a better predictor of disease severity (for both diseases) compared to the nitrogen rate
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during the pre-anthesis period. However, after anthesis, the disease severity was best explained by the
nitrogen rate, concerning only the cultivars most susceptible to NFNB (Table 2).

The typical yield losses due to NFNB (Pyrenophora teres f. teres) and leaf scald (Rhynchosporium
secalis) outbreaks can be up to 30–40% [3,6,8–11]. However, we did not detect any consistent relationship
between the disease severity and grain yield when the main source of variation was the nitrogen rate
(Figure 7). Jalakas et al. [54] also found a weak relationship between malt barley grain yield and net
blotch (Pyrenophora teres) disease severity. This can be attributed to the time of disease occurrence and
to the extent of the disease severity in relation to the barley developmental stage. It is widely accepted
that grain yield determination in barley is mainly explained by the variation in the grain number
per unit of land area [21,41,55,56]. According to Bingham et al. [57], the grain number in barley is
a function of the production and survival of tillers and spikelets and the success of the fertilization
of florets. Tiller production and spikelet initiation occur before the stem elongation phase, while
the survival and further growth of tillers and spikelets are largely determined from stem elongation
onwards. Accordingly, our results showed that the highest disease severity, which was recorded in
Traveler during the tillering phase (Figure 3), exerted a more pronounced negative effect on the grain
yield (Figure 7). In line with this, Jordan [48] demonstrated that the inoculation of spring barley before
tillering can cause 30–40% yield loss, whereas inoculation from tillering to flowering decreased the
grain yield by only 10%.

The higher disease severity in Grace compared to the rest of the studied cultivars during the
onset of the grain filling phase (Figure 3) led to a significant reduction in grain yield, mainly through a
decrease in the mean grain weight. Indeed, an increase in disease severity by 32.5% during the grain
filling phase caused a reduction in the thousand grain weight by 18.3% in Grace. In line with this,
Agostinetto et al. [58] demonstrated that the strongest relationship between grain yield reduction and
barley spot blotch severity occurred after the booting stage of barley. Furthermore, Khan [9] observed
a reduction in barley grain yield by 25–35% from net blotch, mainly due to a significant decrease in
thousand grain weight.

The grain protein content is one of the most important factors in marketing malting barley.
The primary objective, particularly in Mediterranean environments, is to maintain the grain protein
content below a threshold of 11.5–12.0% depending on the brewing industry [41]. Although there is
some evidence from northern climates suggesting that NFNB infections are not exerting any significant
effect on grain protein content [30,31], our results revealed for the first time a positive relationship
between NFNB disease severity and the grain protein content under Mediterranean conditions.
Additionally, it was shown that the magnitude of this relationship was genotype dependent (Figure 8).
It seems that the effect of NFNB disease severity on the grain protein content increases under terminal
drought stress conditions in April–May (Figure 2A,B). According to Bertholdsson [34], drought stress
during late grain filling limits carbohydrate incorporation in the grain and causes the pre-maturation
and less dilution of the protein in the grain.
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5. Conclusions

Despite possible constraints, the results of the present study provide further insight into the
epidemiology of the most important foliar diseases of malt barley in Greece and can help farmers
to improve their IPM practices in order to create higher profits while improving the environment’s
sustainability. It was shown that both NFNB and leaf scald can be carried over from one season
to the next on infected seed under Mediterranean conditions. However, the disease severity was
more pronounced after the barley tillering phase when the soil had been successfully inoculated first,
which supports the hypothesis that the most important source of primary inoculum for NFNB comes
from infected host residue.

Our results show that the disease severity for both pathogens, when the malt barley was cultivated
in the same field for a second year, presented a non-significant increase from anthesis onwards upon
increasing the rate of nitrogen application. However, it was demonstrated that the lack of a significant
effect of the N rate on disease severity was mainly hidden behind spatial and genotypic effects.
In addition, it was revealed that the effect of disease infections on the yield, grain size and grain protein
content varied in relation to the genotype, pathogen and stage of crop development. These data can
help in the development of long-term strategies for the minimization of net form net blotch and barley
leaf scald occurrence.
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Abstract: In this study, we review the wide range of alternative control methods used to this day to
control the Colorado potato beetle (Leptinotarsa decemlineata Say), the biggest potato pest globally.
We further categorize and highlight the advantages and disadvantages of each method by comparing
them to conventional insecticides. In a second step, we point out the current knowledge about
positive and negative impacts of using alternative control methods. By this, we illustrate how
alternative control methods, farmers’ activities, and environmental factors (e.g., biodiversity and
ecosystem health) are heavily linked in a cycle with self-reinforcing effects. In detail, the higher
the acceptance of farmers to use alternative control methods, the healthier the ecosystem including
the pest’s enemy biodiversity. The following decrease in pest abundance possibly increases the yield,
profit, and acceptance of farmers to use less conventional and more alternative methods. Overall,
we try to balance the positive and negative sides of alternative control methods and combine them
with current knowledge about environmental effects. In our view, this is a fundamental task for
the future, especially in times of high species loss and increasing demand for environmentally friendly
agriculture and environmentally friendly products.

Keywords: biodiversity; biopesticides; conventional insecticides; crop farming; ecosystem health;
environmental protection; insect ecology; natural enemies; pest control; sustainable agriculture

1. Introduction

Nowadays, we are witnessing the rapid introduction of organic farming all over the world and
especially in Europe. Furthermore, the European Commission of the European Parliament aims to
achieve a sustainable use of pesticides in the EU [1]. The intention of all member states is to reduce
the risks and impacts of the excessive use of pesticides on human health and the environment and to
promote the use of alternative approaches or techniques, such as non-chemical alternatives to pesticides
and compliance with the principles of integrated pest management (IPM) [1]. The Biodiversity Strategy
adopted in 2020, as well as the “Farm to Fork Strategy”, includes the adoption of reduction targets
for pesticides. Therefore, the wider implementation of alternative methods that can replace or reduce
pesticide use is necessary for both organic and integrated farming methods.

The Colorado potato beetle (CPB), Leptinotarsa decemlineata Say (Coleoptera: Chrysomelidae),
is native to North America with origin in central Mexico and was primarily known to only feed on
few wild host plants [2,3]. In the US for a long time, its range was restricted to the eastern part of
the Rocky Mountains, where it fed, for instance, on the buffalo bur, Solanum rostratum Dunal, a plant of
no economic importance for farmers. As soon as the potato (Solanum tuberosum L.) was established
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in the area, the CPB adapted to feed on potato crops and began to spread towards the east, reaching
the American East Coast by 1874 [2,4]. Larvae and adults mainly feed on the foliage of the host
plants, with larvae being more damaging as they can cause high economic losses to farmers. Although
the potato is the favorite food source of the CPB, the beetles feed on various agricultural important
plants such as cabbage (Brassica oleracea L.), pepper (Piper nigrum L.), tobacco (Nicotiana tabacum L.),
eggplant (Solanum melongena L.), and tomatoes (Solanum lycopersicum L.) [5]. It also attacks a wide
variety of weeds such as mullein (Verbascum Thapsus L.), thistle (Cirsium vulgare (Savi) Ten.), henbane
(Hyoscyamus niger L.), belladonna (Atropa belladonna L.), and horse nettle (Solanum carolinense L.) [6].
The CPB is not only a threat to its native continent, but also for many areas worldwide [3]. For instance,
the first European population of CPBs was discovered in Germany just a few years after spreading in
the US, but was prevented from establishing as an invasive species. That kept the pest successfully out
of Europe for the next 45 years. In 1922, it was rediscovered in France and since the end of the last
century, the pest had spread over large parts of Europe and eastern and central Asia. As its reach
continues to expand, the beetle potentially could spread also to temperate areas of Australia and New
Zealand, Africa, Latin America, and India [7].

The adult beetles normally spend the winter hidden several inches deep in the soil or in woody
vegetation close to or within potato fields. In spring, they walk or fly for up to several kilometers
in search of potato or other host plant fields [8]. They establish themselves on a plant and start
reproducing. Females lay egg masses on the undersides of leaves in batches of approximately 25 eggs.
As the eggs are laid in clumps, the larvae tend to be found in clumps, as well [9]. Each female is able
to lay as many as 600 eggs in total. The main damage on potato leaves is caused by larval feeding.
If not controlled, CPBs may generate up to 100 percent defoliation months before the growing season
ends, decreasing tuber yields by over 50 percent [10]. Annually, in cooler areas, the beetles complete
one generation, in milder areas up to three generations [2,9]. All these life cycle characteristics and its
behavior make the CPB a very successful and harmful pest for global potato production.

The potato has several characteristics that make it especially suitable for production in developing
countries. Potatoes can be grown in areas of limited land, grow fast, are adaptable, are high yielding,
and are responsive to low inputs. Together with rice, wheat, and maize, potatoes represent more than
50% of the world’s food energy needs [11]. In 2012, in China, the economic loss caused by CPBs was
estimated to be 3.2 million USD per year. The potential annual economic loss after the completion
of its invasion is estimated to be 235 million USD [12]. Similar numbers were estimated for Russia,
where a loss of more than 75% of potato plant foliage could lead to an annual complete crop loss if
CPB is not controlled effectively [13].

Conventional insecticides (mainly synthetically produced chemicals) for many years have been
used against CPB, primarily due to their rapid action. Nevertheless, it resulted in numerous problems
related to pest resistance to active substances contained in such chemical protection products. [14,15].
This has often prompted the development of even more chemical control tools, which is neither
ecologically nor very economically friendly [16]. Furthermore, it triggered the elimination of the pests’
natural enemies as well as the residues of toxic substances in food, water, air, and soil. It also caused
the disturbance of an ecological balance and could also have an adverse impact on human health [14].
Additionally, the use of synthetic insecticides is not allowed in organic farming systems, because
of the pressure of consumers for the use of environmentally friendly substances only [17]. Due to
the unsustainable and unprofitable use of insecticides, compatible and ecologically friendly methods
and products are needed to improve CPB pest management. These alarming aspects led to searching
for new, alternative methods of domesticated plant pest controls, which would be safer for the natural
environment and human well-being [18]. Hence, at the moment, organic agriculture plays a major role
within the agricultural industry and research [19].

In our view, all CPB control methods could be divided into those that are used indirectly or
preventively and target either the cultivation system or the potato plant itself. As direct methods,
we consider various tools to prevent pest outbreaks by controlling (killing) the pest directly (Figure 1).
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Figure 1. Schematic overview of different categories of available Colorado potato beetle control methods
and their target sites.

As alternatives to chemical insecticides, all the methods that do not include the application of
synthetic insecticides or include their application in reduced doses are considered. Here, we provide
an overview of recent developments in alternatives, often ecologically more sustainable, methods of
controlling CPB, the world’s largest pest in potato fields. Furthermore, to the best of our knowledge and
belief, we are trying for the first time to link these tested alternative methods with conservation biological
effects. In addition, the impacts are assessed not only by highlighting the positive (and negative)
effects of alternative control methods on the environment (e.g., biodiversity and ecosystem health),
but also vice versa. In our view, these methods could represent a fundamental approach in a world
of environmental destruction and loss of biodiversity on one hand, but also contribute to a growing
awareness of farmers and consumers of environmentally friendly agricultural products on the other.

2. Alternative Control Methods

2.1. Indirect Methods for CPB Control

Indirect methods for CPB control include all agro-technical interventions during the potato
growing season as are choice of the variety, crop rotation, soil tillage, fertilization, irrigation, other pest
control measures, etc. Among all of them, crop rotation and selection of plant varieties are the most
powerful in CPB control.

2.1.1. Crop Rotation

Crop rotation is the successive cultivation of different crops in a specified order on the same fields,
which prevents the cultivation of the same crop system in two consecutive years on the same field or
even area [20]. It is often able to slow down CPB population buildups, but it has to be ensured that
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fields are properly isolated to avoid easy infestations [20,21]. The impacts of crop rotation and distances
between fields on pest populations were first investigated in research from the 1990s [22]. Scientists
observed that the distances between rotated fields and the closest potato fields of the previous year
were highly related to pest outbreaks on current fields. The further the potato field of the current season
was away from the previous season’s field, the fewer pest problems the farmers had [9,21]. However,
not many studies suggest that crop rotation alone is a suitable method of controlling strong pests
such as CPB, but that it could be integrated into a management plan together with other alternative
methods [20].

2.1.2. Host Plant Resistance

Host plant resistance and tolerance can either occur naturally through evolution and selection
or artificially through human, transgenic input [9]. Some are believed to be more successful against
CPB infestations than others. However, there is no potato variety which is considered to be fully
CPB resistant [23], although several potato plant varieties have shown effects in laboratory studies
on CPB development time and mortality (e.g., Agria, Pasinler, Marfona, Granola, Caspar) often
due to mortality of eggs and immature CPB stages and decrease of fecundity and reproductive
rate [24]. Sablon et al. [10] summarized several studies indicating that genetic manipulation, the direct
manipulation of an organism’s genes using biotechnological methods, of potato plants can be used
to intensify the expression of deterrent blends. The incorporation of genes that express leptin and
other glycoalkaloids in conventional and wild potato varieties resulted in improved tuber yields and
a protecting effect against CPB in field and laboratory trials [25].

The transgenic approach describes the strategy for the genetic modification of the pest’s host
plant. As a result, the plant produces certain substances that are avoided when parts of the plant
are consumed or that cause severe damage to the pest [9,20,23]. As transgenic potato varieties are
not approved for organic cultivation, basically all varieties that are currently open to the agricultural
market are unusable. Furthermore, genetically modified plants that are resistant to insect pests are
often not considered a suitable approach in IPM, at least in the case of potato farming. As IPM is
mandatory in agricultural production, transgenic plants are not allowed to be used in EU countries,
although some of the events (mainly maize varieties) have been registered in some countries. In these
countries, farmers can use the seeds from GM plants but they are not eligible to receive state subsidies.
Irrespective of their success, the use of genetically modified crops often represents a suitable control
method, but also contemporarily inadequate to a majority of consumers, especially in Europe [9].

RNA interference (RNAi) is one additional biotechnology to preserve crops from being infested
by pests which has gained a lot of attention within recent years. RNAi might successfully trigger
the silencing of certain target genes causing mortality or at least reducing pest fertility and health [26,27].
Using plant protease proregions as regulators, directly induced through bacteria Escherichia coli of
cysteine proteinases, is another possible alternative. In certain biotechnological systems, the ability to
preserve the integrity of companion defense-related proteins from the action of insensitive proteases in
target pests has been demonstrated [28]. Many more transgenic approaches to pest control by bacteria,
fungi, and other microbes are now available on the market and could be used as an alternative to
control pests such as CPB, especially outside of Europe in North and South American countries [9,29].

Overall, host plant resistance was proven to be an effective control mechanism against CPB
through various studies tested in the field. The potato varieties showing full CPB resistance are those
created by the transgenic approach. Even though these methods are not accepted by farmers and
consumers who favor pure organic or ecological farming [20] and are not allowed in IPM, the adoption
of GM plants resistant to pests and diseases can reduce pesticide use and ensure potato production.
There is an open debate on the value of genetically modified food, its potential to solve many of
the worlds’ hunger and malnutrition problems, and its impact on the environment by increasing yield
and reducing reliance upon chemical pesticides [10,23].
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2.2. Direct Methods for CPB Control

2.2.1. Behavioral Interference Methods for CPB

Chemical signals that regulate the behavior of insects usually consist of a mixture of odor substances
emitted by plants, insects, and other animals. One type of signal is the aggregation pheromones [30].
For instance, the male-insect-produced unique pheromone (S)-3,7-dimethyl-2-oxo-oct-6-ene-1,3-diol
was identified for CPB, and both male and female were found to be attracted to the pheromone in
laboratory bioassays [31]. The potential for the use of aggregation pheromone in CPB management was
observed in the early 2000s in field trials where the pitfall traps baited with the aggregation pheromone
were used to capture the colonizing CPB adults coming to the newly planted field. Even though over
five times as many CPBs were captured in pheromone traps in comparison to controls, the efficacy
decreased after only five days. Nevertheless, the potential for the use of the aggregation pheromone in
CPB management was observed [32]. This method could only be effective at the beginning of the beetle
emergence and colonization of newly planted potato fields, when mean daytime temperatures are
below 20 ◦C and adults are not able to fly.

In field experiments, synthetic blends of (R)-and (S)-enantiomers of the same pheromone were
tested. Mixtures with as much as 87% or higher optical purity of the second enantiomer attracted CPBs
most effectively [33]. The compound was also tested as a combination with various other potato volatiles
(e.g., 2-phenylethanol and nonanal) in field and laboratory tests. A mixture with a three-component
plant attractant was detected to be most successful. In another experiment, scientists treated potato
plants with (Z)-3-hexenyl acetate (þ/–)-linalool and methyl salicylate, a synthetic host volatile mixture,
to test the attraction to few days old adult CPBs. For the plant treatment, they used four different
doses and compared them to potato plants treated with azadirachtin-based antifeedant as well as
untreated plants as control. All the experiments were conducted in greenhouses. The researchers
figured out that the beetles favored plants nursed with the attractants over the ones with antifeedant,
while only the highest antifeedant dose showed better results than the control. This shows the potential
of synthetic attractants as components of a “stimulo-deterrent strategy”, rather than antifeedants
(at low doses) alone [34].

Behavioral responses of CPB were investigated through bioassays in the laboratory. The scientists
tested a variety of 13 different compounds all emitted naturally from potato plants. In addition,
they used compounds from tomatoes and soybeans [35]. Beetles were attracted by potato volatiles of
damaged foliage, but not by tomato plants. Among the 16 odor components, six blends were attractive,
two repellents, and eight without preferences. Even at low concentrations, (Z)-3-hexenyl acetate
(+/−)-linalool and methyl salicylate were most attractive, while blends with rather high quantities
of volatiles from leaves indicated opposite effects. In general, it was revealed that there are certain
blends, even within the compound portfolio of potato (and tomato) host plants, that should be further
investigated and considered for CPB management [35].

The efficacy of limestone dust as a deterrent at two different concentrations was tested as well.
It was successful in decreasing the number of CPBs (eggs and larvae) during the individual stages of
development, such as against eggs and from first to fourth instar larval stages [36].

Sablon et al. [10] also summarized several chemical compounds categorizing them into masking
odors, trap crops including attractants and aggregation pheromones, and antifeedants [10]. In addition
to some of the above-described extracts, they listed a multitude of antifeedants including hydroxides,
alcohol extracts of the leaves and bark of Quercus alba L., limonin, α-mangostin, sesquiterpenes,
terpenoids, lactones, and extracts from various plants including wild species of potatoes. Most of
these compounds led to a successful decrease in beetle feeding behavior, but also could potentially
prevent female oviposition. This was detected for citrus limonoids, but also some other blends [10].
Therefore, behavioral interference methods can be an efficient and environmentally friendly way of
CPB management. They represent a strongly increasing application in potato management through
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laboratory and field studies, while the most widely used methods such as chemical treatments
decrease [10].

2.2.2. Physical and Mechanical Control

One approach that aroused bigger attention in the 1980s and 1990s was the bug vacuum [37].
With this method, insects were sucked from the plants into a large machine combined with a tractor
pulling it and killed. However, the machine was never a great success as it came with too many
agricultural and environmental disadvantages. It also killed useful and beneficial insects and other
animals, but also caused heavy soil compaction due to its weight. The biggest problem was the low
success against pests which were found deeper within the crop canopy that could not be reached, so
a wide application of this method was never an option [37].

Assays in laboratories identified the usage of wood ash as a possible compound for CPB
management due to its toxicity against adults and larval stages [38]. When exposing beetles permanently
to wood ash for up to 10 days, all beetles of all stages were killed. The decreasing efficacy after repeated
usage as well as the decreasing activity in the field within moist environments were the main detected
problems. Nevertheless, the author of the study suggested that thick layers of ash applied as strips
around the base of potato plants could act as a physical barrier like a fence, limiting big colonization of
beetles as CPBs avoid crossing it [38].

Another alternative possibility to decrease CPB populations is physical control. Pneumatic and
thermal pest controls can be used to control various stages within the development of the plant and
beetle [39]. Here, scientists use the fact that in the early season, when potato plants start to grow out of
the soil, plants are supposed to be less vulnerable to heat than adult beetles and eggs. Propane burners
are directed towards the crop rows and eliminate most beetles while plants remain rather healthy [40].
Therefore, to control overwintering CPBs, the efficacy of flame technology was demonstrated for plant
sizes of around eight inches in height [41]. The highest control efficacy was reached during sunny,
warm days as CPBs are more active and often feed on the top of potato plants. Compared to most
common insecticides which achieve a control rate of normally 25–50% of overwintering adults, flaming
can be very efficient. In field tests, burning of beetles obtained up to a 90% fatality rate as well as a 30%
reduction in the number of eggs to hatch [41]. Under laboratory and field conditions, a single-row
insect scorcher for CPB control was tested accordingly. By controlling the temperature of the gasses
and contact time in adult beetles, 60% of individuals were injured while the potato plants were not
damaged [42].

Laboratory and field investigations illustrated that a combination of steam and air left more
than 50% of adult CPBs incapacitated while barely damaged the potato plants. In detail, steam of
low pressure was injected into a plant-covering hood [39,43]. It is also known that the CPB answers
to disturbances by undergoing a defense strategy defined as thanatosis. By that, the beetles release
hold from their host plants and just fall to the ground. Thanatosis can be initiated by using hot
air and blowing it on CPBs feeding on the plant [40]. In some studies, researchers found out that
the main causes of falling were related to certain exposure time, temperatures, and air velocity [39,40].
Afterward, the apparatus collected the air blown insects with its equipped collection device. Around
65% of fallen beetles could be collected this way [44]. For removed beetles that fall to the ground
between crop rows, shielded propane burners were applied to kill them. Here, the effectiveness was at
least as efficient as chemical insecticides [39,40].

Another way to hinder pest insects to enter crop fields is the usage of plastic-lined trenches and
row covers which can function as physical barriers [45]. For that, synthetic fabric is used to avoid
CPBs entering the potato fields. The material can be improved by fine soil particles and arranged
in an angle wider than 46◦ to make it impossible for most beetles to have a firm hold on the surface.
Even though small numbers of beetles may be able to escape during rain showers when washed
away, the material regains its protection as soon as it is dried afterward [45]. A portable variant was
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developed by Canadian scientists. With this version placed at field-edges, CPBs are able to walk up
the sides of the trap, but from there get captured when falling into the inside [24].

The CPB is mainly diurnal, but can also be active at night. In one experiment, it was tested how
strong the positive phototactic behavior of the beetle was in darkness, when stimulated with different
wavelengths of light [46], respectively if low-intensity yellow light was favored over pheromones [47].
In both experiments, continuous yellow light (and in the first experiment also green light) was the most
successful wavelength source to affect, capture, and control CPB individuals [46,47]. Physical and
mechanical methods are promising alternatives to not only control pest populations efficiently, but also
contribute to clean air and water by eliminating insecticide spraying completely.

2.2.3. Augmentative Control

The natural enemy complex for each pest, as well as for the CPB, is geographically specific. The CPB
is attacked by different generalist predators, but their presence depends on the geographic area and
crop field type. They are subject to conservation biological control. Contrary to that, specific predators
are not widely distributed and are used as augmentative control and parasitoids. The augmentative
biological control uses insect predators [48] as well as parasitoids. The CPB has several natural enemies,
but they can be hardly found in most potato fields, especially with heavy usage of conventional
insecticides [20]. Within alternative and organic farming systems, the abundance and richness of
natural enemies are higher, but are unlikely to fully control the CPB, even though some generalist
predators provide good control [20,49].

The objective of several studies to diminish CPB populations focuses on insects of the order
Hemiptera, including the Nearctic stink bug Perillus bioculatus (F.) [4,50]. The use of this predator
to control the CPB has been successful in laboratory and microplot consumption tests. This bug is
obviously not naturally abundant in all areas with CPB occurrences, especially not outside of its natural
territories in North America [49]. P. bioculatus is a natural enemy of CPB in and could potentially also
help to diminish CPB populations outside of North America [51]. To solve this problem, predators
would have to be released in very high numbers using, for instance, mechanical distributors [49].
However, the production of huge amounts of predators could be difficult as for the suitable control of
eggs and early larval stages of CPB, certain temperatures and storage times of the predator nymphs
are necessary to be an efficient pest control [50]. The main problem of newly introduced species is their
unknown effect on the ecosystem and, therefore, they often not represent a safe and suitable option.

Finally, it was suggested and shown that the combination of sub-lethal effects of P. bioculatus with
products based on Bacillus thuringiensis Berliner var. tenebrionis (Btt) could significantly increase CPB
larval mortality in field experiments [52].

The spined soldier bug Podisus maculiventris Say is another Hemiptera species that can diminish
populations of CPB. In 1997, O’Neill demonstrated in laboratory and field experiments predation
behaviors of this predator towards the CPB. Due to higher prey–predator ratios in laboratories
than in the wild, the experiments revealed a strong decrease in beetle populations [53]. Moreover,
just as P. bioculatus, under natural conditions none of the investigated predators obtain large enough
populations, or are even completely absent when the CPB starts into the new feeding season. This way,
CPB outbreaks cannot be avoided [3]. Due to this and the fact that the distribution of P. maculiventris is
relatively scarce in North America, one plausible strategy could be to collect and transfer the bugs from
pheromone traps to nursery traps in the potato fields from where they start the suppression of CPB
populations [4]. Hough-Goldstein and McPherson (1996) tested both P. bioculatus and P. maculiventris in
experiments [49]. Although the latter showed less strong significant prey rates comparatively, older life
stages were concentrated on larger CPB larval stages. So, the overall success rate between the two CPB
predators could even be related to the predator’s life stage and used accordingly.

In addition to Hemiptera, several other natural enemies of the Coleoptera order had been
investigated to be successful CPB pest controls. Already in field experiments of the late 80s, Hazzard
et al. illustrated significant effects of control in both early and late generations of the CPB using
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the 12-spotted ladybeetle Coleomegilla maculate Lengi in western Massachusetts [54]. For the same
species during a bigger field experiment, Mallampalli et al. detected the impact of C. maculata on
a composition of possible prey species [55]. They figured out through computer models that when
(beside CPB) eggs of the European corn borer (Ostrinia nubilalis Hübner, Lepidoptera) were found
in the area, predation on beetle eggs highly became positively density dependent. When larvae and
adults of the green peach aphid Myzus persicae Sulzer (Homoptera) were present, similar results were
obtained accompanying a significant decrease of CPB individuals. These results witnessed that present
control, as well as resistance management strategies, should also consider the composition of prey
species when developing management strategies, but more research is needed especially through field
experiments [55].

The carabid beetle Lebia grandis Say is one of many natural enemies native to North America.
The larvae of these beetles are obligate parasitoids, while also the adults feed on CPB eggs and
larvae [16]. This predator represents one of the most important natural control species of CPBs in North
America. As the activity of this predator peaks at night and it rarely appearance in pitfall trap studies,
an insufficient amount of research about this species was conducted so far [16,50]. Other field studies
from Idaho indicated that the introduced generalist ground beetle P. melanarius might be a useful
biocontrol within CPB pest management. Large numbers of eggs and larvae were consumed by adult
predators. Hence, the pest population decreased more in untreated than in insecticide-treated fields,
because a higher abundance of predator individuals fed on pest individuals [56].

Larval stages of the lacewing (Chrysoperla carnea (Stephens)), a Neuroptera species, might represent
another good alternative to control CPB populations. Even if field assays are still needed, laboratory
studies highlighted a valuable ability to control beetle larvae, with greatest efficacy on the youngest
stages [57].

Within the Hymenoptera order, the parasitic wasp Edovum puttleri Grissell seems to be an effective
weapon against CPB damage in potato fields. First, a computer model was built to calculate the possible
parasitism of CPB eggs. This algorithm incorporated the specific attack behavior of E. puttleri, and the
development time for parasitized egg masses [58].

The use of natural enemies may be another option to control CPB populations, but many of those
are not abundant in nature and manual release in large areas is not very practical [59]. One promising
solution could be the mechanical (physical) distribution of predators. In a test study, huge amounts of
predators were mixed in containers with a carrier material. In the field, the containers were opened
mechanically at various spots and all predators released at once [60]. Obtained results indicated that
the mechanical release of predators ended in a better control of beetle populations and egg masses
than manual release [2,60].

Augmentative control could be a valuable approach due to its low negative impact on ecosystem
health and biodiversity. We focused on some of the most investigated arthropod parasites and
parasitoids in research studies. Species of mites, phalangids, spiders, and parasitic flies (Tachinidae)
were discovered to be able to control CPB populations [49]. Still, it has to be mentioned that many
(described) experiments were conducted in the laboratory and only have a theoretical value if not also
tested in the fields and large geographical scales.

2.2.4. Use of the Plant Extracts and Botanical Insecticides

Since 1990, biopesticides are slowly but steadily replacing synthetic, conventional pesticides and are
even used commercially [61–64]. They are often (besides hydrolytic compounds or primary metabolites)
generated from compounds that are produced by plants in secondary metabolites, often after pest
infestation or in harsh environmental situations [65]. They appear as repellents or antifeedants and help
to resist against a broad range of pest species by increasing their mortality or decreasing the reproduction
ability [66]. Although biopesticides seem to be a promising way to replace conventional, chemical
insecticides, they are still underexplored and the practical application is still limited [67].
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Plant extracts and botanical insecticides represent two different types of products: homemade
products as well as commercially available botanical insecticides. Even if they originate from nature,
their properties are not always acceptable for plant protection [10,23]. However, commercially available
botanical insecticides have been subject to the same registration procedure as chemical pesticides.
If they are approved, they are, therefore, considered safe for use with all restrictions as stated on
the label. A comprehensive review of 48 different plant extracts and botanical insecticides tested
against the CPB (including only a few widely used commercial products) shows that some of the plant
extracts have a high potential for CPB control and should be investigated further [10].

A small number of commercial and widely used botanical products are on the market for use
against CPB. Rotenone is a biopesticide that is one root extract from several species within the Fabaceae
family [68]. Since it kills pests rather slowly, it can be associated with pyrethrum for a more rapid
effect, lasting for up to two days [69]. It should be used carefully as it is also poisonous to non-target
insects as well as to domestic and farm animal species. The European Union (EU) began a phase-out of
rotenone in 2008 [70]. The final authorization was withdrawn on 31 October 2011. Therefore, rotenone
is not approved for use in the EU or any EU member state [71].

The effects of Origanum vulgare L. extracts have been discussed in several papers [14,72].
Experiments demonstrated that extracts gained from the dry and fresh matter at the highest
concentrations contributed to the greatest reduction of females and males feeding on potato plants.
Similar results were observed after the application of lower concentrations, but only in females [14].
Moreover, the morbidity of the essential oil of Iranian lemongrass, Cymbopogon citrates Stapf,
was positively assessed against adults and third instar larvae of CPBs. The higher the concentration,
the stronger the effect against the pest [73].

In additional studies conducted in Turkey, potato leaves were prepared with three different extract
solutions of five different plant species (Arctium lappa L., Bifora radians (M.Bieb), Humulus lupulus L.,
Xanthium strumarium L., Verbascum songaricum Schrenk) and then exposed to the larvae of CPB.
Observations of larval behavior during one day of exposure revealed that the plant blends significantly
influenced the interaction between beetles and leaf tissue. This was not the case for very low
concentrations—only the medium (except V. songaricum) and high extract (all species) concentrations [74].
In another similar experiment, extracts of Acanthus dioscoridis L., Achillea millefolium L., Bifora radians,
Heracleum platytaenium Boiss, H. lupulus, and Phlomoides tuberosa L. were tested against different larval
stages for two days. For second to fourth instar larval stages, H. lupulus and H. platytenium reached
the highest CPB mortality rate while the first larval stage was more susceptible [75].

Different essential oils of Eugenia caryophyllus (Sprengel), Mentha spicata L., Myrtus communis L.,
Ocimum basilicum L., Satureja khuzistanica Jamzad, and Thymus daenensis Celak were tested for their
nutritional indices and mortal efficacy against adults and fourth instar larvae of CPB. All essential oils
showed a deterrent effect, with the most efficient oil coming from S. khuzistanica [18]. Several authors
examined the effects of ethanolic extracts obtained from various parts of Liquidambar orientalis L.,
Buxus sempervirens L., Alnus glutinosa (L.) Gaertn., Artemisia absinthium L., Aesculus hippocastanum L.,
and Rhus coriaria L. on the egg-laying behavior of CPBs in the laboratory. Afterward, the antifeedant and
toxic effects of the two most effective extracts leading to the smallest number of egg-laying, L. orientalis
and B. sempervirens, were tested in a field study. Both extracts indicated significant decreases in egg
numbers of CPBs and seemed to be potentially successful in the field as an alternative to chemical
pesticides [76].

In the laboratory, first-generation CPB adults were treated with Artemisia vulgaris L.
and Satureja hortensis L. The extracts of both plants had no lethal effect on adult mortality. Nevertheless,
in both cases, the aqueous extract solutions induced a higher percentage of sterility of eggs compared
to the alcoholic extract, while the effect on eggs treated with Artemisia variants was higher than that
with Satureja [77]. Furthermore, the effects of compounds from two Piperaceae species, Piper nigrum L.
and Piper tuberculatum Jacq., against adults and larval CPBs were assessed with several different plant
extract concentrations [78]. It was found that early larval stages of few days were most vulnerable
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in both plant species. Additionally, the activity of P. nigrum indicated that contact toxicity was most
effective when early instar larvae were targeted. Late instar larvae could be knocked down with higher
concentrations and 50% of the adults could be killed with a high application. P. nigrum lost much of its
repellent function under pure sunlight. Nevertheless, pepper species could be suitable biopesticides
since they are among the most traded species, they are relatively safe to use and store, and seed and
leaf material are universally available [78,79].

In an experiment with many different plant species, the contact and residual toxicity of 30 plant
extracts was investigated on third instar CPB larvae. The insects were sprayed and the effectiveness was
measured every 24 h for one week. After a 24-h incubation, blends of Artemisia vulgaris L., Hedera helix L.,
H. lupulus, Lolium temulentum L., Rubia tinctoria L., Salvia officinalis L., Sambucus nigra L., Urtica dioica L.,
V. songaricum, and X. strumarium killed significantly more beetles than the control. In general, a longer
incubation time than 24 h did not show higher values. The H. lupulus extract was the most toxic of all
products, causing 99% beetle mortality [4]. Fresh and dry matter of wild thyme (Thymus serpyllum L.)
in different concentrations was tested on the feeding behavior of CPB adults and larvae. For efficient
control of adults, a dry matter extract with the highest tested concentration (10%) should be used,
while larvae at the fourth instar appeared to be significantly more vulnerable [80].

Stilbenes are phenolic compounds that are produced in several vines in large quantities and
function as plant defenses. Oligomeric forms were proven to be very efficient against a broad range of
pests. The aim of a study conducted by Gabaston et al. was to explore the activity of a grapevine root
extract containing a stilbene oligomer pool [81]. In the laboratory, the extracts showed toxic effects on
larvae and slowed down their development and food intake, while in field experiments, high CPB
mortality could be observed. In addition, the extract also killed non-targeted organisms, such as
earthworms (Eisenia fetida Savigny). The authors emphasized that grapevine roots still represent
promising sources of bioactive compounds to create alternative insecticides [81].

In the study by Trdan et al., refined rapeseed oil (Brassica napus L.) and slaked lime were tested under
laboratory conditions for their efficacy against CPB larvae and adults at three different temperatures [82].
Heat or cold did not play a specific role as the tested substances caused significant damage to beetles
at each temperature. Adults were the most sensitive developmental stage and revealed the highest
mortality rate, while refined oil was discovered to be the stronger beetle repellent [82].

Various products of azadirachtin, which is produced from neem tree seeds, showed effects against
the CPB. In one study, neem (along with several other bio-insecticides) was suggested as an effective
control agent against CPB larvae and adults [82]. On the plants treated with azadirachtin, between 8%
and 32% of eggs were left unhatched. This effect was reported even 7–8 days after the end of hatching
on the untreated control [83]. However, neem concentrations of more than 1% can potentially lead to
phytotoxicity in potato plants. Although once considered benign to beneficial insects and effective
against the CPB, neem products have also demonstrated some adverse effects as it was found to be
poisonous to ladybirds, particularly in early larval stages [84]. Neem has also been found less effective
than Btt [85].

A two seasons field experiment in Canada evaluated the use of spraying plant blends as an
alternative control of the CPB. The herbs evaluated as companions to potato plants were bush beans,
flax (Linum usitatissimum L.), French marigold (Tagetes patula L.), horseradish (Armoracia rusticana Gaertn.,
C.A.Mey. & Scherb.), and tansy (Tanacetum vulgare L.). A capsaicin extract, a garlic extract, a neem seed
extract, a Btt product, and a pine extract were tested as controls [19]. This showed that plant individuals
sprayed with neem extract experienced higher yields, lower beetle density, and less defoliation than
each of the other treatments and the control. Btt controlled all, but mainly larval stages (less the adults)
of CPBs, but in total less than neem. On the other hand, garlic and capsaicin extracts, as well as
companion planting, did not diminish CPB densities in potatoes. This raised concerns about the use of
companion plants without first testing their efficacy, but also demonstrated the potential success of
this approach [19].
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The best known and oldest botanical insecticide is a powder obtained by grinding the dried flowers
of the Dalmatian pyrethrum plant, Chrysanthemum cinerariaefolium Trev. and related species C. coccineum
Wild. It is a wide spectrum insecticide effective against many different pests. Laboratory and field
investigations demonstrated that the efficacy of pyrethrin was between 83% and 86% in the laboratory
and between 86% and 88.0% in field trials [86]. In the same trials, the efficacy of neem extract was
between 62% and 63% in laboratory trials and between 55% and 88% in field trials. The efficacy of
both insecticides was significantly lower than the efficacy of the standard insecticide spinosad and at
the same level as the efficacy of Btt [86]. The main field advantage is that it dissolves quickly in direct
sunlight without spreading widely in the crop plants [15].

Finally, pyola is a natural compound that contains canola oil and pyrethrins. It is applied not only
against the CPB, but also against several other insect pests. Since a large part of rapeseed oil available
commercially used comes from genetically modified plants, this product may not be in line with rules
of organic farming despite its success in pest management [23].

2.2.5. Entomopathogenic Nematodes

Several species of entomopathogenic nematodes were proven to be very effective against
the CPB [87,88]. For a laboratory experiment, the effects of native isolates of entomopathogenic nematodes,
Heterorhabditis bacteriophora Poinar, Steinernema carpocapsae Weiser, and Steinerma feltiae Filipjev, against
late larval stages of CPBs were evaluated at different temperatures. All nematode species achieved higher
mortality rates than the control, including elevated success rates under increasing temperatures [89].
In an additional laboratory experiment by Toba et al., fourth instar CPBs were placed in cups containing
soil treated with a Mexican strain of S. feltiae, and in another with S. glaseri Steiner [88]. They found that
both nematode species were equally effective against CPB larvae, although different soil and nematode
densities could influence the effect. The most common damaging effects against CPB larvae were wing
deformation and detained development, which both can affect CPB fitness of adult individuals [90].
Furthermore, Trdan et al. also detected a higher mortality rate of CPB larvae and adults with rising
nematode concentrations and temperatures during laboratory bioassays for H. bacteriophora, H. megidis
Poinar, S. carpocapsae, and S. feltiae [91].

Introduced nematode species from areas elsewhere could be sometimes a more effective alternative
solution for some areas than naturally occurring nematodes. Their introduction could be necessary as
CPB populations may be able to develop tolerances to naturally occurring species as the CPB is also
increasingly able to develop tolerances against commercial insecticides [92]. In laboratory experiments,
exotic Heterorhabditis species, H. marelatus Lui & Berry, H. bacteriophora, and H. indica Poinar, Karunakar
& David, were more pathogenic for the CPB than the endemic Heterorhabditis strains from Oregon,
while the other exotic Steinernema oregonense Liu & Berry and S. riobrave Cabanillas, Poinar & Raulston
species were in the middle of both in terms of efficacy [92]. Nevertheless, most experiments were only
conducted in laboratories. The successful use in the field still has to be proven and would depend on
cheap mass production of nematodes as host infection would have to be most likely applied through
spraying machines.

2.2.6. Microbial Insecticides

Microbial insecticides are based on microorganisms that cause different pathological reactions
(sometimes death) of target insects. They may be based on viruses, protozoa, bacteria, and fungi.
There are many microbial biopesticides on the market. Here, we focus on bacteria and fungi as
they are used to produce two of the probably most widespread and popular biopesticides, also for
the usage against the CPB. One evolved from the bacterium Bacillus thuringiensis var. tenebrionis (Btt),
which has become increasingly accessible within the last years. Btt is basically only effective if it is
ingested. Sprayed, it is most successful against newly hatched CPB larvae, so it should be used in
the fields around this time [2,93]. Another bio-compound is derived from the entomopathogenic
fungus Beauveria bassiana (Bals.-Criv.) Vuill. (1912). Unlike Btt, B. bassiana represents an efficient
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control against adults and all larval stages of the CPB and it is able to continue propagating after
the application. This presents a very high degree of control during the entire potato growing season.
Most notable limitations of B. bassiana seem to be its vulnerability to high temperatures and drought.
Therefore, B. bassiana might not be of high importance for growers in warm, dry regions [94]. Other
options could be specific bacteria such as Bacillus popillae Dutky 1941 and Bacillus lentimorbus Dutky
1940 which have been positively tested against several pests in laboratory experiments, as well as
certain species of protozoa [95]. However, to our knowledge, most of these species have not yet been
efficiently tested against the CPB in field trials.

2.2.7. Environmentally Friendly Insecticides, Synergists and Their Combinations with
Classical Insecticides

Synthetic pesticides are not allowed in organic farming. The use of insecticides in IPM is only
permitted if the pest population reaches an economic threshold. Among the registered insecticides,
there are some that are less dangerous for the environment and humans than others. We consider
these insecticides as environmentally friendly ones. The group of insecticides that are more suitable
for CPB control (i.e., environmentally friendly) in the IPM program is represented by four active
ingredients of different origins: Btt, neem extract, natural pyrethrin, and spinosad. All of them are
also approved for organic farming approaches [23,32]. Compared to classical insecticides, their use
reduces environmental pollution and the impact on beneficial entomofauna. The addition of sub-lethal
doses of chemical insecticides to biological insecticides to improve their efficacy was investigated by
Kovacevic (1960) and later discussed by Benz (1971) [96]. Barčić et al. [96] found that combinations of
environmentally friendly insecticides with classical insecticides can lead to different benefits at lower
doses: (i) ecological, because the use of lower doses decrease pollution, and (ii) biological, because
the use of combinations might slow down the development of resistance. In addition, the combined
action of the insecticides used could lead to a synergistic effect (iii) economically, because the cost per
treatment is lower.

Commercial formulations of spinosad applied at three different concentrations (0.2%, 0.1%,
and 0.05%) and temperatures (15, 20, and 25 ◦C) were tested against the CPB in the laboratory.
Spinosad intoxicated beetles both by contact and ingestion. Experiments revealed that a temperature
of 15 ◦C with a concentration of 0.2% in combination caused significantly higher mortality of adult
insects than other temperatures and concentrations [17]. Similar positive effects were experienced
in other laboratory and field experiments for spinosad and combinations with other ecological
insecticides [96–98]. In addition to spinosad, the mixture of avermectin B1 (80%) and avermectin
B1b (29%), and avermectin C also reached strong efficacy against third instar larvae and adults [96].
Concerning combinations with spinosad, mixtures with Btt, azadirachtinand pyrethrin proved to be
very active in both laboratory and field studies (Barčić et al., 2006). Furthermore, the efficacy of low
doses of spinosad, Btt, and azadirachtin has been detected and the effect of combinations for these
three alternative insecticides has been proposed [97].

In addition, the efficacy of neem and karanja oil in binary mixtures against CPB larvae was
investigated [99]. The experiment demonstrated a synergistic effect in laboratory trials. The most
effective blend with ratio 1:1 was similar or more effective than neem oil alone and increased with
exposure time. It was also demonstrated that doses can be lowered but still achieve an improved
mortality effect against larval stages of the CPB [99]. Moreover, neem is a potential insect growth
regulator, especially in combination with Btt [100].

Further research evaluated the relevance of synergistic effects between capsaicin and
organophosphate insecticides against the CPB [20]. The addition of capsaicin to the compound at
various temperatures led to an increase in insect mortality by almost one quarter at higher, and three
quarters at lower temperatures, compared to organophosphate alone. [101]. There are also several other
combinations of environmentally friendly and conventional insecticides that are being tested constantly;
some are more and some are less effective against the CPB.
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2.2.8. Conservation Biological Control

Conservation biological control is the implementation of practices that maintain and enhance
the efficacy of natural enemies. As it was mentioned earlier, there are just a few specific natural enemies
that attack the CPB, but often are only spread at a limited geographic range. Therefore, the complex
of generalist predators that attack different developmental stages of the CPB is location-specific and
not well investigated [10,102]. Not many papers are dealing with the complex of natural enemies
for potato plants, but generally, authors agree that CPB populations are commonly preyed upon by
a variety of generalist arthropod predators, including predatory bugs of the genera Orius and Geocoris,
as well as in general Carabidae, Cantharidae, and Opiliones [102–104].

Plant diversity in the vicinity of or on potato fields, e.g., through margins, improves the habitats for
natural enemies of the CPB near, outside, or directly inside the fields [7]. Refuge strips often contain both
grasses and herbs that provide shelter and resources for predatory arthropods, and flowering plants
which are inviting to generalist predators and parasitoids feeding on organic material. This can have
a positive effect on crop growth [105,106]. Stripes can also help to minimize the use of synthetic chemicals
in potato farming as they reduce the likelihood that action thresholds are reached. Encouraging
the increases in enemy abundances and diversity can strengthen pest management and help to conserve
and improve agroecosystems [107]. Increasing the habitat of natural enemies by providing food sources
such as leaves, pollen, and nectar within the field or along field boundaries can, therefore, improve
the overall efficacy of conservation biological controls [105].

Focusing directly on the CPB, research showed that increased biodiversity can provide better
ecosystem services for effective pest control, as alternative methods can lead to increased species
richness, evenness, and even larger potato plants [108]. This knowledge is supported by findings
that also predators are more abundant in communities with high evenness as they have to compete
less with others than with individuals of their species. That is direct proof that a higher diversity of
natural enemies leads to improved ecosystem services and functional diversity [108,109]. It was also
proposed that companion planting, also labeled “agronomic pendant of plant biodiversity”, diminishes
the successive colonization of the CPB into potato fields, particularly on organic farms due to increased
botanical background noise. That makes host-finding for the pest more difficult [20]. In a study by
Johnson and colleagues, they found no significant differences in the number of CPB adults, but more
larval individuals in control than in straw plots—possibly again due to different predation rates of
natural enemies [110].

Finally, mulch generates microenvironments that benefit CPB predators. In the first half of
the season, soil predators—mainly ground beetles—climb on potato plants to feed on second and
third instar larvae of CPBs. In the second half of the season, ladybirds and lacewings are the main
predators, feeding on eggs and younger larval stages of CPBs. On mulch, there were more predators
than on non-mulched plots, following in significantly less damage of potato plants by the beetles [20].
Interestingly, it can often be an advantageous solution to use a healthy ecosystem with improved
living conditions for a species-rich environment (including natural enemies of the pest) instead of
conventional insecticides to protect crop yields from high pest populations.

In general, there are still many open questions and knowledge is very vague. In most cases, it is
not known how single alternative approaches influence specific ecology factors, such as biodiversity,
ecosystem services, functional diversity, or pollination success. This shows that a lot more research
is needed here to disentangle specific methods and their exact impacts, negative and positive.
All conservation biological methods (beside all other alternative ones) are listed in Table 1.
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3. Effects of Alternative Control Methods on the Environment

The relationship between alternative pest control methods and biodiversity is not a one-sided
relationship. Some studies have indicated that the utilization of commercial, synthetic compounds
for CPB management seems to have direct toxic impacts on vulnerable target individuals, but also
indirect effects on non-target species from various phyla, such as soil-dwelling arthropods [110].
This can disrupt entire food webs leading to communities that are dominated by very few resistant
species, while most others disappear from the system [109]. The dynamics of foliar biodiversity are
to be negatively affected by insecticide treatments on various crops [104,114,115]. Observations in
experiments found that the abundance of foliar arthropods was at its lowest level in years when
plantations were sprayed with different insecticides five times a year. On the other hand, insect
abundance was much higher in years with only two foliar sprays [106]. In another study, the biomass,
the number of earthworms, and the abundance and richness of soil collembolas and mites had decreased
significantly after one season of conventional potato cultivation. After that, it usually takes about
3–4 years until the biodiversity reaches the same level as it used to before the use of conventional
insecticides [48,112].

The use of the above-described alternatives to synthetic insecticides can decrease the broad
spectrum of negative environmental effects on the ecosystem’s health that the use of synthetic
insecticides causes. Often this corresponds to high species richness, composition, evenness,
and ecosystem services [116]. Through many studies, it is highly recognized that organic farming
promotes healthier and more diverse ecosystems than conventional farming [117]. This was confirmed
by results of several studies that were conducted on small plots, entire fields, or even big farms [108].
In organic fields, a high proportion of flowering plants in the upper canopy might be able to improve
the feeding conditions for many arthropods. The presence of a variety of visible flowers and visiting
insects can make organic fields much more attractive to people who seek relaxation in agricultural
areas [117]. Organic farming also increases the functional diversity, including important functional
groups of plants, pollinators, and predators that can improve natural pest control [106,118,119].
For example, research on birds, small mammals, insects, invertebrates, and various soil organisms
almost exclusively showed higher levels and diversity on organic farmland compared to conventional
farms, including a higher proportion of rare or threatened species [116,119].

MacFadyen et al. found that organic farms contain higher species richness at three trophic
levels: plant, herbivore, and parasitoid [120]. In a later study, they concluded that insect network
modules on conventional farms have fewer connections among themselves than on organic ones,
which could decrease the stability of these networks. Geiger found higher soil–seed density and weed
biomass on organic farms, while seed density positively correlated with both bird species richness
and abundance [121]. High community evenness, which is much more present on organic than
conventional farms, was found to be positively correlated to stable interactions between soil microbes
and plants [122]. Moreover, farming practices that deploy alternative methods of CPB control can
result in higher soil organic matter, increased microbial activity, less erosion due to thicker topsoil,
cleaner ground and surface water quality, less nitrogen pollution, fewer greenhouse gas emissions,
and reduced energy consumption (e.g., fossil energy and pesticides) [123,124]. At the local level,
field-margin habitats favored a more diverse carabid beetle fauna than pure potato fields. On a larger
scale, beetle diversity on potato fields rose while community composition changed with the increase of
natural area that was present within a 1.5 km radius around the field [113]. In another experiment,
the number of coccinellids found was significantly higher in fields inter-planted with dill and coriander
than in control fields without additional flowering plants. The survival rate of CPB larvae was much
lower in dill fields than in the control. Strip-intercropping with properly flowering species is able to
significantly improve the conservation of CPB predators and increase biodiversity and reproduction in
vegetable production systems [125].

Perhaps the most important aspect of avoiding conventional, synthetic insecticide applications is
the fact that it can even have long-term negative impacts on ecologically friendly pest control [106,118].
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Conventional broad-spectrum synthetic insecticides can disrupt the communities of natural enemies of
pests—resulting in less efficient control results. For example, the former use of carbofuran to control
the European corn borer and the CPB has suppressed or even eliminated predator communities,
including ground beetles, in eastern North Carolina with negative effects on CPB control and potato
plants [116]. Crowder et al. carried out a study of biological pest control in agricultural systems
and investigated whether organic farming promotes pest control by increasing the biodiversity of
the natural enemy community in potato fields in Washington [108]. They found a higher species
evenness in organic fields where natural enemies were relatively evenly distributed, compared to
conventional fields dominated by one enemy species that accounted for up to 80% of individuals.
In line with this discovery is that a higher evenness of natural enemies particularly decreased CPB
abundance through direct attacks either against adults by various insect predators or against the larvae
by entomopathogenic nematodes in the soil. Alyokhin and Atlihan, and Alyokhin et al. partially
supported the findings on potato plants by demonstrating that CPB populations on manure-amended
plots were not only lower but also took longer to develop than on chemically fertilized ones [8,126].
Natural enemy populations increased in further research with rising overall insect diversity and
suppressed the pest population [127]. Due to mulching, carabids were found to be more abundant and
diverse compared to un-mulched fields, especially in potato fields. Mulching increased the total amount
of captured beetles with 17% more on hay mulched and 14% on leaf litter mulched plots [111]. Higher
abundances of natural enemies on mulched than on non-mulched plots were very likely responsible for
an expansion in yield due to a reduction of CPB leaf feeding [128,129]. Therefore, an increase in overall
biodiversity in a healthy ecosystem is often accompanied by an increase in the number of natural
enemies of the pest. Ideally, this can lead to a self-reinforcing effect, i.e., a subsequent decrease in pest
numbers increases the yield and profit of farmers, improves acceptance of natural control methods,
and slowly eliminates synthetic insecticides [108].

In conventional potato farming, the main interest is to evaluate under which circumstances
a high benefit (yield) could be achieved most efficiently including minimum negative effects on
the farm business [48]. For several years already, synthetic chemical insecticides have continued to
be marked as bad or even evil in public opinion; thus, they have a bad reputation. The ability of
insect pests to develop resistances against many insecticides as one major aspect forces continual
renewal of the existing insecticide inventory which noticeably reduces the overall absolute benefit of
conventional production [48,106]. Turnbull and Hector illustrated that escalating resistance can lead to
increased insecticide spraying including an increasing, ever-wider variety of chemicals, and spiraling
costs for farmers [109]. It was further suggested that alternative and ecologically friendly methods
which increased natural enemy diversity and evenness of CPBs lead to an increase in potato yield
through fewer pests and larger plants as well as the option for farmers to use less cost-intensive
insecticides [108,130]. In a review about several crop types planted under various conventional and
alternative control conditions, it was detected slightly, often not significant, lower yields in sustainable
production. The authors explain the low advantage of conventional methods by the fact that the best
conditions for sustainable farming often lack suitable know-how for best application procedures,
showing high potential for improvement. In addition, most data from conventional farming was
found in developed areas with high-input farming and, thus, over-average yields [131]. Sustainable
and ecologically based agriculture can improve the quality of the environmental and natural resource
bases upon which the agriculture depends. This can also maintain the (economic) sustainability of
farms, and considerably improve the well-being of farmers and the whole society [48]. The higher
the acceptance by farmers to use more alternative and ecologically friendly methods, the healthier
the ecosystem, as well as the biodiversity of the pest enemies, could be expected. This can potentially
reduce pest abundance, further increase yields and profits, and increase farmers’ acceptance of using
fewer conventional and more alternative control methods (Figure 2).
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Figure 2. Self-reinforcing effects between alternative control methods and biodiversity: + indicates
the increase, − the decrease of its corresponding expression next to it. The increased usage of alternative
methods leads to less usage of conventional insecticides, which improves the general biodiversity and
ecosystem health. The following higher diversity of natural enemies decreases the pest abundance
which leads to a higher yield and profit for the farmer. By that, the acceptance for alternative methods
improves including the increase of its usage instead of conventional ones.

In addition, pure alternative control methods and the development of new, ecologically friendly
compounds, integrated pest management (IPM) could be an alternative to pure conventional techniques.
Here, conventional pesticides are being substituted by biological or behavioral control methods.
One of the main goals of IPM is to limit the number of pesticides used by decreasing the amount
or concentrations. Even if it requires effort to fully understand the synergistic effects between
various mechanisms, it has been demonstrated that it can benefit farmers and the environment [132].
For instance, laboratory results indicated that entomopathogenic nematodes tended to reproduce
better in CPBs fed on potato plants with high levels of bio-fertilizer [9]. Other results indicated that it
is possible to lower the doses of neem and karanja oils and even receive improved efficacy against
CPB larval vitality when combining [99], and, under field conditions, the biopesticides spinosad and
avermectin caused almost as high mortalities as the conventional insecticide tiamethoxan and higher
ones than pirimiphos-methyl [97].

Nevertheless, alternative methods are not free from criticism, for various reasons. First,
producers and consumers are still reluctant to accept the approach, because of its complexity and
unpredictability [133]. Decision-makers may find it hard to overcome the obstacles of implementation
that could result from a lack of tools and know-how to handle the unpredictability of ecologically
friendly control methods [48]. This naturally reduces the general acceptance of environmentally
friendly methods. Preventing insect outbreaks by manipulating biotic interactions can also be tricky,
because it additionally elevates the complexity and difficulty of insect protection systems [133].
Moreover, the micro-climate, local soil properties, and management history of a site heavily impact
biota interactions and make it difficult to create proper pest control solutions appropriate for large
geographical areas and available for every farmer [48,134]. As most invasive pests have intentionally
or unintentionally been introduced through humans and often lack natural predators in their new
environment, biological control can be challenging or almost impossible [48]. Additionally, a high
predator density in organic fields does not necessarily result in low numbers of pests always and
everywhere, as has also been shown in tests with the CPB [106]. If alternative methods act differently
than expected, it is, therefore, possible that they may cause even more damage than the existing
conventional pesticides they are supposed to eliminate [133]. Some techniques are at present time
more promising than others, which might also have to do with the complexity of certain alternative
methods as well as their under-investigation so far.
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Overall, the focus on pure profit is slowly decreasing while the focus on health and the environment
is growing for various reasons and due to public opinion [48]. High costs for new conventional
insecticides, pest resistance, and loss of biodiversity in a world of constant species loss under the threat
of global warming are just some of the reasons to gradually shifting the focus to alternative pest control
methods, such as for CPBs. Further research is needed to improve farming and pest control conditions,
so that farmers and nature benefit equally by switching from conventional to alternative pest control
methods worldwide.

4. Conclusions

We reviewed a wide range of alternative methods used to control the CPB. We listed, categorized,
and highlighted the advantages and disadvantages of the methods, including in comparison to
conventional insecticides. Next, we presented the current knowledge about the positive and negative
effects of using alternative control methods and IPM of various control approaches. We also illustrated
how alternative control methods, farmers, and environmental factors (e.g., biodiversity and ecosystem
health) are strongly linked in a self-reinforcing cycle. The higher the acceptance of farmers for
the use of alternative control methods, the healthier the ecosystem including pest’s enemy biodiversity.
The following decrease of pest abundance may increase the yield, profit, and acceptance of farmers to
use less conventional and more alternative methods. There are still few studies that compare the actual
yield and profit between fields controlled by using synthetic insecticides and some of the alternatives
described here under the same environmental and anthropogenic conditions. The existing studies
suggest that implementing IPM methods and using alternatives to synthetic insecticides can produce
nearly as high or even higher yields than conventional farming, especially regarding the high potential of
improving sustainable methods over time and experience. Overall, we are trying to balance the positive
and negative sides of alternative control methods and combine them with current knowledge about
environmental impacts. In our view, this is a fundamental task for the future, especially in times of
high global species loss and increasing demand for environmentally friendly agriculture and products.
Many alternative methods that already exist are often at least as good or even more efficient than their
conventional counterparts. Moreover, the effectiveness and reputation of the latter ones are constantly
declining, so the only logical conclusion is to improve alternative control methods. Those are still far
from being perfect alternatives, so more research is needed, also to improve the efficacy, yield, profit,
and understandability of methods for farmers. Some methods are already widely accepted and in use,
such as certain IPMs with ecologically friendly insecticides or physical or augmentative control, while
the pure utilization of conservation biological methods did not convince many farmers yet, although
all of these methods show potential. Much more research is needed as alternative methods and their
success is much less investigated and much more complex than most conventional ones. Still, it is
broadly acknowledged that alternative control methods contribute greatly to a healthier environment
from which everybody can profit. This leads us to believe that alternative control methods already play
an appropriate role in agriculture and hopefully, in the long-term, can completely replace or at least
diminish as much as possible pest control methods based on conventional and often environmentally
harmful synthetic insecticides.
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of 30 plant extracts to Colorado potato beetle larvae. Arch. Phytopathol. Pflanzenschutz 2007, 40, 441–450.
[CrossRef]

6. Luckmann, W.H.; Metcalf, R.L. The Pest Management Concept. Introduction to Insect Pest Management, 1st ed.;
Wiley: New York, NY, USA, 1994; pp. 1–31.

7. Alyokhin, A. Colorado potato beetle management on potatoes: Current challenges and future prospects.
Fruit Veg. Cereal Sci. Biotechnol. 2009, 3, 10–19.

8. Alyokhin, A.; Atlihan, R. Reduced fitness of the Colorado potato beetle (Coleoptera: Chrysomelidae)
on potato plants grown in manure-amended soil. Environ. Entomol. 2005, 34, 963–968. [CrossRef]

9. Armer, C.A.; Berry, R.E.; Reed, G.L.; Jepsen, S.J. Colorado potato beetle control by application
of the entomopathogenic nematode Heterorhabditis marelata and potato plant alkaloid manipulation.
Entomol. Exp. Appl. 2004, 111, 47–58. [CrossRef]

10. Sablon, L.; Dickens, J.C.; Haubruge, É.; Verheggen, F.J. Chemical ecology of the Colorado potato beetle,
Leptinotarsa decemlineata (Say) (Coleoptera: Chrysomelidae), and potential for alternative control methods.
Insects 2013, 4, 31–54. [CrossRef]

11. Wijesinha-Bettoni, R.; Mouillé, B. The Contribution of Potatoes to Global Food Security, Nutrition and
Healthy Diets. Am. Potato J. 2019, 96, 139–149. [CrossRef]

12. Liu, N.; Li, Y.; Zhang, R. Invasion of Colorado potato beetle, Leptinotarsa decemlineata, in China: Dispersal,
occurrence, and economic impact. Entomol. Exp. Appl. 2012, 143, 207–217. [CrossRef]

13. Maharijaya, A.; Vosman, B. Managing the Colorado potato beetle; the need for resistance breeding. Euphytica
2015, 204, 487–501. [CrossRef]

14. Rusin, M.; Gospodarek, J. The effect of water extracts from Origanum vulgare L. on feeding of
Leptinotarsa decemlineata Say. J. Agric. Eng. 2018, 63, 122–127.

15. Liu, S.Q.; Scott, I.M.; Pelletier, Y.; Kramp, K.; Durst, T.; Sims, S.R.; Arnason, J.T. Dillapiol: A pyrethrum
synergist for control of the Colorado potato beetle. J. Econ. Entomol. 2014, 107, 797–805. [CrossRef] [PubMed]

16. Weber, D.C.; Rowley, D.L.; Greenstone, M.H.; Athanas, M.M. Prey preference and host suitability of
the predatory and parasitoid carabid beetle, Lebia grandis, for several species of Leptinotarsa beetles. J. Insect Sci.
2006, 6, 14–27. [CrossRef]

17. Kowalska, J. Spinosad effectively controls Colorado potato beetle, Leptinotarsa decemlineata (Coleoptera:
Chrysomelidae) in organic potato. Acta Agric. Scand. B 2010, 60, 283–286. [CrossRef]

18. Saroukolai, A.T.; Nouri-Ganbalani, G.; Hadian, J.; Rafiee-Dastjerdi, H. Antifeedant activity and toxicity of
some plant essential oils to Colorado potato beetle, Leptinotarsa decemlineata Say (Coleoptera: Chrysomelidae).
Plant Protect. Sci. 2014, 50, 207–216. [CrossRef]

19. Moreau, T.L.; Warman, P.R.; Hoyle, J. An evaluation of companion planting and botanical extracts as
alternative pest controls for the Colorado potato beetle. Biol. Agric. Hortic. 2006, 23, 351–370. [CrossRef]

20. Giordanengo, P.; Vincent, C.; Alyokhin, A. Insect Pests of Potato. Global Perspectives on Biology and Management,
1st ed.; Elsevier Inc.: Waltham, MA, USA, 2013.

21. Huseth, A.S.; Frost, K.E.; Knuteson, D.L.; Wyman, J.A.; Groves, R.L. Effects of landscape composition and
rotation distance on Leptinotarsa decemlineata (Coleoptera: Chrysomelidae) abundance in cultivated potato.
Environ. Entomol. 2012, 41, 1553–1564. [CrossRef] [PubMed]

84



Agriculture 2020, 10, 611

22. Weisz, R.; Smilowitz, Z.; Christ, B. Distance, rotation, and border crops affect Colorado potato beetle
(Coleoptera: Chrysomelidae) colonization and population density and early blight (Alternaria solani) severity
in rotated potato fields. J. Econ. Entomol. 1994, 87, 723–729. [CrossRef]

23. Kuepper, G. Colorado Potato Beetle: Organic Control Options; NCAT Program Specialist Tiffany Nitschke.
HTML Production CT, 107, Slot 114; ATTRA: Fayetteville, NC, USA, 2003.

24. Yasar, B.; Güngör, M.A. Determination of life table and biology of Colorado potato beetle, Leptinotarsa
decemlineata Say (Coleoptera: Chrysomelidae), feeding on five different potato varieties in Turkey.
Appl. Entomol. Zool. 2005, 40, 589–596. [CrossRef]

25. Sinden, S.L.; Sanford, L.L.; Cantelo, W.W.; Deahl, K.L. Bioassays of segregating plants. J. Chem. Ecol. 1988,
14, 1941–1950. [CrossRef] [PubMed]

26. Cappelle, K.; de Oliveira, C.F.R.; Van Eynde, B.; Christiaens, O.; Smagghe, G. The involvement of
clathrin-mediated endocytosis and two Sid-1-like transmembrane proteins in double-stranded RNA uptake
in the Colorado potato beetle midgut. Insect Mol. Biol. 2016, 25, 315–323. [CrossRef] [PubMed]

27. Zhu, F.; Xu, J.; Palli, R.; Ferguson, J.; Palli, S.R. Ingested RNA interference for managing the populations of
the Colorado potato beetle, Leptinotarsa decemlineata. Pest Manag. Sci. 2011, 67, 175–182. [CrossRef]

28. Visal, S.; Taylor, M.A.; Michaud, D. The proregion of papaya proteinase IV inhibits Colorado potato beetle
digestive cysteine proteinases. FEBS Lett. 1998, 434, 401–405. [CrossRef]
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Abstract: Over the last decade, the sown area of quinoa (Chenopodium quinoa Willd.) has been
increasingly expanding in Peru, and new production fields have emerged, stretching from the Andes
to coastal areas. The fields at low altitudes have the potential to produce higher yields than those
in the highlands. This study investigated the occurrence of insect pests and the natural enemies
of quinoa in a traditional production zone, San Lorenzo (in the Andes), and in two new zones at
lower altitudes, La Molina (on the coast) and Majes (in the “Maritime Yunga” ecoregion), by plant
sampling and pitfall trapping. Our data indicated that the pest pressure in quinoa was higher at
lower elevations than in the highlands. The major insect pest infesting quinoa at high densities
in San Lorenzo was Eurysacca melanocampta; in La Molina, the major pests were E. melanocampta,
Macrosiphum euphorbiae and Liriomyza huidobrensis; and in Majes, Frankliniella occidentalis was the most
abundant pest. The natural enemy complex played an important role in controlling M. euphorbiae and
L. huidobrensis by preventing pest resurgence. The findings of this study may assist quinoa producers
(from the Andes and from regions at lower altitudes) in establishing better farming practices in the
framework of integrated pest management.

Keywords: quinoa; Eurysacca melanocampta; Macrosiphum euphorbiae; Liriomyza huidobrensis;
Frankliniella occidentalis; natural enemies; IPM; Peru

1. Introduction

In the Andes of Peru, quinoa has mostly been cultivated as a staple crop by smallholders,
with limited resources that do not allow them to use advanced agricultural technology. In this
ecoregion, small-scale farming has largely been practiced, characterized by low inputs, the restricted
use of machinery and rain-fed irrigation [1,2]. However, in the last years, as a consequence of the
increasing demand for quinoa on the international markets and the resulting export boom and crop
expansion, farmer associations have been created. In turn, this has led to improvements in crop
management by the incorporation of agricultural machinery and technical assistance [3]. The production
of this Andean grain in the highlands is mostly organic, with a relatively low yield level that is partially
compensated by the higher market price as compared with conventional quinoa [4,5].

This revalorization of quinoa motivated many farmers in the Andes to shift from staple crops
(such as potato, corn and legumes) to quinoa but also gained attention of growers from regions at lower
altitudes (i.e., from the “Maritime Yunga” to the coastal areas) [2,5,6]. In these newly exploited areas,
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small-, medium- and large-scale cultivation is practiced, characterized by the implementation of
relatively advanced farming techniques including technified irrigation (especially in areas belonging
to local irrigation projects such as “Majes-Siguas” and “Olmos” in the Arequipa and Lambayeque
departments, respectively) and the use of machinery, pesticides, fertilizers and, in some cases, modern
equipment for spraying [4,7,8]. Therefore, the production of quinoa in these areas is mainly conventional,
with higher yield levels than in the highlands [1,4,5].

A relatively long list of phytophagous insects has been reported to infest quinoa in the Andean
areas [7,9]. However, only the quinoa moths Eurysacca melanocampta (Meyrick) and Eurysacca
quinoae Povolný (Lepidoptera: Gelechiidae) are considered of major importance, while other
herbivorous species, including thrips and aphids, are generally considered of minor relevance [10,11].
For the non-traditional areas of quinoa production, pest communities infesting the crop also include
E. melanocampta, as well as polyphagous insects such as the aphid Macrosiphum euphorbiae (Thomas)
(Hemiptera: Aphididae), the thrips Frankliniella occidentalis Pergande (Thysanoptera: Thripidae),
the leafminer fly Liriomyza huidobrensis (Blanchard) (Diptera: Agromyzidae) and the hemipteran
pests Nysius simulans Stål (Hemiptera: Lygaeidae) and Liorhyssus hyalinus (Fabricius) (Hemiptera:
Rhopalidae) [9]. Knowledge about the economic impact of the latter pests on quinoa production in the
newly exploited areas is, however, still scarce.

In this context, the present study aimed to explore the seasonal occurrence of the relevant insect
pests on quinoa in two new production zones as compared to a traditional production area, by analysing
their incidence in the crop, as a function of the presence of their natural enemies, environmental factors
and the farming practices specific to each region. The findings of this study should be of interest
for local quinoa growers for improving their pest management practices and also for other farmers
who intend to explore new areas for quinoa production in Peru and other countries that share similar
pest complexes.

2. Materials and Methods

2.1. Field Sites

The study was carried out in three areas of Peru: a traditional quinoa production zone (San Lorenzo;
11◦50′33” S, 75◦22′45” W, 3322 m above sea level [m a.s.l.]) located in the Andean region, and two
non-traditional quinoa production areas, one located on the coast (La Molina; 12◦06′ S, 76◦57′ W,
244 m a.s.l.) and the other in the “Maritime Yunga” region (Majes; 16◦21′31” S, 72◦17′16” W, 1410 m a.s.l.)
(Figure S1).

The monitored fields were cultivated under conventional farming practices. The field sites in
the localities of La Molina and San Lorenzo belong to the experimental and production fields of
the National Agrarian University La Molina, whereas the field site assessed in Majes belongs to
a private farmer. The characteristics of each field site and the cultivation and pest management
specifications are given in Table 1. Meteorological data for the three localities can be found in
Supplementary Figure S2.
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Table 1. Growing specifications for quinoa during the sampling period in the localities of La Molina,
Majes and San Lorenzo (Peru).

Localities

La Molina District, Province of
Lima, Department of Lima

Majes District, Province of
Caylloma, Department of

Arequipa

San Lorenzo District,
Province of Jauja,

Department of Junín

Mean monthly temp.
(minimum–maximum) 16.67–22.97 ◦C 10.52–25.52 ◦C 6.96–20.06 ◦C

Mean monthly RH
(minimum–maximum) 74.65%–96.25% 31.2%–60.2% 65.51%–75.75%

Total precipitation
during the sampling

period
5.9 mm 0 mm 276.2 mm

Sowing–harvest 2 September 2015–10 January 2016 15 May 2016–20 September 2016 11 January 2016–20 May 2016

Field dimensions 85 m × 96.3 m (0.66 ha) 93.5 m × 96.3 m (0.9 ha) 102 m × 96 m (0.98 ha)

Variety Pasancalla Inia Salcedo Pasancalla

Irrigation
Surface irrigation

100 irrigation furrows of 85 cm
width, 10 irrigation blocks

Drip irrigation
110 irrigation furrows of 85 cm

width, 4 irrigation blocks

Rain-fed
120 furrows of 85 cm width,

12 irrigation blocks

Soil type Clay loam Loamy sand Loam

Neighbouring crops

Quinoa (Chenopodium quinoa);
barley (Hordeum vulgare); kiwicha

(Amaranthus caudatus); wheat
(Triticum spp.)

Quinoa (Chenopodium quinoa);
artichoke (Cynara scolymus)

Quinoa (Chenopodium
quinoa); corn (Zea mays);

potato (Solanum tuberosum)

Fungicides

1◦ benomyl
(15 September 2015);

2◦ metalaxyl +mancozeb
(4 October 2015);

3◦ dimethomorph
(20 October 2015);

4◦ propamocarb + fluopicolide
(3 November 2015)

1◦ benomyl
(22 May 2016);

2◦ metalaxyl +mancozeb
(12 June 2016);

3◦ dimethomorph
(26 June 2016);

4◦ propamocarb + fluopicolide
(10 July 2016)

1◦ benomyl
(2 January 2016);

2◦ metalaxyl +mancozeb
(14 February 2016);
3◦ dimethomorph
(28 February 2016);
4◦ propamocarb +

fluopicolide
(15 March 2016)

Insecticides

1◦ Bacillus thuringiensis
(27 October 2015);

2◦ dimethoate +methomyl
(3 November 2015);

3◦ emamectin benzoate +
methomyl

(8 December 2015)

1◦ alpha-cypermethrin
(22 May 2016);

2◦ emamectin benzoate
(29 May 2016);

3◦ zeta-cypermethrin
(12 June 2016);

4◦ alpha-cypermethrin
(26 June 2016);

5◦ alpha-cypermethrin +
emamectin benzoate

(10 July 2016)

1◦ Bacillus thuringiensis +
emamectin benzoate

(4 April 2016)

Weed management Manual control Manual control Manual control

Previous crop Wheat Corn Fallow period of 6 months

Source for meteorological data: The weather station “Von Humbold” at the National Agrarian University La Molina,
the weather station Map-Pampa de Majes of the National Service of Meteorology and Hydrology of Peru (SENAMHI),
and the weather station at the Regional Institute of Highland Development in Jauja of the National Agrarian
University La Molina.

2.2. Sampling Procedure

The sampling campaign was performed considering the planting season for each location,
and samples were taken evenly throughout the crop phenology, from two weeks after germination
to one week before harvest. In La Molina, 15 samplings were performed from 22 September 2015 to
29 December 2015; in Majes, 10 samplings were performed from 26 May 2016 to 12 September 2016;
and in San Lorenzo, 9 samplings were performed from 31 January 2016 to 12 May 2016. The lower
number of samplings executed in Majes and San Lorenzo as compared to La Molina was due to the
lesser accessibility of the first two sites.

At each location, the field was divided into 5 sectors (considering the slope of the field and
the irrigation blocks); in each sector, 5 quinoa plants, at least 20 m apart, were sampled (Figure 1).
Each sampled plant was cut at its base and placed into a container with water, alcohol and some drops
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of liquid detergent. After taking five plants per sector, they were carefully chopped into small pieces,
and the whole sample (including the liquid content) was transferred to a labelled, airtight container to
be transported to the laboratory for further processing. Plants from borders were always avoided for
sampling. During collection, care was taken to minimize the disturbance of any insects present on
the plant.

Figure 1. Sectorization and sampling scheme applied to the monitored fields. Transversal lines represent
the direction of the furrows.

To complement the analysis, the epigeous insects were examined throughout the crop phenology
with ten pitfall traps (transparent, � 10 cm, 10% ethylene glycol, water and detergent) and 2 traps per
sector (Figure 1), which were left during the whole crop phenology (from one week after germination
to one week before harvest). The pitfall trap content was periodically collected on the same day when
the quinoa plants were sampled.

2.3. Sample Processing and Identification

All samples were processed at the laboratories of the Museum of Entomology “Klaus Raven Büller”
of the National Agrarian University La Molina, in Lima, Peru, where the collected specimens
were deposited.

The recipients containing the sampled plants and pitfall trap samples were poured onto a
1 mm mesh sieve and carefully washed with water, removing larger materials, except for the leaves
with mines; these were later examined under a binocular stereoscope (Carl Zeiss, Stemi 508 LAB,
Zeiss, Jena, Germany) to remove the leafminer larvae and/or their parasitoids. The remaining samples
(i.e., the collected insect specimens) were transferred to labelled glass vials containing 75% v/v ethanol
for conservation and further processing (i.e., identification).

The specimens were sorted on the basis of morphological characteristics as morphospecies. For the
hemimetabolous insects, adults and nymphs were taken into account, but for holometabolous insects,
only the harmful stages (larvae and/or adults) were considered in the study. For the aphids, mummified
specimens were also considered, to calculate the parasitism level based on the number of parasitized
aphids and the total number of aphids collected. For the leafminers, the parasitism level was calculated
based on the number of parasitoids and leafminer larvae extracted from the mines.

When feasible, the most relevant morphospecies (taking into account abundance and functional
behaviour) were identified at the genus and species levels, with the help of taxonomic keys
and morphological descriptions provided in the literature as follows: for Aphididae spp. [12,13],
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Aphidiinae spp. [14–17], Allograpta exotica (Wiedemann) [18], Blennidus peruvianus (Dejean) [19–22],
Diabrotica sicuanica Bechyne [23], Epitrix spp. [24], Eulophidae genera [25], E. melanocampta [26],
Geocoris spp. [27], Halticoptera sp. [28], Heterotrioza chenopodii (Reuter) [29], L. hyalinus [30,31],
L. huidobrensis [32,33], Nabis capsiformis Germar [34], N. simulans [35] and Russelliana solanicola
Tuthill [36,37].

Molecular tools were applied for identifying and/or confirming the species Lysiphlebus testaceipes
(Cresson), Aphidius matricariae Haliday, Aphidius colemani Viereck, Aphidius rosae Haliday, Aphidius
avenae Haliday, Aphidius ervi Haliday, F. occidentalis, L. huidobrensis, L. hyalinus, M. euphorbiae and
Rhopalosiphum rufoabdominale (Sasaki). DNA extraction and PCR procedures were performed in the
Laboratory of Agrozoology, Department of Plants and Crops at Ghent University, Belgium, following
specific protocols provided in the literature [38–42]. Specimens of Epitrix sp., Macrosiphum sp., Myzus sp.,
Therioaphis sp., Geocoris sp., Chrysocharis sp., Halticoptera sp., Diglyphus sp. and Closterocerus sp. could
not reliably be identified at the species level, either morphologically (since this is only confirmed by a
specialist of the corresponding taxa) or based on molecular methods.

Expert taxonomists assisted by identifying and/or confirming certain species: H. chenopodii
and R. solanicola were identified by Daniel Burckhardt from the the Naturhistorisches Museum of
Switzerland; the dolichopodids were identified by Daniel Bickel from the Australian Museum; Astylus
subannulatus Pic was identified by Robert Constantin from the Entomological Society of France;
N. simulans was identified by Pablo Dellapé from the Museo de La Plata in Argentina.

2.4. Data Analysis

For the most relevant species (major pests and their natural enemies), curves of seasonal occurrence
were built to analyse the pest–natural enemy interactions, which were interpreted in the context of
each scenario (i.e., the environmental factors and the agricultural practices at each field site).

The statistical analyses were performed using the R software, version 3.4.2 [43] (packages: vegan,
agricolae, and MASS) [44–46].

For the population comparisons, a one-way ANOVA was applied to the data after having tested
the normality and homoscedasticity through Shapiro–Wilk and Bartlett tests, respectively. When the
data did not meet the assumption of the homogeneity of variances, the Box–Cox transformation method
was used to stabilize the variances. When the ANOVA was significant, Tukey’s honestly significant
difference test was used to compare the groups. All the tests were analysed at the significance level of
α = 0.05.

3. Results

3.1. Abundance and Diversity of Phytophagous Insects

The plant samplings throughout the crop phenology at the field site in La Molina yielded 24
morphospecies of phytophagous species, among which M. euphorbiae, E. melanocampta, F. occidentalis,
L. huidobrensis and H. chenopodii encompassed 99.1% of the total abundance of herbivorous insects. At
the field site in Majes, 12 morphospecies of phytophagous insects were found, including F. occidentalis,
Myzus sp. and Macrosiphum sp., encompassing 99.2% of the total abundance of herbivorous insects.
The hemipteran pests L. hyalinus and N. simulans, which were recently reported to be causing severe
damage in newly exploited areas for quinoa production [7,8], were found at low densities at these
two localities. Finally, in San Lorenzo, 16 morphospecies of phytophagous insects were found,
with F. occidentalis, E. melanocampta, Myzus sp., Macrosiphum sp. and H. chenopodii accounting for
up to 97.3% of the total abundance of herbivores. At this locality, A. subannulatus, D. sicuanica and
Epitrix sp., which are mentioned in the literature as minor pests of quinoa [7,10,23], were collected in
very small numbers.

Rank–abundance curves of phytophagous insects were built as a function of their abundance in the
samplings at each field site (Figure 2). Comparatively, the curve for the San Lorenzo field site (SL) has a
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less pronounced slope than the curves for the other sites. This suggests that the phytophagous species
are more evenly distributed at this locality or there was a lower dominance of the most abundant pests
as compared to at the La Molina and Majes field sites, which were characterized by a higher dominance
of certain taxa.

Figure 2. Rank–abundance curve of the phytophagous insects that infested the quinoa crop in
San Lorenzo, Majes and La Molina (log series distribution).

3.2. Phenology of Phytophagous Insects of Economic Importance

3.2.1. Quinoa Moth

At the field site in La Molina, the seasonal occurrence curve of E. melanocampta (Figure 3A),
based on the number of larvae per plant, had two peaks throughout the crop phenology. The first peak
occurred on 3 November 2015, with an average of 7.9 individuals per plant; this was controlled with the
insecticide treatment dimethoate +methomyl (Table 1), from which the pest later resurged. The second
peak occurred on 8 December 2015, with up to 65.6 specimens per plant on average; this infestation
was managed with emamectin benzoate +methomyl, leading to a marked suppression of this pest.
The first spraying with Bacillus thuringiensis var. kurstaki performed on 27 October 2015 against a low
population of this moth had little effect.
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Caterpillars of this species were scarcely observed in Majes, likely due to the constant treatments
with broad-spectrum insecticides during the first 60 days of the cropping season.

At the field site in the traditional quinoa production locality, San Lorenzo, the occurrence of
E. melanocampta larvae had its maximum number on 4 April 2016 (Figure 3C). The caterpillars started
to infest the plants 43 days after sowing (24 February 2016) and progressively increased in number up
to 15.1 larvae per plant, on average. At this point, they were controlled with emamectin benzoate + B.
thuringiensis var. kurstaki, which efficiently reduced the larval incidence thereafter.

With regard to the environmental variables (Figure S2), in San Lorenzo, the rain had a notorious
effect on the establishment of this moth in the field, since the infestation began only after the raining
period had finished (at the end of February). Minimum temperatures that mostly ranged between 0 and
10 ◦C likely also had an effect on the moth, slowing down its incidence. Contrarily, precipitation at the
locality of La Molina was scarce, and the temperature was quite stable throughout the cropping season,
with small differences between the maximum and minimum; thus, the interaction between these
environmental factors and E. melanocampta incidence was not evident. Additionally, no specialized
natural enemies of E. melanocampta, such as parasitoids, were observed during the sampling campaign,
either at La Molina or at San Lorenzo.

The mean density of E. melanocampta larvae sampled on the plants at La Molina and San Lorenzo
over the total sampling period was compared. After applying the Box–Cox transformation method
(γ = −0.5) to the data, the ANOVA indicated that the overall larval density was significantly higher in
La Molina than in San Lorenzo (F1,8 = 31.46, p < 0.001).

3.2.2. Aphid–Natural Enemy Complex

The infestation by aphids at the field sites was related to more than one species: At the locality of
La Molina, a high incidence of M. euphorbiae (99.2%) and scarcely any R. rufiabdominale (0.2%) were found;
in Majes, Myzus sp. (77.3%) and Macrosiphum sp. (22.7%) were observed; and in San Lorenzo, the aphid
complex consisted of Myzus sp. (55.7%), Macrosiphum sp. (42.8%) and Therioaphis sp. (1.5%).

The seasonal occurrence curve of M. euphorbiae, based on the number of aphids per plant, had two
peaks in La Molina (Figure 3A). The first occurred on 3 November 2015, with the highest recorded
population (162.3 individuals per plant on average), promoting the development of sooty mould on
the leaves as a consequence of their honeydew secretion; this infestation was controlled efficiently with
methomyl + dimethoate. The second peak occurred on 24 November 2015 (with 44.8 specimens per
plant on average), but at this point, no insecticide was used, so the corresponding reduction of the
aphid population in the following days may, in part, be explained by the action of the natural enemies,
especially chrysopid larvae, the population of which increased in this period.

According to seasonal changes in the aphid abundance in La Molina, a temporal succession in the
numerical response of the aphidophagous guilds was observed (Figure 3A). Larvae of the predatory
syrphid A. exotica first appeared, with peak numbers in the early developmental period of the aphid
population, followed by aphidiine wasps but with a maximum parasitism level of only 2.5%; at the later
phases of the crop, chrysopid larvae were found again. Wasps of the Aphidiinae complex collected in
the pitfall traps consisted of L. testaceipes (Cresson), A. matricariae and A. colemani.

In Majes, the incidence of Aphididae was very low during the first 60 days after sowing
(15 September 2016–14 July 2016), probably due to the intensive insecticide treatments applied in
the early stages of the crop. From then onwards, the infestation continuously grew, reaching up to
22.5 individuals per plant on average (on 31 August 2016), followed by a decrease that may, in part,
be explained by the action of predators such as chrysopid and coccinellid larvae, and parasitism by
Aphidiinae wasps (Figure 3B). When examining the specimens belonging to this group collected in the
pitfall traps at Majes, the complex was formed by A. colemani, A. ervi, A. avenae and A. rosae.

Contrarily to the field site in La Molina, syrphids were absent in Majes, and the most abundant
aphidophagous group was the Aphidiinae wasp complex. These appeared in the early stages of
the crop, but their establishment became more significant after the period of insecticide treatments,
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during the grain formation and maturation, with a maximum parasitism level of 13.5%. Coccinellid
and chrysopid larvae appeared in small numbers, also at the end of the crop phenology (Figure 3B).

At the field site in San Lorenzo, the incidence of the Aphididae was considerably lower than
in La Molina, amounting to only 7.1 specimens per plant, on average (Figure 3C). Given this low
infestation, no pesticide treatment was applied against the aphids and the spraying with emamectin
benzoate + B. thuringiensis targeted against E. melanocampta larvae had no visible effects on the
Aphididae. Based on the number of aphid specimens sampled per plant, there was a quite stable
population density until 84 days after sowing (4 April 2016), followed by a slight increase.

When juxtaposing the environmental variables (Figure S2) and the aphid occurrence, only in San
Lorenzo can a certain interaction be observed: for example, the aphid establishment at the beginning
of the crop phenology only prospered when the rains subsided; also, the large differences between the
maximum and minimum temperatures and chilling conditions in the period from 28 April 2016 to
4 May 2016 coincided with a decrease in the aphid population. These factors may also have affected the
abundance of the natural enemies since only a single larva of Syrphidae and six larvae of Chrysopidae
were collected throughout the crop phenology, and the maximum parasitism level reached no more
than 7.2% during the cropping season (Figure 3C). In this locality, A. colemani and Aphidius sp. were
recorded in the pitfall traps.

The mean overall densities of Aphididae at the three localities were compared. After applying the
Box–Cox transformation method (γ = 0.1) to the data, the ANOVA indicated that there were highly
significant differences between the localities (F2,12 = 146.4, p < 0.001). Tukey’s HSD test indicated that
the aphid density in La Molina was significantly higher than in San Lorenzo (p < 0.001) and Majes
(p < 0.001), the latter locality having a significantly higher aphid incidence than San Lorenzo (p = 0.033).

3.2.3. Leafminer Flies and Natural Enemy Complex

Adults and larvae of L. huidobrensis were found in considerable abundance only in La Molina,
and therefore, the seasonal occurrence of this species was analysed in detail only for this locality.
Since the adults of leafminer flies are very active and easily disturbed, they could not be efficiently
sampled by way of the plant sampling, and therefore, the collected adult data were excluded
from analysis.

The seasonal occurrence of L. huidobrensis had a maximum number of 3.3 larvae per plant
(Figure 3A). This infestation level was reduced by the treatment with methomyl + dimethoate targeted
against aphids on 3 November 2015. Later, the parasitoid complex, formed mainly by eulophids
and pteromalids [47], had an important role in decreasing the leafminer population, with parasitism
reaching up to 100% (Figure 3A).

When examining the specimens collected in the pitfall trap sampling, the following leafminer
fly parasitoids were recorded: two species of Pteromalidae (Halticoptera sp.1 and Halticoptera sp.2)
and seven of Eulophidae (Chrysocharis sp.1, Chrysocharis sp.2, Diglyphus sp.1, Closterocerus sp.1,
Cirrospilus sp.1 and two non-identified taxa). From this complex, Halticoptera sp.1 and Chrysocharis sp.2
were present in markedly larger numbers than the others.

3.2.4. Hemipteran Pests

The rhopalid L. hyalinus was only collected in the non-traditional quinoa production localities
La Molina and Majes, but in small numbers. In the first locality, only six specimens of this species
were found, in the last plant sampling. In Majes, the population size was greater and focused in the
grain filling stage (Figure 3B), although the mean density of this bug on the plants never surpassed
0.68 specimens per plant, with a large standard deviation, suggesting that the spatial distribution of
this species in the crop is not uniform but clumped.

The lygaeid N. simulans was also collected only at the localities of La Molina and Majes. Since this
species has a primarily soil-surface-dwelling behaviour, the seasonal occurrence was analysed,
contrasting the population found on the plants with the specimens collected in the pitfall traps.
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In La Molina, the population of N. simulans at ground level was characterized by a considerable
increase from the grain filling stage onwards, and the insect started to inhabit the plants around the
physiological maturation stage (Figure 3A). The field eventually had a strong outbreak of this bug
from the harvest cut to the day of threshing; unfortunately, the population size at that time could not
be recorded because the last sampling was performed one week before cutting. Since the cut plants
were lying on the soil surface during 10 days for drying, this greatly favoured the infestation of quinoa
by N. simulans.

In Majes, the occurrence of N. simulans at the soil level remained low until the grain filling stage,
when the bugs also started to infest the plant; from then onwards, the population constantly increased,
reaching up to 4.9 individuals per pitfall trap, on average, in the last sampling. On the plant,
the population size remained small, reaching only 0.32 individuals per plant, on average, in the last
sampling (Figure 3B).

3.2.5. Western Flower Thrips

The seasonal occurrence curve of F. occidentalis in La Molina was characterized by two peaks
(Figure 3A). The first occurred on 3 November 2015, reaching only 4.5 individuals per plant on average,
but the infestation was likely reduced by the insecticide treatment (methomyl + dimethoate) targeted
against the aphids and E. melanocampta. The second peak occurred on 8 December 2015, reaching 5.2
individuals per plant on average, whereafter the thrips incidence was likely reduced by the insecticide
treatment (methomyl + emamectin benzoate) applied to control E. melanocampta. These pesticide
sprayings may have obscured the interactions between the thrips and certain generalist natural enemies
such as N. capsiformis and chrysopids found in the samplings.

The seasonal occurrence curve of F. occidentalis in Majes had an exponential shape, reaching up to
198 thrips per plant on average, in the last sampling. The population at the early stage of the crop
phenology was small, probably due to the intensive use of insecticide during this phase. Thereafter,
the infestation had a continuous increase, suggesting that there were few restrictive factors for the
population growth during the monitored period; thus, natural enemies such as chrysopid larvae
appeared to have had little effect on the thrip infestation (Figure 3B).

The seasonal occurrence of F. occidentalis in San Lorenzo had a maximum number of up to
41.7 thrips per plant on average (Figure 3C). It is likely that the minimum temperatures between
28 April 2016 and 4 May 2016, with values going down to 0 ◦C, had a detrimental effect on this pest
(Figure S2).

The mean densities of the F. occidentalis per plant sampling at the three field sites were compared.
After applying the Box–Cox transformation method (γ = 0.1) to the data, the ANOVA indicated
that there were highly significant differences between the localities (F2,12 = 226.8, p < 0.001). Tukey’s
HSD test showed that the thrips density in Majes was overall significantly higher than in La Molina
(p < 0.001) and San Lorenzo (p < 0.001); the density at the latter site was significantly greater than at La
Molina (p < 0.001).

4. Discussion

The survey at the field in San Lorenzo confirmed the relevance of E. melanocampta for quinoa in
the Andes of Peru, which is deemed, in the literature, to be the crop’s key pest [10,48,49]. Likewise,
the findings in La Molina shed light on the importance of this moth at the coastal level, a newly
exploited region for quinoa production [7], and revealed that polyphagous insects such as M. euphorbiae
and L. huidobrensis may infest quinoa plants in high densities. Nonetheless, similar observations
could not be made in Majes, where pest insects were scarcely collected in the early stages of the crop,
likely due to the pest management scheme (Table 1), and only the population of the cosmopolitan pest
F. occidentalis prospered in high densities when the insecticide sprayings stopped.

In the highlands of Peru, most of the cultivated quinoa is rain-fed irrigated. For this reason,
farmers only cultivate the crop during the raining season, being forced to have a fallow period [1].
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In this context, E. melanocampta may have two generations in the Andean region [50]; the first occurs
between November and December in early sowings, and the second is between March and April
for late sowings, the latter coinciding with the period during which this moth infested the crop in
San Lorenzo. In Majes and La Molina (like other coastal areas), farmers do not depend on the rain for
irrigation, and they can sow quinoa at almost any time, so several generations of this moth may develop
throughout the year in these valleys. Under this pattern of E. melanocampta incidence, designing pest
management strategies for quinoa in the Andes is more feasible than in the non-traditional quinoa
production zones, such as Majes and La Molina, unless farmers of the latter valleys take into account
the organization of their sowing periods when setting up integrated pest management (IPM) schemes.

To better understand the impact of the incidence of E. melanocampta at the studied field sites, we refer
to the economic threshold level of 3 to 15 larvae per plant, as suggested in previous studies [51,52].
Whereas in San Lorenzo, the infestation by this pest reached levels of up to 15 larvae per plant in
40 days (from 24 January 2016 to 4 April 2016), in La Molina, by only 21 days (from 17 November 2015
to 8 December 2016), even higher levels were attained (with up to 65 larvae per plant on average),
exceeding, by far, the said threshold. According to Villanueva [52], the occurrence of 30 larvae per
quinoa plant may cause a 58.8% yield loss, whereas 70 larvae per plant could lead to an 85% loss.

One environmental factor that likely played a key role for E. melanocampta infestation is temperature.
Previous observations pointed out that the pest’s biological cycle is shortened from 75 to 28 days as the
temperature increases from 20 to 24 ◦C [50]. In San Lorenzo, the mean monthly temperature oscillated
between 14.4 and 15.3 ◦C, with large differences between the maximum and the minimum (up to 18 ◦C
on average), which may have slowed down the development of the moth. Conversely, in La Molina,
where the mean monthly temperature ranged from 19.4 to 21.6 ◦C (with maxima of up to 29.4 ◦C),
the differences between the maximum and minimum temperatures did not exceed 7 ◦C, meeting the
conditions for this pest to develop more generations throughout the cropping season; this may explain,
in part, the higher incidence at this location as compared to San Lorenzo.

Aphids are considered secondary or occasional pests of quinoa in the Andes of Peru and Bolivia [49],
probably because their damage has been hard to pin down in terms of yield reduction or economic
losses due to their overall low population density in the fields [53]. The environmental variables in the
highlands are often unfavourable for their population build up (i.e., rains, chilling temperatures and
large differences between the minimum and maximum temperatures). For example, in San Lorenzo,
the minimum temperature during the cropping season dropped to 0.1 ◦C, which is detrimental to
aphid populations, which are considered in the chill-susceptible group, with “pre-freeze mortality”
being the dominant cause of death at low temperatures [54]. Contrariwise, the field site in La Molina
had favourable conditions of temperature and relative humidity for the aphids to thrive (with up
to 162 specimens per plant on average) [55]. With respect to Majes, the intensive use of insecticides
during the first stages of the crop phenology and low incidence of the aphids at later stages did not
allow revealing any such relation between climate and aphid populations.

Quinoa harbours an important diversity of natural enemies [9], including aphidophagous
insects [11]. However, this beneficial fauna is likely also affected by the unfavourable climate in
San Lorenzo or the intensive insecticide treatments in Majes. These conditions appeared to have
impaired the predatory group to a somewhat higher degree than the parasitoids, given that Aphidiinae
wasps were collected in these two localities with parasitism levels of up to 13.5% in the first locality and
6.1% in the second, whereas the aphidophagous predators in San Lorenzo were scarce, and in Majes,
they only developed once the pesticide spraying had finished. These observations could be explained,
in part, due to the fact that the developed larvae of parasitoids inside the host integument are, to some
degree, protected from pesticide sprays, and part of the population inside the aphid mummy stage
may experience a functional refuge [56].

In La Molina, more aphidophagous insects (in terms of abundance) were found than in the other
two localities. A temporal succession in their occurrence was observed, which is related to their
degree of feeding specialization: the aphid specialists (Aphidiinae wasps and predatory syrphid
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larvae) appeared in the early stages of infestation by M. euphorbiae, whereas the more generalist
Chrysopidae larvae appeared at later stages [57–59]. The effectiveness of these natural enemies,
however, was likely perturbed by the insecticide applications. For example, the first spraying at
55 days after sowing with B. thuringiensis to control E. melanocampta may have had detrimental
effects on A. exotica larvae, given that after this treatment, the increasing trajectory of their seasonal
occurrence curve shifted to a decreasing trend, with a population reduction of around 42%. Although
Horn [60] found, on collards, that aphidophagous Syrphidae were reduced by a treatment with
B. thuringiensis var. kurstaki, more studies are needed to clarify the potential risks of the use of
B. thuringiensis for syrphid larvae.

The second treatment at the field site in La Molina with the insecticides dimethoate and methomyl
was also detrimental to the syrphid larval population, likely due to both direct toxicity [61] and
a reduction in its aphid prey populations. Larval populations of chrysopids appeared after this
insecticide treatment; being the predominant aphid predators at the later stages of the crop, they may
have played an important role in keeping the aphids at a low density for some time after this spraying.

Thrips are also considered to be a secondary pest of quinoa, and there are no substantiated reports
of significant yield reductions [53,62]. However, the seasonal occurrence patterns of F. occidentalis
observed in Majes suggested that under favourable conditions, the thrips may infest the crop in an
exponential way, reaching high levels of up to 191 thrips per plant on average. Considering that
F. occidentalis possesses the basic characteristics for the fast development of pesticide resistance (a short
generation time, high fecundity and haplodiploid breeding system) [63], and pyrethroid insecticides
are being widely used in Majes [8], it is warranted to monitor the development of resistance in local
populations of F. occidentalis to insecticides belonging to this chemical group. This would allow the
implementation of proper insecticide resistance management by local farmers.

L. huidobrensis is another polyphagous pest that infested quinoa at relatively high densities (up to
3.36 larvae per plant) at the La Molina field site at mid stage of the crop phenology. The insecticide
treatment on 9 November 2015 with dimethoate + methomyl markedly reduced the leafminer
infestation. In the later stages of the crop, the temperature may have become less favourable (reaching
up to 29 ◦C), preventing the pest from resurging. Previous studies indicate that high temperatures
(25–30 ◦C) negatively influence the oviposition capacity of L. huidobrensis [64]. Conversely, the parasitoid
complex of L. huidobrensis appears to be favoured by this range of temperatures [65–67]. Consequently,
the seasonal occurrence of the parasitoids might have led to an effective control of the leafminer
populations, with up to 100% parasitism (as the season became warmer), preventing L. huidobrensis
from resurging. The occurrence of the parasitoid species in the field followed a similar pattern as in
previous observations in potatoes in La Molina, where Halticoptera and Chrysocharis were the most
abundant genera and, sporadically, Diglyphus, Closterocerus and Ganaspidium species were collected [65].

L. hyalinus and N. simulans have been reported as infesting quinoa in large numbers in the
departments of Lambayeque and Lima at the coastal level and in Arequipa in the “Maritime Yunga”
region of Peru [7,8]. These hemipteran pests were observed causing severe damage to quinoa in the
last months of 2013, throughout 2014 and in the first semester of 2015, during which some farmers
admitted the overuse of pesticides even during the grain maturation stage [8]. Although no high level
of infestation was registered in the present study, vigilance should be maintained, particularly when
considering that the nymphs and adults of these true bugs cause direct damage to the grains by their
piercing–sucking feeding habit during the grain filling and maturation stages, when management by
applying insecticides increases the risk of residues on the harvested grains.

Producers may not be aware of N. simulans during the first stages of the crop because of its
terrestrial behaviour, cryptic appearance and minute size. Moreover, the traditional way of harvesting
quinoa, which involves leaving the cut plants on the ground for drying before threshing, favours
N. simulans infestation. Another factor that promotes the pest’s incidence is its numerous host plants,
encompassing a variety of crops and weeds, that allow them to find food in a wide variety of habitats [7].
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The strategy of pest control applied by the farmer at the field site in Majes followed a fixed
schedule of treatments rather than a system based on the infestation level (the two first sprayings
being performed every 7 days after sowing and the remaining three treatments, every 14 days).
These insecticide applications occurred only during the first 60 days of the crop phenology, in order
to reduce the risks of harvests being contaminated with chemical residues (E. Falconi, personal
communication, May 2016, Majes). This management scheme appears to be used by most of the local
quinoa growers, including also the recurrent use of pyrethroids [8]. This practice may be positive
in terms of obtaining grains without residues, but the continuous use of active ingredients with the
same mode of action (i.e., alpha-cypermethrin and zeta-cypermethrin) may eventually lead to the
development of pesticide resistance in some of the key pests [68,69]. Besides, the excessive use of
broad-spectrum pesticides such as pyrethroids could cause harm to the environment [70] and have a
negative impact on the natural enemy complex in quinoa [71].

Conversely, the insecticide use in San Lorenzo was more appropriate, given that the treatments
were performed once the pest reached a certain threshold. Besides, selective insecticides (B. thuringiensis
+ emamectin benzoate) were applied in a single treatment to control E. melanocampta. Nonetheless,
this scheme does not reflect the general use of chemicals by farmers in the highlands growing
conventional quinoa, who mainly use pesticides of the synthetic pyrethroid and organophosphate
types [4,8,49]. Likewise, at the field site in La Molina, the pesticide treatments were also based on the
infestation level of the pests; here, however, a mix of selective and non-selective insecticides were
applied at a very high level of infestation. The pest management strategies deployed in the three
localities suggest the continued need for agricultural extension programmes in order to improve the
use of agrochemicals.

5. Conclusions

The present study examined the occurrence of the major insect pests of quinoa and their natural
enemies in a traditional production zone in the Andean region (San Lorenzo), and two non-traditional
areas for quinoa production in Peru at lower elevations (La Molina, on the Coast, and Majes, in the
“Maritime Yunga” ecoregion). The data gathered by on-plant and pitfall sampling show that the pest
pressure in quinoa is higher at the lower altitudes than in the highlands of Peru. Although there are
better conditions in the non-traditional quinoa production zones for attaining higher yields than in
the Andean region, pests are likely to become an important barrier for successful quinoa production,
a situation that may worsen if pesticides are incorrectly used. These are issues that farmers from Peru,
and other South American countries, will eventually face when exploiting new production areas.
Studies on the biology and ecology of the key species of pests and their natural enemies will aid in
implementing suitable pest control strategies for the crop. Particularly, additional studies are needed
to clarify the potential risks of aphids and F. occidentalis for quinoa production, especially in the
non-traditional zones.
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Review and key for the identification of parasitoids (Hymenoptera: Braconidae: Aphidiinae) of aphids
infesting herbaceous and shrubby ornamental plants in Southeastern Europe. Ann. Entomol. Soc. Am.
2013, 106, 294–309. [CrossRef]

18. Castro, V.; Araya, J. Clave de identificación de huevos, larvas y pupas de Allograpta (Diptera: Syrphidae)
comunes en la zona central de Chile. Bol. Sanid. Veg. Plagas 2012, 38, 83–94.

19. Bousquet, Y. Illustrated Identification Guide to Adults and Larvae of Northeastern North American Ground Beetles
(Coleoptera, Carabidae); Pensoft: Sofia, Bulgaria, 2010; pp. 58–306.

104



Agriculture 2020, 10, 644

20. Moret, P. Contribution à la connaissance du genre néotropical Blennidus Motschulsky, 1865. Bull. Société
Entomol. Fr. 1995, 100, 489–500.

21. Moret, P. Clave de identificación para los géneros de Carabidae (Coleoptera) presentes en los páramos del
Ecuador y del sur de Colombia. Rev. Colomb. Entomol. 2003, 29, 185–190.

22. Straneo, S. Sul genere Blennidus Motschulsky 1865 (Col. Carabidae, Pterostichini). Boll. Mus. Reg. Sci. Nat. Torino
1986, 4, 369–393.

23. Krysan, J.; Branson, T.; Schroeder, R.; Steiner, W., Jr. Elevation of Diabrotica sicuanica (Coleoptera:
Chrysomelidae) to the species level with notes on the altitudinal distribution of Diabrotica species in
the Cuzco department of Peru. Entomol. News 1984, 95, 91–98.

24. Biondi, M.; D’Alessandro, P. Afrotropical flea beetle genera: A key to their identification, updated catalogue
and biogeographical analysis (Coleoptera, Chrysomelidae, Galerucinae, Alticini). Zookeys 2012, 1–158.
[CrossRef]

25. Key to the World Genera of Eulophidae Parasitoids (Hymenoptera) of Leafmining Agromyzidae (Diptera).
Available online: https://keys.lucidcentral.org/keys/v3/eulophidae_parasitoids/ (accessed on 10 October 2018).

26. Povolny, D. Gnorimoschemini of Southern South America. II the genus Eurysacca (Lepidoptera Gelechiidae).
Steenstrupia 1986, 12, 1–47.

27. Henry, T.; Dellapé, P.; de Paula, A. The big-eyed bugs, chinch bugs, and seed bugs (Lygaeoidea). In True
Bugs (Heteroptera) of the Neotropics; Panizzi, A., Grazia, J., Eds.; Springer: Dordrecht, The Netherlands, 2015;
pp. 459–514.
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Abstract: Due to the detrimental side-effects of synthetic pesticides, the use of nonchemical strategies
in the management of insect pests is necessary. In the present study, the susceptibility of fourteen
eggplant cultivars to green peach aphid (M. persicae) were investigated. According to preliminary
screening tests, ‘Long-Green’, ‘Ravaya’ and ‘Red-Round’ as relatively resistant, and ‘White-Casper’
and ‘Pearl-Round’ as susceptible cultivars were recognized. In the antixenosis tests, the highest
hosting preference was documented for ‘White-Casper’. Population growth parameters were used
for evaluation of antibiosis. The highest and lowest developmental time (d) was observed on
‘Long-Green’ (4.33 d) and ‘White-Casper’ (3.26 d), respectively. The highest and lowest intrinsic
rates of population increase (rm) were on ‘White-Casper’ (0.384 d−1) and ‘Long-Green’ (0.265 d−1),
respectively. Significant differences were observed in the height and fresh and dry weight of infested
and noninfected plants. Plant resistance index (PRI), as a simplified way to assess all resistance
mechanisms, provides a particular value to determine the proper resistant cultivar. The greatest
PRI value was observed on ‘Long-Green’. In general, the ‘Long-Green’ showed the least, and the
‘White-Casper’ displayed the most susceptibility among tested cultivars infested by M. persicae,
which might be useful in integrated management of this pest.

Keywords: antibiosis; antixenosis; tolerance; eggplant cultivars; green peach aphid

1. Introduction

Green peach aphid, Myzus persicae (Sulzer) (Hemiptera: Aphididae), is one of the most
damaging insect pests throughout the world, with more than 800 host plant species [1].
Its feeding on the sap leads to chlorosis and necrosis spots, honeydew production, and a dra-
matic reduction in the marketability of crops [2]. Along with direct losses due to nutritional
activities, M. persicae can indirectly impair the host plants by the transmission of pathogenic
viruses as an efficient vector [3,4]. As a holocyclic species, M. persicae can produce both the
sexual population with the ability of genetic adaptation against environmental pressures
and asexual generations to create large populations [5]. These characteristics have made
M. persicae a very harmful pest on a wide range of crops, orchards, and greenhouses [6].

Although the chemical control is the main method in the management of aphids,
overuse of synthetic insecticides has led to various side effects, including insecticide resis-
tance, the outbreak of secondary pests, negative effects on beneficial organisms, and dan-
gerous residues on foods [7–9]. Therefore, the application of chemical insecticides must be
replaced by eco-friendly and efficient methods, such as resistant host plants [10].
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The use of resistant plants, as one of the most prominent pest management tools, is an
effective way to reduce the utilization of chemical pesticides [11,12]. Due to differences in food
quality, morphological characteristics, and other host-dependent factors, the performance of
aphids may change on plant cultivars (CVS) [13–15]. In general, the plant resistance is classified
into three categories, including tolerance, antibiosis, and antixenosis. Tolerance is defined as
the ability of a plant to diminish or to recover from herbivore damage. Tolerance mechanisms
may be associated with increases in photosynthesis, compensatory growth, and utilization of
stored materials [16,17]. For instance, in the study of Nampeera et al. [2], the production of large
leaves and/or the repair of leaves of Amaranthus sp. were considered as tolerance mechanism
evidence against M. persicae damage. Antixenosis, as an insect-preferred reaction, is the genetic
resistance of a plant. Antixenosis represents specific morphological and chemical characteristics
of the host plant that adversely affect the behavior of the insect, and lead to the selection of
another host by the pest [18–20]. Antibiosis resistance is formed in plants based on biological
traits of insects, such as survival, longevity, and fertility. It pronounces the inefficiency of a
plant as a host, leading to select another host plant by the pests [21]. The importance of host
plant resistance in integrated pest management strategies has led many researchers to study
its categories in different crops for various insect pests, including aphids [22–24]. For example,
resistance of seven cabbage CVS and six potato CVS against M. persicae was documented [25,26].

Eggplant, Solanum melongena L. (Solanaceae), with great morphological and genetic
diversity is renowned as an economically important vegetable crop, especially in Asia and
the Mediterranean regions [27]. After potato and tomato, eggplant is the third-largest crop
of the Solanaceae family [28]. In terms of nutritional value, eggplant is one of the valuable
vegetables for human health due to its high content of vitamins, minerals, and biologically
active compounds [29–31]. Due to the economic importance of eggplant and detrimental
side effects caused by the use of synthetic insecticides, it is necessary to introduce its
resistant CVS against pests. Therefore, the main objective of the present study was a) to
identify possible resistance and susceptibility of eggplant cultivars and b) to determine
the type of possible resistance categories, including antixenosis, antibiosis, and tolerance,
against Myzus persicae. Hence, the results of the present study may provide useful informa-
tion for the integrated management of M. persicae on eggplant.

2. Materials and Methods

2.1. Collecting and Breeding Aphid Colonies

About two-hundred apterous female adults of aphids were collected from the research
greenhouse of the Faculty of Agriculture and Natural Resources, University of Mohaghegh
Ardabili, Ardabil, Iran. After collection, apterous female adults of aphids were transferred to the
four-leaf stage of the pepper (Capsicum annum L.: ‘California wonder’ cultivar (CV.)). Aphids
was reared for three generations on all fourteen CVS of eggplant and pots were kept in the
greenhouse at 25 ± 5 ◦C, 60 ± 10% Relative Humidity (RH), and a natural photoperiod.

2.2. Cultivation of Eggplant Cultivars

Seeds of 14 eggplant cultivars, including ‘Bianca-Tonda’, ‘Black-Beauty’, ‘Calliope’,
‘Florida-Market’, ‘Long-Green’, ‘Green-Oblong’, ‘Pearl-Round’, ‘Purple-Violetta’, ‘Purple-
Panter’, ‘Ravaya’, ‘Red-Round’, ‘Rosa-Bianca’, ‘White-Casper’ and ‘White-Eggplant’ were
obtained from Johnny’s seeds, (Larosa, Reimerseeds Company, Maryland, USA). Be-
fore planting, the seeds were soaked for 12 h in the paper towel. The seeds were then
planted in the cultivated tray with coco peat and perlite in equal proportions as a growing
medium. When seedlings reached the two-leaf stage, they were transferred to plastic pots
(20 cm diameter and 14 cm height) with a mixture of soil, sand, and manure (1:1:2). The pots
were kept in the greenhouse at 25 ± 5 ◦C, 60 ± 10% RH, and a natural photoperiod.

2.3. Screening Test

Fourteen eggplant CVS were cultivated in four replications in plastic pots (20 cm
diameter and 14 cm height) wrapped with 50 mesh cloth to prevent the escape the aphids
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and contamination with other pests. After germination of seeds, only one seedling was
kept in each pot, and the others were removed. Each plant in the five to six leaf growth
stage was infested with four aphids and the number of aphids on each plant was recorded
after 14 days. Finally, two CVS with the highest (‘Pearl-Round’ and ‘White-Casper’) and
three CVS with the lowest (‘Long-Green’, ‘Ravaya’ and ‘Red-Round’) mean number of
aphids were selected for antixenosis, antibiosis, and tolerance experiments.

2.4. Antixenosis Test

Three eggplant CVS, including ‘Long-Green’, ‘Ravaya’ and ‘Red-Round’ as relatively
resistant, and two relatively susceptible CVS, including ‘White-Casper’ and ‘Pearl-Round’,
were selected for the antixenosis experiment based on the screening test results. Antixeno-
sis test or host preference experiment was performed based on Webster’s method [32].
Same height eggplants in the four-leaf stage were randomly selected and arranged in a
circle. A circular paper was adjusted to fit the pot and located in its middle so that each
plant was out of the paper from the stem. Then, 50 aphids were placed in the center
of the paper, and the number of aphids on each CV. was counted after 24, 48, and 72 h.
The experiment was conducted in a completely randomized design with five replications
for each cultivar in the growth chamber at 25 ± 5 ◦C, 60 ± 10% RH, and 16: 8 Light: Dark
(L:D) photoperiod. Therefore, in total we used 25 plants in the experiments.

2.5. Antibiosis Test

Female adults of aphids were randomly selected from the colony and placed on the
leaves of above mentioned CVS. Each aphid was placed inside the leaf cage (5 cm diam-
eter and 1 cm height) to prevent escape or injury by other insects. After 24 h, the adult
aphids and all nymphs were removed from the leaf cage, excluding a first-instar nymph.
These nymphs were monitored daily to evaluate the survival and developmental time
on each CV. After determining developmental time (d), the number of nymphs produced
by each female adult was daily recorded and removed from the plant. This experiment
performed with 30 aphids for each cultivar in a growth chamber at 25 ± 2 ◦C, 60 ± 5% RH,
and 16:8 (L:D) photoperiod. In total, 150 aphids were used in the experiment. This experi-
ment continued as long as developmental time (d), and mortality was also recorded during
this period [23]. The intrinsic rate of population increase (rm) for aphids in different CVS
were calculated using the following Equation (1) [33]:

rm = 0.738
lnMd

d
(1)

In the formula, d is the developmental time (from the nymph’ first-stage to the
beginning of adult reproduction), Md is nymphs produced per female during the period
equal with d, and 0.738 is the correction factor.

2.6. Tolerance Test

The eggplant CVS studied in the antixenosis and antibiosis tests were also used for
the tolerance test. The seeds were planted in a cultivated tray again, and after germination
in the two-leaf stage, the seedlings were transferred to plastic pots (20 cm diameter and
14 cm height). When the seedlings reached the four-leaf stage, 10 female adults were
positioned on each CV. surrounded with 50 mesh cloths to prevent the entrance of other
pests. The nymphs produced on each plant were removed every 24 h. When the number of
female adults of aphids was decreased, more aphids were added so their number reached
ten again. The experiment was performed with six replications for each cultivar along with
the control groups without aphids’ contamination. The experiment lasted 14 days under
the same conditions [32]. To calculate the dry weight, the seedlings were dried in an oven
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at 60 ◦C for three days. The plant height from the soil surface and fresh and dry weight of
each CV. were measured according to the following Formulas (2)–(4) [34].

Reduction in the height of the infested plant (%) = the height of the control
plant − height of the infested plant/height of the control plant × 100

(2)

Reduction in the fresh weight of the infested plant (%) = fresh weight of the
control plant − the fresh weight of the infested plant/fresh weight of the

control plant × 100
(3)

Reduction in the dry weight of the infested plant (%) = dry weight of the
control plant − the dry weight of the infested plant/dry weight of the

control plant × 100
(4)

2.7. Resistance Index Calculation

A plant resistance index (PRI) was used to compare different tested eggplant CVS [35]. The
PRI for each CV. was calculated by dividing the value of any categories (antixenosis, antibiosis,
and tolerance) by its highest mean in all studied CVS at a replication. The number one represents
the lowest value for the considered mechanism in a CV. The mean number of aphids attracted
within 5 days for antixenosis (X), the mean intrinsic rate of population increase (rm) of aphids
on each CV. for antibiosis (Y), and the reduction rate in each CV. compared to the control groups
for tolerance mechanism (Z) were calculated. Therefore, normalized indices for X, Y, and Z
values were used to estimate PRI in the following Formula (5):

PRI = 1/XYZ (5)

2.8. Statistical Analysis

All obtained data from above-mentioned tests were analyzed using one-way ANOVA
by Minitab 18 software (Minitab Inc. 1994, Philadelphia, PA, USA), and the comparison of
means was performed using Tukey’s test at p < 0.05.

3. Results

3.1. Screening Test

Significant differences were observed for the number of adult aphids grown on the 14
eggplant CVS examined (F (Fisher: F-distribution) = 3.22; df (degrees of freedom) = 13, 34; p <
0.05). The order of eggplant CVS, based on the number of grown aphids, was ‘White-Casper’,
‘Pearl-Round’, ‘Florida-Market’, ‘Purple-Violetta’, ‘Rosa-Bianca’, ‘Black-Beauty’, ‘Bianca-Tonda’,
‘Calliope’, ‘Purple-Panter’, ‘White-Eggplant’, ‘Green-Oblong’, ‘Ravaya’, ‘Red-Round’ and ‘Long-
Green’ CVS, respectively (Table 1).

Table 1. Mean number (±Standard Error (SE)) of Myzus persicae on fourteen eggplant cultivars for
screening the test in the greenhouse conditions.

Eggplant Cultivars Adult Aphids

‘White-Casper’ 1006 ± 25.90 a

‘Pearl-Round’ 987 ± 17.77 a

‘Florida-Market’ 855 ± 71.54 a,b

‘Purple-Violetta’ 788.3 ± 11.60 b

‘Rosa-Bianca’ 746.7 ± 8.42 b

‘Black-Beauty’ 741 ± 20.19 b

‘Bianca-Tonda’ 460 ± 13.60 b
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Table 1. Cont.

Eggplant Cultivars Adult Aphids

‘Calliope’ 404.5 ± 9.69 b

‘Purple-Panter’ 404 ± 15.87 b

‘White-Eggplant’ 357 ± 20.42 c,b

‘Green-Oblong’ 320.5 ± 11.66 c,b

‘Ravaya’ 299 ± 10.73 c,b

‘Red-Round’ 283.5 ± 10.60 c,b

‘Long-Green’ 138.3 ± 30.42 c

Different letters in column indicate significant differences between eggplant cultivars (Tukey’s test, p < 0.05).

3.2. Antixenosis Test

Antixenosis data analysis revealed that the number of aphids was significantly affected
by tested eggplant CVS within 24, 48, and 72 h (F = 1.21; df = 4, 20; p < 0.05), (F = 4.78; df = 4,
20; p < 0.05), (F = 6.21; df = 4, 20; p < 0.05). After 72 h, the highest number of aphids was
recorded on CV. ‘White-Casper’, while the lowest was on CVS ‘Long-Green’ and ‘Ravaya’
(Table 2).

Table 2. Mean number (± SE) of Myzus persicae on five eggplant cultivars for antixenosis test after 24,
48, and 72 h.

Eggplant Cultivars
Aphid Numbers

after 24 h
Aphid Numbersafter

48 h
Aphid Numbers

after 72 h

‘Ravaya’ 8.00 ± 2.58 a 4.60 ± 1.02 b 3.40 ± 0.60 b

‘Long-Green’ 6.20 ± 2.26 a 1.80 ± 0.79 b 1.00 ± 0.59 b

‘White-Casper’ 11.40 ± 1.12 a 22.20 ± 6.44 a 30.60 ± 2.03 a

‘Pearl-Round’ 9.60 ± 1.28 a 13.80 ± 4.46 a,b 17.00 ± 1.38 a,b

‘Red-Round’ 10.80 ± 1.95 a 14.20 ± 2.65 a,b 17.20 ± 1.16 a,b

Different letters in each column indicate a significant difference between eggplant cultivars (Tukey’s test,
p < 0.05).

3.3. Antibiosis Test

The intrinsic rate of M. persicae population increase (rm) values were affected by
eggplant CVS (F = 11.07, df = 4,140, p < 0.05). The highest rm value was observed on CV.
‘White-Casper’ (0.384 d−1), while the lowest value was on CV. ‘Long-Green’ (0.265 d−1)
(Table 3).

Table 3. Mean (± SE) of intrinsic rate of population increase (rm) and developmental time (d) of
Myzus persicae on five eggplant cultivars in the greenhouse conditions.

Eggplant Cultivars rm (d−1) d (d)

‘Ravaya’ 0.3060 ± 0.09 b,c 3.92 ± 0.94 a,b

‘Long-Green’ 0.2650 ± 0.07 c 4.33 ± 0.78 a

‘White-Casper’ 0.3836 ± 0.06 a 3.26 ± 0.44 c

‘Pearl-Round’ 0.3593 ± 0.05 a,b 3.56 ± 0.77b c

‘Red-Round’ 0.3413 ± 0.07 a,b 3.50 ± 0.77b c

Different letters in each column indicate a significant difference between eggplant cultivars (Tukey’s test,
p < 0.05).

The cultivars also significantly changed the developmental time (d) of the aphid
(F = 8.54; df = 4, 140; p < 0.05). The lowest and highest amount of developmental time were
observed on CVS ‘White-Casper’ (3.26 d) and ‘Long-Green’ (4.33 d), respectively (Table 3).
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3.4. Tolerance Test

M. persicae had significant effects on the decreases in plant height (F = 7.92; df = 4, 20;
p < 0.05), the fresh weight (F = 3.42; df = 4, 20; p < 0.05), and the dry weight (F = 6.52, df = 4,
20; p < 0.05) of the aphid-infested CVS examined. The largest reduction percentages in the
height and dry weight occurred on CVS ‘White-Casper’ and ‘Pearl-Round’, while the lowest
reduction percentages for both parameters were seen on CV. ‘Long-Green’. Meanwhile,
the highest and the lowest reduction percentages were observed on CVS ‘White-Casper’
and ‘Long-Green’, respectively (Table 4).

Table 4. Mean (± SE) reduction percentage of the growth parameters of five eggplant cultivars
against Myzus persicae in the greenhouse conditions.

Eggplant Cultivars
Height Reduction

(%)
Weight Loss (%) Dry Weight Loss (%)

‘Ravaya’ 17.26 ± 6.59 b,c 31.74 ± 6.76 a,b 34.33 ± 5.08 a,b

‘Long-Green’ 12.00 ± 2.28 c 22.19 ± 6.89 b 7.48 ± 4.65 b

‘White-Casper’ 39.76 ± 3.29 a 61.61 ± 8.17 a 57.51 ± 3.77 a

‘Red Round’ 32.74 ± 3.77 a,b 32.27 ± 9.01 a,b 37.40 ± 11.89 a,b

‘Pearl-Round’ 37.57 ± 4.84 a 41.59 ± 9.20 a,b 29.74 ± 6.50 a

Different letters in each column indicate a significant difference between eggplant cultivars (Tukey’s test,
p < 0.05).

3.5. Plant Resistance Index (PRI)

The plant resistance index (PRI) of tested eggplant CVS against aphids are shown
in Table 5. The greatest PRI value was observed on cv. ‘Long-Green’ (7.75), followed by
‘Ravaya’ (3.32). On the contrary, ‘White-Casper’ was highlighted with the lowest PRI value
(1.00) (Table 5).

Table 5. Plant Resistance Indices (PRI) related to five eggplant cultivars infested by Myzus persicae.

Eggplant
Cultivars

Antixenosis
Index

(X)

Antibiosis
Index

(Y)

Tolerance
Index

(Z)
XYZ PRI

‘White-
Casper’ 1.00 1.00 1.00 1.00 1.00

‘Pearl-
Round’ 1.00 0.89 1.00 0.89 1.12

‘Red-Round’ 1.00 0.92 0.86 0.791 1.26
‘Ravaya’ 0.42 0.78 0.92 0.301 3.32

‘Long-Green’ 0.19 0.68 1.00 0.129 7.75

4. Discussion

The quantity and type of the resistance of common eggplant CVS with three resistance
categories, including antixenosis, antibiosis, and tolerance, were investigated to Myzus persicae
in the present study. Experiments originated with fourteen eggplant CVS in the screening
test to arrange resistant categories. Screening tests save time and increase the accuracy in
the main experiments. Based on the obtained results from the screening test, three relatively
resistant (‘Long-Green’, ‘Ravaya’ and ‘Red-Round’) and two susceptible CVS (‘White-Casper’
and ‘Pearl-Round’) were selected. Singh et al. [36] found that seven eggplant CVS had diverse
resistance and susceptibility to Tetranychus urticae (Koch). Also, according to the screening tests,
23 CVS of eggplant were classified into four resistant, relatively resistant, relatively susceptible,
and susceptible groups against Leucinodes orbonalis Guenee [37].

Our results also showed, in general, there was a significant difference in the perfor-
mance of M. persicae among the five tested eggplant CVS. Based on our findings from
the screening test, ‘Long-Green’ was the most resistant cv. to the M. persicae, which was
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confirmed in all antixenosis, antibiosis, and tolerance experiments. Although there was
not significant difference in the antixenosis test between tested CVS after 24 h, M. persicae
preferred CV. ‘White-Casper’ and had less host preference over ‘Long-Green’ and ‘Ravaya’
CVS after 24 and 48 h. The host preference of M. persicae, like other insect pests, varies ac-
cording to different plant species [38]. The antixenosis resistance of eight potato [38] and
seven cabbage CVS [39] were reported to M. persicae. Ahmed et al. [39] declared that chem-
ical and olfactory compounds of CVS caused the attraction of aphids to the preferred hosts.
Therefore, differences in host preference of insect pests for the plant species CVS could be
due to variations in their chemical and morphological parameters. Although our experi-
ments did not investigate the mechanisms of antixenosis and antibiosis, these compounds
may be the main factors in susceptible eggplant CVS for attracting M. persicae.

The antibiosis resistance of eggplant CVS, measured as significant effects on the
growth, survival, and reproduction of M. persicae, was also obtained in the present study.
It was used to assess variations in the resistance of different CVS of a plant and to predict
the population of pests [40–42]. In the present study, the developmental time (d) of
M. persicae on the cv. ‘Long-Green’ with a mean of 4.33 d was significantly longer than
other CVS. Furthermore, the highest and lowest intrinsic rates of population increase
(rm) were seen on the most susceptible CV. ‘White-Casper’ (0.383 d−1 for) and the most
resistant CV. ‘Long-Green’ (0.265 d−1), respectively. In the study of Ahmed et al. [25],
the intrinsic rate of population increase (rm) and the developmental time (d) of M. persicae
had a significant difference for seven cabbage CVS. Along with antixenosis resistance,
the significantly different rm value of M. persicae was also documented on six commonly
produced potato cultivars by Mottaghinia et al. [43]. In general, the quality of the host
plant can be the main reason to prefer different CVS by aphids and an important factor in
the antibiosis resistance [44,45].

In the evaluation of the tolerance category, tested eggplant CVS showed significantly
different reactions, based on plant growth parameters containing height and fresh and
dry weight, after twenty-one days of infestation by M. persicae. Some of them, such as
‘Long-Green’, indicated significant tolerance, whereas some others, such as ‘White-Casper’,
had less ability to compensate for aphid damage. During the genetic-based phenomena
tolerance, plants can continue to grow despite the presence of a specific population and
damage of the pest [12,21]. The tolerance existed in some eggplant CVS based on significant
differences in their growth parameters. The eggplant tolerance was also investigated by
Khan and Singh [46], in which 38 genotypes from 192 tested genotypes were tolerant
against L. orbonalis.

In the present study, significant differences were supposed between resistant mech-
anisms of fourteen eggplant CVS against M. persicae. According to our observations, CV.
‘Long-Green’, which presented high resistance against M. persicae, had a smaller leaf area
than others. Several morphological traits, including plant surface trichrome or epidermal
tissue stiffness, may influence host acceptance by aphids [47]. For example, morphologi-
cal characteristics of eight eggplant CVS had significant effects on the preference of silver
whitefly, Bemisia tabaci (Gennadius) [48]. Therefore, such characteristics may be the reason
why M. persicae did not prefer CV. ‘Long-Green’.

5. Conclusions

According to the plant resistance index (PRI), eggplant CV. ‘White-Casper’ with lowest
PRI value (1.00) had higher susceptibility to M. persicae than the other tested CVS. The ‘Red-
Round’ and ‘Pearl-Round’ CVS with PRI values of 1.12 and 1.26, respectively, were also
more susceptible than ‘Ravaya’, which is an early maturing, high yielding, and popular
variety for the fresh export market [49], with a PRI value of 3.32. Finally, the ‘Long-Green’,
with the highest PRI value compared to other CVS (7.75), can be introduced as the most
resistant CV. for application in integrated management of M. persicae. In general, the green
eggplant CVS that are early maturing, with high tolerance to bacterial wilt and attractive
fruit shape and color had high consumer preference [50]. However, these CVS should

115



Agriculture 2021, 11, 31

be tested in the field conditions to determine the yield of the infested plant in natural
conditions. Furthermore, it is necessary to conduct additional research on the mechanisms
of resistance or susceptibility of the CVS.
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Abstract: Meloidogyne graminicola is one of the most harmful organisms in rice cultivation throughout
the world. This pest was detected for the first time in mainland Europe (Northern Italy) in 2016 and
was subsequently added to the EPPO Alert List. To date, few methods are available for the control
of M. graminicola and new solutions are required. In 2019, field trials using rice plants as trap crops
were performed in a Lombardy region rice field where five plots for three different management
approaches were staked out: (i) Uncultivated; (ii) Treated: three separate cycles of rice production
where plants were sown and destroyed each time at the second leaf stage; (iii) Control: rice was
sown and left to grow until the end of the three cycles in treated plots. The results showed that in
the treated plots, the nematode density and the root gall index were lower than for the other two
management approaches. Moreover, the plant population density and rice plant growth were higher
than the uncultivated and control plots. In conclusion, the use of the trap crop technique for the
control of M. graminicola gave good results and thus it could be a new phytosanitary measure to
control this pest in rice crop areas.

Keywords: alien pest; Italy; Oryza sativa; phytosanitary measures; rice root-knot nematode; trap crop
technique; upland rice cultivation

1. Introduction

Root-knot nematodes (RKN), Meloidogyne spp., are obligate plant-parasitic nematodes
that cause serious damage and yield losses in a wide range of crops [1]. This group of
nematodes presents a wide range of herbaceous and woody host plants, including mono-
cotyledons and dicotyledons [2]. Due to the importance of their economic impact, different
management strategies have been developing to control these plant-parasitic nematodes,
such as application of live microbes (e.g., bacteria, fungi) and/or their secondary metabo-
lites, essential oils, plant extracts, ozonated water, silicon, steaming, and solarization. These
environmentally benign strategies can be considered for replacing the chemicals commonly
used in agriculture [3].

Meloidogyne graminicola (which was first discovered by Golden and Birchfield in 1965
(Nematoda: Meloidogynidae)), commonly named as the rice RKN, is considered as one
of the most important damaging parasites for upland, lowland, and deep-water rice cul-
tivation throughout the world, particularly in South and Southeast Asia [4]. The second
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juvenile stage (J2) is the infective stage that hatches from the egg under favorable environ-
mental conditions, finds the root, enters the meristematic zone, and induces the formation
of giant galls by continuous feeding.

Rice is the most important host for rice RKN, but this nematode has a wide range
of alternative hosts, including many weeds commonly found in rice fields that may offer
refuge to these nematodes [5,6].

Italy is the main rice-growing country in Europe, with 217,195 ha of rice in 2018 [7].
The most important rice-growing area is the section of the Po River Valley straddling the
regions of Lombardy and Piedmont (more than 202,000 hectares, 93% of the Italian rice
surface [7]). Meloidogyne graminicola was detected for the first time in mainland Europe (in
the Piedmont region, Northern Italy) in 2016 and was subsequently added to the EPPO
Alert List [8,9]. To preserve the national rice production, the Italian National Plant Protec-
tion Organization (NPPO) quickly issued phytosanitary measures to limit M. graminicola
damage and avoid its spread to new areas. The options to control M. graminicola are still
limited and for many years, the use of nematicides has been the most efficient way to
manage this pest. Due to their negative impact on the environment and the implementation
of new directives and regulations to reduce chemical applications [10], alternative strategies
are now needed to reduce RKN populations. Among the phytosanitary measures adopted
by the Italian NPPO (reported in the Ministerial Decree of 6 July 2017), rice field flooding
seems to be one of the most efficient techniques to control the size of the M. graminicola
population, but in some areas of the Lombardy region, this practice is not applicable due
to the soil structure characterized by a low water retention capacity [11]. For this reason,
some field trials using rice plants as trap crops were conducted to identify new control
strategies against this pest.

Trap cropping is a practice for pest nematode control that has been used since the late
1800s [12]. A susceptible host species is planted and nematode juveniles of a sedentary
parasitic nematode such as root-knot nematodes are stimulated to hatch and invade the
roots and establish a feeding site on the plant. Once this colonization has occurred, and the
females begin to mature, they are unable to leave the plant root. Before the nematodes
complete their life cycle, the crop is destroyed, avoiding a new soil infestation and thus
reducing the nematode population.

In this study, among the various trap cropping techniques available, sequential trap
cropping was chosen for the management of the rice RKN, since this technique involves
plants that are highly attractive to the pest and that are sown earlier than the main crop [13].

This study aimed to conduct a first-time evaluation of rice plant use in trap crop
techniques for the management of this nematode pest, in areas where the rice field flooding
is not applicable.

2. Materials and Methods

2.1. Study Area

The study was carried out in 2019 in a rice-cultivated area at the Cascina Scalina
farm, located in Garlasco (Pavia, Lombardy region, Italy) (45◦19′ N, 08◦89′ E, altitude
ca. 43 m a.s.l.) within the rice crop district of Lomellina. The farm property consists of
227 hectares, distributed in 127 ha for maize and 100 ha for rice cultivation. This area is
characterized by a high level of field fragmentation (55 rice field of variable surfaces) and
an extensive network of canals for irrigation.

The local climate is humid subtropical (Cfa) according to the Köppen climate clas-
sification [14], with an average temperature of 21 ◦C and a cumulative rainfall depth
of approximately 298 mm during the agricultural season (Data for April-September of
2014–2019, ARPA Lombardy—http://www.arpalombardia.it). The study area was classi-
fied as the Luvisol-Cambisol Region with Gleysols, developed on Alpine sediments that
have been deposited north of the Po river [15]. The soils are coarsely textured (sand > 80%),
with a pH from sub-acidic to neutral and a low retention capacity [11].

120



Agriculture 2021, 11, 37

2.2. Experimental Design

In an upland rice field of 6 ha severely infected with M. graminicola in 2018 (root gall
index 8 in a scale range of 0–10 [16]), the experimental layout was a randomized complete
block design with 5 blocks. Each block was divided into three plots (5 × 5 m) where
3 management treatments were assigned randomly: Uncultivated (U); Treated (T), where
three separate cycles of trap crop were carried out; Control (C), where the rice was sown
and left to grow until the end of the three cycles in T plots.

The experimental area was located 15 m from the north edge of the selected field and
plots were separated by 2-m-wide untreated buffers to avoid effects from the migration of
nematodes, and to facilitate operations within the different plots.

At the end of April 2019 (T0), the experimental area was ploughed, the plots were de-
limited, and soil sampling was carried out as described below. In plots C and T, 0.60 kg/plot
of long-grain rice cv. S. Andrea was sown, and only in T at the second leaf stage (BBCH-scale
12 [17]), after 15 days, rice plants were destroyed with a registered herbicide. This cycle
was repeated three times, as illustrated in Figure 1. In particular, between the destruction
of the rice plants of the previous cycle and the sowing of the next ones, a week was always
allowed to pass.

 

Figure 1. Illustration of the experimental design used to evaluate the trap crop technique in the management of Meloidogyne
graminicola. Uncultivated (U), Control (C), and Treated (T). (Drawings by Giuseppe Mazza).

2.3. Evaluation of Nematode Density in the Soil

To evaluate the number of eggs and juveniles of M. graminicola and compare the
population density before (T0) and after (T1) the trap crop technique experiment, in each
plot, three soil samples (approximately 0.5 kilo/sample) were randomly collected using
a hand shovel. All samples were individually placed in a plastic bag, labeled, and then
brought to the laboratory of the Minoprio Foundation (Como, Italy). These materials
were stored in a climatic chamber at about +4 ◦C until they were processed for analysis.
For each sample, 200 cc of soil were placed in a plastic bucket, and 6 L of water were added.
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The resulting slurry was vigorously swirled for about 30 s, and after 45 s of sedimentation
time, the supernatant suspension was decanted through a 40 μm sieve. Water was again
added to the soil in the bucket and the process was repeated twice.

To dissolve the gelatinous matrices of the egg masses and obtain the suspension with
nematodes, the sodium hypochlorite (5% NaOCI) technique described in Byrd et al. [18]
and the centrifugal flotation method [19] were carried out. Nematodes were collected in a
glass dish for examination and counted under an optical microscope LEICA MZ12 (Leica
Microsystems, Heerbrugg, Switzerland).

2.4. Evaluation of the Plant Population Density

After the third cycle of trap crop, all experimental areas were mechanically worked to
destroy rice plants and weeds, taking care not to transport soil from one plot to another
with the machines. Subsequently, each plot was sown with the same amount of rice (see
above) at the same time. At the second leaf stage of the plants, in order to record the number
of rice plants per unit area, a circle frame (0.3 m2) quadrant was used. It was randomly
launched five times in each plot and all plants rooted inside the circle were counted.

2.5. Evaluation of Root-Gall Index and Plant Growth

To evaluate the damages on plants, the gall index was assessed on the rooting system
and the plant growth was measured on the aerial part of the same plants.

At the same time of the evaluation of the plant population density, a representative
sample (20–23 rice plants/plot) was collected with the whole root system. Plants of each
plot were placed in a labeled plastic bag and analyzed in the lab within 24 h of collection.

The roots were rinsed with tap water, placed on paper towels to eliminate excess
water, and observed to assess the severity of root damage caused by the amount of galling.
The evaluation of root gall indices was studied visually using the root evaluation chart
developed by Bridge and Page [16].

The same plants were individually photographed (Canon PowerShot G3—Ōta, Tokyo,
Japan) with a bare scale, and the plant length (distance from the coleoptilar node to the
tallest leaf) was recorded using ImageJ program (Image Processing and Analysis in Java)
Version 1.53a (Wayne Rasband, National Institute of Health, Washington, DC, USA).

2.6. Statistical Analysis

To assess the influence of the managements (U, C, and T, see above) and the time
(T0 and T1) on the total number of M. graminicola (eggs and juveniles) a generalized
mixed model (statistic: F), with a negative binomial probability distribution and a log link
function was run. The total number of nematodes was the dependent variable, while the
management and the time was the fixed effect. Moreover, we considered the interaction
management x time.

To assess the influence of management on plant population density, a generalized
mixed model (statistic: F), with a negative binomial distribution and a log link function
was run. The density of each case (each group of plants) was the dependent variable, while
management (U, C, and T) was the fixed effect. The block id (5 different plots, each with
5 groups of plants measured for each management) was included as a random effect.

The root-gall index in the soil among managements (U, C, and T) was compared with
the Kruskal-Wallis test (statistic: H) and post hoc Mann-Whitney pairwise (statistic: U; raw
p values, sequential Bonferroni significance).

To assess the influence of management on plant growth, a generalized mixed model
(statistic: F), with a normal probability distribution and an identity link function was run.
The growth of each plant was the dependent variable, while the management (U, C, and T)
was the fixed effect. The block id (5 different plots, each with a range of 17 to 23 plants
measured for each management) was included as a random effect.

To calculate the effect size, Cohen’s d as: d = (ma − mb)/s.d. was computed, where ma
and mb are the estimated marginal means of each category within the pairwise comparison,
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and s.d. is the pooled standard deviation. According to Cohen [20], the interpretation
of d is as follows: d = 0.2: small effect, d = 0.5: medium effect, d = 0.8: large effect.
Pairwise post-hoc comparisons between each couple of categories were performed using
Bonferroni’s sequential correction. Statistical analyses were performed in SPSS 20.0 [21]
and PAST 3.25 [22].

3. Results

3.1. Evaluation of Nematode Density in the Soil

The management and the time had a significant effect on the total number of nema-
todes (F = 13.641, df = 2, 81, p < 0.0001 and F = 38.563, df = 1, 81, p < 0.0001, respectively).
Moreover, there was a significant interaction between management and time (F = 8.086,
df = 2, 81, p < 0.0001). In T0 no differences were found among managements (U, C, and T),
confirming the similar distribution of nematodes in the experiment area. In T1, the number
of nematodes were again similar in C and U, while a significant reduction was assessed in
T (Table 1, Figure 2).

Table 1. Pairwise comparisons among managements (Uncultivated: U, Control: C, and Treated: T)
before (T0) and after (T1) the trap crop experiment. Significant differences are indicated in bold.

Time Pairwise Comparisons p

T0 C vs. U 0.698
T0 C vs. T 0.603
T0 U vs. T 0.350
T1 C vs. U 0.769
T1 C vs. T 0.002
T1 U vs. T 0.001

Figure 2. Interactive effect of time (before = T0 and after = T1 the three-trap crop cycles) and
managements (Control: C, Uncultivated: U, and Treated: T) on the total number of Meloidogyne
graminicola (eggs and juveniles) (average and 95% confidence interval are shown).

3.2. Evaluation of the Plant Population Density

The management had a significant effect on the plant population density per unit area
(F = 21.509, df = 2, 72, p < 0.0001). Density was higher in treated plots (T) in comparison
to both plant density in the U (p < 0.0001) and those in the C plots (p < 0.001). No signif-
icant difference was found when comparing density between C and U plants (p = 0.114)
(Figure 3). Effect size: d = 0.20 (T vs. U) and d = 0.16 (T vs. C).

123



Agriculture 2021, 11, 37

Figure 3. Influence of the managements (Uncultivated: U, Control: C, and Treated: T) on plant
population density.

3.3. Evaluation of Root-Gall Index and Plant Growth

There was a significant difference in the root-gall index among management (H = 63.81,
df = 301, p < 0.0001). In particular, C vs. U (U = 4284; p = 0.03), C vs. T (U = 2766; p < 0.0001),
and U vs. T (U = 1919; p < 0.0001) (Figure 4).

Figure 4. Influence of the managements (Uncultivated: U, Control: C, and Treated: T) on root-
gall index.

The management had a significant effect on plant growth (F = 37.107, df = 2, 300,
p < 0.0001). Plants were higher in T than both plants in U (p < 0.0001) and C (p < 0.0001).
No significant difference was found when comparing plant growth between C and U
(p = 0.105) (Figure 5). Effect size: d = 0.12 (T vs. U) and d = 0.10 (T vs. C).
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Figure 5. Influence of the managements (Uncultivated: U, Control: C, and Treated: T) on plant
growth. Bars indicate mean ± standard error.

4. Discussion

Trap cropping is a technique used in both ecological and agronomic fields and it is
based on the use of plant species, particularly attractants and species susceptible towards
certain pests, insects, or nematodes [23]. According to the characteristics of the plant
used and the time or space of deploying, different modalities of trap cropping (perimeter,
sequential, multiple, and push-pull) are reported for the management of different pests [13].
Although trap cropping has usually been employed to control insect pests, few studies
were previously performed on nematodes, such as cyst nematodes [24–26], and root-knot
nematodes [27–29].

In the present research, the trap crop technique was evaluated to reduce the population
density of Meloidogyne graminicola in upland rice field experiments where continuous
flooding cannot be applied as a management practice to control this pest.

To select the most successful trap cropping method, the host range, biology, develop-
ment, and multiplication, spread and survival strategies of the pest are pivotal information
for the correct management [30].

Among the numerous host plants reported, Oryza sativa has been recorded to be
the most attractive and susceptible one to M. graminicola [6,31]. For this reason, it was
selected in this study as the trap crop plant. Concerning the time prior to the destruction,
a sufficient period is required for the host plants to attract free-living second-stage juveniles
(J2) and permit the root colonization to occur before nematode reproduction. In this
work, the choice to destruct the rice plant at the second leaf stage (about 16–17 days
from sowing to the trap crop destruction) was based on bibliographic information [32,33],
M. graminicola cycle observations in the field, and analysis in the laboratory during the 2019
mandatory monitoring of this pest in the Lombardy region (Sacchi S, pers. obs.). In fact,
Dabur et al. [32] observed that J2 of M. graminicola in the soil can enter the roots of host
plants from the 5th day of sprouted rice seed sowing, increasing their number in the roots
up to the 12th day of sowing. Moreover, from our observations, at the second/beginning
third leaf stage, only J2 were found inside the roots, while at the end third/beginning
fourth leaf stage, mostly J3, J4, and males were present. The female presence was observed
from the fourth leaf unfolded stage.

At the end of the experiment, a reduction of the total number of M. graminicola
was recorded only in the treated plots. Uncultivated and control managements gave
similar results and are perhaps related to the several weeds present in the uncultivated
plots. Some of them, such as Echinocloa spp. and Cyperus spp. are known as host plants
of M. graminicola [6], and therefore the nematode can survive and reproduce in these
alternative hosts. This result confirms and encourages efficient weed management as an
important tool to maintain a low nematode population in infested fields [29].
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Concerning the reduction of the rice RKN number in the soil, the results also high-
lighted positive consequences directly on the plant health status, and plant population
density per unit area, due to the lower stress. Indeed, the rice plants grown after the three
trap crop cycles showed a significantly lower infestation index in treated plots than both
control and uncultivated ones, notwithstanding the low root-gall index in all the plots due
to the second leaf stage of the plants. Also, the rice plants grown in the treated plots were
taller by about 12% than both plants in the control and uncultivated plots at this stage of
plant development. Moreover, in the treated plots the plant population density increased
by 25% and 34% compared to the control and uncultivated ones, respectively.

5. Conclusions

In conclusion, these results show the efficacy of trap cropping for the management of
the rice RKN phytosanitary problem in most rice-growing areas, especially those with water
shortages. In climatic and pedological areas similar to the Lombardy region, the duration of
the three trap crop cycles could be just over two months. This technique of decreasing the
nematode population density in the soil, therefore, has a much shorter time of action than
flooding method (as indicated among the phytosanitary measures reported in Ministerial
Decree of 6 July 2017). However, future studies are necessary to establish the most effective
number of trap crop cycles that are useful to reduce the presence of M. graminicola in the
infested soils, maintaining its density below the level that allows the optimal growth of
rice plants. Moreover, this technique could be also inserted in integrated pest management
programs as a low environmental impact agronomic practice, compared to the flooding
method, to control this damaging rice pest.
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Abstract: Wireworms, the soil-dwelling larvae of click beetles (Coleoptera: Elateridae), comprise
major pests of several crops worldwide, including maize and potatoes. The current trend towards
the reduction in pesticides use has resulted in strong demand for alternative methods to control
wireworm populations. This review provides a state-of-the-art of current theory and practice in order
to develop new agroecological strategies. The first step should be to conduct a risk assessment based
on the production context (e.g., crop, climate, soil characteristics, and landscape) and on adult and/or
larval population monitoring. When damage risk appears significant, prophylactic practices can be
applied to reduce wireworm abundance (e.g., low risk rotations, tilling, and irrigation). Additionally,
curative methods based on natural enemies and on naturally derived insecticides are, respectively,
under development or in practice in some countries. Alternatively, practices may target a reduction
in crop damage instead of pest abundance through the adoption of selected cultural practices (e.g.,
resistant varieties, planting and harvesting time) or through the manipulation of wireworm behavior
(e.g., companion plants). Practices can be combined in a global Integrated Pest Management (IPM)
framework to provide the desired level of crop protection.

Keywords: click beetle; crop damage; integrated pest management; risk assessment; pest monitoring;
biocontrol; landscape feature; habitat manipulation; companion plant; mutual fund

1. Introduction

Agriculture is facing major challenges, i.e., global change and societal pressure to
preserve the environment. Climate change may progressively alter the spatial distribution
of species or their life cycle (e.g., voltinism), raising new concerns about crop protection
against pests and pathogens. Societal awareness of the deleterious effects of chemical
pesticides and fertilizers for both environmental and human health has increased with the
publication and dissemination of studies reporting dramatic declines in animal populations
and biodiversity (regarding entomofauna, see for example [1–3]), with change being called
for in the agricultural production system, notably toward more environmentally friendly
crop-management practices. Such a demand sometimes spreads in the government bodies.
In this respect, the European Union introduced Directive 128/2009/EC, which made the
implementation of Integrated Pest Management (IPM) principles compulsory, as described
by the European network ENDURE (www.endure-network.eu, accessed on 9th of May
2021), and progressively banned various chemical products for which undesirable effects
had been evidenced (e.g., neonicotinoids for their severe impact on pollinators [4,5]). New
threats to crops concomitantly with a reduced availability of pesticides have put farmers
in a difficult situation, and calls have come for alternative strategies to control pests and
diseases, both preventative and curative.
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The control of wireworms, the soil-dwelling larvae of click beetles (Coleoptera: Elateri-
dae), is a remarkable illustration of this issue, and is the focus of this review. Wireworms,
of which there are thousands of species but only a few harmful to agricultural crops, have
been notorious as major pests worldwide for a long time. At the beginning of the 20th cen-
tury, when chemicals were much less used, wireworms were considered the most harmful
pests to arable crops [6]. Indeed, they can inflict severe economic damage on several major
arable crops (e.g., potato, maize, and cereals) across Europe and North America [7], and the
research effort into controlling these pests has risen considerably over the last few decades
(Figure 1). Wireworms are extremely polyphagous pests and feed on nearly all cultivated
(all cereals; all kinds of vegetables including onions, leek, and garlic; maize; potatoes; sweet
potatoes; ornamentals, sugar beet and more) and wild plant species, including weeds.
Additionally, most species relevant to agriculture are not only herbivorous but feed also on
animal preys available in the soil (insect larvae and pupae or earthworms). Some crops are
less susceptible to wireworm damage in terms of stand and yields because of agronomic
characteristics (plant growth rate and density, tissues susceptibility, sowing date). This
leads to the perception that some crops are specifically attacked while this is in general
not the case. Elaterids exhibit a prolonged larval stage in the soil before pupation. Based
on their life cycle, they fall into two groups: species overwintering as adults, and species
not overwintering as adults [8]. The life cycles lasts 1–5 years [6,9–12], with only the adult
stage dwelling outside the soil: a few days for species non-overwintering at the adult stage,
and several months for species overwintering at the adult stage. Incidentally, the spatial
distribution of species is changing probably due to climate change (e.g., A. sordidus is be-
coming a major pest in parts of Germany [13]). Meanwhile, moratoriums imposed by many
countries on neonicotinoid seed treatments, as well as restrictions and deregistration of
several active substances, have fostered the search for alternative environmentally friendly
solutions for wireworm pest control.

Figure 1. Number of articles published annually from 1960 to 2020 (barplot) and their distribution
across countries (world map), according to the Web of Science request formulated on 30 March 2021
as follows: (wireworm* OR (click AND beetle*) OR agriotes) AND (IPM OR biocontrol OR control
OR management OR regulation OR “risk assessment” OR “decision support” OR DSS). A total of
386 articles were published over the period under study, with a sharp rise around 2005.
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Damage inflicted on crops results from the interaction between wireworm field abun-
dance and host susceptibility under abiotic constraints. Alternative crop-protection strate-
gies to the systematic use of chemicals should target one or both of these two components
in order to contain damage under the economic threshold. Achieving this requires an
in-depth understanding of pest biology and ecology and of host plant phenology, as well
as of the main processes at stake in their interactions. While the sensitive phenological
stages of the host crop are often well-known, knowledge of the biology and ecology of
wireworms is still incomplete. As an example, while the duration of the feeding phase
varies according to larval instar [9,10,14], the entire life cycle of some species still needs to
be described (e.g., A. lineatus, A. sputator).

Strategies aiming at reducing wireworm densities below the economic threshold
(when available) should integrate more than one practice with a partial impact and can be
achieved through long-term management along the crop rotation and at different spatial
scales. Preventive practices include applying crop rotations unfavorable to oviposition
and wireworm survival, tilling when edaphic conditions are conducive to destroying soil-
dwelling life stages, incorporating plants or extracts with biofumigant and allelochemical
properties into soil, the use of natural enemies for pest control, and the manipulation in
space and time of favorable areas (e.g., managing grassland regimes). Practices targeting
the containment of crop damage below an economic threshold (limitation of harmfulness)
despite substantial larval densities rely on identifying optimal planting and harvest condi-
tions, protecting the sensitive crop with attractive companion plants, increasing seeding
rates, and planting more tolerant cultivars. Reaching a satisfactory level of crop protection
requires a combination of agronomic practices, thereby designing an Integrated Pest Man-
agement strategy (IPM) whose foundations are stated in Barzman et al. [15]. IPM faces
the challenge of assessing which protection methods are compatible and how to set their
combination so that the resulting crop protection has sufficient efficacy.

Our aim in this paper is to provide a comprehensive state-of-the-art of alternative
wireworm management practices to insecticide use and suggest a holistic approach to
exploiting them as IPM packages that include two or more alternative practices as re-
placements for insecticides. First, considering that any relevant management strategy
requires accurate risk assessment, we address the question of risk assessment in terms of
wireworm infestation or crop damage and of wireworm population monitoring. Indeed, a
basic efficient alternative to the preventive use of insecticides can be doing nothing when
risk is low or waiving the planting of a susceptible crop where and when the risk is high.
Then, we present the main pesticide-free methods for controlling wireworms and elaborate
on their putative combinations within an IPM framework. Finally, we outline a future
research avenue that will lead to reduced use of insecticides for controlling wireworms in
field crops.

2. Risk Assessment

Assessing the risk of wireworm infestation or crop damage is the first and most
efficient alternative to the preventive use of insecticides, as it provides guidance on the
selection of fields with low risk of economic damage. Risk assessment relies on the
evaluation of factors that favor field infestation or crop damage and is a preventive tool. In
its most advanced form, it consists of a decision-support system. It can also stem from the
monitoring of pest populations, at different development stages, mainly at plot scale, and
trigger the adoption of corrective tactics or the adaptation of preventive strategies.

2.1. Evaluation of Risk Factors
2.1.1. Risk Factors

Farmers’ expertise, studies and reviews dealing with wireworm biology and ecology,
and control methods highlight different categories of the factors that drive wireworm
infestation and result in crop damage (Table 1).
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The feeding behavior of wireworms generally involves periods of inactivity in deep
soil layers, mainly in summer or winter when soil environmental conditions are adverse.
This inactivity alternates with foraging periods in autumn and spring when soil conditions
become more favorable in the upper soil layers [9–11,16–18]. Climate, soil properties,
and their interactions influence the vertical migration dynamics of wireworms, thereby
influencing the damage they might cause to field crops.

As stated in the introduction, the multiannual biological life cycle of most wireworm
species [9–11,19,20] features a prolonged period spent as larvae in the soil before pupation.
It outlines the prominent influence of soil characteristics on wireworm infestation and
damage. Jung et al. [21] showed preferred ranges of soil moisture by wireworms in
relation to four soil types and for different Agriotes species. Lefko et al. [22] outline the
importance of soil moisture in wireworm survival and spatial distribution, suggesting
that soil moisture could reveal areas where wireworms are more likely to occur and could
direct scouting within a field. Furlan et al. [23] conducted a long-term survey on maize
fields (1986–2014), concluding that organic-matter content was the strongest risk factor for
economic damage. The risk of damage increased considerably when its value was greater
than 5%. Kozina et al. [24] reported that humus content (%), together with the current
crop being grown, was the best predictor of high Agriotes lineatus abundance. They also
found that soil pH was a strong predictor for the abundance of A. obscurus and A. ustulatus.
Based on a large-scale survey carried out in 336 maize fields over three years in France,
Poggi et al. [25] concluded that soil characteristics had a prominent influence on wireworm
damage risk, ranking them third after the presence of wireworms and climatic variables,
with both pH and organic-matter content also being major factors. The effects of soil texture,
drainage, and other factors can be found in the literature (see for example Furlan et al. [23]).

The frequency and intensity of wireworm damage varies across regions. Fields
exhibiting high larval populations tend to be spatially clustered [26,27]. The distribution
of adult click beetles in the landscape is patchy and can be stable for several consecutive
years [28,29]. On a smaller scale, Salt and Hollick [30] confirmed farmers’ observation that
damage can appear in the same area of the field over several years. Taken together, these
features suggest that regional and field characteristics, including agricultural practices and
landscape context, are important factors in determining wireworm population (see Parker
and Seeney [31]).

It is commonly stated that grasslands, as well as uncropped field margins and areas,
provide the most favorable habitat for egg-laying and larval development [10,32], and may
act as reservoirs from which larvae and click beetles disperse into adjacent crops [33,34].
Field history, plus landscape context through its effect on click beetle dispersal, may shape
the pest abundance at the field scale.

Identifying which wireworm species are present (Figure 2) may be of importance,
as wireworm damage is species dependent [35,36]. Several Agriotes species are the major
contributors to wireworm damage in Europe, but species composition and co-occurrence
with other wireworms vary, and other genera, such as Selatosomus, Hemicrepidius, and
Athous, can also be very important locally [23,37–42]. In North America, several further
genera, including Selatosomus (spp. formerly added to Ctenicera), Limonius, Conoderus,
Melanotus, and Aeolus, are also economically important, as are native and introduced
Agriotes [43–47]. In East Asia, Melanotus appear to be important, but there are also damaging
species from other genera, e.g., Agriotes [48,49]. In a long-term study conducted in north-
east Italy, Furlan [35] showed that damage symptoms, and thus crop damage, differed
according to species. About the same damage level was observed for one larva of Agriotes
brevis per trap, as for two larvae of A. sordidus or five larvae of A. ustulatus per trap. Feeding
activity may vary significantly between species, thus calling for management strategies
that should be tailored to their seasonal dynamics [50]. Similarly, click beetle species differ
in their preferences for soil properties and climate characteristics [51]. When studying the
effect of factors on risk damage, researchers may fail to spot an effect when priori species
have not been identified. Saussure et al. [52] justified their failure to identify an effect of
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soil properties by the fact that they did not distinguish between the wireworm species
present in the surveyed fields.

Eventually, agricultural practices alter the pest population and crop damage, thereby
providing the components of putative prevention strategies (§3). For example, when
appropriately applied, tillage reduces populations of eggs and young larvae by damaging
them mechanically. Furthermore, delaying the sowing date may help reduce damage by
desynchronizing the period of wireworm presence in the upper soil layers and the period
during which the field crop is sensitive to wireworm attacks.

Table 1. List of risk factors driving wireworm infestation and resulting in crop damage. Cited references provide examples
of studies evaluating the risk factor, without any claim for exhaustiveness. A considerable effort would be required to
achieve an overview of all situations in terms of species × crop × location.

Risk Factor
Potential for
Increasing

Damage Risk
Factor Effect Reference

Climate

Soil temperature Medium–High

↑ T ◦C before seeding ⇒ ↓ damage risk
and ~12 ◦C threshold (Agriotes spp. in maize)

↑ T ◦C ⇒ ↑ total abundance of wireworm community
in cereals, Northern USA

↑ T ◦C ⇒ ↓ abundance of S. pruininus in cereals

[21,22,24,25,53]

Rainfall Medium Depends on the species and the period under consideration [22–25]

Soil properties

Organic matter
content Medium–High ↑ OM ⇒ ↑ risk

High risk when OM>5% (Agriotes spp.) [23–25,52]

Soil moisture Medium–High
↑mean frequency of days above a moisture threshold ⇒

↓ wireworm occurrence (IA, USA)
Soil-dependent

[21,22]

pH Medium Low pH ⇒ ↑ damage risk in maize (Agriotes spp.)
Increased abundance in L. californicus with higher soil pH [24,25,53]

Texture Low Loam soil ⇒ ↓ damage risk [22–25,52,53]

Drainage Medium Bad drainage ⇒ ↓ damage risk [23,25]

Current agricultural practices

Sowing date Medium Late sowing (maize) ⇒ ↑ risk [23,25,52]

Tillage Medium–High Ploughing during summer ⇒ ↓ damage risk in sweet potato [54]

Fertilizer application Low Slight decrease in damage caused by Agriotes spp. in maize if
fertilization compared to none [25]

Past agricultural practices

Tillage Medium–High Intense tillage decreases damage risk compared to
reduced tillage [55]

Field configuration

Topography Low No significant effect [25,32]

Exposition Low Very weak difference in damage caused by Agriotes spp.
in maize [25,32]
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Table 1. Cont.

Risk Factor
Potential for
Increasing

Damage Risk
Factor Effect Reference

Field history

Historic of meadows High Long-lasting meadow favorable to wireworm damage in maize
(community of Agriotes species) [23,25,52]

Crop rotation type High Rotation including meadows and second crops
⇒ ↑damage risk in maize (Agriotes spp.) [23,25,52]

Landscape context

Meadow (or grassy
field margins)

adjacency
Medium Presence of adjacent meadow ⇒ ↑ risk [23,25,52,56]

Species occurrence

Species identity High

Level of damage in maize fields in Italy: A.brevis most harmful,
then A. sordidus and A. ustulatus

Different best predictors in Agriotes wireworm abundance in
Croatia. E.g.: A. brevis→previous crop grown; A.

sputator→rainfall; A. ustulatus→soil pH and humus
Different predictors of wireworm abundance in northern US
cereal fields. E.g.: L. infuscatus→crop type and soil texture;

L. californicus → crop type, soil moisture, and soil pH

[24,35,53]

Figure 2. Variability in rear end for wireworm species from different genera. (A) Melanotus punctolineatus, (B) Cidnopus
aeruginosus, (C) Athous haemorrhoidalis, (D) Cidnopus pilosus, (E) Prosternon tesselatum, (F) Agrypnus murinus, (G) Adrastus sp.,
(H) Hemicrepidius niger, (I) Agriotes sputator, and (J) Selatosomus aeneus.

2.1.2. Decision-Support Systems

Building on the knowledge of risk factors, a range of models have been able to predict
wireworm occurrence based on soil and meteorological data coupled with a hydrologic
model [22]; click beetle abundance based on climatic and edaphic factors [24]; wireworm
activity based on soil characteristics [21]; their abundance and community structure [53];
correlation between the damage caused in potato fields and landscape structure [56];
and to determine the key climate and agro-environmental factors impacting wireworm
damage [23,25,52].

The hypothesis of the vertical distribution of wireworms depending on soil moisture,
soil temperature, and soil type was verified by Jung et al. [21], who developed the prognosis
model SIMAGRIO-W used as a decision-support system to forecast the (Agriotes spp.)
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wireworm activity based on edaphic properties. Albeit successfully applied in field tests in
western Germany, the model performed poorly when it was evaluated in eastern Austria,
and research effort is still needed to improve the current model.

Analyzing long-term survey data from maize fields in northern Italy, in which
Agriotes brevis, A. sordidus, and A. ustulatus were identified as the predominant pest species,
Furlan et al. [23] calculated risk level based on the different weights of the studied risk
factors (defined by relative risk values). A simple decision tree was suggested for practical
IPM of wireworms [57,58].

The decision-support system VFF-QC (web application: https://cerom.qc.ca/vffqc/,
accessed on 9th of May 2021) was originally developed in Quebec (Canada) from a huge
database that included more than 800 fields (maize, soybean, cereals, and grasslands),
which were characterized by a set of factors (e.g., agricultural practices, soil type, humidity,
and organic matter content) and wireworm trapping between 2011 and 2016 [59]. A predic-
tive model based on boosted regression trees assessed the risk level (low, moderate, or high)
of finding wireworms in abundance and determined if the field had reached a threshold
that would justify treatment. To the best of our knowledge, VFF-QC is the most-used
decision-support system for wireworm risk assessment, partly due to rules adopted in 2018
by the Government of Québec that force agronomists to justify the need for seed treatment
before prescribing or recommending them to growers.

Using a similar statistical approach, Poggi et al. [25] examined the relative influence
of putative key explanatory variables on wireworm damage in maize fields and derived a
model for the prediction of the damage risk; they also assessed their model’s relevance in
providing the cornerstone of a decision support system for the management of damage
caused by wireworms in maize crops.

As a whole, these decision-support systems rely on correlative approaches that un-
ravel the potential of a dynamic landscape to shape wireworm populations and eventually
crop damages. The development of models that describe the mechanisms driving wire-
worm colonization, and subsequently elucidate the ecological processes that operate at the
landscape scale, remains an avenue for future research.

2.2. Monitoring and Thresholds
2.2.1. Adult Monitoring

Monitoring soil-dwelling pests is difficult and expensive; thus, efforts have been made
to assess population levels of click beetles in the hope of inferring larval abundances or crop
damage. The identification of click beetle pheromone goes back to the 1970s in the USA
for Limonius species [60,61] and the 1990s in Europe for Agriotes species [62]. Pentanoic
acid and hexanoic acid were identified as pheromone compounds for Limonius species.
Esters of geraniol are the main components of Agriotes natural sex pheromones [63], given
that female pheromone glands contain up to 24 substances [62]. Varying the mixture
formulation allows each species to be caught selectively or, alternatively, several of them to
be attracted to the same trap [64]. Recently, several kinds of pheromone traps have been
developed and used as research tools to monitor populations in both Europe and North
America [24,26,65]. The female sex pheromones of most major European click-beetle pest
species (A. brevis, A. lineatus, A. obscurus, A.proximus, A. rufipalpis, A. sordidus, A. sputator,
A. ustulatus, A. litigiosus) have been characterized [64]. YATLORF (Yf) sex pheromone traps
(Figure 3A) were designed for a range of Agriotes species, including all of the most harmful
ones in Europe and part of the Agriotes pests in North America. In addition, a ground-
based pheromone trap for monitoring Agriotes lineatus and A. obscurus was developed to
catch A. obscurus and A. lineatus in North America [66]. The apparent ease with which
pheromones can be used and their potential as a pest management tool have made them
attractive for pest monitoring. However, relating click beetles’ catches to larval densities
requires a good understanding of the pest behavior, pheromone lure reach, and effects of
various abiotic factors on trapping [67]. Pheromone traps for A. lineatus and A. obscurus
may have a very short attraction range (below 10 m) [68,69] with no directional bias [70,71].
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Significant association was found between male click-beetle catches in pheromone traps
and subsequent wireworm abundance and maize damage in the nearby area for three
species: A. brevis, A. sordidus, and A. ustulatus [57]. For example, when Yf A. ustulatus
catches exceeded 1000 beetles per season, there was a 20-fold higher probability that the
trapped wireworm density exceeded five larvae per trap. The procedure and thresholds
described in Furlan et al. [57] allow both farm-scale and area-wide monitoring, resulting
in the drawing of risk maps in cultivated areas and enabling IPM of wireworms to be
implemented at a low cost. They make wireworm risk assessment highly reliable, especially
when it is associated with agronomic risk factor assessment. In contrast with these results,
Benefer et al. [72] concluded that the proportion and distribution of adult male A. lineatus,
A. obscurus, and A. sputator species may give a very misleading picture of the proportion
and distribution of wireworm species in the soil, at least when they are caught with sex
pheromone traps. However, this study had major constraints, including the fact that
fields were observed for one year only while click beetles are associated with wireworm
populations in the subsequent years. A longer period of study using more consistent
methods might have revealed significant associations between click beetles trapped in
previous years and wireworm population levels at year zero. In any case, as noted in
a review on their use [73], pheromone traps are sensitive enough to detect low-density
populations, and trapping systems are able to inform growers about the presence or absence
of wireworm infestation.

Figure 3. Illustrations of trapping systems. (A) Click-beetle pheromone trap YATLORF. (B) Wireworm
bait trap (right pot) and sequential filling of the trap with an empty trap (left pot), a trap with a layer
of vermiculite (second pot from left), a trap with a layer of vermiculite and a layer of germinating
maize and wheat (second pot from the right).

2.2.2. Larval Monitoring

A considerable amount of work has been done in North America and Europe to
assess the potential of replacing time-consuming soil sampling with in-field wireworm
bait stations [32]. Due to the sampling effort they require and the non-random distribution
of the larvae in fields [30], soil sampling is of little interest [32]. Bait systems utilize the
attraction of wireworms by the CO2 given off by respiring seeds [74]. Wireworms probably
perceive CO2 via clusters of sensilla on the maxillary and labial palps [75]. This probably
accounts for the fact that although a large range of vegetable- and cereal-based baits have
been tested, baits based on germinating cereal seeds tend to be the most effective [32,76].
In addition, baits based on germinating cereal seeds put in pots (Figure 3B), proved to
be an unbiased, time-saving monitoring tool for Agriotes wireworms. Since significantly
more larvae are found inside the pot than in the other trap types (i.e., plates and mesh-
bags), this method can be used without the time-consuming evaluation of the surrounding
soil cores [77]. This trap design proved to be effective for attracting non-Agriotes species
(Aeolus mellillus, Limonius californicus, L. infuscatus) as well [78]. The catch potential of pot
baits can be augmented by increasing the number of pot holes [79]. Various techniques
for improving the efficacy of wireworm bait systems have been tested. These include
covering the bait with plastic [80,81] to raise the soil temperature. The trap designed by
Chabert and Blot [80], a modified version of the trap described by Kirfman et al. [81],
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comprises a 650 mL plastic pot (10 cm in diameter) with holes (the ordinary number of
those used for tree nursery) in the bottom. The pots are filled with vermiculite, 30 mL
of wheat seeds, and 30 mL of maize seeds; they are then moistened before being placed
into the soil 4–5 cm below the soil surface, after which they are covered with an 18 cm
diameter plastic lid placed 1–2 cm above the pot rim. These traps have been used long term
following a standardized procedure by Furlan [35]: traps were hand-sorted after 10 days
when the average temperature 10 cm beneath the surface was above 8 ◦C [9,10] to ensure
that the bait traps stayed in the soil for an equal period of wireworm activity. The final
number of larvae was assessed under the aforementioned conditions, regardless of larvae
behavior on individual days. Population levels should be assessed only when humidity
is close to field water capacity. Indeed, dry top-soil forces larvae to burrow deep beneath
the surface, away from the bait traps [9], and high humidity (flooding in extreme cases)
prevents larval activity since all the soil pores are full of water and contain no oxygen.

2.2.3. IPM Thresholds

IPM implementation needs a standardized monitoring method combined with reliable
damage thresholds. The aforementioned bait-trap monitoring method has given reliable
results over sites and years and might be considered as a standard both for ordinary
wireworm IPM implementation and for the assessment of damage thresholds for other
wireworm species/crop combinations.

Although increasing literature about wireworms has been published over the last
few years (Figure 1), to our knowledge, only four papers report practical IPM damage
thresholds, with them being restricted to five species and two crops: Melanotus communis
thresholds in sugarcane crops [82], Agriotes brevis, A. sordidus, A. ustulatus [35,57], and
A. lineatus [80] in maize crops. Published thresholds are summarized in Table 2. Other
papers supply information about crop susceptibility to wireworms that allows an indirect
estimation of damage thresholds. Furlan et al. [20] carried out pot trials that introduced the
same number of wireworms per pot for different crops. Results showed a large variation in
crop susceptibility. A number (6/pot) of wireworms (A. ustulatus, A. sordidus) causing a 50%
maize and sunflower plant loss, had a negligible effect on soybean but killed most of the
sugar-beet seedlings. Likewise, Griffith [83] demonstrated differences in plant susceptibility
to wireworm attacks in laboratory tests. Larvae of Agriotes spp. were presented with a
choice between the seedlings of test plants and of wheat, which is known to be susceptible.
Some plants, e.g., onion, were as susceptible as wheat to wireworm attacks, whilst others
(mustard, cabbage, French marigold, clover, and flax) were attacked less often. All pea
and bean plants exposed to wireworms were attacked, but most tolerated the attacks
and continued to grow. Old generic thresholds based on larval density assessed by soil
sampling have low scientific reliability and little practical potential [32], one reason being
that none of the wireworm species studied were specified.

Table 2. Published damage thresholds according to click-beetle species, crop, and monitoring method.

Elateridae Species Crop Tool Threshold (Larvae/Trap)
Threshold

(Beetles/Season)
Threshold Reference

Agriotes brevis Maize Bait trap 1 [35,57]

Agriotes sordidus Maize Bait trap 2 [35,57]

Agriotes ustulatus Maize Bait trap 5 [35,57]

Agriotes lineatus Maize Bait trap 1–2 (seeding before 1st May) [80] *

Agriotes brevis Maize Yf pheromone trap 210/450 [57]

Agriotes sordidus Maize Yf pheromone trap 1100 [57]

Agriotes ustulatus Maize Yf pheromone trap 1000 [57]

Melanotus communis Sugarcane Soil samples taken
in sequence to 25

8 wireworms found
in total samples [82]

* Derived data published in the cited paper; plant damage was lower than 15% with 1–2 wireworms per trap. Wireworm plant damage
lower than 15% in maize should not result in yield reduction [23].
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3. Pest Population Management

The current resurgence of wireworm damage to various crops has resulted in a strong
demand for new agroecological methods to control those pests, notably consequential to
the reduced availability of pesticides, possibly in response to global changes and pressing
demands by the general public for the implementation of more environmentally friendly
agricultural practices. Accordingly, continuous advances in the knowledge of click-beetle
biology and ecology have led to several new management practices currently being tested
or developed. New proposals mostly originate from (1) the field of agricultural sciences,
with them promoting relevant cultural or mechanical methods (use of resistant/tolerant
crops, design of bespoke tilling strategies or rotation); (2) the field of chemical ecology (use
of pheromones for sexual confusion); (3) the field of trophic ecology (biological control);
and (4) from the field of landscape ecology (large-scale habitat management to reduce pest
pressure at landscape scale).

3.1. Cultural or Mechanical Control
3.1.1. Effect of Rotation

The first prevention strategy when controlling wireworm populations is to plan a
diversified ecosystem that includes a rich rotation with crops and cover crops placed in
the most suitable positions. Crops susceptible to wireworm damage should be placed
after crops that do not favor or that reduce wireworm populations (e.g., incorporating
barley and oats into crop rotations can reduce wireworm attacks [84]). Crop diversification
can benefit wireworm control. For instance, mustard, cabbage, French marigold, clover,
and flax are less susceptible to attack, while pea and bean plants tolerate attacks [83].
Hence, large intensively tilled (e.g., hoed) inter-row crops and/or biocidal cover crops
directly reduce wireworm populations [85,86]. Generally speaking, cover-crop choice
can contribute to wireworm cultural control both through its effect on soil biodiversity
and ecosystem stability and through its biofumigant/biocidal effect. Crop choice can
contribute to wireworm mechanical control by increasing larval mortality, either due to
tillage interventions when preparing sowing beds or to hoeing in large inter-row crops.

3.1.2. Effect of Tilling

As the life cycles of wireworm species last several years and take place largely in
soil, tillage may impact several of their life-history traits. During the oviposition period
in spring, females lay their eggs in the top soil-layer [10,20] in a steady environment,
such as litter or grass, whenever possible, because of their own sensitivity to temperature
fluctuations [6] and their eggs’ sensitivity to desiccation. After hatching, larvae are exposed
to soil tillage, in particular to ploughing, making them vulnerable to predation [55] or
desiccation [87]. In 1949, Salt and Hollick [55] conducted a five-year experiment, which
highlighted that the decline in wireworms was accompanied by an outstanding change in
the distribution of larvae sizes, reflected by a decrease in the number of young larvae. It
is currently acknowledged that, due to a lack of soil cover, oviposition might be reduced
on row-crop compared with grassland [19,32]. Seal et al. [54] found that ploughing three
times during the summer reduced wireworms collected at bait traps from 1.75 per bait trap
to 0.2 per bait trap, compared to no change in unploughed control plots. This reduction
was attributed to exposure to bird predation and desiccation. Larval mortality depends on
tillage timing, which should match the egg-laying and first instar larvae periods, which are
the most susceptible to unfavorable soil conditions. The best tillage timing for interfering
with wireworm population dynamics varies with the species life-cycle. For example, in
Italy, overwintering A. sordidus adults emerge from their cells in the soil from late March–
early April and start to lay eggs from May onwards [10]; thus, susceptible instars (eggs
and young larvae) occur in the soil from May to June, usually peaking in May. Therefore,
tillage from mid-May to late June, as preparation of seed beds for the subsequent crop and
hoeing in row crops can dramatically reduce subsequent wireworm populations.
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3.1.3. Effect of Water Management

The effect of drying and flooding has been studied mainly on the American West
Coast [16,88–90] and in British Columbia [91]. Irrigation timing may play a role in interfer-
ing with wireworm population dynamics. The drying of the top-most soil layer just after
eggs are laid can be an effective means of controlling wireworms. Soil drying could be
achieved by withholding irrigation from alfalfa before harvest, but it is nevertheless more
effective in lighter sandy soils [88]. The main challenge of water management as a control
lever is the different response of species according to soil moisture. While Ctenicera pruinina
(Horn) has long been a pest of dryland wheat [92] and disappears as a pest when fields are
converted to continual irrigation [93], Limonius californicus do not survive well in dry soil
and prefer soil with 8–16 percent moisture [16,89]. Another challenge is the ability of some
species to adapt to soil moisture [94]. Despite damage often being reported in soils that
flood in the winter, field flooding can effectively reduce Agriotes wireworm populations
when combined with high temperatures [91]. Lane and Jones [95] highlighted the relation-
ship between soil moisture and temperature on the mortality of Limonius californicus larvae.
At 30 ◦C, all larvae submerged under soil and water were killed in four days, whereas
only 26 percent of larvae died after 21 days when temperatures dropped below 10 ◦C. It
was also demonstrated that alternating periods of soil flooding and drying is effective for
reducing wireworms [96].

3.2. Semiochemical Control

Since the 1970s, regular progress has been made in elucidating the composition of click-
beetle pheromones. Synthetic mixtures are now available for several species of agricultural
importance, opening new perspectives for using them in wireworm monitoring or even
developing new control strategies that rely on adult sexual confusion or mass-trapping.

Besides their potential use for establishing wireworm populations (see Section 2.2),
pheromone traps might be used to reduce populations, either through mating disruption or
through mass-trapping. Mass-trapping was successfully implemented in Japan to control
Melanotus okinawensis on sugarcane, with adult densities being reduced by approximately
90% after six years of mass-trapping with 10 pheromone traps per hectare [97]. By contrast,
a similar study observed no reduction in Melanotus sakishimensis abundance [98]. For
Agriotes species, the limited attraction range of pheromone traps exacerbates the challenge
of mass-trapping and requires a dense network of traps to be set up if populations are to be
reduced. Hicks and Blackshaw [70] estimated that suppressing Agriotes populations using
mass trapping would be prohibitively expensive (2755 €/ha/year), requiring four years of
trapping with 10 traps/ha for A.obscurus, 15 traps/ha for A.obscurus, and m for A. sputator.
In a long-term experiment on potatoes, Sufyan et al. [99] captured 12,000 specimens belong-
ing to three Agriotes species over a period of five consecutive years without any effect on
the subsequent larval densities or on potato damage. In 2014, Vernon et al. [100] indicated
that arrays of traps spaced 3 m apart potentially disrupted mating but also showed that
only 85.6% of the released A. obscurus were recaptured. As pointed out by Ritter and
Richter [101], mating disruption may be easier for short-lived adult populations that are
protandrous and exhibit a short, well-defined swarming period. Work is still in progress
on the use of pheromone traps [102] to estimate wireworm population levels for IPM
programs [57,68].

3.3. Biological Control of Wireworms

Inundative releases of natural enemies to control pests have been implemented for
many years and may be a way to control wireworms in the future. In Europe, this is
successfully performed by mass releases of Trichogramma wasps against the European
Corn Borer (Ostrinia nubilalis) in Germany, a Metarrhizium product for the control of June
chafer larvae (Phyllopertha horticola) in Switzerland, or a Metarrhizium granule for control
of black vine weevil larvae (Otiorhynchus sulcatus) as well as a variety of uses of ento-
mopathogenic nematodes against different horticultural pests. Van Lenteren et al. [103]
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describe a wide variety of further uses worldwide. Kleespiess et al. [104] showed there are
also some potential candidates for wireworm control. Currently, the main focus is on ento-
mopathogenic fungi, with some research also being done on nematodes and combinations
of different organisms.

3.3.1. Wireworm Predators

Numerous vertebrates are predators of elaterid larvae and adults, but birds seem to
be the major group with more than 100 different bird species mentioned for Europe and
North America [105–107]. Mammals, plus amphibian and reptilian predators, are probably
of lower importance than birds [105,106]. However, general predation by vertebrates is
unlikely to substantially lower wireworm numbers over a large area, even though attempts
to use poultry for this purpose were made early on [106]. Predation of click beetles
and wireworms by other arthropods, especially by large predatory beetles (Carabidae,
Cicindelidae, Staphylinidae) or predatory flies (Asilidae, Therevidae), has occasionally
been observed [106,108–110], but as unspecialized predators, they only remove occasional
wireworms or beetles. Agriotes larvae are predominately, but not exclusively, herbivorous,
while species of other genera are predominantly or fully carnivorous [110–112].

3.3.2. Wireworm Parasitoids and Parasites

Generally, wireworms with infections or parasitoids are not commonly found in the
field [104,113]. Studies listed by Subklew [106] found no parasitoid in Horistonotus uhleri,
Limonius californicus, Sinodactylus cinnamoneus, and Selatosomus aeripennis destructor (for-
merly Ctenicera aeripennis destructor). Kleespies et al. [104] examined about 4000 Agriotes
spp. larvae mainly from Germany. Of these wireworms, only 25 were infected by ento-
mopathogenic fungi, 29 by nematodes, and 66 by bacteria.

Entomopathogenic bacteria (EPB) appear to be the least tested group of microorgan-
isms against wireworms, although they have been known for considerable time. Langen-
buch [114] mentioned an unknown bacteriosis in wireworms. Recently a new bacterium
(Rickettsiella agriotidis) was found and described [104,115], but no information has been
published about its potential associated mortality. Danismaszoglu et al. [116] found that
some members of the bacterial flora of Agriotes lineatus and related bacteria caused mortal-
ity up to 100%. Mites, in most cases probably from the family Tyroglyphidae, commonly
occur on field-collected wireworms (Figure 4A). Whether these mites have a parasitic or
phoretic connection to the wireworms is unknown, but the latter appears more likely [105].

3.3.3. Hymenoptera

Few hymenopteran parasitoids of soil-inhabiting wireworms are known. For Europe,
Subklew [106] lists records mainly of Paracodrus apterogynus (Proctotrupidae), but other
Proctotrupidae and partly unidentified Hymenoptera also appear. P. apterogynus is a gre-
garious parasitoid with several individuals (Figure 4B), but a low percentage of males,
emerging from a single wireworm [117]. Known hosts of P. apterogynus are Agriotes obscurus,
Agriotes lineatus, and Athous sp. [113,117–120], indicating that different genera and species
are attacked. Another species, Pristocera depressa (Bethylidae), is a solitary parasitoid of
Agriotes obscurus [121] and perhaps further species. Females of P. apterogynus and P. depressa
are wingless, indicating that both species search for their wireworm hosts underground.
According to D’Aguilar [113], only five of several thousand Agriotes larvae from a site in Brit-
tany (France) were parasitized. The parasitism rate seems to be similarly low in Germany,
with only two of several thousand wireworms from all over the country being parasitized
by a gregarious hymenopteran, most likely P. apterogynus (Lehmhus, unpublished). In a few
cases, parasitoid Diptera larvae were also found [106,122]. Due both to the rare occurrence
of insect parasitoids in economically relevant wireworms and to specific parasitoid biology,
they are unlikely to be suitable for mass rearing and augmentative biocontrol.
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Figure 4. Illustrations of wireworm biocontrol agents. (A) Mite infestation of an Agriotes ustulatus
wireworm; it is unclear if these mites are parasitic or phoretic, but heavy infestations appear
to affect wireworms negatively; (B) Agriotes sp. wireworm with gregarious hymenopteran par-
asitoid, most likely Paracodrus apterogynus; (C) Agriotes sordidus infested by the nematode S. boemarei
(strain FRA48, Lee etal. 2009) carrying the symbiotic bacterium Xenorhabdus kozodoii FR48; and
(D) Agriotes lineatus wireworm with Metarrhizium brunneum infestation. Photographs A, B, D: JKI.
Photograph C: INRAE-DGIMI.

3.3.4. Nematodes

Nematodes of the family Mermithidae parasitize arthropods, mainly insects with at
least 15 different orders as hosts [123]. The use of Mermithidae has been discussed for
biocontrol of mosquitoes [124], but they are occasionally also found in click beetles or
wireworms [122,125]. Considering the low densities and propagation difficulties, they are
not considered to be suitable candidates for wireworm control.

Entomopathogenic nematodes (EPN) from the genera Steinernema and Heterorhabditis (Ne-
matoda: Steinernematidae, Heterorhabditidae) with their bacterial symbionts Xenorhabdus
spp. and Photorhabdus spp. (Gram-negative Enterobacteriaceae) are bacterium–nematode
pairs and pathogenic to a broad range of insects (Figure 4C). Species from both nema-
tode genera have also been successfully implemented in biological control of insect pests
throughout the world [126]. However, wireworms often show very low susceptibility [127]
or are sometimes even considered to be resistant to EPN [128]. This may partly be due
to unsuitable species combinations, as there are also several cases with successful in-
fection by EPN and damage reduction in the field [129–131]. For example, larvae of
A. lineatus were reduced by Heterorhabditis bacteriophora and Steinernema carpocapsae, but
not by Steinernema feltiae [132,133]. Lehmhus [42] showed differences in mortality for the
same three EPN when they attacked four common European wireworms Agriotes lineatus,
A. obscurus, A. sputator, and Selatosomus aeneus. All EPN did cause mortality in the three
Agriotes species, but S. feltiae failed to cause mortality in S. aeneus, which was also the least sen-
sitive wireworm to the other EPN. According to Campos-Herrera and Gutiérrez [127], a Span-
ish isolate of Steinernema feltiae performed poorly against Agriotes sordidus. Ansari et al. [132]
demonstrated that there were considerable differences in the mortality of a wireworm
(Agriotes lineatus) caused by different EPN species and even by different strains of a sin-
gle EPN species (0–67% mortality). Rahatkah et al. [134] showed that after injection of
infectious juveniles, the immune reactions of the same wireworm species (Agriotes lineatus)
to different nematode species (Heterorhabditis bacteriophora and Steinernema carpocapsae)
differed with a higher encapsulation of infectious juveniles from the former, which may be
one reason for nematode strains performing differently. Morton and Garcia del Pino [135]
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found that the mortality of Agriotes obscurus in the lab was dependent both on nema-
tode species and on infectious juvenile dose rates, while under field conditions, a dose
of 100 IJs/cm2 and the best performing strain Steinernema carpocapsae (Weiser) B14 still re-
sulted in nearly 50% mortality. These results indicate that in entomopathogenic nematodes,
the control achieved against wireworms is, besides the environmental factors discussed
below, dependent on the concentration of infectious juveniles and on the combination of
nematode strain and wireworm species.

3.3.5. Fungi

In the field, fungal pathogens can occasionally influence wireworm or click beetle
survival greatly. In Switzerland, Zoophthora elateridiphaga was described by Turian [136] as
attacking A. sputator. According to Keller [137], infection rates of A. sputator click beetles in
Switzerland with Zoophthora elateridiphaga (Entomophthoraceae) varied between 72.6% and
100%. The same fungal pathogen occurred at one location near Braunschweig, Northern
Germany, in A. obscurus and A. sputator click beetles, but with only about 10% becoming
infected (Lehmhus personal observation 2013, determination of pathogen R. Kleespiess).
Entomophthoraceae are comparatively sensitive, difficult to preserve and propagate, and
unsuitable for most spray applications, and thus achieving long-term viability is often quite
difficult [138]. However, as Keller [139] observed Z. elateridiphaga also attacking adults
of Notostira elongata (Miridae) and achieving growth of colonies on Sabouraud Dextrose
Agar (SDA), the host range of this fungus may be less narrow and cultivation less difficult
than generally thought. A remaining problem is that attacks by this fungus are directed
at adults.

More promising are the entomopathogenic fungi Beauveria bassiana (Cordicipitaceae)
and Metarrhizium anisopliae sensu lato (Clavicipitaceae), including related forms like
M. brunneum (Figure 4D). These naturally soil-inhabiting fungi are widely recognized
as interesting biological control agents against several insect pests [140] and have been
known to kill wireworms for more than 100 years [105]. The mechanisms involved in the
infection process in wireworms have already been described in detail (e.g., [141,142]). Trials
have been conducted with several different strains of both fungi (Beauveria bassiana and
Metarrhizium anisopliae sensu lato, including M. brunneum) at different application rates and
with different wireworm species both in the field and in the laboratory. The results were
quite variable. A commercial product containing a Beauveria bassiana strain reached efficacy
values between 54% and 94% against Agriotes spp. in the field in Northern Italy [143],
but in other regions, no differences between potato plots treated with this product and
untreated plots were observed [144,145]. Eckard et al. [146] showed differences in mortality
for three different strains of Metarrhizium brunneum in the three most common European
species: Agriotes lineatus, Agriotes obscurus, and Agriotes sputator. Species and stages of five
North American elaterid species differed markedly in resistance to attack by a strain of
each of the two entomopathogenic fungi Metarrhizium anisopliae and Beauveria bassiana [147].
Kabaluk et al. [122] tested 14 isolates of Metarhizium anisopliae against three species of
wireworms. The North American Ctenicera pruinosa was susceptible to most isolates, while
Agriotes obscurus was highly susceptible to four isolates, and Agriotes lineatus was the least
susceptible species. Under these circumstances, it is clear that a suitable combination
of wireworm species found in the field and EPF strain used is needed to achieve high
control effects. A further constraint may be that some bacterial symbionts of wireworms
could actively suppress the infection by entomopathogenic fungi [148], which may explain
control failures when environmental conditions and the combination of species and strain
seem to fit.

3.3.6. EPN and EPF Use Generally

Both environmental and behavioral factors will further affect the infection of wire-
worms with entomopathogens (EPN and EPF likewise). The retaining of sufficient moisture
is indispensable for the growth of entomopathogenic fungi [149] and has to be solved some-
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how for reliable control. According to Kabaluk et al. [122], Rogge et al. [150], and Kabaluk
and Ericcson (2007), additional factors such as temperature, exposure time, conidia soil
concentration, and food availability also affect mortality rates of wireworms when ex-
posed to Metarrhizium anisopliae. However, while lower temperatures slow down the
spread of wireworm infection [151], the desiccation commonly experienced under sum-
mer conditions might affect the viability of EPF in soil. Additionally, wireworms can
perform seasonal movements to forage in favorable conditions and to avoid unfavorable
ones [9,32,50,114,152–155], meaning that wireworms may escape a biocontrol agent used
when the lethal potential of an entomopathogen is not reached shortly after application.
For example, infection late in the potato-growing season would probably not prevent dam-
age to daughter tubers. Therefore, the temperature conditions under which the infection
cycle of an isolate has its optimum must be considered. For early season applications, a
more northern fungal isolate adapted to lower temperatures [156] might even enable crop
protection early in the year for such crops that need to be protected as young plants. A
temperature effect on the pathogenicity of EPN is also known [157,158], albeit not docu-
mented for pathogenicity against wireworms. A further constraint is that the soil type
can also influence the effectiveness of biological wireworm control [159]. This has also
been described for other insects, partly with contradicting results of higher EPN efficacy in
sandy soil than in clay soil, or vice versa [160–162].

In contrast, the origin of inoculum had no significant effect on the virulence of a
Metarrhizium brunneum strain. The mortality of wireworms treated with spores from host
cadavers was similar to the mortality of wireworms treated with spores from a modified
Sabouraud Dextrose Agar (SDA) after ten sub-cultivations [146]. Therefore, in general,
virulence should not be affected by the conidia production method.

According to Ericsson et al. [163], the biological insecticide Spinosad interacted syner-
gistically with Metarhizium anisopliae against Agriotes lineatus and A. obscurus, indicating
that combinations with a second stressor (insecticide, EPN, or EPF) might enhance biologi-
cal control. <the synergistic or additive effects of combined use of EPN, EPF, and EPB have
been shown for several other pests [164–167].

Several studies [168–172] show that the application pattern is another important point
to consider, with banded or spot application being particularly useful.

Nevertheless, in many cases, results achieved by biological control are not yet sat-
isfactory compared to an effectiveness between 50–90% achieved by plant protection
products based on the insecticides carbosulfan, fonofos, findane, fipronil, imidacloprid,
thiamethoxam, or bifenthrin used in the past [143,173,174]. However, even an array of
insecticides tested on five different wireworm species in three elaterid genera demon-
strates that there are clear differences in mechanisms, symptoms, and mortality, with even
chemical insecticides failing to remove all wireworms [175].

3.3.7. Attract and Kill—A Possible Solution?

The key issue is how the effect of an entomopathogen could be further enhanced for
reliable control. One idea is the development of an attract-and-kill strategy that exploits
the foraging behavior of herbivorous insects. This means the combination of a compound
attracting the wireworms directly to the product and a killing compound that disposes of
them effectively. Such attract-and-kill formulations could be used to enhance the effect of
both EPN and EPF, as the wireworms are lured directly to the entomopathogen.

CO2 is a known attractant for wireworms [74,176] and other soil insects [177,178].
Barsics et al. [179] summarized earlier research that demonstrated the existence of CO2
perception and research on a shorter range working chemosensory sensillae in wireworms.
Brandl et al. [172] developed an attract-and-kill system with an alginate capsule with
yeast and starch producing CO2 as an attractant, with a Metarrhizium brunneum strain as
kill component; as a result, they were able to reduce tuber damage significantly when
compared to the control in three out of seven field trials in potato. In four out of seven trials,
the potato tuber damage appeared lower in the attract-and-kill when compared to kill
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treatment, but differences were not significant. However, different application scenarios
were tested, so the trials are not directly comparable. A resulting formulation is currently
the only product in potato against wireworm damage in Germany (emergency registration,
restricted acreage). According to Küppers et al. [171], a reduction in damage was achieved
with this product at low-to-medium wireworm infestation.

Wireworms are also attracted to plant- or root-produced volatile aldehydes when they
are actively foraging [180], similar to several other soil-inhabiting insect herbivores [181].
This or other organic plant compounds could be exploited for an attract-and-kill strategy.
La Forgia et al. [182] encapsulated entomopathogenic nematodes with potato extracts as an
attractant and feeding stimulant in alginate beads against the wireworm Agriotes sordidus.
When compared to conventional EPN application and to beads containing only potato
extract, the beads with both potato extract and S. carpocapsae or H. bacteriophora increased
mortality rates, significantly only for the latter, indicating the importance of a suitable
attractant for effective wireworm control. However, these are the first steps towards an
attract-and-kill formulation, and it is possible that a combination of CO2 and root volatiles
may enhance the efficacy of the method even further.

Additionally, attract-and-kill strategies using entomopathogens (again Metharizium brunneum
spores) as alternatives to chemical pesticides may also be used effectively to interfere with
click-beetle populations and subsequent wireworm ones, as suggested by Kabaluk et al. [183].
This might be pursued by using modified pheromone traps that allow beetles to enter
back and forth traps containing spore powder. This strategy does not require a 100%
catch, or the vast majority of male beetles to be caught in a short space of time, since
the killing agent would spread through the population, coming into increasing contact
with both male and female adult beetles. At least in some click beetles, sex pheromones
also perform as aggregation pheromones, and they can also attract significant numbers of
females, as demonstrated for A. sordidus, A. brevis, and A. ustulatus [184–187]. This may be
an additional pathway to increasing entomopathogen infections in click-beetle populations
and further reducing wireworm pressure on crops.

3.3.8. Problem: Different Species of Wireworms

A general problem in biological control of wireworms is the involvement of several differ-
ent wireworm species with mixed populations often at the same site [13,32,40,42,46,152,188–190].
When observing the differences in efficacy of a specific EPN or EPF strain against common
wireworm species (e.g., [122,132,146]), it becomes clear that for biological control in a
certain location, we need to know the wireworm species involved. This is not an easy
task. Considerable time and expertise are needed for a reliable identification of wireworm
species. Both the molecular method (PCR) and the morphological methods have their
difficulties, but both produce reliable results for most individuals [13,39,40,72,191]. Ad-
ditionally, recent molecular research suggested a possible occurrence of cryptic species
in some North American wireworms [72,192], which may also affect the efficacy of a
biological product. Furthermore, the activity pattern and damage potential of different
wireworms in a crop may differ, which could affect the risk a certain species poses for a
certain crop [35,153].

Early on, a specific key only for the Elateridae harming agriculture and horticulture
needed to be established, as a major part of wireworms are not relevant in agriculture [193]
and could be omitted. Keys for wireworms of economic importance only have been
provided early in some countries [37,38,45]. Recently, a simple morphological key has been
proposed for more common middle European genera in agricultural fields [41], which may
be useful for farmers and plant protection service field workers without access to molecular
methods. A final solution could be a combined product involving different strains of
entomopathogens with sufficient growth at low temperatures, high efficacy against the
commonest wireworm species in a region, and additionally an attractant source, applied in
furrow at planting.
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3.4. Naturally Derived Insecticides

Biocidal meals are practical options for controlling wireworm populations, both as
prevention structural measures (wireworm population reduction at a suitable rotation
period) and as rescue treatments just before the sowing of susceptible crop; after that,
the occurrence of a wireworm density exceeding the threshold has been assessed [85].
They contain the same glusosinolate–myrosinase system described for biocidal cover
crops (Section 3.1.1). Their potential can be considered comparable to that of chemical
insecticides [85]. In laboratory [10] and pot trials [85], Brassica carinata seed meals caused a
larval mortality higher than 80% and complete maize seedling protection. At large-field
scale, both potato and maize crops have been effectively protected. In order to obtain
successful practical results in the field, the same conditions described for biofumigant
cover crops (Section 3.1.1) need to be fulfilled concurrently. Biocidal meals have become
commercial products available for farmers, and practical implementation has already
taken place.

3.5. Habitat Manipulation

Elaterid species are capable of exploiting both cultivated and uncultivated areas in
the agricultural landscape [53]. Their movement from suitable habitats where populations
thrive, i.e., source habitats such as grasslands, to vulnerable crops determines the colo-
nization process and eventually crop damage. Thus, habitat connectivity in space and
time [194,195] is a key driver of pest dispersal success in dynamic agricultural landscapes.
Indeed, numerous studies have demonstrated that the spatial and temporal arrangement of
land uses can provide a lever for action to control species abundances with regard to land-
scape compositional constraints (see for example [196–198]). Nevertheless, implementing
such pest control strategies demands an extensive knowledge of pest biology and ecology,
notably species-specific life traits such as life-cycle duration and dispersal ability.

The presence of uncultivated area in the field history or in the field vicinity [22–24,56,199]
is clearly identified as a risk source in terms of wireworm infestation and/or crop damage;
hence, it is often considered by farmers (e.g., managing the crop rotation within a field).
More generally, while landscape context has been identified as a risk factor (Section 2.1),
habitat manipulation remains underused. In their theoretical study, Poggi et al. [34]
addressed the role of grassland in the field history, field neighborhood, and both. They
have shown that species with a short life cycle are highly responsive to changes in land use,
and that the neighborhood effect strongly relies on assumed dispersal mechanisms (random
vs, directed movements). They also illustrated how the arrangement of grassy landscape
elements in space and time can mitigate crop infestation by soil-dwelling pests, thereby
emphasizing the relevance of managing grassland regimes. Thus, habitat manipulation
may provide another component within an IPM approach.

4. Crop Damage Management

Wireworms are among the most destructive soil insect pests on potatoes and other
crops, including corn and cereals (see Figure 5). Practices targeting limitation of damage
despite substantial larval densities rely on identifying optimal planting and harvest condi-
tions, protecting the sensitive crop with attractive companion plants, increasing seeding
rates, and planting more tolerant cultivars.
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Figure 5. Illustration of crop damage and symptoms. (A) Damage in maize caused by mixed
populations of A. obscurus and A. lineatus. (B) Damage in winter wheat caused by A. sputator.
(C) Symptoms of wilting on maize small plants. (D) Damage on potato caused by A. obscurus.
Photographs A, B, and D: JKI. Photogaph C: Arvalis.

4.1. Cultural Control
4.1.1. Optimal Sowing and Harvest Timing

If substantial larval density is observed before maize planting, it is common to rec-
ommend delaying the sowing date as higher temperatures lead to shorter sensitive crop
period, which should allow seedlings to resist damage. As regards planting time strategy,
we have to consider that a population’s capacity to damage sensitive plants varies with the
season, e.g., in late spring, very high A. ustulatus populations do not damage maize stands
because most of their larvae are in a non-feeding phase [9]. Therefore, adjusting planting
times, when possible, to coincide with low pest populations or with non-damaging life
stages can be effective. This recommendation cannot be generalized, since it is strictly
depending on the species’ life-cycle. Furlan et al. [23] showed that late sowing significantly
increased damage risk on maize, mainly by A. brevis and A. sordidus, when compared with
the ordinary sowing date. They explained this result by biological factors, as late sowing
implies that most of the population is in the feeding phase due to higher temperatures
accelerating larval molting, while small plants are still susceptible. Saussure et al. [52]
also identified sowing date as a minor variable for explaining damage, contrary to the
conclusions reached thus far. Poggi et al. [25], however, highlighted that soil temperature
at maize sowing date influences damage. In potato production, recent studies in Germany
and in Italy have shown that early harvest may reduce tuber damage [85,200]. Generally
speaking, the less time potatoes stay in the field, the lower the wireworm damage risk;
thus, short-cycle varieties may represent another synergic agronomic strategy.

4.1.2. Resistant Varieties

As for the variety/hybrid resistance to wireworm attacks, little is known and practi-
cally exploited. For example, recent achievements [201] suggest that there is potential for
maize variety/hybrid tolerance/resistance to wireworms, but seed bags with this declared
feature are unavailable. Likewise, less-susceptible-to-wireworm-feeding potato varieties
have been identified, but based on the increasing potato damage claim from farmers re-
ported by researchers [172], it seems that this agronomic strategy has not been exploited
significantly. In potato production, several studies [202–205] highlighted reduced incidence
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and severity of wireworm damage according to varieties. For example, Kwon et al. [205]
tested 50 potato cultivars for resistance to several wireworm species. Injury rates varied
between 80% and 96% in susceptible cultivars, and several varieties were found to be
highly resistant.

4.2. Pest Behavior Manipulation: Feeding Pest as an IPM Strategy

Soil-dwelling wireworms are usually generalist herbivores, feeding on a wide range of
species and usually feeding on most abundant species in their habitat [206]. They may also
feed on animal prey [112] and be cannibalistic when larval density is too high for food re-
sources [9,94]. The orientation of wireworms towards host plants is described as a three-step
process [75,179]. First, wireworms orient towards carbon dioxide by klinotaxis. The next
foraging step involves plant–root volatiles that allow host-specific recognition [207,208];
one example is aldehyde compounds influencing the ability of A. sordidus to locate barley
roots [180]. The last step consists in the biting and the retention in the root systems contain-
ing asparagine, to which wireworms are sensitive, with the wireworms then remaining in
the vicinity of the roots [209]. As their feeding phase only lasts 20% to 30% of their entire
development [9,10,19], a promising and inexpensive pest management strategy could lie in
feeding wireworms, thereby luring them away from the crop during the host susceptibility
period [210]. Previous highly effective management strategies have tested pest behavior
manipulation using trap cropping or companion plants.

4.2.1. Trap Crops

Trap crops are plants grown alongside the main crop in order to manipulate insect
behavior to prevent pests from reaching the target crop [211]. If a trap crop can be found
that lures pests, at least during sensitive growth periods of the main crop, sustainable
and long-term management solutions can result. Hokkanen [211] describes approximately
forty successful cases of trap crop strategies on several crops. As wireworms are very
polyphagous [32], a wide range of trap crops are readily available. Despite limited larval
mobility, wireworms have been found to be attracted and concentrated in trap crops placed
around main crops [212,213]. In 2000, Vernon et al. [213] showed that trap crops of wheat,
planted as trap crops a week before strawberry planting, can effectively reduce wireworm
feeding and plant mortality. Landl and Glauninger [214] demonstrated the influence
of peas as a trap crop on potatoes, and several studies have demonstrated that wheat
intercropped with pea and lentil showed significantly less wireworm damage [215,216].
The attractiveness of trap crops, the timing of planting, and the space they occupy are
major factors to consider before selecting and using a trap crop.

4.2.2. Companion Plants: Feeding Pests as an IPM Strategy

Companion planting is an agronomic strategy that sees the growing together of two
plant species that are known to synergistically improve each other’s growth. Companion
plants can control insect pests either directly, by discouraging pest establishment, or
indirectly, by attracting natural enemies that kill the pest. The ideal companion plant can be
harvested, providing a direct economic return to the farmer in addition to the indirect value
of protecting the target crop. In maize fields, it has been demonstrated that companion
plants lure wireworms away from the crop and lead to a significant reduction (up to 50%) in
damage, which is as effective as common chemical products (Belem 13kg/ha) [210,217,218].
Furthermore, meadow incorporation timing, just before crop seeding (e.g., maize), may
protect crops from wireworm damage without any further intervention. This effect is due
to the fact that soil-incorporated fresh meadow turf is a more attractive wireworm food
source than seeds, emerging seedlings, and young plants [219].

5. Conclusions

Although many key aspects are still to be made available—the number of missing
damage thresholds is astonishing—the bulk of available information allows us to immedi-
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ately implement effective IPM strategies against wireworms. A practical IPM procedure
for efficient wireworm management (including damage thresholds) has been described for
maize in Europe [57,58]. This IPM procedure is currently implemented on thousands of
hectares of cultivated land [7]. In Table 3, the IPM tactics and tools currently available for
reducing the risk of wireworm crop damage to susceptible crops are classified according to
their damage reduction potential and their current implementation status. “Already ap-
plied” practices with proven efficiency and practicability can be immediately implemented,
while “under development” strategies are promising ones that still need large-scale evalua-
tion and adaptations to variable practical conditions. “Under study” strategies comprise
promising ongoing research, with no or negligible practical implementation, but they are
being considered for possible future uses.

Table 3. Alternative strategies that can be applied to maintain wireworm density below damage thresholds according to
results of continuous monitoring. One or more practices can progressively be applied to push back wireworm population
levels. Under study: promising ongoing research but no or negligible practical implementation. Under development:
limited practical applications; ongoing evaluations to adapt solution to variable practical conditions. Already applied:
significant widespread implementation.

Alternative Strategies IPM Principles ** Section Reference
Damage Reduction

Potential
Applicability

Current
Implementation

Continuous monitoring *
integrated with risk

assessment

P2: Monitoring (observation,
forecast, diagnostics) 2.1/2.2 High Already applied

Continuous monitoring *
integrated with risk

assessment

P3: Decision based on monitoring
and thresholds 2.2.3 Medium Already applied

Low risk rotation P1: Prevention and suppression
1.2 Rotation 3.1.1 High High Already applied

Tillage P1: Prevention and suppression
1.2 Rotation 3.1 High High Already applied

Biocidal cover crops P1: Prevention and suppression
1.2 Rotation 3.1 Medium Medium Already applied

Identifying optimal
planting/sowing and

harvest conditions

P1: Prevention and suppression
1.3 Crop management and ecology 3.1.2

Medium/high
(potato),

low/medium others
High Already applied

Biocidal materials P4: Intervention
4.1 Non-chemical methods 3.4 Medium Medium Already applied

Larvae biocontrol using
attract-and-kill device

P4: Intervention
4.1 Non-chemical methods 3.3.7 / 3.3.8 Medium/high Medium Under development

Tolerant varieties P1: Prevention and suppression
1.3 Crop management and ecology 3.1

Medium/high
(potato),

low/medium others
Medium Under study

Adult biocontrol using
attract-and-kill device

P4: Intervention
4.1 Non-chemical methods 3.3.7 / 3.3.9 Medium Medium Under study

Larvae biocontrol using
EPN

P4: Intervention
4.1 Non-chemical methods 3.3.7 / 3.3.10 Low/Medium Medium Under study

Habitat - landscape
modifications

P1: Prevention and suppression
1.1 Combinations of tactics and

multi-pest approach
3.4 Medium Low/medium Under study

Protecting the sensitive
crop with attractive
companion plants

P1: Prevention and suppression
1.3 Crop management and ecology 4.2 Medium ? Under study

* Continuous population level assessment according to IPM principles and selection of fields with low wireworm density. ** From [15].

The IPM strategy level needed to continuously keep wireworm populations below
damage thresholds, and the lowest possible cost can be pursued by implementing “flexible
IPM packages”. These should be made up of two or more practices applied at the same
time, provided that the different practices are compatible and that they have additional
effects on wireworm population and crop-damage reduction. No incompatibilities between
the strategies listed in Table 3 have been reported. The first fixed IPM practice, common to
any flexible package, should be continuous pest population monitoring with low-cost tools,

148



Agriculture 2021, 11, 436

such as pheromone traps (see Section 2.2.1), with complementary local bait trap wireworm
monitoring before a susceptible crop seeding when needed (see Section 2.2.2).

IPM flexible packages may vary according to population levels assessed with continu-
ous monitoring. Low-risk rotation should be implemented (see Section 3.1), in accordance
with the prevalent wireworm species, including non-favoring crops and tillage when sus-
ceptible pest instars (eggs and young larvae) occur in the soil. If monitoring still assesses
risky population levels and/or significant wireworm crop damage has been observed,
other strategies should be added. These include the incorporation of biofumigant defatted
seed meals (pellets) or biocidal plants. Farmers should find the package most suitable to
their specific conditions and modulate package strategies as per wireworm population
dynamics monitored by YATLORf traps (Table 3). Therefore, a general flexible IPM of
wireworms should comprise two main phases: (1) a risk assessment that considers all
the relevant agronomic and climatic characteristics that can be typically achieved by con-
tinuous monitoring of click-beetle populations with pheromone traps. Complementary
wireworm field monitoring is advisable when risk assessment has identified the presence
of risk factors and/or high beetle populations and/or previous wireworm crop damage;
(2) the implementation of one or more of the practices listed in Table 3 in order to maintain
or to restore wireworm populations below levels that cause significant damage to the sus-
ceptible crops in the planned rotation. Regardless of whether specific damage thresholds
are available, farmers might find the IPM flexible package best suited to each homogeneous
cultivated area on their farm by modulating preventative and rescue strategies (Table 3) so
that susceptible crop damage is negligible. This should also require costs and the overall
economic sustainability of alternative strategy implementation to be considered.

In order to make farmers comfortable with IPM implementation risks, insurance tools
covering these risks may be particularly useful and supported by legislation (mutual funds).
Mutual fund compensation is commensurate with the financial resources of the fund. The
fund stock is increased by savings in forecast costs and covers risks that private insurance
companies currently do not, e.g., climatic adversities such as flooding and damage by
wild animals and pests, just before and after the emergence of arable crops. The first
implementations are underway in Italy and the results are promising [220].

While important advances have been recently made, many gaps remain in the setting
up of a complete and efficient IPM framework to deal with wireworm issue in crops. Indeed,
significant progress is still needed on many aspects of our knowledge. The association
between wireworm density and harmfulness to various crops in different conditions is still
missing for several species. This impedes the establishment of precise, verifiable thresholds
for each crop × wireworm species in the various cultivated contexts and areas. Knowledge
on behavioral ecology of adults remains highly fragmentary, notably concerning their
dispersal (distance, orientation) or their choice of egg-laying site. Progress would be useful
if we are to better understand colonization processes and to address wireworm risk at
landscape scale. Abiotic and biotic soil parameters (e.g., organic matter content) that favor
the survival and development of larvae should be specified in order to identify suppressive
soils (i.e., soils that maintain wireworm populations at low levels naturally). This would
mainly require assessing the main natural causes of larval mortality, including parasitism
and predation, and a better understanding of larval trophic ecology and life-cycle. In
terms of agricultural sciences, studies on various promising practices, including tilling,
use of biofumigants, or setting up companion plants, should be fostered. In addition,
despite some promising preliminary results, varietal tolerance/resistance has, to date,
received little attention. Finally, holistic decision-support tools for the implementation of
IPM should be rendered available to farmers. Eventually, precise and verifiable targets for
IPM implementation for each crop × wireworm species in the various cultivated areas [7]
should be identified, with any relevant socio-economic aspects also being considered.
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84. Milosavljević, I.; Esser, A.D.; Murphy, K.M.; Crowder, D.W. Effects of Imidacloprid Seed Treatments on Crop Yields and Economic

Returns of Cereal Crops. Crop. Prot. 2019, 119, 166–171. [CrossRef]
85. Furlan, L.; Bonetto, C.; Finotto, A.; Lazzeri, L.; Malaguti, L.; Patalano, G.; Parker, W. The Efficacy of Biofumigant Meals and Plants

to Control Wireworm Populations. Ind. Crop. Prod. 2010, 31, 245–254. [CrossRef]
86. Furlan, L.; Bonetto, C.; Costa, B.; Finotto, A.; Lazzeri, L. Observations on Natural Mortality Factors in Wireworm Populations and

Evaluation of Management Options. IOBC/WPRS Bull. 2009, 45, 436–439.
87. Lees, A.D. On the Behaviour of Wireworms of the Genus Agriotes Esch. (Coleoptera, Elateridae). J. Exp. Biol. 1943, 20, 54–60.

[CrossRef]
88. Landis, B.J.; Onsager, J.A. Wireworms on Irrigated Lands in the West: How to Control Them. In Farmer’s Bulletin; U.S. Department

of Agriculture: Washington, DC, USA, 1966.
89. Shirck, F.H. Crop Rotations and Cultural Practices as Related to Wireworm Control in Idaho12. J. Econ. Entomol. 1945, 38, 627–633.

[CrossRef]
90. Hall, D.G.; Cherry, R.H. Effect of Temperature in Flooding to Control the Wireworm Melanotus Communis (Coleoptera:

Elateridae). Fla. Entomol. 1993, 76, 155. [CrossRef]
91. Van Herk, W.G.; Vernon, R.S. Effect of Temperature and Soil on the Control of a Wireworm, Agriotes Obscurus L. (Coleoptera:

Elateridae) by Flooding. Crop. Prot. 2006, 25, 1057–1061. [CrossRef]
92. Onsager, J.A.; Foiles, L.L. Chemical Control of the Great Basin Wireworm on Potatoes. J. Econ. Entomol. 1969, 62, 1506–1507.

[CrossRef]
93. Andrews, N.; Ambrosino, M.; Fisher, G.; Rondon, S.I. Wireworm Biology and Nonchemical Management in Potatoes in the Pacific

Northwest; A Pacific Northwest Extension Publication, Oregon State University: Corvallis, OR, USA, 2008.
94. Samoylova, E.S.; Tiunov, A.V. Flexible Trophic Position of Polyphagous Wireworms (Coleoptera, Elateridae): A Stable Isotope

Study in the Steppe Belt of Russia. Appl. Soil Ecol. 2017, 121, 74–81. [CrossRef]
95. Lane, M.C.; Jones, E.W. Flooding As A Means of Reducing Wireworm Infestations. J. Econ. Entomol. 1936, 29, 842–850. [CrossRef]
96. Genung, W.G. Flooding Experiments for Control of Wireworms Attacking Vegetable Crops in the Everglades. Fla. Entomol. 1970,

53, 55. [CrossRef]
97. Arakaki, N.; Nagayama, A.; Kobayashi, A.; Kishita, M.; Sadoyama, Y.; Mougi, N.; Kawamura, F.; Wakamura, S.; Yamamura, K.

Control of the Sugarcane Click Beetle Melanotus Okinawensis Ohira (Coleoptera: Elateridae) by Mass Trapping Using Synthetic
Sex Pheromone on Ikei Island, Okinawa, Japan. Appl. Entomol. Zool. 2008, 43, 37–47. [CrossRef]

98. Arakaki, N.; Nagayama, A.; Kobayashi, A.; Tarora, K.; Kishita, M.; Sadoyama, Y.; Mougi, N.; Kijima, K.; Suzuki, Y.; Akino, T.; et al.
Estimation of Abundance and Dispersal Distance of the Sugarcane Click Beetle Melanotus Sakishimensis Ohira (Coleoptera:
Elateridae) on Kurima Island, Okinawa, by Mark-Recapture Experiments. Appl. Entomol. Zool. 2008, 43, 409–419. [CrossRef]

153



Agriculture 2021, 11, 436

99. Sufyan, M.; Neuhoff, D.; Furlan, L. Effect of Male Mass Trapping of Agriotes Species on Wireworm Abundance and Potato Tuber
Damage. Bull. Insectol. 2013, 66, 135–142.

100. Vernon, R.S.; Blackshaw, R.P.; van Herk, W.G.; Clodius, M. Mass Trapping Wild Agriotes Obscurus and Agriotes Lineatus Males
with Pheromone Traps in a Permanent Grassland Population Reservoir: Pheromone Trapping of Agriotes Beetles. Agr For. Entomol.
2014, 16, 227–239. [CrossRef]

101. Ritter, C.; Richter, E. Control Methods and Monitoring of Agriotes Wireworms (Coleoptera: Elateridae). J. Plant. Dis. Prot. 2013,
120, 4–15. [CrossRef]

102. Van Herk, W.G.; Vernon, R.S. Local Depletion of Click Beetle Populations by Pheromone Traps Is Weather and Species Dependent.
Environ. Entomol. 2020, 49, 449–460. [CrossRef]

103. Van Lenteren, J.C.; Bolckmans, K.; Köhl, J.; Ravensberg, W.J.; Urbaneja, A. Biological Control Using Invertebrates and Microor-
ganisms: Plenty of New Opportunities. BioControl 2018, 63, 39–59. [CrossRef]

104. Kleespies, R.G.; Ritter, C.; Zimmermann, G.; Burghause, F.; Feiertag, S.; Leclerque, A. A Survey of Microbial Antagonists of
Agriotes Wireworms from Germany and Italy. J. Pest. Sci 2013, 86, 99–106. [CrossRef]

105. Hyslop, J.A. Wireworms Attacking Cereal and Forage Crops; U.S. Dept. of Agriculture: Washington, DC, USA, 1915.
106. Subklew, W. Die Bekämpfung Der Elateriden: Eine Übersicht Über Die Literatur. Z. Für Angew. Entomol. 1938, 24, 511–581.

[CrossRef]
107. Kirk, D.A.; Evenden, M.D.; Mineau, P. Past and Current Attempts to Evaluate the Role of Birds as Predators of Insect Pests in

Temperate Agriculture. In Current Ornithology; Nolan, V., Ketterson, E.D., Eds.; Springer: Boston, MA, USA, 1996; pp. 175–269.
ISBN 978-1-4613-7697-2.

108. Fox, C.J.S.; MacLellan, C.R. Some Carabidae and Staphylinidae Shown to Feed on a Wireworm, Agriotes Sputator (L.), by the
Precipitin Test. Can. Entomol 1956, 88, 228–231. [CrossRef]

109. Van Herk, W.G.; Vernon, R.S.; Cronin, E.M.L.; Gaimari, S.D. Predation of Thereva Nobilitata (Fabricius) (Diptera: Therevidae) on
Agriotes Obscurus L. (Coleoptera: Elateridae). J. Appl. Entomol. 2015, 139, 154–157. [CrossRef]

110. Rabb, R.L. Biology of Conoderus Vespertinus in the Piedmont Section of North Carolina (Coleoptera: Elateridae). Ann. Entomol.
Soc. Am. 1963, 56, 669–676. [CrossRef]

111. Rizzo, C.; Lehmhus, J. Wireworm Food Choice: Steack or Salad? Jul. Kühn Arch. 2014, 447, 543–544.
112. Traugott, M.; Schallhart, N.; Kaufmann, R.; Juen, A. The Feeding Ecology of Elaterid Larvae in Central European Arable Land:

New Perspectives Based on Naturally Occurring Stable Isotopes. Soil Biol. Biochem. 2008, 40, 342–349. [CrossRef]
113. D’Aguilar, J. Sur Paracodrus Apterogynus Hal. (Hym. Proctotrupidae), Parasite Des Larves d’Agriotes En France. Bull. Soc.

Entomol. Fr. 1948, 53, 154–155.
114. Langenbuch, R. Beiträge Zur Kenntnis Der Biologie von Agriotes Lineatus L. Und Agriotes Obscurus L. Z. Für Angew. Entomol.

1932, 19, 278–300. [CrossRef]
115. Leclerque, A.; Kleespies, R.G.; Ritter, C.; Schuster, C.; Feiertag, S. Genetic and Electron-Microscopic Characterization of ‘Rick-

ettsiella Agriotidis’, a New Rickettsiella Pathotype Associated with Wireworm, Agriotes Sp. (Coleoptera: Elateridae). Curr.
Microbiol. 2011, 63, 158–163. [CrossRef]
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Citation: Lemic, D.; Pajač Živković,
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Abstract: The aim of this study was to determine the effects of different pre-sowing operations on
the abundance and composition of total soil fauna in soybean cultivation, with special attention to
carabids as biological indicators of agroecosystem quality. The study was conducted in central Croatia
with six different pre-sowing activities (cover crop, mulching, ploughing, glyphosate, fertiliser re-
moval, conventional tillage). Pitfall traps were used to collect soil fauna in April, June and September.
After determining the abundance and composition of the fauna, their coenological characteristics
were calculated and statistical analysis was performed. During the study, 7836 individuals of soil
fauna were collected. The composition consisted of 84% beneficial, 8% harmful and 8% indifferent
fauna. Class Insecta was the most numerous with a proportion of 56%, with most members of
the family Carabidae (1622 individuals), followed by the class Arachnida (40%). The number of
fauna collected was influenced by the interaction between pre-seeding intervention and sampling
date. Pre-seeding interventions that did not involve soil activities did not affect the number and
composition of soil fauna at the beginning of vegetation. Mechanical interventions in the soil and
warmer and drier weather have a negative effect on the number and composition of soil fauna. As
the season progresses, the influence of pre-sowing activities on soil fauna in soybean crops decreases.
It seems that a reduction in mechanical activities in the shallow seed layer of the soil has a positive
effect on species richness or diversity. Of particular note is the large proportion of beneficial insects
that currently colonise the study area, characterising soil richness and stable natural equilibrium.

Keywords: soybean; pre-sowing soil activities; soil fauna; ground beetles; dominance; frequency

1. Introduction

Soybean (Glycine max L. Merril) is one of the oldest crops with high oil and protein
content in the grain [1,2]. The protein and oil content depends on the variety and growing
conditions and can vary between 35–50% protein and 18–24% soybean oil [3]. This oilseed is
used in oil production, food production and animal nutrition. In the food industry, it is used
in the form of soybean, oil, flour and milk, while grain, stalk or bread is used as livestock
feed. However, the main reason for its cultivation is still livestock [3]. Besides its important
role in human and livestock nutrition, it is also desirable in crop rotation. Through its
symbiosis with nodule bacteria, it enriches the soil with nitrogen [4,5]. Soybean is a
demanding crop that differs from other crops in complexity and cultivation requirements,
especially in tillage and soil preparation for sowing. Basic ploughing is carried out to a
depth of 30 cm, and in heavier soils levelling must be carried out in the autumn. In early
spring, the soil must be closed as early as possible to retain all accumulated moisture [6].

Frequent and intensive tillage of any crop, including soybean cultivation, results in
greater soil compaction or disruption of the continuity of larger pores and corridors of
organisms in the soil. Such soil affects both the abundance and diversity of soil fauna as
compaction creates unfavourable living conditions, especially anaerobic conditions [7,8].
One of the most important components of soil, apart from its chemical and physical
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properties, is its biological component or soil organisms. The biological component or
soil biodiversity is a very important but at the same time insufficiently known component
of the soil ecosystem [9,10]. Biodiversity consists of soil organisms that spend all or part
of their life cycle either in the soil or on its surface (including crop residues or mulch)
and are responsible for processes that are very important for soil health and fertility [8].
Tillage is one of the most aggressive activities affecting soil biological balance. Biological
balance refers to the interactions among organisms, including the structure of food webs
and the ability of ecological systems to sustain themselves over time. In general, deeper
and more frequent tillage increases negative impacts on soil organisms, while no-till, strip
tillage and compatible tillage systems maintain biodiversity and soil organism richness in
crop production. Improper and inappropriate tillage results in greater soil compaction or
disruption of the continuity of larger soil pores as well as the corridors of soil organisms.
This mainly affects the abundance, but also the diversity of the biological component of the
soil [11], as greater soil compaction creates less favourable living and especially anaerobic
conditions, which are only suitable for a smaller number of soil organisms [8].

The organisms in the soil are divided into three categories according to their influence
on agriculture: Beneficial, Indifferent and Pests, and according to their size into four basic
groups: Microfauna, Mesofauna, Macrofauna and Megafauna [12]. The abundance of
beneficial organisms is extremely important as it is often used as an indicator to assess the
viability of the agroecosystem. Higher numbers of beneficial soil organisms indicate better
sustainability and positive impact on the crops grown [13]. Beneficial fauna has a positive
impact on increasing soil fertility (decomposition and mineralisation of organic matter;
mixing, transport and combination of organic and mineral soil components; transport of
microorganisms...) and regulating the water–air ratio (creation and maintenance of soil
pores) [14].

In the cultivation of soybeans, the occurrence of pests affects the quality and quantity
of the grain. To prevent such damage, all available control measures are used, including
chemical measures. Pesticides can be used in soybean production to control insects, mites,
weeds and pathogens [15]. The use of pesticides has negative effects and destroys beneficial
soil organisms [8,16,17]. Nietupski [18] states that of all pesticides used, only herbicides
have negative effects on beneficial Carabidae.

The most numerous beneficial insects in soil fauna are species from the orders Collem-
bola and Coleoptera, which are often referred to as bio-indicators [19]. These organisms
have different feeding strategies and functional roles within soil processes. Collembola com-
munities influence nutrient availability through their interactions with soil organisms [20],
such as rates of bacterial and fungal consumption and spore transport. The relationships
of soil collembolan fauna to their ecological niches and the stability of community com-
position at a given site provide good starting points for bioindication of changes in soil
properties and impacts of human activities [21]. Carabids are often used as indicators
of habitat change. They have been used in grasslands and boreal forests where species
numbers and/or abundance have been found to change along a habitat disturbance gradi-
ent [22]. Their numbers are influenced by many factors, one of which is the pre-seeding
procedure.

Glyphosate has been the subject of controversy for several years, ever since the World
Health Organization (WHO) warned of possible carcinogenic and genotoxic effects on
humans. Glyphosate is the active ingredient in many commercial herbicides, of which
the best-known commercial product in the world is called Roundup, while in Croatia
it is better known as Cidokor [23]. The use of glyphosate is extremely widespread in
agriculture and horticulture [24]. Vandenberg et al. [25] noted that more than 1500 studies
have been conducted on the safety of glyphosate in the last decade, potentially changing
the regulatory view. More intensive research on the effects of glyphosate on beneficial (and
harmful) soil fauna has not been conducted. Currently, there are no studies on the impact
of pre-sowing intervention or glyphosate application on overall soil fauna and particularly
on beneficial insects in soybean production.
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Based on all the above, the hypothesis of this study is as follows: in soybean cultivation,
more intensive tillage before sowing and glyphosate application have a negative impact on
the whole soil fauna and especially on the members of the beneficial fauna. Based on the
hypothesis, the objective of the study was to determine the total soybean soil fauna and
the effects of different pre-sowing interventions on the abundance and composition of soil
fauna in soybean cultivation.

2. Materials and Methods

2.1. The Locality of the Experiment

In 2019, a survey was conducted in six localities in the area of Šašinovec (45◦51′00” N
16◦10′01” E), a village near Zagreb in the central part of Croatia. Six soybean fields were
sown in each of these six localities (36 soybean fields in total). In each field, different
soil treatments were applied before sowing. Cover crops were sown in field 1. Field 2
was mulched, while field 3 was ploughed. Glyphosate was applied to field 4 for weed
control. Field 5 was ploughed under, and field 6 had standard tillage (stubble ploughing
at 10 cm, deep fall ploughing at 25 cm in 2018, and winter furrow closure and standard
soil preparation for seeding in 2019). Mulching, cover plants and glyphosate applications
do not involve soil activities, while ploughing, undermining and standard tillage repre-
sent interventions in shallower and/or deeper soil layers. More detailed data on tillage
operations can be found in Table 1.

Table 1. Pre-sowing interventions and implementation dates.

Variants

Activity Cover Plants Mulching Ploughing Glyphosate Undermining Standard *

Sowing 2 August 2018 - - - -
Plowing stubble
Deep ploughing
Furrow closing
Pre-sowing soil

preparation

Mulching - 18 October 2018 - - -

Ploughing - - 12 December
2018 - -

Glyphosate - - - 3 September
2018 -

Undermining 1 August 2018
Soybean
sowing 5 June 2019 5 June 2019 5 June 2019 5 June 2019 5 June 2019 5 June 2019

* Usual interventions of the field owner = conventional tillage in soybean cultivation.

2.2. Soil Fauna Sampling

Soil fauna sampling was conducted on three dates, April, June, and September, from
the beginning to the end of soybean cultivation. Traps were active for two weeks in each
specified sampling period. Soil fauna was collected using epigeic covered pitfall traps.
Polythene pots (Ø = 12 cm, h = 18 cm) were incorporated 18 cm into the soil and covered
with PVC roofs (Ø = 16 cm) approximately 4 cm above ground level. Each trap was half
filled with salted water (20% solution) for captures conservation. Four pitfall traps were
placed in each field, two at the edge and two in the middle of the plot. All collected samples
were stored in plastic containers with appropriate labelling prior to determination.

2.3. Data Analysis

After collecting samples of fauna, further research was carried out in the laboratory of
the Department Agricultural Zoology of the Faculty of Agriculture in Zagreb. The collected
soil fauna from each sample was separated from the contaminants and transferred into con-
tainers with 96% alcohol. This was followed by sample identification. The determination
was carried out with the help of light microscope and standard keys [26–31]. All organ-
isms found were classified into the appropriate classes (Insecta, Arachnida, Malacostraca,
Diplopoda, Chilopoda and Gastropoda). Members of the class Insecta are identified by
family, genus or species.
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After determining the samples, a list of soybean soil fauna was compiled. After
determining the number of soil fauna, their coenological characteristics, dominance and
frequency were also determined.

Dominance is used to express the percentage of an order/family/genus/species in the
total number of insects in a particular biotope. The Balogh formula was used to calculate
dominance (cited in Balarin [32]):

D = (nA/N) × 100 (1)

D—dominance index; nA—the number of individuals caught of the same species/genus/
order; N—the total number of individuals caught.

Based on the calculated dominance, the orders are classified into the following groups
according to Tischler and Heydeman (cit. Balarin [29]) as eudominant (>10%); dominant
(5–10%); subdominant (1.00–4.99%); recedent (0.5–0.99%); subrecedent (0.01–0.49%).

Frequency shows the exact number in which an order/family/genus/species appears
on a surface within a biotope. The Balogh formula was used to calculate the frequency [32]:

Cai = Uai/ΣUi × 10 (2)

Cai—frequency index; Uai—number of samples with order found; ΣUi—total number.
According to Tischler (Balarin 1974), the obtained frequency results are divided into the

following groups: euconstant (75–100%); constant (50–75%); accessory (25–50%); accidental
(0.1–25%).

The data on the number of individuals belonging to different orders/classes captured
in each field were analysed by analysis of variance (ANOVA) using the AOV factorial
method with three factors using ARM 9 software software (Gylling Data Management,
Brookings, South Dakota) [33]. The first factor was pre-sowing intervention, which was
considered as a fixed factor. The second factor was sampling period and the third factor
was statistical class. A Tukey post hoc test was used to determine which mean values of
the variants were significantly different after a significant test result (p < 0.05).

In order to compare species richness among different treatments, the Shannon index
(H) [34] was calculated based on the total collected individuals of different classes for each
pre-sowing activity. The Shannon entropy quantifies the uncertainty (entropy or degree of
surprise) associated with this prediction. It was calculated as follows:

Shannon Index (H) =
s

∑
i=1

pi lnpi (3)

In the Shannon index, p is the proportion (n/N) of individuals of one particular species
found (n) divided by the total number of individuals found (N), ln is the natural log, Σ is
the sum of the calculations, and s is the number of species.

Shannon’s equitability (EH) has been calculated by dividing H by Hmax (here Hmax =
lnS) [35]. Equitability assumes a value between 0 and 1 with 1 being complete evenness.

The data on the number of individuals belonging to family Carabidae captured in each
field were analysed by analysis of variance (ANOVA) using the AOV factorial method with
two factors using ARM 9 software [33]. The first factor was pre-sowing intervention, which
was considered as a fixed factor. The second factor was sampling period. To normalise the
data, square root transformation of X + 0.5 has been applied. A Tukey post hoc test was
used to determine which mean values of the variants were significantly different after a
significant test result (p < 0.05).

3. Results and Discussion

3.1. Soybean Fauna Diversity

Table 2 shows the number and composition of soil fauna of soybean collected in April,
June and September 2019. A total of 7836 individuals were collected. The Insecta class
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was the most numerous with 4373 individuals, within which eight orders were identified.
The most numerous order was Coleoptera with 2698 members, which accounted for 34%
of the total soybean soil fauna collected. The study identified 807 individuals from the
order Hymenoptera, which accounted for 10% of the total soybean soil fauna collected,
especially members of the family Formicidae (712 individuals, 9.1%). In addition, there
were 466 members of the order Diptera (6%), 241 members of the order Collembola (3%),
72 members of the order Orthoptera (1%), 2 members of the order Mecoptera (0.03%),
and 1 member of the order Lepidoptera (0.01%). In addition, 86 individuals from the
order Hemiptera were identified, representing only 1% of the total fauna collected. In
the study of soybean fauna by Bažok et al. [36], the most numerous order was Hemiptera
with 818 individuals, which accounted for 60.3% of the total fauna collected. However,
their results show the composition of the fauna on the plant canopy. In addition to the
class Insecta, this study also identified 3111 individuals from the class Arachnida, which
accounted for 40% of the total soil fauna. Other classes were much less represented in the
total catches.

Table 2. The number and composition of the soybean soil-dwelling fauna.

Class Order Family Genus/Species In Total Category

Insecta

Collembola - - 241 beneficial

Orthtoptera
Acrididae - 10 pest

Gryllidae Gryllus campestris Linnaeus, 1758 62 pest

Hemiptera

Miridae - 2 pest

Nabidae - 4 beneficial

Lygaeidae - 2 pest

Nepidae - 1 pest

Reduviidae - 9 beneficial

Coreidae Coreus marginatus Linnaeus, 1758 1 pest

Pentatomidae Rhaphigaster nebulosa Poda, 1761 1 pest

Pyrrhocoridae Pyrrhocoris apterus Linnaeus, 1758 33 beneficial

Tingidae Corythuca ciliata Say, 1832 5 pest

Aphididae - 7 pest

Cicadellidae Iassus lanio Linnaeus, 1761 19 pest

Flatidae - 2 pest

Coleoptera Carabidae

Brachinus psophia Serville, 1821 181 beneficial

Carabus coriacerus Linnaeus, 1758 4 beneficial

Carabus arvensis Herbst, 1784 1 beneficial

Carabus cancellatus tibiscinus Csiki, 1906 441 beneficial

Carabus cancellatus dahli Heer, 1841 19 beneficial

Clivina fossor Linnaeus, 1758 10 beneficial

Bembidion sp. Latreille, 1802 68 beneficial

Trechus quadristriatus Schrank, 1781 1 beneficial

Anisodactylus signatus Panzer, 1796 2 beneficial

Harpalus sp. Latreille, 1802 31 beneficial

Harpalus affinis Schrank, 1781 88 beneficial

Harpalus distinguendus Duftschmid, 1812 105 beneficial

Harpalus rufipes De Geer, 1774 51 beneficial

Harpalus neglectus Audinet-Serville, 1821 1 beneficial
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Table 2. Cont.

Class Order Family Genus/Species In Total Category

Harpalus laevipes Zetterstedt, 1828 1 beneficial

Anchomenus dorsalis Pontoppidan, 1763 46 beneficial

Ophorus signaticornis Duftschmid, 1812 5 beneficial

Poecilus cupreus Linnaeus, 1758 383 beneficial

Pterostichus melas Creutzer, 1799 40 beneficial

Pterostichus melanarius Illiger, 1798 6 beneficial

Amara sp. Bonelli, 1810 138 beneficial

Scarabaeidae
- 66 beneficial

Teuchestes fossor Linnaeus, 1758 97 beneficial

Chrysomelidae
- 1 pest

Phyllotreta sp. 72 pest

Nitidulidae Glischrochilus quadrisignatus Say, 1835 9 pest

Tenebrionidae Gonocephalum sp. Chevrolat, 1849 9 beneficial

Curculionidae - 9 pest

Staphylinidae - 382 beneficial

Cantharidae - 53 beneficial

Phalacridae Olibrus sp. Erichson, 1845 4 pest

Coccinellidae - 8 beneficial

Silphidae
Silpha sp. Linnaeus, 1758 150 beneficial

Nicrophorus sp. Fabricius, 1775 26 beneficial

Elateridae - 189 pest

Bostrychidae - 1 pest

Hymenoptera

Formicidae - 712 beneficial

Braconidae
- 23 beneficial

Aphidius sp. 14 beneficial

Vespidae Vespa sp. Linnaeus, 1758 4 beneficial

Apidae
Bombus sp. Latreille, 1802 1 beneficial

Apis mellifera Linnaeus, 1758 7 beneficial

Ichneumonidae - 2 beneficial

Dryinidae - 10 beneficial

Eulophidae - 18 beneficial

Mymaridae - 4 beneficial

Platygastridae Platygaster sp. 11 beneficial

Crabronidae - 1 beneficial

Diptera

Muscidae
Musca sp. Linnaeus, 1758 181 indifferent

Hydrotaea sp. Robineau-Desvoidy, 1830 70 indifferent

Sciaridae - 194 pest

Phoridae - 8 pest

Empididae - 6 beneficial

Simulidae - 3 indifferent

Sphaeroceridae - 1 pest
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Table 2. Cont.

Class Order Family Genus/Species In Total Category

Trichoceridae - 2 pest

Tabanidae - 1 pest

Mecoptera Panorpidae Panorpa sp. Linnaeus, 1758 2 indifferent

Lepidoptera - - 1 pest

Arachnida - - - 3111 beneficial

Malacostraca Isopoda - - 250 indifferent

Diplopoda - - - 82 indifferent

Chilopoda - - - 10 beneficial

Gastropoda - - - 10 indifferent

The composition of soil fauna, according to the influence of organisms on agriculture,
consists of 6601 members of beneficial fauna, which is 84% of the total fauna collected,
603 members were pests, which is 8% of the total fauna collected, and 632 members were
indifferent fauna, which is 8% of the total fauna collected. In our study, out of the total
beneficial fauna which comprised 6601 individuals, 3111 individuals were spiders, which
is 47% of the total beneficial fauna collected. This confirms the findings of Costello and
Daane [37], Pearce et al. [38] and Pajač Živković et al. [39], in which they stated that spiders
are among the most abundant predators in the soil layer and in large numbers can play an
important role in reducing the pest population.

3.2. Dominance and Frequency of Collected Fauna

After determination, the parameters of dominance and frequency of classes and or-
ders per total number of collected soil fauna were calculated. According to the dominance
index, the classes Arachnida and Insecta (and individually the orders Hymenoptera and
Coleoptera) were classified as eudominant. The results show that the class Insecta ac-
counted for 56% and the class Arachnida for 40% of the total number of fauna collected.
Within the class Insecta, the order Coleoptera accounts for 34% of the total number of fauna
collected and the order Hymenoptera accounts for only 10% of the total number of fauna
collected. The order Diptera is classified as the dominant order and accounts for 6% of
the total number of fauna collected, and the order Collembola as the sub-dominant order
accounts for only 3% of the total number of fauna collected. The frequency index of these
orders over all the samples shows that the orders Coleoptera (100%), Hymenoptera (89%),
Diptera (92%) and the class Arachnida (100%) belong to the category of euconstants, with
their frequency index occurring in more than 75% of the samples. The order Collembola
(25%) belongs to the category of accessory orders, occurring in 25% of the samples.

When the same parameters were analysed by collection period, the dominance index
of the members of the order Coleoptera was 34%, 58% and 21%, respectively; it was
classified as the eudominant order in all three collection periods. However, the results
showed that its dominance increased in June and decreased in September. Members of
the class Arachnida were also classified as a eudominant order throughout the collection
period, with a dominance index of 42% (April), 20% (June) and 32% (September). The
results show that their index decreased in June and increased in September, which was
the opposite to the members of the order Coleoptera. The order Diptera is classified as a
eudominant order in April with a dominance index of 11%, while in June and September
it is classified as a dominant order with a dominance index of 8% and 10%, respectively.
Members of the order Hymenoptera increased in each sampling period and were classified
as a subdominant order with a dominance index of 5% in April, dominant order with a
dominance index of 6% in June and eudominant order with a dominance index of 23% in
September. Members of the order Hemiptera also increased in their dominance index over
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the study period. In April, it was classified as a recurrent order with a dominance index of
1%, and in June and September it was classified as a subdominant order with dominance
indices of 1% and 4%, respectively. The order Isopoda was subdominant in April with a
dominance index of 3%, then fell to a recedent order in June with a dominance index of 1%,
and rose to a dominant order in September with a dominance index of 5%.

The class Arachnida (100%) and, within the class Insecta, the order Coleoptera (100%)
are classified as euconstant throughout the sampling period and occur in all samples
collected. The order Diptera is also classified as euconstant throughout April and September
and was found in every sample collected, while in June it occurs in 75% of the samples.
The order Hymenoptera is found in all the collected samples in April and September and
is classified as a euconstant order, while in June it is found in 67% and is classified as a
constant order. Members of the order Hemiptera were present in all collected samples in
April and classified as a euconstant order, in June they were classified as an accessory order
and were present in 33% of collected samples, while in September they were again classified
as a euconstant order and were present in 83% of collected samples. The order Isopoda
was found in 67% of the collected samples in April, in 50% of the collected samples in
September and was classified as a constant order, and in June it was found as an accessory
order in only 17% of the collected samples.

3.3. Influence of Pre-Sowing Tillage on Soil Fauna Abundance

The total number of catches from the same pre-seeding measures was tested mutually
and the p values ranged from 0.158978 to 0.687678, which means that the same pre-seeding
measure had no influence on the abundance of fauna on the tested sites in the Šašinovec
area. Therefore, in the further results, we present summarised data on collected soybean
fauna per measure before sowing.

Table 3 shows the results of ANOVA between the total number of catches of all soil-
dwelling fauna on the studied variants throughout the survey period. The results show
that catches were extremely high in April and that they decreased during the summer and
autumn months. In April, significantly more members of the fauna were found in fields
with glyphosate and in fields where mulching was carried out. The lowest abundance of
fauna was found in fields with cover crops prior to seeding. In June, up to 10 times lower
catches of fauna were found, and significantly the highest catches were found in fields
where ploughing was carried out before sowing, and the lowest catches were found in
fields with mulching, glyphosate and standard tillage. In September, catches were even
lower and no differences were found between the studied variants.

Table 3. Total catches of soil fauna (±standard error: SE) on all variants throughout the research period.

Pre-Sowing Activity
Research Period

April June September

Cover plants 199.5 ± 10.8 c,* 27.8 ± 3.5 b,c 21.5 ± 7.1 ns

Mulching 453.0 ± 33.8 a 25.3 ± 2.8 c 19.5 ± 7.2 ns

Ploughing 287.5 ± 51.5 b,c 49.8 ± 2.7 a 10.0 ± 1.1 ns

Glyphosate 460.8 ± 24.2 a 21.5 ± 2.7 c 28.0 ± 4.8 ns

Undermining 249.0 ± 24.8 c 42.8 ± 4.5 a,b 16.0 ± 2.6 ns

Standard 404.0 ± 32.0 a,b 18.3 ± 1.6 c 28.5 ± 7.2 ns

Tukey’s HSD p = 0.05 ** 147.75 15.26 ns

Standard Deviation 64.3 6.6 11.0

Levene’s F
1.8 0.6 23.5

0.156 0.702 0.001 *
* values marked with the same letter (a–c) do not differ significantly (p > 0.05; HSD test); ns—non significant;
** HSD was determined by comparing the total abundance of fauna between different methods of pre-sowing
tillage in all periods of research. Equality of variances was tested with Levene’s test and reaches with equal
variances (p > 0.05); ‘t = Mean descriptions are reported in transformed data units and are not de-transformed
(data were log (x + 1) transformed and arcsin trans-formed

√
x).
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In April, a total of 6838 individuals of soil fauna were identified, representing 87% of
the total catch. In June, 508 individuals of fauna were identified (6%), and in September,
490 individuals (6%) (Table 4).

Table 4. Abundance of the total soil-dwelling fauna in all variants during investigation period.

Sampling
Period

Interventions Prior to Soybean Sowing

Cover Plants Mulching Ploughing Glyphosate Undermining Standard TOTAL

April 676 1533 1013 1526 815 1275 6838

June 86 73 119 60 122 48 508

September 94 71 45 103 68 109 490

TOTAL 856 1677 1177 1689 1005 1432

Soybean soil-dwelling fauna is many times more numerous in the spring months
(the onset of soybean vegetation), while it drastically decreases later. Nait-Kaci et al. [40]
claim that a large difference in research results during the year is due to the sensitivity of
terrestrial fauna to climatic conditions, especially heat and humidity, and the influence of
vegetation cover. There are numerous studies that also find the highest abundance of fauna
in spring months [41], which is probably due to more favourable climatic conditions (more
humidity, lower temperatures). Gkisakis et al. [42] conducted a study on soil fauna in
common and hilly olive groves and the results showed the highest number of individuals
in spring, while in summer and autumn the number decreases. Goncalves et al. [43] in
their study on soil fauna in olive groves found that most of the soil fauna was collected in
spring. House and All [44] in their study also found the highest numbers of members of
the order Coleoptera in pitfall traps in mid-spring in soybean cultivation.

In April, most fauna was collected in the field where mulching was performed and in
the field where glyphosate was applied. The percentage of fauna in both fields was 22%.
Fields with standard tillage had 19% of the fauna, while fields that were ploughed had 15%
of the total fauna. Fields with undermining had 12% of the total fauna. Fields with cover
crops had the least amount of fauna, only 10%. In June, the most fauna was collected in the
field with undermining and the field with ploughing, with percentages of total fauna of
25% and 23%, respectively. In the fields with cover crops, the proportion of fauna was 17%.
In the fields with mulching, the proportion was 14%, and in the fields with glyphosate
application, the proportion was 12% of the total catches. The lowest proportion of fauna
was found in the fields with standard tillage, only 10% of the total catch. In September,
the most fauna was collected in fields with standard tillage and glyphosate application,
22% and 21%, respectively. In fields with cover crops, the percentage of fauna was 19%.
Fields with mulching and undermining had similar percentages, 15 and 14%, respectively.
The lowest percentage of fauna was found in the field with ploughing, only 9% of the
total catch. As reported by several authors, the associated conserved management systems
contribute to the optimal development of soil fauna, besides the high relationship with
soil fertility due to increased biological activity [45–47]. In contrast, the no-till measures
showed a lower occurrence and diversity of soil organisms. Therefore, the conserved soil
management should not be recommended when the objective is to benefit and to preserve
soil biodiversity, regardless of the type of soil tillage and management.

The total catches of various members of the soybean soil fauna classified into or-
ders/classes were analysed during the study period to determine differences among fields
within each taxonomic category with respect to the sampling period. The detailed analysis
of the number of individuals from different statistical categories collected in April, June
and September on different tillage systems is presented in Tables 5–7.

There were no significant differences in the number of individuals captured in April be-
tween different tillage systems in the orders Orthoptera, Hemiptera, and the classes Arach-
nida and Diplopoda. The differences were found in the orders Colembolla, Coleoptera,
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Hymenoptera, Diptera and the class Malacostraca. Among the fields with different tillage
methods, significantly higher catch of individuals of order Coleoptera was recorded in the
fields with mulching. In fields with ploughing, a significantly higher number of members
of order Hymenoptera was recorded. In the fields with glyphosate, significantly higher
catches of individuals of the orders Colembolla and the class Malacostraca were recorded.
However, the catches of individuals of the classes Malacostraca were very low. Members
of the class Arachnida were caught in high numbers in all fields, but due to high variability
in catches, differences between fields with different tillage practices were not detected.

Table 5. Total soil fauna analysed by order/class (±SE) collected in April on different tillage systems before sowing.

Pre-Sowing
Activity
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Cover plants 14 ± 3.5 b,¥ 1 ± 0.7 1.9 ± 0.1 61.5 ± 0 b 21.8 ± 7.5 b 4.1 ± 0.1 b 60.1 ± 0 0 ± 0 c 0.8 ± 0.3
Mulching 9.8 ± 5.6 b 3.3 ± 0.3 2.7 ± 0.1 146.9 ± 0.1 a 28.6 ± 2.1 a,b 14.2 ± 0.1 a,b 149.7 ± 0.1 5.8 ± 0.1 b 1.5 ± 0.5
Ploughing 0 ± 0 b 3 ± 1.1 2.6 ± 0.2 79.6 ± 0.1 a,b 63.1 ± 6.8 a 5.3 ± 0.2 a,b 66.8 ± 0.1 0.6 ± 0.1 c 11.8 ± 6.6
Glyphosate 29.8 ± 1.8 a 2.5 ± 1 2.9 ± 0.2 105.4 ± 0 a,b 13.6 ± 3 b 8.5 ± 0.1 a,b 150.2 ± 0.1 35.4 ± 0.1 a 2 ± 0.7

Undermining 6.3 ± 1.7 b 1 ± 0.6 2.2 ± 0.3 70.4 ± 0.1 b 23 ± 2.1 b 5.9 ± 0.1 a,b 82.8 ± 0.1 0.2 ± 0.1 c 1 ± 0.4
Standard 0 ± 0 b 1 ± 0.4 1.7 ± 0.1 117.9 ± 0.1 a,b 25.4 ± 5.4 b 20.7 ± 0.2 a 151 ± 0.1 5.9 ± 0.1 b 1.3 ± 0.8

Tukey’s HSD
p = 0.05 ** 14.4 ns ns 58.56 33.65 14.96 ns 2.81 ns

Standard
Deviation 6.2 1.22 0.39 t 0.12 t 9.48 t 0.26 t 0.18 t 0.23 t 1.15

Levene’s F
33.1 1.3 1.2 0.4 2.4 2.8 2.5 5.5 1.2

0.001 * 0.32 0.34 0.84 0.08 0.045 * 0.06 0.003 * 0.35

¥ values marked with the same letter (a–c) do not differ significantly (p > 0.05; HSD test); ns—non significant value; * significant value; **
HSD was determined by comparing the numbers of each group of insects between different methods of pre-sowing tillage; Equality of
variances was tested with Levene’s test and reaches with equal variances (p > 0.05); ‘t = Mean descriptions are reported in transformed data
units and are not de-transformed (data were log (x + 1) transformed and arcsin transformed

√
x).

The results in Table 6 show that there were no significant differences in catches between
the variants in the orders Collembola, Orthoptera, Hemiptera, Hymenoptera, Diptera and
the class Diplopoda in June. The only differences in catches were found in the order
Coleoptera and the classes Arachnida and Malacostraca. Members of the order Coleoptera
were significantly more abundant in fields with ploughing and undermining. Catches in
other fields were low and did not differ significantly. Members of the class Arachnida were
caught in fields with cover crops, ploughing and undermining. There were no significant
catches in other fields. The Malacostraca class had the significantly highest catch in fields
with glyphosate, but it should be noted that these catches were very small.
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Table 6. Total soil fauna analysed by order/class (±SE) collected in June on different tillage systems before sowing.
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Cover plants 0 ± 0 0.4 ± 2.1 0 ± 0 9.4 ± 0 b,¥ 2.4 ± 3.1 0.4 ± 0.2 7.1 ± 0.1 a 0 ± 0 b 0 ± 0
Mulching 0 ± 0 2 ± 2.9 0.2 ± 0.1 8.5 ± 0.1 b 0.1 ± 1.4 1.7 ± 0.3 2.3 ± 0.1 a,b 0 ± 0 b 0 ± 0
Ploughing 0 ± 0 0.1 ± 2 0.4 ± 0.2 24.3 ± 0 a 1.6 ± 2.7 0.4 ± 0.1 4.9 ± 0.2 a 0.2 ± 0.1 a,b 0 ± 0
Glyphosate 0 ± 0 0.9 ± 1.9 0.2 ± 0.1 7.7 ± 0 b 0.1 ± 2 0.4 ± 0.1 3.2 ± 0 a,b 1.1 ± 0.1 a 0 ± 0

Undermining 0 ± 0 0.3 ± 1.7 0.4 ± 0.2 18.3 ± 0.1 a 2.2 ± 2.9 1.2 ± 0.2 5.7 ± 0 a 0 ± 0 b 0 ± 0
Standard 0 ± 0 0.3 ± 1.7 0.4 ± 0.2 8.6 ± 0.1 b 0.1 ± 2 0.9 ± 0.1 0.4 ± 0.1 b 0 ± 0 b 0 ± 0

Tukey’s HSD
p = 0.05 ** ns ns ns 7.17 ns ns 2.87 0.91 ns

Standard
Deviation 0 4.54 t 0.17 t 0.11 t 5.24 t 0.30 t 0.21 t 0.11 t 0.24

Levene’s F
0.29 0.25 0.95 0.24 1.68 26.8 2.4
0.91 0.93 0.47 0.94 0.19 0.001 * 0.07

¥ values marked with the same letter (a,b) do not differ significantly (p > 0.05; HSD test); ns—non significant value; * significant value; **
HSD was determined by comparing the numbers of each group of insects between different methods of pre-sowing tillage; Equality of
variances was tested with Levene’s test and reaches with equal variances (p > 0.05); ‘t = Mean descriptions are reported in transformed data
units and are not de-transformed (data were log (x + 1) transformed and arcsin transformed

√
x).

The results in Table 7 show that in September the number of members of the orders
Collembola, Orthoptera, Hemiptera, Coleoptera, Hymenoptera, Diptera and the classes
Malacostraca and Chilopoda did not differ significantly among the variants of the study.
Only in the class Arachnida were differences in catches found between the variants studied.
The number of members of the class Arachnida was significantly higher in fields with
glyphosate and slightly lower in fields with cover crops, mulching and standard tillage.
Statistically, the lowest catches were found in fields where ploughing and undermining
were used.

Table 7. Total soil fauna analysed by order/class (±SE) collected in September on different tillage systems before sowing.
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Cover plants 0 ± 0 0 ± 0 0.4 ± 0.1 4.3 ± 0.1 2.2 ± 1 3.9 ± 0.2 4.5 ± 0.1 a,b,¥ 0 ± 0 0.3 ± 0.3
Mulching 0 ± 0 0 ± 0 0.7 ± 0.1 3 ± 0.1 0.7 ± 1.7 2.7 ± 0.2 5.7 ± 0.2 a,b 0 ± 0 0.3 ± 0.3
Ploughing 0 ± 0 0.1 ± 1.4 0.4 ± 0.1 2.9 ± 0 0.7 ± 1.7 1.1 ± 0.1 2.5 ± 0.1 b 0 ± 0 1.3 ± 0.3
Glyphosate 0 ± 0 0 ± 0 0.7 ± 0.1 5 ± 0 1.4 ± 2.6 3.7 ± 0.1 12.4 ± 0.1 a 0 ± 0 0 ± 0

Undermining 0 ± 0 0.3 ± 1.7 0.2 ± 0.1 2.7 ± 0.1 2.4 ± 3.1 5.7 ± 0 2.2 ± 0.1 b 0 ± 0 0 ± 0
Standard 0 ± 0 0 ± 0 2.1 ± 0.4 4.2 ± 0.2 2.9 ± 1 5.3 ± 0.2 7 ± 0.2 a,b 0 ± 0 0.5 ± 0.3

Tukey’s HSD
p = 0.05 ** ns ns ns ns ns ns 8.84 ns ns

Standard
Deviation 0 1.68 t 0.36 t 0.18 t 3.86 t 0.31 t 0.25 t 0 0.42

Levene’s F
4.2 3.5 26.8 0.6 10.7 4.5 1.8

0.01 * 0.02 * 0.001 * 0.68 0.001 * 0.008 * 0.19
¥ values marked with the same letter (a,b) do not differ significantly (p > 0.05; HSD test); ns-non significant value; * significant value; ** HSD
was determined by comparing the numbers of each group of insects between different methods of pre-sowing tillage; Equality of variances
was tested with Levene’s test and reaches with equal variances (p > 0.05); ‘t = Mean descriptions are reported in transformed data units and
are not de-transformed (data were log (x + 1) transformed and arcsin transformed

√
x).

As shown in our results, beetles (Coleoptera: 2709) and spiders (Arachnida: 3072) are
the most important members of the soil-dwelling fauna and, contrary to the statements of
Wardle [48] that they are greatly reduced by tillage, we found that these two groups are
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much more influenced by weather conditions (high abundance in spring, low in autumn)
than by tillage. The results of the factorial analysis (Table 8) provide additional support
for our conclusions. The number of individuals collected was significantly (p > 0.05%)
influenced by the pre-sowing treatment (HSD = 1.28) and by the period of sampling
(HSD = 0.74), as well as by the order/class of individuals recorded (HSD = 1.71), proving
that the pre-sowing treatment (i.e., the type of tillage) is responsible for the number of
different orders/classes of soil-dwelling fauna in soybean. The sampling period also
influences the captures as well as the interaction between pre-sowing intervention and
sampling date. The significant interaction (p > 0.05%) was present between all the three
factors (pre-sowing intervention, sampling period and order/class of individuals recorded)
for the number of individuals recorded.

Table 8. Factorial analysis of the total capture of different orders/classes of soil fauna.

Source of Variation df p HSD

Total 971
Rep 5

Pre-sowing intervention (A) 5 0.0001 1.28
Sampling period (B) 2 0.0001 0.74

A × B 10 0.0001 2.72
Order/Class (C) 8 0.0001 1.71

A × C 40 0.0001 5.44
B × C 16 0.0001 3.53

A × B × C 80 0.0001 10.56
Error 805

df—degrees of freedom; p—probability value; HSD—honestly significant difference.

3.4. Influence of Pre-Sowing Tillage on Soil Fauna Species Richness

The diversity in six different pre-sowing treatments, calculated according to the
Shannon diversity index (H) and according to Shannon’s equitability (EH), is shown in
Table 9. We can see from our results that the diversity and evenness in the fields from
the standard pre-sowing treatment are much lower than in the fields from the treatments
that disturb the soil less, such as cover crops, ploughing, undermining and mulching. At
the same time, the difference in diversity and evenness between the standard treatment
and the treatment with glyphosate is somewhat smaller. In the fields where the activities
are less intensive, not only is there a greater number of species, but the individuals in the
community are more evenly distributed among these species. In the fields with standard
pre-sowing activities, there are 50 species, but the class Arachnidae accounts for 46% of the
community and Staphylinidae, Carabus tibiscianus and Formicidae account for the other
22% of the community.

Table 9. Shannon diversity index (H) and Shannon’s equitability (EH) of collected fauna in different pre-sowing treatments.

Pre-Sowing Activity

Cover Plants Mulching Ploughing Glyphosate Undermining Standard

Shannon diversity
index (H) 2.583 2.619 2.575 2.319 2.538 2.202

Number of species 44 57 48 42 49 50
Shannon’s

equitability (EH) 0.683 0.648 0.665 0.620 0.652 0.563

Our results confirm an earlier study by Baretta et al. [49], in which it was shown
that the members of Collembola, Araneae, Hymenoptera, Orthoptera, Grylloblattodea,
Lepidoptera and the total abundance of soil fauna were related not only to specific tillage
systems but also to weather conditions at the time of sampling. The same authors noted that
no-till has a higher amount of organic matter in the surface layers and a higher moisture
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status of the soil, which promotes the formation of a suitable environment for a greater
abundance and diversity of edaphic groups, especially Coleoptera and Isopoda [49]. This
was partially confirmed in our study, especially in the spring sampling, where the greatest
faunal diversity was found in variants with mulching and glyphosate treatments, which
are without intervention in the soil layers.

3.5. Influence of Pre-Sowing Treatments on the Carabid Population

Of all the fauna recorded, the family Carabidae has received special attention because
of its importance as predators of numerous pest species [50–52] and as indicators of
anthropogenic impacts and agroecosystem quality [22,52–58]. Members of the family
Carabidae accounted for 34% of the total fauna collected. A total of 21 species of carabids
were identified in this study, with Carabus cancellatus tibiscinus (441 individuals), Poecilus
cupreus (383 individuals), Brachinus psophia (181 individuals) and Harpalus distinguindes
(105 individuals) standing out in numbers. Lemic et al. [57] reported a similar carabid
community (26 species with 15 genera) in an intensively managed agricultural production.
Carabids are considered as one of the most important natural enemies in soil and subsoil
layers [59]. They are also used in numerous studies as bioindicators of climate change and
the effects of agrochemicals on their habitats, and their abundance can indicate the level of
pollution in an area [12,60–68].

Depending on the pre-sowing interventions (Figure 1), the abundance of carabids in
April was the highest in fields where mulching was carried out (363 individuals: 22%),
followed by fields with glyphosate application (317 individuals: 20%); fields with standard
tillage (241 individuals: 15%); fields with undermining (183 individuals: 11%); ploughing
(161 individuals: 10%); and the lowest abundance was observed in fields with cover crops
(121 individuals: 8%). In June, the total number of catches was much lower and the highest
number of carabids was observed in the fields with ploughing (only 56 individuals, 4%),
while the number was even lower in the other variants. In September, the abundance of
carabids was very low, with a maximum catch of 10 individuals identified in the field
where glyphosate was applied.

Figure 1. Number of members of the family Carabidae captured on fields with different pre-sowing interventions in
the fields with different pre-sowing activities (values marked with the same letter do not differ significantly (p > 0.05;
HSD = 2.01)).
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Overall, the abundance of carabids was lowest in fields where ploughing and un-
dermining occurred before soybeans were sown. This result is confirmed by the studies
of Kromp (1999) [50] and Holland and Reynolds [60], who found that ploughing nega-
tively affected the abundance of Carabidae. Numerous previous studies observed higher
carabid catch rates in fields with reduced or no tillage compared to conventionally tilled
fields [58,69–74].

Catches of collected individuals of the Carabidae family were significantly (p > 0.05%)
affected by pre-sowing treatment (HSD = 1.87) and sampling period (HSD = 0.47) (Table 10).
Pre-sowing treatment (i.e., tillage type) is responsible for the catch of Carabidae family
members in soybean. At the same time, the highest catches were recorded in April, so the
sampling period also has an effect on catch, as does the interaction between pre-sowing
treatment and sampling date (HSD = 2.01). The highest abundance of ground beetles in
Poland is in early spring (May) [64], which is consistent with our results of highest catches
in April due to the shift in climatic conditions. Drmić et al. [75] found that endogenous
ground beetle species are active throughout the growing season, which is probably due to
the more stable conditions in the lower soil layers.

Table 10. Factorial analysis of the total capture of members of the family Carabidae.

Source of Variation df p HSD

Total 107
Rep 5

Pre-sowing intervention (A) 5 0.0001 1.87
Sampling period (B) 2 0.0001 0.47

A × B 10 0.0001 2.01
Error 85

Overall, the recorded members of the family Carabidae belong to 18 species and
three genera, although individuals of the genera Amara sp., Bembidion sp. and Harpalus
sp. were not identified to species level. The species richness of Carabidae was studied in
Croatia in fields with maize [76,77], barley [78], sugar beet [79], rapeseed [80] and winter
wheat [70], as well as in intensively cultivated fields [57]. The number of established
species in their studies varied from eight [79] to 72 [80]. The reported studies focused on
the dependence of faunal composition on different regions [76,77], crops [78,79], different
cropping methods [78–80] and/or tillage practices [57]. In our study, the most numerous
species were Carabus cancellatus tibiscinus, Poecilus cupreus and Brachinus psophia. Poecilus
cupreus and Brachinus psophia are also mentioned as important and numerous species by
other authors in their studies.

With this study, we obtained the results on the effects of pre-sowing interventions on
the soil fauna of soybean, where climatic conditions and sampling time had an influence
on the number and composition of the fauna studied. Multi-year studies are needed to
obtain clearer data on the effects of treatment and other treatments (pesticides) on soil
fauna abundance and composition. It appears that a reduction in mechanical activities in
the shallow seed layer of the soil has a positive effect on species richness or biodiversity.
Particularly noteworthy is the large proportion of natural enemies that currently colonise
the study area, characterising the soil richness and stable natural equilibrium.

4. Conclusions

The composition of the soil fauna, according to the influence of the organisms on
agriculture, is 84% beneficial fauna, 8% agricultural pests and 8% indifferent fauna. Overall,
47% of the total individuals of beneficial fauna collected were spiders, which are the most
abundant predators in the soil layer and can play an important role in reducing pest
population in large numbers. Bioindicator species such as ground beetles have not received
much attention from researchers in Croatia, although they can indicate anthropogenically
influenced field quality. In this study, we gained detailed knowledge about their community
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in a specific agricultural landscape in central Croatia. In modern agriculture, conservation
programs are promoted to preserve useful species and biodiversity as a means to ensure
sustainability.

The number of total fauna collected was influenced by the interaction between pre-
sowing intervention and sampling date. Pre-seeding interventions (such as cover crops,
glyphosate application, and mulching) that did not involve soil activities did not affect
the number and composition of soil fauna in the beginning of the vegetation. Mechanical
intervention in the soil and warmer and drier weather (summer/fall) have a negative effect
on the number and composition of soil fauna. As the season progresses, the influence of
pre-sowing activities on soil fauna in soybean production decreases.

There are two main reasons for the difficulty in relating soil fauna activities to ecosys-
tem and agricultural services: first, the top-down effects of management, especially in
agricultural systems; second, the specificity of soil processes. In highly diverse communi-
ties, the abundance of specific soil fauna members’ effects is masked by the other biotic
events that contribute to the same properties and processes in soil (e.g., weather conditions.
Many processes created by soil fauna (predation, symbiosis, mutualism, etc.) have dynam-
ics that can nullify the signal of the soil intervention effects studied during one soybean
season.

However, the results of this study contributed significantly to a better understanding
of the baseline situation about soil fauna communities in an intensive agricultural landscape
and will be a good starting point for future studies and conservation programs.
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Abstract: The western corn rootworm (WCR), is one of the most serious pests of maize in the United
States. In this study, we aimed to find a reliable pattern of difference related to resistance type using
population genetic and geometric morphometric approaches. To perform a detailed population
genetic analysis of the whole genome, we used single nucleotide polymorphisms (SNPs) markers.
For the morphometric analyses, hindwings of the resistant and non-resistant WCR populations from
the US were used. Genetic results showed that there were some differences among the resistant US
populations. The low value of pairwise FST = 0.0181 estimated suggests a lack of genetic differentia-
tion and structuring among the putative populations genotyped. However, STRUCTURE analysis
revealed three genetic clusters. Heterozygosity estimates (HO and HE) over all loci and populations
were very similar. There was no exact pattern, and resistance could be found throughout the whole
genome. The geometric morphometric results confirmed the genetic results, with the different genetic
populations showing similar wing shape. Our results also confirmed that the hindwings of WCR
carry valuable genetic information. This study highlights the ability of geometric morphometrics to
capture genetic patterns and provides a reliable and low-cost alternative for preliminary estimation
of population structure. The combined use of SNPs and geometric morphometrics to detect resistant
variants is a novel approach where morphological traits can provide additional information about
underlying population genetics, and morphology can retain useful information about genetic struc-
ture. Additionally, it offers new insights into an important and ongoing area of pest management
on how to prevent or delay pest evolution towards resistant populations, minimizing the negative
impacts of resistance.

Keywords: Diabrotica virgifera virgifera; Bt toxins; resistance; geometric morphometrics; SNPs

1. Introduction

Maize (Zea mays L.) is one of the most important crops worldwide. About 200 million
hectares is planted, with an average yield of 22 tons/hectare, resulting in 1150 million tons
of maize harvested worldwide [1]. The western corn rootworm (WCR) Diabrotica virgifera
virgifera is the worst pest in the United States and a major alien invasive pest in Europe [2,3].
The main damage caused by WCR to maize plants is by its larval stage that feeds on corn
roots, which affects important physiological processes of the plant. The resulting damage
leads to stalk lodging and yield losses, which in turn leads to economic damage to crops [4].

Suppression with chemical insecticides is an important management tool for this
pest [5], but WCR has rapidly developed resistance to the insecticides used for control [6].
The first noted case of resistance to insecticides was to cyclodiene insecticides (aldrin and
heptachlor) in 1959 in Nebraska [7,8]. So far, WCR has evolved resistance to organophos-
phates (methyl parathion), carbamates (carbaryl) [6,9], and pyrethroids (bifenthrin and
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tefluthrin) [10,11]. In addition to insecticides, WCR has developed resistance to crop rota-
tion [12–14] and to the Bt toxin in genetically modified maize [15]. Crop rotation remains
the most effective control tactic against WCR. However, resistance to crop rotation has been
documented in Illinois and other neighboring states [12]. Spencer et al. [16] observed that
some of the WCR populations in northern Indiana and east central Illinois feed on soya
bean foliage and flowers, as well as lay eggs in soya bean fields. This behavioral change
in the WCR populations in the eastern Corn Belt has eliminated the effectiveness of crop
rotation as a rootworm management option. As a consequence, the use of soil and foliar in-
secticides for WCR has increased to protect corn following soya bean. It was estimated that
each year WCR costs US farmers at least USD 1 billion through yield losses and treatment
costs [17], but after adaptation to crop rotation, these losses are estimated to be higher [18].
Transgenic maize expressing Bacillus thuringiensis (Bt) was introduced in 2003 in the United
States [15]. However, resistance to maize expressing Cry3Bb1 was reported in Iowa in
2009 [19]. Afterwards, resistance to Cry3Bb1 was detected in fields throughout Iowa [20,21]
but also in WCR populations found in Illinois, Nebraska, and Minnesota [22–24]. Selected
rootworm populations developed resistance to the toxins Cry34/Cry35Ab1, Cry3Bb1, and
mCry3A under laboratory and greenhouse conditions [25–28]. Cross-resistance was found
in WCR field populations between the Cry3Bb1, mCry3A, and eCry3.1Ab toxins [21–23,29].
WCR populations evolved resistance to all four currently available Bt toxins (Cry3Bb1,
mCry3A, eCry3.1Ab, and Cry34/35Ab1) [19,23,29–31], and consequently, the challenge of
managing has become more difficult.

Resistance is a dynamic phenomenon, meaning that mechanisms already known can
change over time. Ongoing monitoring is essential to determine whether management
recommendations remain valid or need to be revised in light of changing circumstances or
newly acquired knowledge [32]. WCR resistance to insecticides and management strategies
is a serious and growing problem in maize production, and before it becomes an even more
widespread and major problem, there is a need to explore and implement novel methods
(such as single nucleotide polymorphisms and geometric morphometrics) for the early
detection of resistance or adaptation that causes WCR resistance.

Population genetic markers can be used to provide genetic data for WCR that is useful
when investigating changes in genetic structure and differentiation [3,33,34]. Different
types of molecular markers (allozymes, mtDNA sequencing, AFLPs, microsatellites, and
SNPs) have already been used in North American WCR populations. The result showed
high genetic diversity and a general lack of population structure across the US Corn
Belt [35–37].

Several studies on WCR resistance mechanisms have been performed [38–40].
Coates et al. [41] attempted the use of SNPs as population genetic markers in WCR
in the US and showed that both markers (microsatellites and SNPs) gave similar results.
This does not suggest that SNPs are less effective at separating genetic variation in the
species, but it is likely a result of low numbers of SNPs and low genome coverage because
the authors used 12 biallelic loci among 190 individuals. Wang et al. [40] found that cylco-
diene resistance is correlated with SNPs in the gamma-aminobutyric acid (GABA) receptor.
Flagel et al. [42] used SNPs to identify candidate gene families for insecticide resistance and
to understand how population processes have shaped variation in WCR populations. Their
WCR transcriptome assembly included several gene families that have been implicated in
insecticide resistance in other species and that have provided a foundation for future re-
search. Flagel et al. [43] discovered and validated genetic markers in WCR associated with
resistance to the Bt toxin Cry3Bb1. They found that the inheritance of Cry3Bb1 resistance
is associated with a single autosomal linkage group and is almost completely recessive.
Niu et al. [44] found that SNP markers identified in a single autosomal linkage group
(LG8, 115–135 cm) were correlated with resistance to Cry3Bb1 in field populations of WCR.
Although the linkage of these genes to Cry3Bb1 resistance was strong, the causal gene for
Cry3Bb1 resistance was not confirmed and remains to be reported.
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Geometric morphometrics (GM) (i.e., phenotype size and shape analysis) is a tech-
nique that can be used to show hindwing shape and size differences among rootworm
populations [45]. By analyzing wing size and shape, it is possible to reveal the invasive
adaptation of the adults’ traits to different environmental influences. Numerous stud-
ies have been performed on the WCR hindwings using geometric morphometry [46–49].
Mikac et al. [46] provided preliminary evidence of wing shape and size differences in
WCR from rotated versus continuous maize. Most recently, Mikac et al. [45] determined
morphological differences in wing shape in populations adapted to crop rotation and Bt
maize compared with a non-resistant WCR population. This study showed evidence of
differential wing shape in relation to resistance development and highlights the importance
of wing size and shape as a reliable, inexpensive, yet effective biomarker for resistance
detection in corn rootworm. The research of Mikac et al. [45] looked at the Bt-resistant
individuals as a whole, so it is necessary to extend their research to each Bt toxin separately.
A deeper understanding of maize rootworm wing shape and flight morphology, wing
geometry, aspect ratio, and flight efficiencies will help identify which resistant phenotypes
are most likely to invade geographic areas where they are not yet present.

According to Bouyer et al. [50], changes in an organism’s genotype takes much
longer to manifest than in its phenotype, thus making geometric morphometrics a much
more useful tool than genetics for detecting changes in populations in the short term.
That suggests morphology can retain useful information on genetic structure and has
the benefit over molecular methods of being inexpensive, easy to use, and able to yield
a lot of information quickly. However, resistance cannot be fully understood without
genetic data. Genetic studies are an important tool for developing improved methods for
detecting resistance, for studying resistance mechanisms, and for choosing approaches to
resistance management [51]. Several studies suggest that results are more accurate when
both methods are combined. Morphological traits can provide additional information
about underlying population genetics, and morphology can retain useful information
about genetic structure [52–56].

This is the first study that combines both genetic and geometric morphometric tech-
niques on the same WCR populations and same individuals. The aim of this study was to
define genetic variables between known phenotypes and to explore phenotypic markers
related to changes in the genome. We hypothesized that by combining genetic and mor-
phological markers, it would be possible to determine and predict resistance to Bt toxins
and crop rotation in the field.

2. Materials and Methods

2.1. Sample Collection

All WCR individuals used in this research were populations from the US. The same
individuals were used both for the genetic and morphometric analysis. WCR individuals
were collected from South Dakota in the fields containing transgenic corn. Individuals
adapted to crop rotation from Illinois were collected in fields with documented resistance.
Non-resistant (susceptible) adults were obtained from the NCARL laboratory. The non-
resistant laboratory population was originally collected in 1987 near the town of Trent,
South Dakota, in Moody County. It has been in continuous rearing since that time without
mixing with other collections. It is approximately one generation per year. The original
beetles were selected in cornfields or on the edge of cornfields and the adult beetles were
returned to the laboratory. The non-resistant colony is reared in soil on maize roots and
the adult beetles are fed on an artificial diet. Attempts are being made to keep the rearing
protocol “field-like” to keep it “wild” (Chad Nielson personal communication). According
to Mikac et al. [45], there are minimal differences between rotation-resistant laboratory and
field-collected populations, suggesting that the rearing system was not the main reason
for the differences observed in their study. Therefore, we excluded the possibility that
different conditions (field, laboratory rearing) may contribute to differences in wing shapes
and sizes.
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Individuals were placed in 95% ethanol pending genetic and morphometric analysis.
WCR individuals used in this research were adapted to crop rotation, were non-resistant,
and were collected from Bt corn expressing different toxins (Cry3Bb1, Cry34/35Ab1,
Cry3Bb1, and Cry34/35Ab1) (Table 1).

Table 1. Number of WCR individuals used for geometric morphometric and SNPs analyses. n = sample size.

Western Corn Rootworm
Populations

Geometric Morphometric
Wings (n)

Males/
Females

Adults Single Nucleotide
Polymorphisms Genotyped (n)

Males/
Females

Cry3Bb1 433 184/252 7 2/5
Cry3Bb1_Cry34/35Ab1 86 27/59 5 3/2

Cry34/35Ab1 91 32/59 6 3/3
Adapted to crop rotation 31 14/17 4 1/3

Non-resistant 134 66/68 7 4/3

2.2. DNA Extraction and SNPs Genotyping

Before DNA extraction, hindwings from all individuals were removed for morphome-
tric analysis. DNA was then extracted from the whole-body tissue of 29 adult WCR. DNA
extractions were performed using the Qiagen DNeasy Blood and Tissue Kit (QIAGEN,
Hilden, Germany) following the manufacturer’s protocol.

The DNA concentration for all samples was measured using spectrophotometer
(BioSpec-nano Micro-volume) and adjusted to 50 ng/μL prior to SNPs genotyping by
Diversity Arrays Technology (DArT) [57,58]. After quality control, 29 samples were sent for
genotyping. Genotyping was undertaken by Diversity Array Technology Pty Ltd. (DArT,
Canberra, Australia) using the extracted WCR DNA. This method is based on methyl
filtration and next-generation sequencing platforms [58]. The data we received were
filtered for minor allele frequency (MAF) lower than 0.1 and also for missing data higher
than 10%. Quality of SNP markers was determined by the parameters “reproducibility”
and “call rate” [59]. Remaining SNPs were used for further analysis of genetic diversity
and population structure.

2.3. Geometric Morphometric Sample Preparation

The adult WCRs (see Table 1) were investigated using geometric morphometric pro-
cedures and analyses based on hindwing venation undertaken. In total, 775 hindwings
of WCR were analyzed. Left and right hindwings were removed from each individual
and slide-mounted using the fixing agent Euparal (Carl Roth GmbH + Co. KG, Karlsruhe,
Germany) based on standard methods [60]. Slide-mounted wings were photographed
using a Canon PowerShot A640 digital camera (10-megapixel) on a trinocular mount of a
Zeiss Stemi 2000-C Leica stereo-microscope and saved in JPEG format using the Carl Zeiss
AxioVision Rel. 4.6. (Carl Zeiss Microscopy GmbH, München, Germany). Fourteen type
1 landmarks defined by vein junctions or vein terminations were used (Figure 1.) [47–49,61].

 

Figure 1. Representation of the 14 morphological landmarks identified on the hindwings of western
corn rootworm [61].
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2.4. Data Analysis
2.4.1. Genetic Data

All population genetic data analyses were undertaken using the coding environment
in R using the R packages adegenet v2.1.3 [62] and dartR v1.1.11 [63]. In the first instance,
the SNP dataset was subject to a filtering process using dartR to remove potentially erro-
neous SNPs. Monomorphic SNPs were excluded followed by the removal of SNPs with a
reproducibility of <95%, a call rate of <90% (i.e., SNPs which have 10% missing genotypes
or greater), and secondaries.

Pairwise FST, estimated as θ [64], was calculated between the five putative populations
(Cry3Bb1, Cry34/35Ab1Ab1, Cry3B1_Cry34/35Ab1Ab1, adapted to crop rotation, and
non-resistant), along with observed (Ho) and expected (He) heterozygosity. Departure from
Hardy–Weinberg equilibrium (HWE) was tested for each population using the function
gl.report.hwe as implemented in the R package dartR [63], which includes Bonferroni correc-
tion for multiple testing. Using the function gl.basic.stats in dartR, overall basic population
genetics statistics per locus, such as the observed (HO) heterozygosity, (FIS) inbreeding
co-efficient per locus, and FST corrected for the number of individuals, was undertaken. To
summarize genetic similarity among populations, gl.tree.nj in dartR was used.

The Bayesian model-based clustering algorithm implemented in the STRUCTURE
v 2.3.4 [65] Evanno method was employed to determine the genetic structure of the WCR
populations investigated. Genetic clusters (K-values) ranged between 1 and 6 (1 more
population than the total number of populations for the complete data set), and a series of
10 replicate runs for each prior value of K were analyzed. The parameter set for each run
consisted of a burn-in of 10,000 iterations followed by 100,000 Markov chain Monte Carlo
iterations based on the admixture model of ancestry with the correlated allele frequency
model and the default parameters in STRUCTURE. The most suitable value of K was
calculated using the ΔK method as used in Structure Harvester web version 0.6.94 [66],
where the highest ΔK value was indicative of the number of genetic clusters.

The marker-based kinship matrix (K) was calculated with the same genotypes using
the VanRaden method [67] and then used to create a clustering heat map of the association
mapping panel in the GAPIT [68].

2.4.2. Geometric Morphometrics

Each of fourteen previously established landmarks [48] for the WCR were digitized
using the software program tpsDIG v.2.16 [69], for which x, y coordinates were generated
to investigate hindwing shape. Statistical analyses were performed using MorphoJ version
1.06d [70]. Landmark coordinates were determined, and shape information was extracted
using a full Procrustes fit [70]. Principal component analysis (PCA) was used to visualize
hindwing shape variation in relation to the development of resistance [71]. PCA was
based on the covariance matrix of individual hindwing shape. To visualize the average
change in Bt-resistant strains, a covariance matrix of the average data (for all specimens,
regardless of sex) was created. A PCA of the averaged data was used to better visualize
shape morphology [72]. To compare morphological relationships between Bt-resistant and
non-resistant populations, a canonical analysis of variance (CVA) was performed in order
to calculate the morphological relationship between groups using the Mahalanobis and
Procrustes distances. Mahalanobis and Procrustes morphological distances were calculated
and reported with their respective p-values after a permutation test (10,000 runs). Finally, a
multivariate regression of shape versus centroid size was performed to confirm whether
size had an allometric effect [73].

3. Results

3.1. Genetic Data
3.1.1. Population Diversity Metrics

From the 29 WCR genotyped, 25,304 SNPs were detected. The 90% call rate fil-
ter then removed 13,852 SNPs from the data set. Following this, the minor allele fre-
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quency filter, SNPs with frequencies <1%, hence removed another 3555 SNPs. Filtering for
monomorphs, secondaries, and reproducibility set at 95% removed 772 SNPs. For final
analyses, 7125 SNPs were used.

The overall population estimate was applied, and moderate observed heterozygosity
(HO) was observed across all loci, with an estimated value of HO = 0.325. Moderate genetic
diversity, estimated by expected heterozygosity (HE), was observed with an estimated
value of HE = 0.302. Moderate inbreeding was observed (FIS = 0.121). There were no
significant deviations from HWE for all loci. The low overall value of the genetic structure
(FST = 0.0181) estimated for the five populations suggested a lack of genetic differentiation
amongst them as a whole.

Heterozygosity estimates (HO and HE) over all loci and populations were very similar.
The average HO per population ranged from 0.315 (non-resistant) to 0.338 (Cry3Bb1_Cry34/
35Ab1), while average HE ranged from 0.315 (Cry34/35Ab1) to 0.349 (Cry3Bb1_Cry34/35Ab1)
(Table 2). Moderate levels of genetic diversity across all populations were therefore suggested.

Table 2. Expected heterozygosity (He) and observed heterozygosity (Ho) values for western corn
rootworm populations over all loci.

No. of Individuals No. of Loci Ho He

Cry3Bb1 7 6487 0.3203 0.3296
Adapted to crop

rotation 4 6610 0.3352 0.3464

Cry34/35Ab1 6 6247 0.3165 0.3158
Cry3Bb1_Cry34/35Ab1 5 6562 0.3380 0.3494

Non-resistant 7 6261 0.3149 0.3170

Distribution of heterozygous WCR genotypes and SNP markers revealed moderate
values of heterozygosity in 25 individuals out of 28, with heterozygosity <0.35 (Figure 2).

Figure 2. Frequency of heterozygous genotypes and heterozygosity of 7125 SNP markers.

In contrast, pairwise genetic structure does however show differentiation between
pairwise population comparisons (Table 3). Pairwise FST θ estimates ranged from 0.0021
(non-resistant population versus Cry3Bb1 resistant population) to 0.0531 (Cry34/35Ab1
resistant population versus Cry3Bb1_Cry34/35Ab1 resistant population). Cry34/35Ab1
and Cry3Bb1_Cry34/35Ab1 populations showed the greatest genetic differentiation with
respect to all other populations.
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Table 3. Population pairwise estimates of fixation index (FST).

Cry3Bb1
Adapted to

Crop Rotation
Cry34/35Ab1

Cry3Bb1_
Cry34/35Ab1

Cry3Bb1
Adapted to crop rotation 0.0028

Cry34/35Ab1 0.0250 0.0242
Cry3Bb1_Cry34/35Ab1 0.0238 0.0333 0.0531

Non-resistant 0.0021 0.0110 0.0206 0.0286

3.1.2. Genetic Structure

STRUCTURE analysis revealed ΔK = 3 was the most likely number of clusters or
populations present within the sampled US WCR individuals (Figure 3). Beetles were
assigned to three clusters in consultation with results from STRUCTURE (Figure 4). Along
with the results of the kinship analysis with the genetic clustering, a heat map of kinship
matrix for evaluating the genetic differences among WCR genotypes was generated. Kin-
ship coefficients between pairs of WCR genotypes varied very little on a scale of −1 to
1. However, the kinship matrix obtained from DArTseq SNP markers resulted in three
distinct groups (Figure 5).

Figure 3. Results from Structure Harvester analysis to reveal the most likely value of K based on
STRUCTURE results.

Figure 4. Determination of the optimal value of K = 3 and population structure of 29 WCR genotypes
using DArTseq SNP markers.
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Figure 5. Heat map plot of kinship matrix using average linkage clustering based on SNP markers
depicts the existence of three different groups among WCR genotype.

Further analysis of genetic structure using neighbor-joining (NJ) cluster analysis
differentiated WCR genotypes into tree clusters (Figure 6). Cluster I was the largest, and it
comprised 18 genotypes that included non-resistant individuals, Cry34/35 and Cry3Bb1
resistant. Cluster II contained individuals with combined Bt toxins Cry3Bb1 and Cry34/35
toxin, and Cluster III contained individuals adapted to crop rotation.

Figure 6. The neighbor-joining cluster analysis using DArTseq SNP markers for grouping 29 WCR
genotypes.
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3.2. Geometric Morphometrics

To avoid measurement error in our results, we calculated a Procrustes ANOVA show-
ing that the mean square for individual variation exceeds the measurement error for wing
shape (MS centroid size individuals: 0.000002 < 0.000107 MS centroid size error; and
7.0284 × 106 MS shape individuals <7.428 × 105 MS shape error), so we can retain the fol-
lowing results. A multivariate regression analysis was performed before all the subsequent
statistical analyses, discarding any allometric effect on the data (% predicted: 0.8033%).

The PCA of the hindwing shape showed an accumulation of the shape variation in a
very few number of dimensions. The first three PCs accounted for 51.246% (PC1 = 21.12%;
PC2 = 17.18%; PC3 = 12.93%) of the total shape variation and provided an approximation of
the total amount of hindwing shape variation. After averaging the shape variation between
the different populations, the population with Cry34/35Ab1 toxin was localized at the
left of the PCA closer to the wing shape phenotype of the Cry3Bb1 but far away from the
resistant and non-resistant populations where the latter was similar to the population of
the combination Cry3Bb1_Cry34/35 (Figure 7).

Figure 7. Principal component analysis of the hindwing average shape between different populations:
resistant to the toxins, adapted to crop rotation, and non-resistant Diabrotica virgifera virgifera. Color
and sign code: red triangle: Cry34/35Ab1 resistant population; green square: CryBb1 resistant
population; pink star: population adapted to crop rotation (RR); black circle: CryBb1—Cry34/35Ab1
resistant population; and blue rhomboid (NON): non-resistant population.

Procrustes ANOVA showed clear significant differences between the hindwings size
and shape between populations (Table 4).

In order to graphically visualize the differences, the CVA maximized the variance
between groups, finding similar results with the genetic type in which the population of
Cry34/35Ab1 separated from the non-resistant populations (Figure 8). Finally, significant
differences (using the different morphometric distances) were found between populations
after a permutation was run (Table 5).
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Table 4. Procrustes ANOVA for both centroid size and wing shape of Diabrotica virgifera virgifera, Sums of squares (SS) and
mean squares (MS) are in units of Procrustes distances (dimensionless).

Centroid Size

Effect SS MS df F P
(param.)

Toxins 1,135,911.475839 283,977.869 4 21.6 <0.0001
Individual 3,431,958.659351 13,149.26689 261 45.74 <0.0001
Residual 56,921.18152 287.480715 198

Shape

Effect SS MS df F P
(param.) Pillai tr. P

(param.)

Toxins 0.03076466 0.0003204652 96 4.7 <0.0001 1.12 <0.0001
Individual 0.42691601 6.81539 × 105 6264 2.36 <0.0001 17.64 <0.0001
Residual 0.13725163 2.88829 × 105 4752

Figure 8. Canonical variate analysis of the hindwing shape between different populations resistant
to the toxins: adapted to crop rotation and non-resistant population in Diabrotica virgifera virgifera.
Color and sign code: red Cry34/35Ab1 resistant population; green CryBb1 resistant population; pink
population adapted to crop rotation (RR); black CryBb1-Cry34/35Ab1 resistant population; and blue
(NON): non-resistant population.
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Table 5. Mahalanobis and Procrustes distances between groups obtained from canonical variate
analysis. *: p < 0.05; **: p < 0.001.

Mahalanobis Distances

Cry34/35 Cry3Bb1 NON

Cry3B1_Cry34/35 1.8022 **
Cry3Bb1 1.5633 ** 1.7142 **

NON 2.3832 ** 1.3276 ** 2.2068 **
RR 2.305 ** 1.6339 ** 1.9881 **

Procrustes Distances

Cry34/35 Cry3Bb1 NON

Cry3B1_Cry34/35 0.0135 **
Cry3Bb1 0.0107 ** 0.0124 **

NON 0.0155 ** 0.0069 * 0.013 **
RR 0.0154 ** 0.0118 * 0.0132 **

4. Discussion

In this research we aimed to find a reliable pattern of differences related to resistance
type using genetic and geometric morphometric analyses. For population structure analysis,
we used DArTseq SNP markers. One of the questions we were interested in was whether
resistant WCR populations differ at the genetic level. We found no significant evidence
of high genetic diversity in any of the assumed populations. However, the estimated
values were congruent with moderate genetic diversity across the genotyped beetles. The
STRUCTURE revealed three genetic clusters. This classification was also supported by the
VanRaden kinship algorithm, where Cry3Bb1_Cry34/35Ab1 individuals and Cry34/35Ab1
were separated from Cry3Bb1 adapted to crop rotation and non-resistant individuals,
although some non-resistant individuals mixed between Cry34/35Ab1, which could be
due to the normal evolutionary process. The fact that Cry3Bb1 non-resistant and adapted
to crop rotation populations are mixed suggests that they are genetically similar (Figure 4).
The neighbor-joining tree separated the individuals adapted to crop rotation, which is
to be expected given that the first evolved resistance (not including insecticides) was to
crop rotation [12]. Afterwards, all other resistance evolved, and we can see that clearly in
this result. The fact that the non-resistant population is not separated could be due to an
evolutionary process, as we mentioned earlier.

High-throughput sequencing has provided deeper insight into the molecular mech-
anisms of resistance [74]. It allowed us to find that many point mutations are found in
different genes, suggesting that these mechanisms can occur simultaneously, making it
more difficult to understand which one is really responsible for the resistance pheno-
type [75,76]. In our research, we focused on resistant populations, and we determined that
there was some variability between them, but there was no exact pattern. Recent molecular
studies show us that different sets of genes are involved in resistance [76–79], which makes
it unlikely that universal markers of resistance can be developed to accurately determine
the likelihood of a population becoming resistant to a particular compound [75,77,79]. A
different number of genes may be involved in resistance, and individuals within a popula-
tion exhibit different evolutionary patterns of resistance evolution. Therefore, resistance
can be found throughout the whole genome, but it is not conditioned by the differences.
However, certain shifts could be a warning that some changes in the genome have occurred.
Through estimates of genetic diversity, population structuring, and genetic relatedness
between individuals, information on the effectiveness of control strategies can be obtained,
and recommendations to improve the efficacy of control programs may be possible.

The actual sample size of each site does not need to be large when using SNPs. SNP
markers provide the power, not the sample size, as SNPs have genome-wide coverage
and there end up being many thousands of SNPs by the time genotyping is complete [80].
The paper by Trask et al. [81] states, “Given that each SNP marker has an individual
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evolutionary history, we calculated that the most complete and unbiased representation
of genetic diversity present in the individual can be achieved by including at least 10 in-
dividuals in the discovery sample set to ensure the discovery of both common and rare
polymorphisms.” The second paper by Li et al. [82], who also worked with beetles from
the order Coleoptera, found that “a minimum sample size of 3–8 individuals is sufficient to
dissect the population architecture of the harlequin ladybird, Harmonia axyridis, a biological
control agent and invasive alien species.” They also estimated the optimal sample size
for accurately estimating genetic diversity within and between populations of Harmonia
axyridis. They determined that six individuals are the minimum sample size required.

Wing morphology (size and shape) is the most important trait of an insect’s dispersal
capacity. For this reason, the integration of different techniques to understand the plasticity
and variation of this trait is vital to understanding how they adapt to new environments
and to coordinating strategic planning ahead of possible new invasions [3]. Different types
of wing morphotypes have been studied to determine the dispersal capabilities of flying
insects [83–85]. Le et al. [86] found that narrowed wings in beetles are more efficient for
flapping low-level flights. Additionally, for D. v. virgifera, wing shape has been identified
as a very good trait to measure in different agronomic studies, including studies of life
history (sexual dimorphism) and interspecific and intraspecific shape variation [47–49],
and wing shape has also been a useful variable when combined with other monitoring
tools (genetics (e.g., microsatellites) and traditional traps (e.g., pheromones)) [3].

Mikac et al. [46] showed that beetles adapted to crop rotation had broader wings (cf.
susceptible beetle). Mikac et al. [45] expanded the use of differences in hindwing size
and shape to examine changes in WCR associated with the development of resistance,
specifically to examine potential differences between (Bt)-resistant, non-resistant (or sus-
ceptible), and adapted to crop rotation populations in the US. In general, the hindwings of
non-resistant beetles were significantly more elongated in shape and narrower in width
(chord length) compared with beetles resistant to Bt maize or crop rotation. This result was
confirmed by our study. Mikac et al. (2019) did not separate the Bt-resistant populations in
their study, but considered them as one population. Therefore, in our study, we separated
all Bt-resistant populations to see the differences between them. Cry3Bb1_Cry34/35Ab1
individuals had the broader shape and a more robust wing with an expansion of landmark
14 and a contraction of landmark 9. Cry3Bb1 individuals had the narrower wings, while
individuals resistant to Cry34/35Ab1 had similar but smaller wings, distinguished by the
expansion of landmarks 3 and 4. The more stable and elongated wing shape was that of
the population adapted to crop rotation, in which there was an extension to landmarks 1
and 2 to the left and an elongation to landmark 9 to the right. The non-resistant population
is also slightly wider than the population of Cry3Bb1-Cry34/35Ab1, with the movement of
landmarks 14 and 2 also slightly to the right and the wider shape that is also produced by
the movement of landmark 7 to the upper left. Elongated wings are more aerodynamic and
are considered to be involved in migratory movement [46]. Mikac et al. [46] also suggested
that this could be a useful invasive dispersal strategy for mated females. In our research,
individuals adapted to crop rotation had more stable and elongated wings, suggesting
that these individuals could fly long distances. Such differences may impact upon the
dispersal or long-distance movement of resistant and non-resistant beetles. Understanding
which beetle morphotype is the superior flyer and spreader has implications for managing
WCR through integrated resistance strategies. These findings confirmed GM as a reliable
technique for resistance detection. In this study, we aimed to confirm the results from
SNPs markers with GM. We found that geometric morphometric tools could provide im-
portant clues to differentiate resistant and non-resistant populations. One of the principal
results was the similarity of the hindwing shape variation between the population after
the STRUCTURE analysis, where using both monitoring techniques showed that the more
differentiated population was the resistant Cry34/35Ab1.

Here we describe a possibility that combining genetic and geometric morphometrics
could be a reliable technique that can be used to reveal differences among WCR populations.
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Hence, geometric morphometrics can be used as a biomarker for resistance detection as
part of a larger integrated resistance management strategy for western corn rootworm.

In Croatia, WCR have been investigated in detail (traditional monitoring, genetic
monitoring, and GM monitoring), and knowledge about dispersal and adaptive abilities of
these invasive insects is well known [3,47,87,88]. Our future work will focus on popula-
tions collected in intensive maize-growing areas in Croatia, where WCR populations have
become established since their introduction 30 years ago. We will use the comparative tech-
niques presented in this paper to determine whether Croatian populations are potentially
resistant and which US WCR population was the source population for Croatia and Europe.
This knowledge would help to detect resistant individuals that might invade geographical
areas where they are not yet present (e.g., beetles adapted to crop rotation invading Europe
where such variants are not present). Such information is very important for biosecurity
measures, resistance management, and future control strategies for this pest worldwide.
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56. Francuski, L.; Milankov, V.; Ludoški, J.; Krtinić, B.; Lundström, J.O.; Kemenesi, G.; Ferenc, J. Genetic and phenotypic variation in
central and northern European populations of Aedes (Aedimorphus) vexans (Meigen, 1830) (Diptera, Culicidae). J. Vector Ecol. 2016,
41, 160–171. [CrossRef]

57. Kilian, A.; Wenzl, P.; Huttner, E.; Carling, J.; Xia, L.; Blois, H.; Caig, V.; Heller-Uszynska, K.; Jaccoud, D.; Hopper, C.; et al.
Diversity arrays technology: A generic genome profiling technology on open platforms. Methods Mol. Biol. 2012, 888, 67–89.

58. Von Mark, V.C.; Kilian, A.; Dierig, D.A. Development of DArT marker platforms and genetic diversity assessment of the US
collection of the new oilseed crop lesquerella and related species. PLoS ONE 2013, 8, e64062.

191



Agriculture 2021, 11, 585

59. Wenzl, P.; Carling, J.; Kudrna, D.; Jaccoud, D.; Huttner, E.; Kleinhofs, A.; Kilian, A. Diversity arrays technology (DArT) for
whole-genome profiling of barley. Proc. Natl. Acad. Sci. USA 2004, 101, 9915–9920. [CrossRef] [PubMed]

60. Upton, M.F.S.; Mantel, B.L. Methods for Collecting, Preserving and Studying Insects and Other Terrestrial Arthropods; The Australian
Entomological Society Miscellaneous Pub: Sydney, Australia, 2010.

61. Lemic, D.; Mikac, K.M.; Kozina, A.; Benitez, H.A.; McLean, C.M.; Bažok, R. Monitoring techniques of the western corn rootworm
are the precursor to effective IPM strategies. Pest Manag. Sci. 2016, 72, 405–417. [CrossRef] [PubMed]

62. Jombart, T.; Ahmed, I. Adegenet 1.3-1: New tools for the analysis of genome-wide SNP data. Bioinformatics 2011, 27, 3070–3071.
[CrossRef]

63. Gruber, B.; Unmack, P.J.; Berry, O.F.; Georges, A. dartr: An r package to facilitate analysis of SNP data generated from reduced
representation genome sequencing. Mol. Ecol. Resour. 2018, 18, 691–699. [CrossRef]

64. Weir, B.S.; Cockerham, C.C. Estimating F-statistics for the analysis of population structure. Evolution 1984, 38, 1358–1370.
[PubMed]

65. Evanno, G.; Regnaut, S.; Jrm, G. Detecting the number of clusters of individuals using the software STRUCTURE: A simulation
study. Mol. Ecol. 2005, 14, 2611–2620. [CrossRef] [PubMed]

66. Earl, D.A.; Vonholdt, B.M. STRUCTURE Harvester: A website and program for visualizing STRUCTURE output and implement-
ing the Evanno method. Conserv. Genet. Resour. 2012, 4, 359–361. [CrossRef]

67. Tang, Y.; Liu, X.L.; Wang, J.; Li, M.; Wang, Q.; Tian, F.; Su, Z.; Pan, Y.; Liu, D.; Lipka, A.E.; et al. GAPIT version 2: An enhanced
integrated tool for genomic association and prediction. Plant Genome 2016, 9. [CrossRef]

68. Lipka, A.E.; Tian, F.; Wang, Q.; Pei_er, J.; Li, M.; Bradbury, P.J.; Gore, M.A.; Buckler, E.; Zhang, Z. GAPIT: Genome association and
prediction integrated tool. Bioinformatics 2012, 28, 2397–2399. [CrossRef] [PubMed]

69. Rohlf, F.J. TpsDig2, Digitize Landmarks and Outlines, Version 2.17 (Program). 2016. Available online: http://life.bio.sunysb.edu/
morph (accessed on 10 April 2021).

70. Klingenberg, C.P. MorphoJ: An integrated software package for geometric morphometrics. Mol. Ecol. Resour. 2011, 11, 353–357.
[CrossRef] [PubMed]

71. Jolliffe, I.T. Choosing a subset of principal components or variables. Princ. Compon. Anal. 2002, 111–149. [CrossRef]
72. Klingenberg, C.P. Visualizations in geometric morphometrics: How to read and how to make graphs showing shape changes.

Hystrix 2013, 24, 15–24.
73. Monteiro, L.R. Multivariate regression models and geometric morphometrics: The search for causal factors in the analysis of

shape. Syst. Biol. 1999, 48, 192–199. [CrossRef]
74. Torres, A.Q.; Valle, D.; Mesquita, R.D.; Schama, R. Gene Family Evolution and the Problem of a Functional Classification of Insect

Carboxylesterases. Ref. Modul. Life Sci. 2018. [CrossRef]
75. Saavedra-Rodriguez, K.; Suarez, A.F.; Salas, I.F.; Strode, C.; Ranson, H.; Hemingway, J.; Black IV, W.C. Transcription of

detoxification genes after permethrin selection in the mosquito Aedes aegypti. Insect Mol. Biol. 2012, 21, 61–77. [CrossRef]
76. Faucon, F.; Dusfour, I.; Gaude, T.; Navratil, V.; Boyer, F.; Chandre, F.; Sirisopa, P.; Thanispong, K.; Juntarajumnong, W.; Poupardin, R.; et al.

Identifying genomic changes associated with insecticide resistance in the dengue mosquito Aedes aegypti by deep targeted
sequencing. Genome Res. 2015, 25, 1347–1359. [CrossRef]

77. Faucon, F.; Gaude, T.; Dusfour, I.; Navratil, V.; Corbel, V.; Juntarajumnong, W.; Girod, J.; Poupardin, R.; Boyer, F.; Reynaud, S.; et al. In
the hunt for genomic markers of metabolic resistance to pyrethroids in the mosquito Aedes aegypti: An integrated next-generation
sequencing approach. PLoS Negl. Trop. Dis. 2017, 11, e0005526. [CrossRef]

78. Grigoraki, L.; Pipini, D.; Labbe, P.; Chaskopoulou, A.; Weill, M.; Vontas, J. Carboxylesterase gene amplifications associated
with insecticide resistance in Aedes albopictus: Geographical distribution and evolutionary origin. PLoS Negl. Trop. Dis. 2017,
11, e0005533. [CrossRef] [PubMed]

79. Saavedra-Rodriguez, K.; Strode, C.; Flores Suarez, A.; Fernandez Salas, I.; Ranson, H.; Hemingway, J.; Black IV, W.C. Quantitative
trait loci mapping of genome regions controlling permethrin resistance in the mosquito Aedes Aegypti. Genet. 2008, 180, 1137–1152.
[CrossRef] [PubMed]

80. Xing, C.; Schumacher, F.R.; Xing, G.; Lu, Q.; Wang, T.; Elston, R.C. Comparison of microsatellites, single-nucleotide polymorphisms
(SNPs) and composite markers derived from SNPs in linkage analysis. BMC Genet. 2005, 6, S29. [CrossRef] [PubMed]

81. Trask, J.A.S.; Malhi, R.S.; Kanthaswamy, S.; Johnson, J.; Garnica, W.T.; Malladi, V.S.; Smith, D.G. The effect of SNP discovery
method and sample size on estimation of population genetic data for Chinese and Indian rhesus macaques (Macaca mulatta).
Primates 2011, 52, 129–138. [CrossRef]

82. Li, H.; Qu, W.; Obrycki, J.J.; Meng, L.; Zhou, X.; Chu, D.; Li, B. Optimizing Sample Size for Population Genomic Study in a Global
Invasive Lady Beetle, Harmonia Axyridis. Insects 2020, 11, 290. [CrossRef]

83. Denno, R.F.; Hawthorne, D.J.; Thorne, B.L.; Gratton, C. Reduced flight capability in British Virgin Island populations of a
wing-dimorphic insect: The role of habitat isolation, persistence, and structure. Ecol. Entomol. 2001, 26, 25–36. [CrossRef]

84. Guerra, P.A. Evaluating the life-history trade-off between dispersal capability and reproduction in wing dimorphic insects:
A meta-analysis. Biol. Rev. 2011, 86, 813–835. [CrossRef]

85. Sanzana, M.J.; Parra, L.E.; Sepúlveda-Zúñiga, E.; Benítez, H.A. Latitudinal gradient effect on the wing geometry of Auca coctei
(Guérin) (Lepidoptera, Nymphalidae). Rev. Bras. Entomol. 2013, 57, 411–416. [CrossRef]

192



Agriculture 2021, 11, 585

86. Le, T.Q.; Truong, T.V.; Park, S.H.; Quang Truong, T.; Ko, J.H.; Park, H.C.; Byun, D. Improvement of the aerodynamic performance
by wing flexibility and elytra–hind wing interaction of a beetle during forward flight. J. R. Soc. Interface 2013, 10, 20130312.
[CrossRef]

87. Benítez, H.A.; Lemic, D.; Bažok, R.; Gallardo-Araya, C.M.; Mikac, K.M. Evolutionary directional asymmetry and shape variation
in Diabrotica virgifera virgifera (Coleoptera: Chrysomelidae): An example using hind wings. Biol. J. Linn. Soc. 2014, 111, 110–118.
[CrossRef]
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