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Editorial

Editorial for the Special Issue “Pests, Pesticides, Pollinators and
Sustainable Farming”
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73 100 Chania, Greece; kalaitzaki@elgo.gr

* Correspondence: atsagarakis@aua.gr; Tel.: +30-2105294578

1. Introduction

The global agricultural sector continues to face the pressing challenge of ensuring food
security while maintaining ecological integrity. Modern crop production systems must
address the dual crises of pest pressure and pollinator decline, both of which are influenced
by climate change, habitat loss, and extensive synthetic pesticide use. Conventional pest
management, while historically successful in securing yields, often results in ecological
disruption, pest resistance, and negative effects on beneficial organisms [1–3]. Thus, sus-
tainable farming systems must embrace integrative approaches that combine effective pest
suppression with pollinator conservation and ecosystem resilience [4].

This Special Issue of Agronomy, entitled “Pests, Pesticides, Pollinators and Sustain-
able Farming,” brings together thirteen papers—twelve original research articles and one
review—that collectively reflect the growing scientific and technological advances support-
ing the transition toward environmentally sound agricultural practices. The contributions
span field ecology, chemical ecology, biotechnology, and precision agriculture, all converg-
ing on the shared objective of reconciling pest management with biodiversity conservation.

2. Highlights of This Special Issue

The importance of pollinator services and landscape diversification is reflected in
studies demonstrating that sowing flowering plant mixtures in field margins enhances
pollinator and natural enemy populations, leading to improved ecosystem functionality
and potential yield gains [5,6]. Similar findings across cropping systems highlight how
habitat diversification strengthens pollination services and biological control [7,8].

Efforts to develop alternative pest management tools based on natural products and
microorganisms are gaining momentum globally. For example, essential oils and microbial
biocontrol agents have shown promise in suppressing major pests while improving plant
vigor [9,10]. These approaches align with the global transition toward bio-based pest
management, minimizing chemical inputs and ecological disturbance [11,12].

Several contributions to this Special Issue also address the use of innovative technolo-
gies and ecological knowledge for pest monitoring and detection. Recent developments
in unmanned aerial systems (UAS), hyperspectral imaging, and machine learning offer
powerful tools for early pest detection and precision management [13,14]. Such tools can

Agronomy 2025, 15, 2590 https://doi.org/10.3390/agronomy151125901
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greatly enhance the efficiency of integrated pest management (IPM) programs and reduce
pesticide reliance.

Ecological risks associated with pesticide exposure remain an urgent issue. Longitudi-
nal studies have demonstrated that chronic pesticide exposure contributes to pollinator
health decline and increased pathogen prevalence [15,16]. These findings reinforce the call
for policies that integrate pesticide risk assessment with pollinator protection frameworks.

Finally, global perspectives on pest control are increasingly emphasizing preventive
and ecologically based approaches. Locust management, for instance, has evolved from
chemical-intensive eradication to early warning systems and habitat-based prevention
strategies [17–19]. This shift exemplifies how sustainable pest control and ecosystem
stewardship can coexist within resilient agricultural systems.

3. Conclusions

Taken together, the papers in this Special Issue illustrate viable pathways toward re-
silient, biodiversity-friendly farming systems through field experimentation, technological
innovation, and ecological understanding. They reaffirm that pest control and pollinator
protection are complementary objectives within sustainable agriculture. By integrating eco-
logical principles, innovative technologies, and international collaboration, the agricultural
sector can achieve both productivity and environmental stewardship.

We extend our sincere gratitude to all authors for their valuable contributions, to the
reviewers for their time and expertise in ensuring scientific rigor, and to the Agronomy
editorial team for their continuous support and professionalism. The collective efforts
represented in this Special Issue advance our understanding of how to achieve productive,
resilient, and ecologically sustainable farming systems for the future.
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Article

Processing Tomato Crop Benefits from Flowering Plants in Field
Margins That Support Pollinators and Natural Enemies

Vaya Kati 1,*,†, Theodoros Stathakis 2,*, Leonidas Economou 2, Philippos Mylonas 2, Myrto Barda 2,

Theodoros Angelioudakis 3, Athanasia Bratidou Parlapani 1, Ilias Tsamis 4 and Filitsa Karamaouna 2

1 Laboratory of Weed Science, Scientific Directorate of Pesticides’ Control and Phyto-Pharmacy, Benaki
Phytopathological Institute, 8 Stefanou Delta Str., GR-145 61 Kifissia, Attica, Greece; abratidou@minagric.gr

2 Laboratory of Efficacy Control of Pesticides, Scientific Directorate of Pesticides’ Control and Phytophamacy,
Benaki Phytopathological Institute, 8 Stefanou Delta Str., GR-145 61 Kifissia, Attica, Greece;
l.economou@bpi.gr (L.E.); ph.mylonas@bpi.gr (P.M.); myrto.barda@yahoo.gr (M.B.);
f.karamaouna@bpi.gr (F.K.)

3 Laboratory of Agricultural Zoology and Entomology, Faculty of Crop Science, Agricultural University of
Athens, 75 Iera Odos Str., GR-118 55 Athens, Greece; aggelt22@gmail.com

4 D. Nomikos S.A., 32 Kifissias Ave., GR-151 25 Maroussi, Attica, Greece; ilias.tsamis@dnomikos.gr
* Correspondence: vayakati@agro.auth.gr (V.K.); theostathakis1@gmail.com (T.S.);

Tel.: +30-2310-998626 (V.K.); +30-6970868720 (T.S.)
† Current address: Laboratory of Agronomy, Faculty of Agriculture, Aristotle University of Thessaloniki,

GR-541 24 Thessaloniki, Greece.

Abstract: In a two-year experiment, we examined whether increasing plant diversity in the
margins of processing tomato fields could attract pollinators and natural enemies of pests
compared to weed flora, and questioned the effect on crop yield. Two plant mixtures sown
in winter (WM) and spring (SM) were compared with weed vegetation along a tomato crop
(CT) and an adjacent irrigation channel (CC). Flower cover was higher in the sown mixtures
than the weedy margins, and brought in more visits of pollinating bees (including potential
tomato pollinators) than the latter. Flowering species were mainly Eruca vesicaria (WM,
SM), Coriandrum sativum and Lathyrus sativus (WM), Fagopyron esculentum and Phacelia
tanacetifolia (SM), and Ammi majus, Rapistrum rugosum (CC, CT). Parasitoids (Eulophidae,
Braconidae, Scelionidae) were more abundant in the sown and CC margins compared to
the CT margin, while the abundance of predators (Aeolothripidae, Orius sp., Thomisidae)
was similar among all types of margins. Fruit weight was higher in the field with the
sown margins, while pest incidence in the crop was not affected by the margin type. Our
findings provide new insights into the contribution of managed and existing field margins
in attracting beneficial arthropods, and their implications on yield.

Keywords: field margin management; weed flora; sown flowering mixtures; Hymenoptera
pollinators; beneficial arthropods; crop yield

1. Introduction

Increasing intensification of agriculture to meet the growing demand in food
production could dramatically affect farmland biodiversity [1]. Moreover, additional
stressors resulting from the ongoing climatic change are reported to negatively affect
plant diversity and alter the onset of flowering [2], challenging the ecosystem services of
pollination [3–5] and biological control [6,7]. Both services are valued at billions of euros
worldwide [8,9]. Furthermore, pollination is directly affecting food security since it is vital
for 75% of global food crops [10].
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Sustainable management strategies in agricultural landscapes are emerging as
the way forward to halt the functional biodiversity loss associated with agricultural
intensification [11,12]. In this respect, the European Union (EU) has launched mandatory or
voluntary agro-environmental schemes specifically designed to promote ecological balance
and sustainability in agroecosystems as part of the new Common Agricultural Policy (CAP)
program and European Green Deal [13]. Such agro-ecological measures include, among
other, universally accepted field management practices to enhance the ecosystem services of
pollination and biological control based on the improvement of plant diversity in degraded
field margins with sown mixtures of selected flowering plants [14]. Extensive research over
the past few decades has demonstrated the positive relationship between plant diversity
along field margins, and beneficial arthropod abundance and species richness in various
crops [15–24]. However, a meta-analysis on the impact of field margins on biological pest
control identified knowledge gaps regarding their effect on crop yield [25]. Indeed, an
earlier quantitative synthesis of data from 35 studies by Albrecht et al. [26] indicated that
flower strips along field margins had variable effectiveness on crop yield. What is more
evident is a clear advantage regarding crop productivity on smaller farms (<2 ha) gained
through higher flower visitor density, while larger fields required higher flower visitor
richness for a measurable benefit [27]. It is thus obvious that plant selection and synthesis
in mixtures are crucial for the desired impact, depending on crop species, field size and
landscape complexity, as some species may also support herbivorous pests, potentially
harming the crops.

Field grown tomatoes (Solanum lycopersicum L.) are primarily self-pollinating but can
benefit from insect-mediated pollination [10]. Although our knowledge on insect pollinators
of tomato remains limited, species like Bombus and Anthophora are known to improve
tomato fruit set, especially under high temperatures that reduce pollen viability [28]. Bombus
pascuorum (Scopoli) and B. terrestris (L.), Megachile willughbiella (Kirby), Hylaeus gibbus
Saunders, and buzzing Lasioglossum species are reported to benefit the pollination of tomato
in Central Europe due to their ‘buzzing’ vibration effect on the flowers [29]. A recent study
in Greece showed that selected native non-crop flowering plants sown along the margins
of a processing tomato field could increase pollinator and beneficial arthropod abundance
compared to locally occurring weeds, but did not elucidate the effect on crop pollination
and yield [19]. Following on that study and considering the scarcity of seeds from non-crop
flowering plants in Greece, here, we studied the effect of field margin management with
mixtures of selected flowering cultivated plant species that have available seeds in the Greek
market. Our specific objectives were to evaluate the effectiveness of these plant species sown
in mixtures along the field margins of processing tomato crops in attracting pollinators
and natural enemies compared to weed flora, and whether such species could be a suitable
alternative to non-crop flowering plants. Secondly, in addition to the previous study [19],
here, we aimed to quantitatively assess the effect of this field margin management practice
on crop yield. The study aligns with the EU’s sustainable agriculture policies, aiming to
protect and enhance biodiversity within agroecosystems and is conducted as part of the
Operation Pollinator biodiversity project in Greece, which has been implemented in various
crops since 2010 [18].

2. Materials and Methods

2.1. Selection of Plant Species and Mixture Composition

Two flowering plant mixtures were composed for sowing in winter (WM) and spring
(SM) (Table 1). The species selection and their proportion in the mixtures was based on
previous experience obtained during implementation in processing tomato and other crops
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in various areas of Greece [18–20,30]. Briefly, the general criteria included the selection of
annual species known to exist in the area, which do not pose a threat as potential noxious
weeds, or act as specialized hosts for tomato pests, are attractive to pollinators and natural
enemies and belong to a diverse range of families. Seed availability defined the final species
selection and mixture composition.

Table 1. Plant species selected for the mixtures sown in winter (WM) or spring (SM) along the margin
of a processing tomato field, and the corresponding percentage.

(%) g/100 m2

Family Species WM SM WM SM

Apiaceae Anethum graveolens L. 26 6
Coriandrum sativum L. 18 32

Brassicaceae Eruca vesicaria (L.) Cav. 23 26 9 14

Fabaceae
Pisum sativum L. 7 368
Lathyrus sativus L. 12 12 301 361

Polygonaceae Fagopyrum esculentum Moench 33 214

Boraginaceae Phacelia tanacetifolia Benth. 29 31

Poaceae Triticum aestivum L. 14 150

TOTAL 100 100 866 620

2.2. Seed Rate Calculation

The calculation of the seed rate per species was based on the following parameters:
target plant number/m2, percentage of each species in the mixture, thousand grain weight
per species, seed germination capacity based on growth chamber germination assays, and
estimated plant survival rate in the field. Based on the above, the seed weight in grams for
each species in a mixture (Ws) is the output of the equation

Ws = Ps × (1/ESR) × (1/Pg) × Tp × A × (TGW/1000) (1)

where Ps = % of each species (Table 1), Tp = total target number of plants/m2 (set to be
80 plants/m2), A = area to be sown per field (84 m2/per plant mixture), TGW = thousand
grain weight/species (g), ESR = estimated survival rate of germinated seeds (set to be
65% for all dicots and 80% for wheat), and Pg = seed germination percentage based on
petri-dish assay results per species.

2.3. Experimentation Site

Two-year field experiments (2021–2022) were established in the main processing
tomato area in Larissa, (Thessaly, Greece) at a different location each year (Figure 1A). The
two plant mixtures (WM and SM) were sown along one of the field margins, as shown
in Figure 1B. The plot size was 14 m2 (7 m long × 2 m wide), with six plots per plant
mixture (total sown area per mixture: 84 m2). Two sets of control plots consisting of weed
flora were assigned along the margin next to the crop (CT) or along an adjacent irrigation
channel (CC), to cater for the different arable weed communities present around the field
(Figure 1B). Each control site had six plots (total area per control site: 84 m2).

Field preparation of the sown margins included shallow soil cultivation to control
weeds, and hand raking to smooth the surface. Sowing was performed by hand. A bulking
material (corn meal at 200 cm3/m2) was used to augment the seed quantity and enable its
even distribution on soil surface. After sowing, the seeds were covered by hand raking,
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and the soil surface was rolled to ensure good seed/soil contact, using a manually operated
seed roller. Sowing of the WM was performed in early February of each year while the SM
was sown in early April. The H1015 Heinz jointless processing tomato hybrid (2nd early,
105–114 days to maturity) was transplanted mid-March of each year.

 

Figure 1. (A) Experimental sites in the county of Larissa, Greece, and (B) layout of the sown plant
mixtures and the control weed flora, with designated plots for measurements.

2.4. Arthropod Measurements

Measurements of flowering and attracted beneficial arthropods were performed
during the main flowering period of the sown plants, from mid-May to late-June in 2021,
and from early-June to mid-July in 2022.

The total plant cover and flower cover (total and per species) were visually estimated
and expressed as percentage cover/plot in all plots of the sown mixtures (WM, SM) and
the two control sites (CC, CT). Plant species were identified in situ or, when necessary, in
the lab using the botanical identification key Flora Europaea [31].

Hymenoptera pollinator (Apis mellifera L., wild bees) visits on the flowers of the sown
margins and the control plots were recorded with visual observation of landings for 4′/plot
between 10:30 and 14:30 h. The observations and corresponding counts refer to the foraging
visits of pollinators and not their absolute numbers which could not be accurate due to their
high abundance and their mobility from flower to flower during observation time. All the
observations throughout the sampling period were made by the same observer to eliminate
potential bias between different observers. Measurements were conducted in three of the
six plots (1st, 3rd, and 5th) of each treatment (WM and SM), as well as for the control sites
(CT and CC).
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Pollinator visits were also recorded on the crop flowers with visual observation as
before, at three sites based on the distance from the sown field margin, starting from the first
two twin crop rows next to the margin and moving infield to the 20th–21st and 40th–41st
twin rows. Each sampling site had three replications of approximately 14 m2 (2 twin rows,
7 m long).

Wild bee specimens that required identification after the visual observation
measurements were captured with a sweeping net and were identified later in the lab. The
identification of pollinators was based on identification keys [32,33].

Beneficial arthropods (parasitoids, predators) were recorded with suction sampling
(16′′/plot) using a modified leaf blower (Echo ES-2400, 24 cm3, Kioritz Corporation, Tokyo,
Japan), adapted as described in [34]. Measurements were conducted in the other three plots
(2nd, 4th, and 6th) of the sown margins and the control sites, and in the three corresponding
plots of the first two twin crop rows.

Additionally, the herbivore insects collected via suction sampling were counted. Only
individuals belonging to groups that could be potentially harmful for tomato crop were
taken into consideration, i.e., aphids (Aphidoidea), leafhoppers (Auchenorrhyncha),
whiteflies (Aleyrodidae), stink bugs (Pentatomidae), and thrips (Thysanoptera).

The collected arthropod samples were kept in the freezer (−18 ◦C) and sorted
according to family, genus, and species (where possible) under a stereomicroscope.

2.5. Crop Yield Parameters

The effect of the sown flower margin intervention on the quality characteristics
of tomato fruit was assessed based on the following parameters: fruit weight (digital
laboratory scale), BRIX [digital refractometer Maselli UR 24 (Maselli Misure S.P.A., Parma,
Italy)], pH (pH-meter Metrohm 713), and color, including brightness (L*), redness or
greenness (a*), yellowness or blueness (b*) and the ratio a/b [colorimeter Hunterlab
DP-9000 D25A (Hunter associates laboratory, Reston, VA, USA)]. All analyses were
performed based on in-house protocols at the premises of D. Nomikos S.A., Agricultural
Department, Panagia, 35010, Domokos, Greece. Samples of 20 fruits/plot were collected
from the fields with the sown margins and the control field with the weed flora, and were
transported immediately for analysis. The samples were collected from twin crop rows
aligned with the 1st, 3rd, and 5th sown or weed plots, at three field sites (i.e., 1st–2nd next
to the margin, the 20th–21st row and 40th–41st row).

2.6. Statistical Analysis

Generalized linear mixed models (GLMM) were conducted to examine the effect of
field margin management (treatment), plant cover, flower cover, and number of plant
species in bloom, as fixed factors, on the abundance of the main arthropod functional
groups (honeybees, wild bees, parasitoids, predators and insect pests) in the field
margins. Experimental year and sampling date were treated as random factors. The models
used a negative binomial distribution with a log link function. Fisher’s LSD method was
used for pairwise comparisons. Kruskal–Wallis ANOVA was used for comparison of plant
and flower cover among field margin treatments, and for examination of the effect of field
margin management (treatment) on the abundance of parasitoids, predators, and insect
pests in the processing tomato crop. A one-way ANOVA (α = 0.05) was performed to
examine the effect of field margin management (treatment) on crop yield parameters. The
means were separated using Tukey’s HSD test. Statistical analysis was carried out using
SPSS version 21.0 for Windows software (IBM Corp; Armonk, NY, USA).
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3. Results

3.1. Plant Cover

Overall, the WM margin provided complete plant cover that differed significantly
compared to all other treatments (χ2 = 88.565, df = 3, p < 0.001) (Figure 2). In general,
all plant species in the mixtures sown in winter (WM) or spring (SM) along the margin
of the selected processing tomato field, emerged and provided a dense plant cover both
years (98–100% of the plot area). Exceptions were P. tanacetifolia in 2021 and F. esculentum
in 2022 in the SM, with very low corresponding densities. This was attributed to the low
germination ability of P. tanacetifolia in 2021 and to a late frost that reduced the survival of
F. esculentum in 2022. However, the remaining sown species resulted in a high plant cover,
which was mainly due to E. vesicaria and secondly to L. sativus.

The two control sites with weed flora, either next to the irrigation channel (CC) or
next to the crop (CT), had comparable plant cover in 2021. However, in 2022 from mid- and
late June because of an accidental glyphosate application for weed control on that site by
field workers. The plant cover in that margin was partially recovered only around mid-July
(Supplementary Figure S1).

Figure 2. Mean total flower cover % of plot area of the processing tomato field margin with weed flora
or sown with plant mixtures. Treatments: CT—control weed margin next to tomato crop; CC—control
weed margin along a neighboring irrigation channel; WM—winter sown mixture; SM—spring
sown mixture. Identical letters above the error bar indicate no statistically significant differences
among treatments.

3.2. Flower Cover

The flower cover was the highest for the sown mixtures (WM, SM), while from the
control margins the CC flower cover was comparable to the SM margin and the CT was
significantly lower from all other treatments (χ2 = 56.088, df = 3, p < 0.001) (Figure 2). In
2021, the sown mixtures combined provided continuous floral resources from mid-May
to mid-June. The mean flower cover of the WM mixture was higher (68–100% of the plot
area) compared to the other sites, until late-May. In early-June, flower cover was similar
in the sown mixtures (WM and SM) and the CC weed margin site, which maintained an
intermediate flower cover (28–61% of plot area) throughout the experiment. In mid-June
the highest flower cover was provided by the SM (92% of the plot area). The CT weed
margin had the lowest flower cover throughout the season (>10% of the plot area). In 2022,
the combined flowering of the two sown mixtures lasted from June to mid-July. Early in the
season (early to mid-June) the flower cover of the sown mixtures was comparable to that of
the weed flora (18–32%). The flower cover of the sown mixtures was higher compared to
the weed flora later in the season, with a peak in late-June (63% and 33% of the plot area
for the sown mixtures and weed flora, respectively) (Supplementary Figure S2).
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The main flowering species in each sown mixture varied over time during both
years (Figure 3). In 2021, the order of flowering species in the WM was E. vesicaria,
L. sativus, P. sativum, C. sativum, A. graveolens, and in the SM, it was L. sativus, F. esculentum,
P. tanacetifolia, and E. vesicaria. The main dicotyledonous weed species that emerged and
reached flowering together with the sown species was Rapistrum rugosum (L.) All. in
the WM and Heliotropium europaeum L. in the SM. Other weeds that emerged included
Solanum nigrum L., Chenopodium album L., and Sorghum halepense (L.) Pers. Overall, weeds
emerged in low numbers and did not affect the establishment and flowering capacity of the
sown mixtures. That year, the CC margin was dominated by the Brassicaceae R. rugosum
mid-May, and later by Apiaceae species. In the CT margin, flower cover was provided by a
few R. rugosum and Sisymbrium sp. plants (Figure 3 and Supplementary Figure S3).

 

Figure 3. Mean flower cover per species (% of plot area) in the tomato field margin during spring
2021 and 2022 of (A) sown mixtures in winter (WM) or spring (SM), and of (B) weed species in CT
(field margin with weed flora along the control tomato crop) and CC sites (weed flora along the
irrigation channel next to the control field). Main weed species that emerged in the sown margins
are indicated with an asterisk (*). Other flowering species include weeds with a low abundance
and a small contribution to the overall flower cover (<2%). In 2021, these included WM: Papaver
rhoeas L., SM: S. nigrum, Chrozophora tinctoria (L.) A.Juss., Euphorbia sp., H. europaeum, C. arvensis,
R. rugosum, CT: Calendula sp., Cirsium sp., Mantisalca salmantica (L.) Briq. and Cavill., Sonchus sp.,
P. rhoeas, E. elaterium, F. officinalis, Consolida regalis Gray, CC: Euphorbia sp., Geranium sp., Malva sp.,
Sonchus sp., and in 2022 WM: C. arvensis, E. elaterium, S. nigrum, F. officinalis, P. oleraceae, S. arvensis,
R. rugosum, SM: C. arvensis, E. elaterium, S. nigrum, S. arvensis, CT: C. arvensis, Euphorbia humifusa
Willd., Matricaria chamomilla L., Malva sp., P. oleracea, Tribulus terrestris L., and in CC: Lactuca serriola
L., M. chamomilla, Malva sp.

In 2022, E. vesicaria was more dominant in the SM due to the low emergence of
P. tanacetifolia and the absence of Fagopyrum esculentum that was lost after the late frost. The
order of flowering among the sown species in the WM was the same as the previous year:
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E. vesicaria > L. sativus > P. sativum > C. sativum > A. graveolens, while in the SM, the order
was L. sativus ≥ P. tanacetifolia ≥ E. vesicaria. Several flowering weeds emerged in low
numbers in the sown mixtures and had a very low contribution to the flower cover. These
were, in WM: Convolvulus arvensis L., Ecballium elaterium (L.) A.Rich., S. nigrum, Fumaria
officinalis L., Portulaca oleracea L., Sinapis arvensis L., R. rugosum, and in SM: C. arvensis,
E. elaterium, S. nigrum, S. arvensis. As mentioned in the plant cover section, in 2022, flower
cover in the CT control site was recorded only in early June and mid-July, with S. arvensis
and S. alba L. being the main flowering species. The flower cover in the CC site was almost
solely provided by Ammi majus L. throughout the season (Figure 3 and Supplementary
Figures S4 and S5).

3.3. Hymenoptera Pollinators

The total abundance of honey bees was significantly higher in the sown margins
(WM and SM) compared to the weed flora along the irrigation channel (CC) and the field
margin of the tomato crop (CT) (F3,91 = 4.190, p = 0.008). The flower cover percentage
had a significant effect on honey bee abundance (F1,91 = 17.709, p = 0.000), while the
number of plant species in bloom did not have any significant effect (F1,91 = 1.817,
p = 0.181). On the contrary, the abundance of wild bees did not differ statistically
among treatments (F3,91 = 2.106, p = 0.105) (Figure 4 and Supplementary Table S1). On
a date-to-date examination, it is obvious that honey bees had the highest abundance in
late June (27 June 2022) in SM, when the available floral resources of E. vesicaria reached
the highest flower cover percentage (Supplementary Figure S6). Sporadic visits of wild
bees (1–2 individuals/plot/4 min of observation time) were recorded on tomato flowers
regardless of the row distance from the field margins throughout the experiment. These
wild bees belonged to the genera Andrena, Lasioglossum and Nomiapis. The wild bee genera
recorded on flowers of the sown mixtures, weed flora in the control sites, and tomato
flowers are shown in Table 2 (Supplementary Figures S7 and S8).

Figure 4. Total abundance of Hymenoptera pollinators (mean ± SE) over 2021 and 2022 in sown
flower mixtures and weed flora of processing tomato field margins. Treatments: CT—control weed
margin next to tomato crop; CC—control weed margin along a neighboring irrigation channel;
WM—winter sown mixture; SM—spring sown mixture. Identical letters above the error bar indicate
no statistically significant differences among treatments.
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Table 2. Wild hymenoptera pollinators and associated plant species of sown mixtures and weed flora
in processing tomato field margins: CT—control weed margin next to tomato crop; CC—control
weed margin along an irrigation channel; WM—winter sown mixture; SM—spring sown mixture,
Larisa plain, Greece, 2021 and 2022.

Plant Species Bee Genus Treatment

Ammi majus Andrena, Hylaeus, Lasioglossum, Nomiapis CC
Anethum graveolens Andrena, Hylaeus WM
Centauria sp. Halictus CC
Coriandrum sativum Andrena, Ceratina, Nomiapis WM
Ecballium elaterium Lasioglossum, Ceratina SM
Eruca vesicaria Amegilla, Andrena, Ceratina, Eucera, Halictus, Lasioglossum SM
Fagopyrum esculentum Andrena, Lasioglossum SM
Lathyrus sativus Eucera, Megachile, Osmia SM
Phacelia tanacetifolia Ceratina SM
Rapistrum rugosum Andrena, Eucera, Lasioglossum, Nomada CT
Solanum lycopersicum Andrena, Lasioglossum, Nomiapis WM

3.4. Natural Enemies

The total abundance of parasitoid wasps was significantly higher in the sown margins
(WM and SM) and weed flora along the irrigation channel (CC) compared to the weedy
margin next to the tomato crop (CT) (F3,89 = 4.214, p = 0.008). The plant cover, flower cover
percentage and the number of plant species in bloom did not have a significant effect on
parasitoid abundance (F1,89 = 0.942, p = 0.334, F1,89 = 0.050, p = 0.823 and F1,89 = 0.073,
p = 0.787, respectively). The abundance of predatory arthropods did not differ statistically
among treatments (F3,89 = 0.930, p = 0.430); however, the SM margin harbored higher
numbers of predators. The flower cover percentage and number of plant species in bloom
had a positive effect on the abundance of predatory arthropods (F1,89 = 4.323, p = 0.040 and
F1,89 = 5.224, p = 0.025) (Figure 5A and Supplementary Table S2).

Figure 5. Total abundance (mean ± SE) of Hymenoptera parasitoids and predatory arthropods (A)
in field margins and (B) in tomato crop with different field margin management: CT—control weed
margin next to tomato crop; CC—control weed margin along the irrigation channel; WM—winter
sown mixture; SM—spring sown mixture; C—control tomato field. Identical letters above the error
bar indicate no statistically significant differences among treatments.

The total abundance of natural enemies in the tomato crop followed a similar pattern
to that of the field margins. Higher numbers of parasitoid Hymenoptera were observed
in the tomato fields with sown margins compared to the control fields (χ2 = 15.566, df = 2,
p < 0.001), while the abundance of predators did not differ significantly among treated
tomato fields (χ2 = 0.902, df = 2, p = 0.637) (Figure 5B).

Looking at their temporal abundance fluctuation of parasitoid Hymenoptera, the CC
control margin was superior to the WM sown margin at the beginning of May 2021 (54 ± 5.3
and 39 ± 17.1, respectively). The WM sown margin had higher numbers of parasitoid
wasps compared to both control margins during the rest of the sampling period of both
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experimental years. The SM margin reached peak levels during early June 2021 (36.7 ± 11)
and mid-June 2022 (54 ± 10.4). The highest numbers of predators were observed in SM
sown margin from the beginning until mid-June on both sampling periods (Supplementary
Figure S9).

In the tomato crop, parasitoids in the fields with sown margins had increased numbers
from mid to late May, and mid-June during the first sampling period (2021), while predators
had generally low populations. In 2022, predatory arthropods were more abundant reaching
peak levels during mid-July in the tomato fields with sown margins (10.7 ± 0.3 for WM
and 10 ± 1.2 for SM). At the same time, the highest numbers of parasitoid wasps were
observed (8.7 ± 1.3 for WM and 14.3 ± 2.8 for SM) (Supplementary Figure S10).

Parasitic wasps in the samples belonged to 7 different superfamilies (Ceraphronoidea,
Chalcidoidea, Chrysidoidea, Cynipoidea, Diaprioidea, Ichneumonoidea, Platygastroidea)
and 24 different families. The samples from the WM belonged to 20 families, while the
ones from the SM mixture belonged to 19 families and from the CT and CC sites to 20 and
19 families, respectively. The WM and SM sown margins had similar community structure
dominated by Eulophidae (35–36%), Braconidae (17–19%), and Scelionidae (19%), while
Encyrtidae held 6.5–8%. The weed flora along the irrigation channel (CC) attracted mostly
eulophids (44.7%), while braconids, scelionids and encyrtids held subequal proportions
(11–12%). The weed margin next to the crop (CT) harbored mostly Eulophidae (37%),
Mymaridae (14.6%) and Braconidae (12.6%). Within the tomato crop, the parasitoid families
with the highest proportion were Braconidae (35%) for fields with WM margin, Scelionidae
(23%) for fields with SM margin and Mymaridae (19.7%) for the control fields (Figure 6A).

Figure 6. Community composition of natural enemies. In field margins: (A) Hymenoptera parasitoids;
(B) predatory arthropods. In tomato crop with different field margin management: (C) Hymenoptera
parasitoids; (D) predatory arthropods. CT—weedy margin next to tomato crop; CC—weedy margin
along the irrigation channel; WM—winter sown mixture; SM—spring sown mixture; C—control
tomato field.

The communities of predatory arthropods hosted by the WM and SM sown
margins were also similar; they consisted mostly of predatory thrips (Aeolothripidae)
(48.5–54.7%), pirate bags (Anthocoridae) (15–21.5%), and crab spiders (Thomisidae)
(8–11%). The proportions of these groups in CC sites were 36.5%, 13.5%, and 24.5%,
respectively. Predatory thrips were superdominant (71%) in CT margins (Figure 6B). In
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tomato fields with the sown margins, several predatory groups were detected such as
predatory Heteroptera (Anthocoridae, Miridae, Nabidae), spiders (Linyphiidae, Oxyopidae,
Thomisidae), and predatory thrips, without any obvious dominance. The control fields
hosted mostly crab spiders (25.7%), predatory mirids (20%), and Aeolothripidae (17.6%)
(Figure 6C,D).

3.5. Insect Pests

Regarding the abundance of insect pests, the sown margins and the weedy margin next
to the crop harbored significantly more insect pests than the margin along the irrigation
channel (F3,89 = 3.950, p = 0.011), while there were no statistical differences between the
tomato fields (χ2 = 5.129, df = 2, p = 0.077) (Figure 7).

Figure 7. Total abundance (mean ± SE) of insect pests (A) in field margins and (B) in tomato crop with
different field margin management: CT—weedy margin next to tomato crop; CC—weedy margin
along the irrigation channel; WM—winter mix; SM—spring mix; C—control tomato field. Identical
letters above the error bar indicate no statistically significant differences among treatments.

In the SM sown margins, the most abundant group was aphids (44.6%), in the WM
margins and the CC sites, thrips (49% and 51.8%, respectively), and in the CT sites,
leafhoppers (51%). Within tomato crops, the control fields (C) and those with the SM
margin hosted mainly aphids (51% and 52%, respectively), while the fields with WM
margin hosted mostly thrips (33.8%) (Supplementary Figure S11).

3.6. Crop Yield

The yield parameters (means) of processing tomato (weight, BRIX, pH, L, color AB)
are shown in Table 3. In both experimental years, the average fruit weight from fields with
sown margins was similar to the expected values (75–80 g/fruit) and significantly higher
compared to the control fields with weed vegetation (F2,24 = 93.179, p < 0.0001 for 2021,
F2,24 = 54.136, p < 0.0001 for 2022). The total soluble solids (TSS) of fruits harvested from
WM, SM and control fields were similar to the expected value (5.2 ◦Bx) in 2021; however,
in 2022, the fruits from the control field had significantly higher levels of TSS (6.1 ◦Bx)
compared to those with the sown margins (F2,24 = 21.116, p < 0.0001). The pH values ranged
between 4.4 and 4.5 without significant differences. Regarding the fruit color parameters
among treatments, a significantly higher L value was observed in the control field in 2021
(F2,24 = 10.377, p = 0.011) and significantly lower a/b value in 2022 (F2,24 = 8.714, p = 0.001)
(Table 3 and Supplementary Table S3).
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Table 3. Yield parameters (mean ± SE) of processing tomato hybrid H1015 fruits (weight, BRIX,
pH, L, a/b) harvested from fields with different margin management: WM—winter sown mixture;
SM—spring sown mixture; C—control tomato field. Identical letters indicate no statistically significant
differences among treatments.

Treatment

2021 2022

Yield
Parameter

WM SM C WM SM C

Weight (g/fruit) 74.9 ± 0.7 a 76.8 ± 0.9 a 63.4 ± 0.6 b 79.3 ± 1.2 A 76.2 ± 2.2 A 57.3 ± 1.3 B
BRIX 5.2 ± 0.04 a 5.2 ± 0.02 a 5.2 ± 0.07 a 5.2 ± 0.1 B 5.3 ± 0.1 B 6.1 ± 0.1 A
pH 4.4 ± 0.03 a 4.5 ± 0.03 a 4.5 ± 0.04 a 4.5 ± 0.02 A 4.5 ± 0.02 A 4.5 ± 0.03 A
L 27.8 ± 0.1 b 28.0 ± 0.3 b 29.6 ± 0.4 a 28.3 ± 0.3 A 28.1 ± 0.3 A 28.1 ± 0.6 A
a/b 2.5 ± 0.01 a 2.5 ± 0.04 a 2.4 ± 0.05 a 2.5 ± 0.04 A 2.5 ± 0.03 A 2.3 ± 0.03 B

4. Discussion

The establishment of flower strips inside the crop or at the field margins is among the
agro-ecological practices outlined in the EU’s recent common agricultural policy [35] to
maintain functional biodiversity in agroecosystems [36]. Indigenous wild flora species are
generally preferred for the flower strips, to avoid genetic erosion from imported species
and to exploit their adaptation to local conditions, ensuring a successful establishment (19).
However, as indicated by our results, a feasible and effective alternative for the
implementation of this agro-ecological practice could be the use of cultivated flowering
plants, such as the Apiaceae (C. sativum and A. graveolens), Brassicaceae (E. vesicaria) and
Fabaceae (L. sativus, P. sativum) species tested here, with easily available seeds in the
market. Nevertheless, field margins with weed flora adjacent to the experimental tomato
crop were also assessed to examine the ability of natural flora to safeguard beneficial
arthropods for agriculture in comparison to the sown flowering mixtures, as it has been
conducted in previous studies in tomato and other crops [18,19,37]. Assessing field margins
for the dual purpose of supporting both pollinators and natural enemies is in line with the
Integrated Pest and Pollinator Management (IPPM) framework proposed recently by Egan
et al. [38] to enhance IPM compatibility with crop pollination management and enable their
coordination towards a unified economic decision making and implementation. However,
diversified plant resources provided by crop or wild species should be characterized
on their capacity to support functionally important arthropods, such as pollinators and
natural enemies, while also considering potential trade-offs such as enhancing crop pests
or causing weed related problems [18,39] before employing them at the field scale as an
IPPM tool [40].

Our two-year field margin assessment indicated that the sown flowering mixtures
attracted more honey bee visits compared to the weed flora, as also reported by other
studies [20,41]. Furthermore, the flower cover percentage was positively correlated with
the number of attracted bee visits, but not the number of flowering plant species, as also
recently reported by Liira and Jürjendal [42]. The latter study provided evidence that areas
with low flower diversity are likely to attract higher number of bees, and that agricultural
policies for the conservation of pollinators should not focus on floral biodiversity, as it is
commonly supported [43,44]. However, there is undisputable evidence that diversity in
floral traits has a positive effect on bee species diversity because it caters for their variable
nectar and pollen needs, while also ensuring that accessibility requirements are met, which
depend on flower and bee anatomy [45].

Most of the bees recorded on the margins of the field were honey bees (A. mellifera).
However, honey bees are unable to perform buzz pollination, i.e., to vibrate the
tomato flower in the frequency needed to release the pollen from the anthers to the
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stigma [46]. Nevertheless, wild bee genera (e.g., Amegilla) recorded in lower numbers
of visits in our study, include species which use floral buzzing while foraging [47], and
are thus considered potential pollinators of tomato flowers [48]. In fact, in our study, only
wild bees were recorded to visit tomato flowers (Andrena, Lasioglossum and Nomiapis),
although in small numbers. However, upscaling the practice of flowering field margins
in tomato crops could possibly enhance foraging on tomato flowers by these pollinators
and subsequently contribute to the improvement of the fruit set percentage and fruit
characteristics [49]. Similar wild bee genera were attracted on the sown flowering strip of
similar experimentation in tomato (the WM included also Glebionis coronaria (L.) Cass. ex
Spach), in the southern part of continental Greece (area of Orchomenos), i.e., mainly
included Andrena spp., Colletes sp., Halictus sp., Hylaeus spp., Lasioglossum spp., Pseudapis
sp. (identified later as Nomiapis sp.; Barda, personal communication), and Sphecodes sp. [19],
contributing to tomato pollination with Hylaeus spp. and Lasioglossum spp. [29]. Further
experimentation should focus on the long-term effects of the sown flower mixtures to
insect pollinators.

Eruca vesicaria, the species which held the higher percentage of the flower cover
and longest flowering duration in the mixtures, attracted honey bees and wild bees
(Amegilla, Andrena, Ceratina, Eucera, Halictus, Lasioglossum). Indeed, Eruca vesicaria has
been proven to attract a wide variety of pollinators [50–52]. Coriandrum sativum and
A. graveolens also provided a long-lasting flowering throughout the season, which
overlapped with that of the tomato crop and lasted until the fruit set, providing an attractive
habitat for potential pollinators of the crop. Coriandrum sativum attracted both honey
bees and wild bees, including genera recorded on tomato flowers (Andrena, Nomiapis),
confirming its favorable profile as a tool to promote the ecosystem services of pollination
as well as biological pest control [19,53–55]. Records of wild bee attraction by C. sativum
include the families Andrenidae, Halictidae and Colletidae (Algeria) [53], and Megachile
spp. (Pakistan) [56]. Likewise, the second Apiaceae, A. graveolens, brought in honey bees
along with wild bee genera (Andrena, Hylaeus) known to pollinate tomato [29]. Lathyrus
sativus attracted early in the season bees of Eucera, as also stated at the similar study by
Kati et al. [19], but also of Megachile, which are among the most efficient pollinators for
tomato [29], and Osmia.

In the SM mixture, the flowering of F. esculentum, evident only in the first year, attracted
both honeybees and wild bees of the genera Andrena and Lasioglossum. In other studies,
reported foraging of wild bees on F. esculentum flowers include Bombus spp. [57,58], Xylocopa
spp., Halictus spp. in Greece [19], as well as other Halictidae species in Florida [51]. The
capacity of F. esculentum to upgrade the floral resources of field margins for the benefit of
pollinators and beneficial arthropods is supported by [59,60]. The poor establishment of
P. tanacetifolia in the SM mixture did not allow for the full evaluation of its potential for use
in flowering mixtures in the study area. Its low flower cover was foraged by both honey
bees and wild bees as also reported elsewhere [18,61]. However, Petanidou [61] expressed
concern on the suitability of this species for use as a flower resource for pollinating bees
in Greece.

Furthermore, the contribution of wild plants already present in the field margins to
attracting pollinators should not be overlooked, as long as they are not among species
that are likely to infest the crop as weeds. For example, A. majus is a wild plant that is not
threatening as a weed in the area of our study. This species is known to be a nectar-bearing
plant [62] and has been reported to attract species of Andrena [63]. In our study, it supported
wild bee genera (Andrena, Hylaeus, Lasioglossum, Nomiapis), some of which were also
recorded on tomato flowers and include species that can buzz-pollinate [29].
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Both sown flowering mixtures and the undisturbed natural vegetation along the
irrigation channel outcompeted the weed margin along the tomato field (CT) as reservoirs
of parasitoid wasps. The positive effect of flower-rich strips on the abundance of parasitoid
Hymenoptera has been demonstrated by several studies [19,60,64–66]. However, the fact
that the total flower cover of the plot area and the number of plant species in bloom
did not affect the population density of parasitoids, indicate a complex interplay among
different variables that can affect parasitoids’ abundance. Each species has indeed a different
potential as an insectary plant regarding the abundance and diversity of parasitoids [67,68],
while on a given plant individual, the parasitoids’ abundance may be affected by host
abundance and the plant’s flowering state [69].

The dominant parasitoid family in all field margins was Eulophidae. This family
includes parasitoid wasps against tomato crop pests, such as leafminers Liriomyza
spp. (Diptera: Agromyzidae) and the tomato leafminer Tuta absoluta Meyrick (Lepidoptera:
Gelechiidae) [70,71]. Braconidae and Scelionidae were also abundant in the field margins.
Braconids are known for their contribution to controlling aphid populations and several
species are promising biological control agents of T. absoluta and the cotton bollworm
Helicoverpa armigera Hübner (Lepidopetra: Noctuidae) [72–74]. Scelionids are mainly egg
parasitoids, with a wide range of hosts, which have been proven effective in the biological
control of stink bugs (Hemiptera: Pentatomidae) such as Nezara viridula (Linnaeus) and
Halyomorpha halys (Stål) [75,76].

The benefits from the sown flowering plants to parasitoids have been demonstrated
by several studies. The main flowering species of both sown mixtures, E. vesicaria, has been
reported to host a high diversity of potential natural enemies (parasitoids and predators)
of aphids and thrips, mainly due to its early and long-lasting blooming [68]. Flowers
of F. esculentum (component of SM) positively affected the longevity of three T. absoluta
parasitoids, Necremnus artynes Walker, N. tutae (Ribes & Bernardo) (Eulophidae) and Bracon
nigricans Szépligeti (Braconidae) [77,78]. Nectar of A. graveolens, C. sativum (components of
WM) and F. esculentum improved the survival of the stink bug parasitoid Trissolcus japonicus
(Ashmead) (Scelionidae) [79].

A higher abundance of parasitoid Hymenoptera was observed also within the tomato
fields with sown margins compared to the control fields. Samples included mostly braconid
wasps (mainly Aphidiinae) associated with aphids’ abundance; scelionids and eulophids
were also present. Fairyflies (Mymaridae) had increased proportions, probably due to
the presence of leafhoppers, as they are common egg-parasitoids of Auchenorrhyncha
(Hemiptera) [80].

The SM sown margin surpassed numerically the other field margins in predatory
arthropods, with the most abundant groups in all cases being Aeolothripidae, Anthocoridae
and Thomisidae. All the Aeolothripidae individuals were assigned to the species Aeolothrips
intermedius Bagnallis which is considered the primary native predator of Thrips tabaci and
other species of Thysanoptera in Europe [81] and has been reported as a very effective
predator in the biological control of thrips [82,83]. Minute pirate bugs (Anthocoridae),
especially Orius spp., are generalist predators that have proved successful predators of
the western flower thrips, Frankliniella occidentalis (Pergande) and other thrips [84], but
they can also prey on other key agricultural pests, such as whiteflies, aphids and spider
mites [85–87]. Both Aeolothripidae and Anthocoridae are omnivorous predators that also
feed on different plant resources such as pollen and nectar [88,89] and the increasing plant
diversity allows them to optimize their fitness by exploiting various plant-based resources
such as nutrition and oviposition sites [81,90–92]. Of the two Thomisidae spider species,
Thomisus onustus Walckenaer and Runcinia grammica (C. L. Koch) found in the samples,
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R. grammica, which was most abundant, is a polyphagous predator feeding on a wide
range of arthropods (Diptera, Hymenoptera, Lepidoptera) [93]. Crab spiders (Thomisidae)
are ambush predators exploiting flowers’ ability to attract insect visitors by sitting on
inflorescences and then attacking and consuming insect prey [94,95]. These ecological
strategies (omnivory and ambush hunting) explain the positive effect of flower cover and
the number of plant species in bloom on the abundance of predators in our study.

Zoophytophagous mirids, Deraeocoris ruber (L.) and Macrolophus pygmaeus (Rambur)
were present in the field margins and the tomato crop. Macrolophus pygmaeus is a key
predator for biological control of T. absoluta, whiteflies, aphids and other pests on tomato
crop [96]. Coccinellid species (Coccinella septempunctata L., Hippodamia variegata Goeze,
Propylea quatuordecimpunetata L., Scymnus auritus (Thunberg) and S. suturalis Thunberg)
were sampled only from the field margins and they are mainly aphidophagous and
coccidophagous [97,98]. Apart from Thomisidae, several spider species of other families
were collected both from the field margins and the tomato crop, i.e., Argiope bruennichi
(Scopoli), Hypsosinga pygmaea (Sundevall), H. sanguinea (C. L. Koch), Mangora acalypha
(Walckenaer), Neoscona adianta (Walckenaer) (Araneidae), Aphantaulax cincta (L. Koch)
(Gnaphosidae), Agyneta pseudorurestris Wunderlich, Microlinyphia pusilla (Sundevall)
(Linyphiidae), Oxyopes heterophthalmus (Latreille), O. lineatus Latreille (Oxyopidae), Thanatus
atratus Simon, Tibellus oblongus (Walckenaer) (Philodromidae), Phylloneta impressa (L. Koch),
Theridion cinereum Thorell (Theridiidae), and Trachelas minor O. Pickard-Cambridge
(Trachelidae). The web-building families Araneidae, Linyphiidae, and Theridiidae are
widely abundant in agricultural landscapes and trap mostly dipteran and homopteran
pests on their webs, while the active hunters, Oxyopidae and Philodromidae, are wandering
spiders that prey on a wide variety of insect pests [99].

Overall, the good establishment of E. vesicaria and C. sativum in combination with their
ability to attract pollinators and other beneficial insects makes them superior candidate
plants for agro-ecological practices that utilize annual plants for the conservation of
functional groups in agroecosystems in the studied region. Potential tomato pests such as
aphids, thrips and leafhoppers were detected in suction samples of all field margins, which
were less abundant in the control site near the irrigation channel (CC), probably due to
the composition of the flower species. Although no direct monitoring of tomato pests was
conducted on the crop, the total pest abundance in the suction samples was comparable
across the field margins. Moreover, no outbreak or damage by these or other tomato pests
was reported by the farmers in both cultivation periods, supporting on one hand, the lack
of an adverse effect of the sown mixtures on the crop and, on the other, the potential of
this plant synthesis to function as a banker plant mixture building up reservoirs of natural
enemies throughout the crop season [30,100].

Our results provide evidence that attracting pollinators in tomato fields by increasing
the floral resources along the crop margin can have a positive impact on fruit weight. Similar
findings were reported in previous research which demonstrated that insect pollination,
particularly by native and buzz-pollinating bees, leads to increased fruit set, larger fruit size,
and improved physicochemical properties compared to self-pollination or wind pollination
in open-field tomato crops [46,101,102]. For example, Bashir et al. [102] reported that
open-pollinated tomatoes, which received visits from pollinators and the simultaneous
effect of wind, had significantly larger fruit sizes and higher seed weights compared to those
subjected only to wind or self-pollination. More specifically, open-pollinated fruits had a
mean weight (g/fruit) of 109.76, outperforming wind-pollinated (72.97) and self-pollinated
(49.03) fruits. On the other hand, studies associating BRIX levels with various pollination
methods in tomato are scarce. The existing evidence suggests that insect pollination can
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enhance tomato fruit quality, as indicated by higher BRIX values that imply changes in
sugar composition, and therefore fruit sweetness [103]. In our study, BRIX levels were
similar for the fruits harvested from all fields in 2021, while fruits from the control field
had higher values in 2022. Fruits in that field had also the smallest size (57.3 g/fruit)
compared to those from the field with the sown margins (76.2–79.3 g/fruit, for SM and
WM respectively). Previous studies highlighted the complexity between fruit size and
BRIX relationship, and reported that there is often an inverse correlation, particularly
in small-fruited tomatoes [104]. Fruit quality parameters associated with the fruit color
brightness (L*) and the hue index (a*/b*) were not consistent over the years, but ranged
between the expected values for the tomato hybrid of our study. Ultimately, fruit quality is
likely to be affected by the interaction of genetic, environmental, and agronomic factors,
which requires further investigation.

5. Conclusions

Our results suggest that selected flowering plants can replace undesirable weeds
commonly found in disturbed field margins, to serve as habitats for pollinating insects
and beneficial arthropods with a potential benefit for functional biodiversity and the
tomato fruit quality attributes. Introducing selected plants from the families of Brassicaceae,
Fabaceae, and Apiaceae in field margins can benefit the processing tomato by attracting
wild bee species (e.g., from the genera Amegilla, Andrena, Hylaeus, Lasioglossum, Nomiapis)
that can support the pollination of tomato flowers, and parasitoids (Eulophidae, Braconidae,
Scelionidae) and predatory arthropods (Aeolothripidae, Anthocoridae, Thomisidae) that
could contribute to the biological control of tomato pests. Future research should elaborate
further on the possible effect of insect pollination on tomato crop yield and quantify the
potential of the sown margins to support biological control of tomato pests.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy15071558/s1, Figure S1: Mean plant cover (% of plot
area) of the processing tomato field margin sown with plant mixtures and the weed vegetation;
Figure S2: Mean flower cover (% of plot area) of the processing tomato field margin sown with plant
mixtures and the weed vegetation; Figure S3: Flowering margins in the studied processing tomato
fields for different sampling dates in late spring (May–June) 2021; Figure S4: Flowering margins
in the studied processing tomato fields for different sampling dates in early summer (June–July)
2022; Figure S5: Close-up images of the flowering margins in the studied processing tomato fields
on different sampling dates in early summer (June–July) 2022; Figure S6: Temporal distribution of
Hymenoptera pollinators in the processing tomato field margin sown with plant mixtures, and the
weed vegetation; Figure S7: Pollinators of tomato flower and various flowering species, either sown
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distribution of natural enemies in the processing tomato field margin sown with plant mixtures, and
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(A) in field margins; (B) in tomato crop with different field margin management. Table S1: Summary
of the statistics for GLMM testing the effect of field margin management (treatment), flower cover,
and number of plant species in bloom, on the abundance of Hymenoptera pollinators (honeybees,
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Abstract: Brassica campestris L. var. toria, a major oilseed crop cultivated in India, is pri-
marily an entomophilic species. Hymenopteran flower-visiting species provide important
ecological services like pollination or pest control in Brassica crops. In this context, a study
was conducted during 2015–2017 in three localities in Assam, a state in northeast India
that falls under two global biodiversity hotspots—Indo–Burma and Himalayan—to bring
data on the diversity of hymenopteran flower visitors of toria crops by using multiple
sampling techniques and to compare the efficiency of these techniques. Altogether, nine
sampling treatments were used. To assess the sampling effectiveness of the different treat-
ments, the data from the two cropping periods of toria in each locality were analysed
cumulatively and comparatively. Variable transect outperformed the other sampling meth-
ods with the highest number of hymenopteran flower visitor species recorded in toria
crops at 54, representing 84.4% of the total number of species, and was followed by stan-
dard transect (34 species, 53.1%), elevated yellow trap (22 species, 34.4%), and observation
plot (21 species, 32.8%). However, the importance of multiple sampling methods in this
diversity study was noticed; one method alone could not sample all the species recorded.
The cluster of traps and netting with transect walks was proven to be complementary and
considered useful for future research studies in the upstream basin of the Burhidihing River
of Assam, India.

Keywords: Assam; Brassica campestris L.; hymenopteran; diversity; pollinator; sampling
method

1. Introduction

Thirty-five percent of the global production of crops, including at least 800 cultivated
plants, depends on animal pollination [1,2]. Pollinators play a crucial role in flowering plant
reproduction and in the production of most fruits and vegetables; without the assistance of
these pollinators, most plants could not reproduce [3–5]. The importance of pollinators has
also been reported from an economic point of view, so that in 2009, the economic benefit was
EUR 153 billion and represented 9.5% of the world’s agricultural economic production [6,7].
In 2016, a report by IPBES [8] estimated that pollinators annually determine an added value
of USD 235–577 billion to global food production.
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Previous statements show that animal-mediated pollination represents one of the
most important biotic interactions in terrestrial ecosystems, being essential both for their
functioning and for the conservation of biodiversity [7].

In terrestrial ecosystems, plant pollination can also be accomplished by abiotic factors,
such as wind and water [9]. The most widespread types of pollination are anemophilic
and entomophilic. Anemophilic pollination predominates in dense plant communities
such as grasslands and forests [10], while insect pollination is dominant in areas of high
biodiversity [11].

Brassica campestris L. var. toria is an important oilseed crop that requires insect pol-
linators to ensure its reproductive success [12]. The pollination of Brassica campestris var.
toria is mainly entomophilic, being an attractive crop for insects and providing abundant
pollen and nectar [13,14], although there are indications of a secondary contribution of
anemophilous pollination under specific climatic conditions [15]. Brassica campestris L. is a
xenogamous species, almost self-sterile, and produces more seeds when cross-pollination
occurs [16,17]. The yield of this crop is strongly influenced by the abundance and diversity
of floral visitors [17]. According to Brittain et al. [18], pollinating insects determine an
annual production increase of 580 million tons in oilseed plants, and this statement is also
endorsed by subsequent studies by Bandenes-Perez et al. and Woodcock et al. [17,19].
The quality and quantity of Brassica campestris L. var. toria production is influenced by
the diversity and abundance of floral visitors, which in turn depend on the structure and
composition of the local pollinator community [20–24]. In the success of pollination of
agricultural crops, in addition to the diversity and abundance of floral visitors, it is impor-
tant to know the functional differences between species in facilitating pollination [19,25].
Studies conducted to date support that pollination with significant economic impact is
carried out by a relatively small number of species [19,26–28]. Therefore, the stable and
efficient pollination of agricultural crops in different climatic and ecological contexts is
ensured by the functional diversity of pollinators [18,29].

In the ecosystem of Brassica campestris var. toria, the main entomophilic species belongs
to the orders Hymenoptera and Diptera due to their efficiency in pollen transport [30]. An
important role in the pollination of agroecosystems is played by wild pollinators, which
provide essential pollination services and represent a natural biological reserve, offering
protection and compensation in the case of decline in pollinator communities due to pests
and diseases [31].

The species-level identification of pollinators is extremely important, especially of
hymenopterans, as they show differences in feeding behaviour and floral preferences [32].
Understanding the specific relationships between plants and pollinators is essential in
developing effective conservation strategies and sustainable agricultural management [33].

Studies regarding the pollinators in the Brassica campestris var. toria agroecosys-
tem using different sampling methods have been conducted by Sarma et al., Taba et al.,
Westphal et al., Potts et al., and Sarma et al. [14,15,34–40]. The sampling methods used by
researchers for pollinating insects of Brassica campestris var. toria included direct observa-
tion, manual capture by sweep nets, coloured traps, Malaise traps, etc. The data present in
the literature indicate that for a comprehensive understanding of ecological relationships
involved in the reproduction process of Brassica campestris var. toria, it is mandatory to
combine multiple sampling methods [38].

Methods for sampling pollinator ecological assemblages seek to be efficient, repeatable,
and representative; there is a concern that common methods have their limits in terms of
revealing species function and so have less value for comparative studies [39].
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The sampling methods frequently used in ecosystems and agroecosystems are
coloured pan traps, Malaise traps, and direct observations (transects).

Malaise traps are recommended for biodiversity studies due to their ability to capture
a wide range of flying insects, rare and hard to detect species, over a long period of
time [40,41]. The use of these traps offers the advantage of continuous sampling without
researcher interventions, generating a lot of data about biodiversity. However, these traps
also have several disadvantages, such as high costs, and the setup and capture of non-
pollinator insects require additional effort for sorting and specimen identification, leading
to further increased costs [39–41].

The method of direct observation (transect) provides data on pollinator behaviour,
floral preferences, and interactions between species [42]. Walking transects can have dif-
ferent sizes, from 100 m × 1 m to 250 m × 4 m, and are completed in 20 to 50 min. These
are considered variable when the position and direction of the transects are randomly
selected during sampling or are fixed/standard when the same point is visited repeat-
edly during monitoring [43]. However, the term “variable” is interpreted differently by
Westphal et al. [34] and Nielsen et al. [44]: both use the term for a second transect per-
formed in a 1 ha area, where the researcher can move freely among flower patches for
about 30 min. This has the significant advantage of allowing for a detailed assessment of
insects’ behaviour in their natural habitat, providing data on flower visit frequency and the
specific preferences of pollinators [39]. The disadvantage of this method is determined by a
long observation time and the involvement required from researchers, which can introduce
subjectivity in observations and affect the results [40].

The most used sampling method is represented by the use of coloured pan traps filled
with soapy water [45–47], whether accompanied or not by collecting flowers with a net [48].
When comparing the two methods, even though they were found to capture similar richness
and abundance, the assemblages differed, particularly in relation to aspects of pollination
function [39]. The frequent use of coloured traps relies on low costs, ease of use, and
reproducibility, and can cover large areas simultaneously [49]. One disadvantage of pan
traps is that they do not offer behavioural data with respect to insect–plant interactions [50].
The selection of the sampling method represents an important and necessary component
in determining relevant species in an area [44]; otherwise, the collected specimens do not
represent the groups of insects present in an ecosystem or the rare collection of a group of
insects, which is due to the lack of an efficient collecting technique for this group [51]. The
use of a variety of pan colours has been advocated by Gollan et al. [52] for sampling overall
bee biodiversity, but specific colours may be more effective when targeting certain groups
or species [50]. A literature review that compares six sampling methods (Malaise traps,
pan traps, bait, sweep nets, timed observations, and aspirators) for bee species populations
found little consensus regarding which method would be most reliable for sampling
multiple species in tropical forests and agroecosystems [53]. The complementary use of
several techniques allows for the minimising of individual limits and ensures a proper
picture of a pollinator community [45]. Moreover, a key area for future pollination research
is to more deeply understand the roles played by the full complement of pollinators [54,55].

Published research highlights the existence of pressures on pollinator communities, so
their effective identification is becoming increasingly important. Pollinator diversity and
abundance are affected by habitat degradation, excessive pesticide use, climate change,
and land use change [56–58]. Studies by Landanverde-Gonzalez et al. [7] show that in
traditional, low-intensity milpa agriculture in tropical Mexico, pan traps and transect walk
methods of sampling were found to be similarly efficient for pollinator diversity analyses,
although each collected different components of the bee community, emphasising the fact
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that bee species richness and abundance were negatively corelated with the area of chili
crops due to agricultural intensification while being positively related to the amount of for-
est cover. Millard et al. [59] highlight that the selection of sampling methods is essential in
biodiversity studies and recommend the use of standardised and complementary methods
in ecosystems affected by anthropogenic activities.

Although there are many studies on pollinator diversity and decline, there is a lack of
research that comparatively evaluates the efficiency of sampling methods in agroecosys-
tems, especially in India. Therefore, this present study aimed to compare the effectiveness
of nine methods used for species monitoring of hymenopteran floral visitors of Brassica
campestris L. var. toria crops under the particular conditions of the Assam state area in
India in order to select the methods with the greatest potential to be used in Hymenoptera
biodiversity-related studies.

2. Materials and Methods

This study was conducted in October 2015–March 2016 and October 2016–March 2017
in the state of Assam in India in an area that is within two global biodiversity hotspots:
Indo–Burma and the Himalayas [38].

2.1. Study Area

Dibrugarh District is in the Oriental region near the border of the Palearctic region. This
study was conducted in farmers’ fields in three villages, viz., Jajimukh (GPS: N 27◦17′12.3′′;
E 94◦50′09.0′′, recorded using GPS Map Camera mobile app for Android), Lejai Panimiri-
gaon (GPS: N 27◦17′06.9′′; E 94◦47′08.5′′), and Kutuha-Bhagamur (GPS: N 27◦16′49.6′′;
E 94◦49′58.0′′) in Dibrugarh District of the Upper Brahmaputra Valley Zone (UBVZ) of As-
sam, India. The localities where the study was carried out are located near the Burhidihing
River, which is prone to flooding during the monsoon season.

The study area is characterised by a humid subtropical climate and is influenced by
southwest monsoons, with an annual mean precipitation of 2518.3 mm [60]. Climate condi-
tions vary accordingly to the three seasons: summer (March–May—characterised by a mean
temperature of 26–38 ◦C, with reduced precipitations), monsoon (June–September—mean
temperature from 25 ◦C to 32 ◦C, with abundant precipitation—mean of 1731.6 mm/season),
and winter (October–February—mean temperature 6–25 ◦C, with low level of precipitations
(42.2 mm mean/season)) [60].

The Brassica campestris var. toria crop ranks first in both area and production among
oilseed crops grown in Assam, and is grown on hundreds of hectares near the Burhidihing
River. For this present study, all sampling sites were selected in Brassica campestris var. toria
crop fields positioned on both banks of the Burhidihing River. The distance between the
experimental fields did not exceed 3 km. No managed honeybee colonies were available in
the selected villages. No insecticide was applied to the crops at any stage.

2.2. The Agroecosystem of Brassica campestris var. toria

In 2015, two sampling sites were selected in each locality, one with Brassica campestris
var. toria crops sown in mid-October and one with Brassica campestris var. toria sown at
the beginning of December. In 2016, all sites were set up in the same areas selected the
previous year.

2.2.1. Normal Cropping Period for Brassica campestris var. toria

The crop variety that was sown in mid-October was TS 36, produced and recom-
mended by the Agricultural University of Assam, Jorhat, India [61]. The TS 36 variety
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has a vegetation period of 90–95 days and is suitable for late sowing from 15 October
to 15 November. This variety can be cultivated after rice, normally achieving yields up
to 1200 kg/ha, and is tolerant to drought stress [62]. This cropping system of Brassica
campestris var. toria is common in hundreds of hectares in the uplands near the Burhidihing
River. The peak flowering period was between mid-November and mid-January.

2.2.2. Late Cropping Period for Brassica campestris var. toria

The crop variety that was sown in the first week of December was TS-67 [62]. It needs
90–95 days to reach maturity, medium height, and a small number of primary brunches,
and exerts a high production capability up to 1000–1200 kg/ha when sown in an optimal
period and up to 700–800 kg/ha when sown up to the first week of December [61]. This
variety is well known for its capacity to attract pollinator insects due to the high quantity
of nectar and pollen production [38].

The TS-67 variety was sown after the rice harvest in the first week of December. The
peak flowering period was from mid-January to mid-March.

2.3. Sampling Methodology
2.3.1. Period of Observation and Field Data Collection

Pollinator data collection in the Brassica campestris var. toria ecosystem was performed
eight times at one-week intervals at each site during the crop flowering period.

2.3.2. Methods and Sampling Design

The methodology and sampling design were adapted from those described by Belavadi
and Ganeshaiah [63], Nielsen et al. [44], and Westphal et al. [34] as follows:

Ground Bowl Traps (GBTs)

At each study site, 30 coloured bee bowls in clusters of three colours (yellow, white,
and blue) at ground level at 15 m intervals were used by following the methodology of
Belavadi and Ganeshaiah [63].

Elevated Bowl Traps (EBTs)

In each of the six experimental sites, 30 bowl traps were set up in 10 clusters separated
by 15 m. Each cluster contained three bowl traps (white, yellow, and blue). These colours
accounted for the different colour preferences among bee species, increasing the efficiency
of the trap clusters in attracting bees [45,47]. Each trap was filled with 200 mL of water and
a few drops of liquid detergent. The pan traps were mounted on a pole at the vegetation
height and left active for 48 h during each of the eight rounds of sampling conducted in a
cropping period.

For both EBT and GBT sampling, the same bowl type with a 16 cm inner diameter × 7 cm
inner depth was used.

Observation Plots (OP)

In each study site, ten rectangular (1 m × 2 m) observation plots were randomly
established and marked. Direct observations at each plot lasted 6 min. Each observed
hymenopteran species was collected with a sweeping net for further identification. Plot
observations were randomised at each visit to ensure data accuracy.

Standardised Transect Walks (ST)

A permanently marked 250 m-long and 4 m-wide corridor (transect) was divided
into 10 plots, each 25 m long, and used for the standardised transect walk. The sub-plots
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were marked permanently with a bamboo stick before crop flowering. Each sub-plot was
surveyed for 5 min, during which all hymenopteran species visiting the toria flowers were
collected by netting and preserved for further identification.

The methods described in Sections 2.3.1 and 2.3.2 were performed at each experimental
site on a 1 ha plot delimited inside the greater crop surface.

Variable Transect Walks (VT)

For this method, an adjacent 1 ha plot was selected, located in the same crop for
each experimental site. These plots were surveyed by slowly walking around on variable
line transects for 30 min, while all specimens of flower visitors observed were collected
by netting.

Sampling in the case of OP, ST, and VT methods was performed randomly, at dif-
ferent intervals of the day (from 10 a.m. to 4 p.m.) with favourable weather conditions
(temperature above 15 ◦C, no rain, no wind, and cloud cover of less than 50%).

Altogether, the nine sampling methods, considered here as treatments (T1 to T9), were
T1—YTG (yellow trap in the ground); T2—BTG (blue trap in the ground); T3—WTG (white
trap in the ground); T4—YTE (yellow trap elevated to canopy); T5—BTE (blue trap ele-
vated to canopy); T6—WTE (white trap elevated to canopy); T-7—OP (observation plot);
T8—ST (standardised transect walk) and T9—VT (variable transect walk).

The samples consisted of hymenopteran specimens collected at every site, and treat-
ments at various sampling moments were stored in ethanol, transferred to a laboratory,
and further processed for taxonomic segregation.

2.4. Statistical Analysis of Data

The efficiency of each sampling method was evaluated based on the number of species
of flower visitors sampled. To assess the sampling effectiveness of the different methods,
the data from the two cropping periods were analysed cumulatively and comparatively
using SPSS software (version 20). To compare the mean differences between treatments,
Tukey’s HSD test was used. ANOVA was performed to assess differences in the efficiency
of the seven non-transect sampling methods, while a t-test was performed for the two
transect methods. For the comparison of non-transect methods (YTG, BTG, WTG, YTE,
BTE, WTE, and OP), the Kruskal–Wallis test was applied as a non-parametric method used
when there are more than two independent groups.

3. Results

Efficiency of All Sampling Methods

Overall, the species of hymenopteran floral visitors in the Brassica campestris var.
toria agroecosystem collected during the study period were classified into nine fam-
ilies: Apidae (fifteen species), Halictidae (nine species), Vespidae (eighteen species),
Megachilidae (eight species), Crabronidae (five species), Andrenidae (two species), Sphe-
cidae (four species), Scoliidae (two species) and Colletidae (one species), totalling
64 species (Table 1).

The families Vespidae (eighteen species), Apidae (fifteen species), and Halictidae
(nine species) recorded the highest species richness. Colletidae, Scoliidae, and Sphecidae
families were present in the toria crop in a small number of species (Table 1).

The results regarding the use of sampling methods for hymenopteran flower visitors
in toria crops varied in terms of the number of species caught (Table 1). Treatment 9 (VT)
was found to be the most efficient method of sampling, with the highest number of species
recorded, 54,—84.4% of the total number of species caught. It can be noted that VT
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was the only method by which all the pollinator species belonging to Andrenidae, Scol-
iidae, and Colletidae were collected. In terms of the number of species recorded per
sampling method, treatment 9 (VT) was followed by treatment 8 (ST) (with 34 species),
treatment 4 (YTE) (22 species), and treatment 7 (OP) (21 species). Notably, these four meth-
ods also had higher trends of catching Vespidae and Apidae—the dominant families of
Hymenoptera in the toria crop ecosystem. For other families, viz., Megachilidae, Hal-
ictidae, and Andrenidae, the extent of catches recorded by two non-transect methods,
treatment 4 (YTE) and treatment 7 (OP), was also relatively high.

Table 1. The number of species of hymenopteran flower visitors sampled using different methods in
toria ecosystem of Assam, India (2015–2017).

Sl. No. Family
Total No. of

Species Sampled

No. of Species Sampled by Different Sampling Techniques

YTG
(T1)

BTG
(T2)

WTG
(T3)

YTE
(T4)

BTE
(T5)

WTE
(T6)

OP
(T7)

ST
(T8)

VT
(T9)

1 Apidae 15 5
(33.3)

3
(20.0)

4
(26.7) 8 (53.3) 3

(20.0)
4

(26.7)
7

(46.7)
10

(66.7)
13

(86.7)

2 Andrenidae 02 1
(50.0)

1
(50.0)

1
(50.0) 1 (50.0) - - 1

(50.0)
1

(50.0)
2

(100.0)

3 Megachilidae 08 1
(12.5) - - 4 (50.0) - 1

(12.5)
3

(37.5)
5

(62.5)
7

(87.5)

4 Vespidae 18 - - - 3 (18.8) - - 3
(18.8)

8
(44.4)

16
(88.9)

5 Scoliidae 02 - - - - - - - 1
(50.0)

2
(100.0)

6 Halictidae 09 4
(44.4)

3
(33.3)

3
(33.3) 5 (55.6) 2 (22.2) 2

(22.2)
5

(55.6)
5

(55.6)
7

(77.8)

7 Crabronidae 05 1
(20.0) - 1

(20.0) 1 (20.0) 1 (20.0) - 1
(20.0)

3
(60.0)

4
(80.0)

8 Colletidae 01 - - - - - - - - 1
(100.0)

9 Sphecidae 04 - - - - - - 1
(25.0) - 3

(75.0)

Total 64 12 07 09 22 06 07 21 34 54

% species sampled 18.8 10.9 14.1 34.4 9.4 10.9 32.8 53.1 84.4

% deviation from mean (=19.1) −37.2 −63.4 −52.9 +15.2 −68.6 −63.4 +9.9 +78.0 +182.7

* Value within parentheses is the percentage of species of the corresponding family as sampled by the method
under test.

The proportionate comparisons among different hymenopteran families across the
sampling methods can be perceived from Figure 1 (radar chart), while the data dispersion
and variation among sampling methods are highlighted in Figure 2 (box plot).

 

Figure 1. Radar chart showing the proportionate comparisons among different hymenopteran
families across nine sampling methods.
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Figure 2. Boxplot showing the data dispersion and variation among the nine sampling methods.

The radar chart provides a comparative visualisation of the species richness of the
nine Hymenoptera families across data from different sampling treatments. This graph-
ical representation highlights clear differences in hymenopteran family distribution and
suggests variation in detection efficiency among sampling methods.

Among all families, Apidae exhibits the highest representation across most treatments,
particularly in VT and ST, and the elevated values recorded in these treatments indicate
that these methods are particularly effective in capturing the dominant pollinator group.

Vespidae also shows a pronounced peak in the VT transect, suggesting that the method
might be more sensitive to detecting fast-moving or aggressive taxa. Similarly, Halictidae
(a family often composed of smaller, ground-nesting bees) was detected in a moderate
number of species in VT and ST but much less so in other sampling treatments, further
supporting the higher efficacy of these two methods for detecting a wider array of taxa.

In contrast, families such as Andrenidae, Megachilidae, Colletidae, and Crabronidae
appear in lower species richness across all treatments, potentially indicating their low
natural abundance in the study area. This underrepresentation may also reflect habitat
preferences or nesting behaviours that are less compatible with the sampling techniques
used.

Analysing the boxplot from Figure 2, showing central tendencies of dispersion but
also extreme values, it can be observed that the hymenopteran species caught in toria
crops exhibits a numerical variation for each method. The use of transect methods showed
the highest variation in the number of species collected, suggesting a higher capacity for
collecting a wide range of entomofauna diversity. The use of treatment 9 (VT) has recorded
very significant differences; out of a total of sixteen species, the species richness reached a
mean of six species, suggesting a high capturing potential but with highly variable values
from one plot to another.

Assessing treatment 5 (BTE) and treatment 2 (BTG) with respect to floral visitors
captured in the toria agroecosystem, the data highlighted the stability of the results regard-
ing the number of species caught but showed lower results in terms of species richness.
Treatment 4 (YTE) and treatment 7 (OP) offered balanced results regarding hymenopteran
species diversity.
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A comparative analysis (Kruskal–Wallis test) of the nine treatments highlighted that
there are significant differences regarding sampling methods used to capture hymenopteran
species (Table 2). The number of collected species in treatment 9 (VT) was very sig-
nificantly higher than the number of species collected by some passive (non-transect)
methods like treatment 2 (BTG) (p-adj. = 0.031), treatment 5 (blue elevated traps—BTE)
(p-adj. = 0.025), and treatment 6 (white elevated traps—WTE) (p-adj. = 0.032). These sig-
nificant differences between treatment 9 (VT) (64.83) and treatment 2 (BTG) (28.78) and
treatment 6 (WTE) (29.56) are also highlighted in Figure 3.

Table 2. Pairwise comparison of sampling methods used to collect hymenopterans in Brassica
campestris var. toria agroecosystem (Kruskal–Wallis test).

Pair 1–Pair 2 Test Statistic Std. Error Std. Test Statistic Sig. Adj. Sig.

BTG–VT −35.333 10.617 −3.328 0.001 0.031

BTE–VT −36.056 10.617 −3.396 0.001 0.025

WTE–VT −35.278 10.617 −3.323 0.001 0.032

WTG–VT −31.778 10.617 −2.993 0.003 0.099

YTG–VT −27.667 10.617 −2.606 0.009 0.330

BTE–ST −24.278 10.617 −2.287 0.022 0.800

WTE–ST −23.500 10.617 −2.213 0.027 0.967

BTG–ST −23.556 10.617 −2.219 0.027 0.954

WTG–ST −20.000 10.617 −1.884 0.060 1.000

YTE–VT −19.167 10.617 −1.805 0.071 1.000

BTE–OP −18.611 10.617 −1.753 0.080 1.000

BTG–OP −17.889 10.617 −1.685 0.092 1.000

WTE–OP −17.833 10.617 −1.680 0.093 1.000

OP–VT −17.444 10.617 −1.643 0.100 1.000

BTE–YTE 16.889 10.617 1.591 0.112 1.000

BTG–YTE −16.167 10.617 −1.523 0.128 1.000

WTE–YTE 16.111 10.617 1.517 0.129 1.000

YTG–ST −15.889 10.617 −1.497 0.135 1.000

WTG–OP −14.333 10.617 −1.350 0.177 1.000

WTG–YTE −12.611 10.617 −1.188 0.235 1.000

ST–VT −11.778 10.617 −1.109 0.267 1.000

YTG–OP −10.222 10.617 −0.963 0.336 1.000

YTG–YTE −8.500 10.617 −0.801 0.423 1.000

BTE–YTG 8.389 10.617 0.790 0.429 1.000

BTG–YTG 7.667 10.617 0.722 0.470 1.000

WTE–YTG 7.611 10.617 0.717 0.473 1.000

YTE–ST −7.389 10.617 −0.696 0.486 1.000

OP–ST −5.667 10.617 −0.534 0.594 1.000

BTE–WTG 4.278 10.617 0.403 0.687 1.000

WTG–YTG 4.111 10.617 0.387 0.699 1.000

BTG–WTG −3.556 10.617 −0.335 0.738 1.000

WTE–WTG 3.500 10.617 0.330 0.742 1.000

YTE–OP −1.722 10.617 −0.162 0.871 1.000

BTE–WTE −0.778 10.617 −0.073 0.942 1.000

BTE–BTG 0.722 10.617 0.068 0.946 1.000

BTG–WTE −0.056 10.617 −0.005 0.996 1.000
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Figure 3. Ranking representation of used sampling methods of hymenopteran species in Brassica
campestris var. toria crops.

In a comparison of the VT method with the active sampling method (ST, standardised
transect; OP, observation plots), no significant differences were recorded, suggesting that
these methods provide similar results over diversity. a. Efficiency of non-transect sam-

pling methods The efficiency of non-transect methods (treatments 1 to 7) showed highly

significant differences in each cropping period (Table 3 (a)), as well as at their pooled mean
level (Table 3 (b)).

Table 3 (a) shows that the number of collected species, using the non-transect sam-
pling method, is more sensitive in the late-drilled toria crop, with the only exception
being recorded when the YTE method was used (8.19—normally drilled toria crop;
8.16—late-drilled toria crop).

The mean number of the collected species in normally drilled toria plots varied
between 2.36 in treatment 6 (WTE) and 8.35 in treatment 7 (OP). The results were almost
similar in the case of plots with toria drilled in a later period, and the mean number of
recorded species varied between 2.64 (treatment 5, BTE) and 8.85 (treatment 7, OP). Non-
transect sampling methods YTG (4.63 species), BTG (4.23 species), and WTG (4.14 species)
showed a medium efficiency in collecting the crop visitor species (normal or late crops) in
Brassica campestris var. toria.

The mean sampling record per site was higher in Kutuha village as compared to the other
two locations (Table 3 (b)). Treatment 7 (OP) outperformed the other non-transect methods at
all three locations; however, the results in the case of treatment 4 (YTE) were statistically similar
to those registered in treatment 7 (OP) when comparing the mean number of hymenopteran
flower visitor species calculated for all locations. b. Efficiency of transect methods of sampling
In each of the cropping periods and also in their pooled mean level, the number of species
caught in both treatments with transect methods (treatment 8—ST, and treatment 9—VT) had
significant differences between the three locations of the study (Table 4 (a)). The mean sampling
record of hymenopteran flower visitor species numbers per site was significantly higher in
Kutuha village (35.8) when compared to that in Panimirigaon (33.33) and very significantly
higher compared to that recorded in Jajimukh (32.3).
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Table 3. a. Number of hymenopteran flower visitor species recorded in different non-transect sam-
pling methods at every site by cropping period and toria variety. b. Mean number of hymenopteran
flower visitor species recorded by non-transect sampling methods, depending on site location.

a

Treatment (Sampling Method)
Normal Cropping Period (TS 36 Variety) Late Cropping Period (TS 67 Variety)

Jajimukh Panimirigaon Kutuha Mean Jajimukh Panimirigaon Kutuha Mean

Treatment 1 (YTG) 4.01 4.13 4.51 4.21 b 4.81 4.28 4.81 4.63 c

Treatment 2 (BTG) 3.49 3.73 3.93 3.72 c 4.12 4.21 4.35 4.23 d

Treatment 3 (WTG) 3.51 3.53 3.88 3.64 c 4.07 3.97 4.38 4.14 d

Treatment 4 (YTE) 7.65 7.88 9.03 8.19 a 7.49 7.98 9.00 8.16 b

Treatment 5 (BTE) 2.19 2.38 2.50 2.36 d 2.50 2.59 2.84 2.64 e

Treatment 6 (WTE) 2.19 2.46 2.61 2.42 d 2.46 2.71 2.83 2.67 e

Treatment 7 (OP) 7.76 8.11 9.20 8.35 a 8.13 8.58 9.84 8.85 a

Site Mean 4.40 c 4.60 b 5.09 a 4.70 4.80 b 4.90 b 5.44 a 5.05

Deviation (%) from OM (4.88) (−) 9.84 (−) 5.74 (+) 4.30 (−) 3.69 (−) 1.64 (+) 0.41 (+) 11.48 (+) 3.28

b

Treatment
(Sampling Method)

Jajimukh Panimirigaon Kutuha Mean

Treatment 1 (YTG) 4.41 4.21 4.66 4.43 b

Treatment 2 (BTG) 3.80 3.97 4.14 3.97 bc

Treatment 3 (WTG) 3.79 3.75 4.13 3.89 c

Treatment 4 (YTE) 7.57 7.93 9.02 8.17 a

Treatment 5 (BTE) 2.35 2.49 2.67 2.50 d

Treatment 6 (WTE) 2.33 2.59 2.72 2.55 d

Treatment 7 (OP) 7.95 8.35 9.52 8.61 a

Mean 4.60 4.75 5.27 OM = 4.88

Deviation (%) from OM (−) 5.74 (−) 2.66 (+) 7.99 -

a: Tabulated data correspond to mean values of eight assessments taken in two crops of normal and two crops of
late cropping periods per locality. OM: overall mean; i.e., mean of all data under all treatments recorded in three
locations in all cropping periods (=4.88). Values in mean column superscripted with different letters are statistically
significantly different at p = 0.01 according to Tukey’s test (SPSS 20). b: Tabulated data are pooled between the
mean of normal and late cropping periods in different locations, observed in eight evaluations. Mean values
superscripted with different letters are significantly different at p = 0.01. Values in mean column superscripted
with different letters are statistically significantly different at p = 0.01 according to the Tukey HSD test (SPSS 20).

Table 4. a. Mean number of hymenopteran flower visitor species recorded by transect methods
in two cropping periods of toria in three different locations of Assam, India. b. Number of hy-
menopteran flower visitor species sampled by transect methods in toria crops.

a

Locations

Normal Cropping Period Late Cropping Period
Pooled Mean

(over Cropping Periods)T8
ST

T9
VT

Mean
T8
ST

T9
VT

Mean

Jajimukh 24.75 38.00 31.38 c 26.75 39.69 33.22 b 32.30 c

Panimirigaon 25.69 39.75 32.72 b 27.69 40.19 33.94 b 33.33 b

Kutuha 27.43 42.56 35.00 a 29.23 41.06 35.15 a 35.08 a

Mean 25.96 40.10 33.03 27.89 40.31 34.10 33.57

b

Treatments Normal Cropping Period Late Cropping Period Mean

T8 (ST) 25.96 27.89 26.93

T9 (VT) 40.10 40.31 40.21

Mean 33.03 34.10 33.57

t-test 3.408 ** 2.767 ** 11.585 **

a: Mean values in a column superscripted with the same letters do not differ significantly according to
LSD (p = 0.01) and Tukey (SPSS 20) tests. b: Tabulated data (columns 2 and 3) are the mean of eight obser-
vations of three locations for 2 years. ** Significantly different at 1% level of significance.
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Based on a t-test, it can be seen that the performance of VT was superior to ST in both
the cropping periods individually as well as at their pooled mean level; highly significant
differences between the number of hymenopteran flower visitor species were observed
between them (Table 4 (b)).

In the normal cropping period, the efficiency of transect methods in terms of
the hymenopteran flower visitor species caught was found to be higher than that of
pan traps (Figure 4). The comparison of the nine sampling methods through confidence
intervals (CI 95%) reveals that methods VT (T9) and ST (T8) recorded the highest values,
showing a high variability as well.

Figure 4. Error bar graphs on the efficiency of nine sampling methods (T1–T9) in a normal cropping
period of toria crops.

Non-transect methods, BTG (T2), WTG (T3), BTE (T5), and WTE (T6), exhibited the
lowest values in species collecting from toria crops, presenting thinner trust intervals and
endorsing more accurate evaluations.

Using the nine sampling methods in the late-drilled period of toria cropping proved
that their efficiency does not change, the ranking being similar to the one obtained in
a normally drilled period of the crop (Figure 5). Transect methods VT (T9) and ST (T8)
collected the highest number of hymenopteran flower visitor species, followed by OP (T7)
and YTE (T4). Using the methods of coloured traps placed on the ground (T1, T2, T3)
and elevated ones (T5, T6), a low number of hymenopteran flower visitor species were
captured.
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Figure 5. Error bar graphs on the efficiency of nine sampling methods (T1–T9) in a late cropping
period of toria crops.

4. Discussion

In the context in which Assam is part of two global biodiversity hotspots (Indo–Burma
and the Himalayas), Brassica campestris var. toria being the main agricultural crop in the
region, its productivity significantly depends on the efficiency of pollinator species. The
main aim of this study was to complement previous knowledge [38] with reference data re-
garding the efficiency of various sampling methods for hymenopteran floral visitor species.

4.1. Diversity of Floral Visitors Based on Sampling Methods

In Brassica campestris var. toria (drilled in the optimal and later period), in all ex-
perimental sites dedicated to the study in three localities (Jajimukh, Panimirigaon, and
Kutuha) using nine sampling methods, a very large number of hymenopteran floral visitor
species were caught. The 64 species were assigned to nine Hymenoptera families (Apidae,
Andrenidae, Megachilidae, Vespidae, Scoliidae, Halictidae, Crabronidae, Colletidae, and
Sphecidae) (Table 1).

Active methods like VT (variable transect), ST (standardised transect walk), and
OP (direct observations) proved to be the most effective, and through their use, important
pollinators belonging to the Apidae and Halictidae families were collected (Table 1). The
results align with those reported by Popic et al. and Roulston et al. [39,48]. As a group,
the species of Apidae and Halictidae were detected in all the sampling methods, which
indicates that species of these families visit multiple strata of crop plant vegetation.

Even though the number of species belonging to Vespidae was relatively larger (Table 1),
most of them are predatory in habit and some species can alter the pollination dynamics;
thus, vespids are less efficient as pollinators in toria crops as compared to many species
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of other families such as Apidae and Megachilidae since bees are considered important
pollinators globally [64].

By using the OP method in the Brassica campestris var. toria ecosystem, we succeeded in
collecting 32.8% of species belonging to seven families (Apidae, Andrenidae, Megachilidae,
Vespidae, Halictidae, Crabronidae, and Sphecidae) out of the nine recorded.

By using the YTE method, we recorded the presence of 34.4% of toria crop hy-
menopteran floral visitor species belonging to six families (Apidae, Andrenidae, Megachili-
dae, Vespidae, Halictidae, and Crabronidae), while the use of passive methods placed at a
ground level, BTE and WTE, recorded a very low percentage (9.4% and 10.9%, respectively)
of the total toria hymenopteran floral visitor species (Table 1). YPT efficacy is also confirmed
by studies conducted by Sounders and Luck [49], who found that this method caught the
most pollinator insects across a great variety of habitats, although not all of the analysed
ones, and concluded that pan trap colour attractiveness depends largely on habitat.

Therefore, the ability to sample more pollination-efficient species, as observed in YTE
and OP, may increase the efficiency of the entire sampling module if these two are included
along with VT and ST. These significant differences are supported by Figures 2 and 5, as
well as Table 3 (a). Although transect methods (VT, ST) proved to be superior in collecting
hymenopteran floral visitor species in a Brassica campestris var. toria ecosystem, some
studies indicate that standardised methods may exclude essential pollinating species [65,66].
Likewise, traps installed at ground level, viz., YTG, BTG, and WTG, could sample some
ground-dwelling species, even though their overall sampling efficiency is less (10.9–18.8%).
The coloured traps placed at ground level (YTG, BTG, WTG) proved to be attractive for
species belonging to the Halictidae family, but these were not efficient in capturing species
belonging to the Colletidae family. Similar results were reported by Droege et al. [67], who
also reported a taxonomic bias related to colour.

Therefore, ground traps may be complementary to other methods. In some small farms
of Asian farmers, where non-crop vegetation and hedges are frequently present between
two adjacent crop fields of small acreage, there are heterogeneous and homogeneous areas
within the same crop landscape. In such a situation, the combination of complementary
methods would always perform better.

4.2. Comparative Efficiency of Transect and Non-Transect Sampling Methods

The comparative analyses of transect sampling methods (VT and ST) and non-transect
(OP, YTG, BTG, WTG, YTE, BTE, and WTE) revealed significant differences in their capacity
to capture the diversity of hymenopteran floral visitor species in toria agroecosystem
conditions in Assam.

Transect methods proved to be superior in capturing the number of species compared
to non-transect methods across all three sites in both toria crops (normal cropping period
and late cropping period) (Figures 4 and 5). Variable transect (VT), due to its flexibility,
exhibits the most efficient active method, followed by direct observation (OP) and standard
transect (ST). We found that VT had higher sampling records than ST. This may be due to
the larger transecting area covered under VT treatment. We consider that species records in
both ST and VT may be increased proportionately with pollinator diversity of a locality by
intensifying the netting with proper temporal randomisation, particularly for annual crops
with a shorter blooming period. Such flexibility in sampling intensity based on scientists’
particular goals and specific knowledge about local diversity of pollinators has also been
suggested in the case of traps by Shapiro et al. [65].

Analysing comparatively the efficiency of transect methods in toria crops drilled in
regular and late periods, it was observed that their superiority was maintained, indicating
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a consistency regarding collecting the hymenopteran flower visitors. Temporal variations
of species richness between two cropping periods under multiple sampling methods are a
researchable issue.

Among the non-transect methods, the highest mean number of hymenopteran flower
visitor species record was observed in OP followed by YTE (Table 3 (a)). The flower
visitors responded poorly to other non-transect methods. Here lies the importance of
incorporating the transect methods in a sampling module. Although non-transect methods
YTG, BTG, WTG, BTE, and WTE constantly yielded lower results in terms of the number of
hymenopteran flower visitor species, their complementary role cannot be ignored as they
can provide more complete coverage of functional diversity.

Westphal et al. [34] recommend pan traps for pollinator monitoring schemes to provide
reliable results when operated by many surveyors in different habitats, regions, and years,
and also consider the transect walks and observation plots as the main methods in more
detailed studies on plant–pollinator interactions. Despite its wide use in sampling pollinator
diversity, the influence of colour on pan trap efficiency is not so clear; accordingly, the blue,
yellow, and white pan traps are considered complementary in sampling the Hymenoptera
community [66].

Transect methods have been shown to be remarkably superior to the non-transect
ones in terms of sampling records. However, being contributory, both are required for such
sampling studies, as discussed in the above sections. Multiple sampling methods have also
been suggested in some recent studies [68,69].

The combination of transect methods with some selected passive methods (like OP
and YTE) seems to be an optimal strategy for a broader characterisation of pollinator
communities.

The results of this study highlight that variable transect (VT) recorded the highest
values in the detection of floral visitor species, maintaining its efficiency even in cases
where non-transect methods (YTG, BTG, WTG, YTE, BTE, and WTE) tend to fail in fully
capturing local diversity.

The superiority of transect methods to pan traps is also supported by studies con-
ducted by Berglund and Milberg [70] and by other subsequent research [71].

They claim that pan traps underestimate the number of species and individuals
belonging to the Apidea family and overestimate Lepturinae and Cetoniidae. Similar differ-
ences were reported in studies performed by Cane et al. [46] and Roulston et al. [48] (2007),
highlighting the limits of pan traps in fully characterising the bee fauna. Differences be-
tween passive and active methods, in terms of species abundance and the composition of
collected bees, were also reported by Gibbs et al. [72] and McCravy and Ruholl [73].

4.3. Influence of Trap Colour and Position on Sampling Efficiency

Colour is one of the most important attractants for many flower-visiting insects, and
their preferences for a specific colour is an important source of bias that needs to be
considered in pan trap surveys [74].

Our data clearly indicate that the majority of the species sampled by pan traps had an
affinity towards yellow (Table 2). Saunders and Luck [49] have also reported higher trap
records in yellow pan traps. In our study, YTG had failed to trap some of the top surface
visitors, which led to a lower sampling rate than YTE. On the other hand, possibly because
of the affinity of some ground-dwelling and sub-surface species towards blue and white,
the trap record in BTG and WTG was significantly superior to same-coloured elevated
traps. This model of chromatic selection based on vertical layers was also documented
by Nuttman et al. [75], underlining the fact that colour preferences vary among taxons,
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affecting feeding behaviour and activity level in a vegetal canopy. However, no colour was
consistently found to be preferred if both placement positions (i.e., ground and elevated)
were considered. Such facts have also been reported in some previous works, which
emphasise that one colour cannot be considered more attractive than others when targeting
a wide range of taxa in different ecological contexts [40,66,76]. The species diversity might
be improved through (i) the simultaneous use of pan traps of different colours, which has
been suggested for surveys targeting a wide range of taxa [47,74,77], or (ii) by increasing
the number of traps based on particular goals and specific knowledge about local bee
diversity, as reported by Shapiro et al. [65].

4.4. Implications for Future Research and Conservation

As this present study took place near the Palearctic border, a higher number of Palearc-
tic species may be recorded by similar diversity studies in localities in the upstream basin
of the Burhidihing River. Identifying those wild pollinators may open new research av-
enues in relation to their conservation and colonisation for harnessing their pollination
services in crop ecosystems of the Oriental region. The conservation of wild pollinators
to support the toria production of small and marginal farmers in India and other Asian
countries is an important issue. This is highlighted by Zou et al. [78] in smallholder oilseed
farming systems of China. There is also the future scope of a study focusing on temporal
dynamics, as demonstrated by Ludewig et al. [79] and Casiá-Achjé [80]. Millard et al. [59]
and Tsang et al. [81] have demonstrated the impact of land use changes on biodiversity,
particularly in human-modified areas like agricultural landscapes, and emphasised the
effects of land use change on insect diversity at multiple scales.

A multisampling study on bee assemblage conducted in the traditional slash-and-burn
agriculture (milpa) of the Yucatan Peninsula of Mexico (part of Mesoamerica, which is
considered an important biodiversity hotspot), revealed that bee diversity was highest in
forested areas and lower in cropped land; although, surprisingly, chilli pollination was
enhanced by surrounding fallow, gardens, and pasture but reduced by surrounding forest
cover [7]. Such studies on pollinator assemblage with due correlation with the surrounding
fallow, non-crop plant community are another topic of interest in toria crop ecosystems in
Assam state in India.

5. Conclusions

Overall, the data demonstrate that VT, followed by ST, consistently yielded higher
species richness across diverse hymenopteran families, reinforcing their utility as core
sampling methods for monitoring flower visitor diversity in toria crops. Their ability to
capture both dominant and moderately represented taxa suggests that these methods may
offer a more comprehensive assessment of the pollinator community structure, but this
study reveals that no method alone is adequate to sample the whole hymenopteran flower
visitor diversity, including pollinator species in toria crop ecosystems. The most deployed
method of sampling, i.e., coloured pan traps filled with soapy water, failed to justify its
efficiency as the sole method of sampling. Another conclusion was that active methods (VT,
ST, and OP) exerted a higher efficacy in capturing a higher number of species belonging to
Apidae and Halictidae. The YTE method proved to be the most effective passive method
for capturing flower visitors in toria crops. On the other hand, the lowest efficiency in
catching hymenopterans was shown by blue-coloured traps.

A cluster of coloured pan traps and netting with transect walk were found to be
complementary to each other; hence, both transect and non-transect methods as a module
should be used in order to record a wider species composition in toria crop ecosystems.
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Such a complementary combination of sampling techniques will be particularly useful in
areas with rich flower visitor diversity, with implications for long-term monitoring and
conservation planning.

Such modules will also be fruitful for benchmark surveys to see the depletion of
pollinator species richness, if any, due to climate change over time. In continuation of this
present study, there is the scope of identifying wild Palearctic hymenopteran pollinators
in the upstream basin of the Burhidihing River of Assam, India, which may open new
research avenues on their conservation and colonisation for harnessing their pollination
services in crop ecosystems in the Oriental region.

Author Contributions: Conceptualisation, A.K.S., B.N. and M.K.D.; methodology, A.K.S., B.N.
and M.K.D.; formal analysis, B.N. and A.K.S.; investigation, A.K.S.; resources, A.K.S. and M.K.D.;
writing—original draft preparation, A.K.S. and R.S.; writing—review and editing, A.K.S., A.C. and
R.S.; funding acquisition, A.C. and R.S. This work is part of the doctoral research program of the first
author. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: This article is based on the PhD research work of the first author; no
raw data will be shared.

Acknowledgments: The authors are highly indebted to Neil Anderson, Former Researcher-cum-
Project leader, Department of Biosciences, University of Oslo, Norway, for his encouragement to take
up the field research and for sharing the methodology of the sampling techniques. The farmers who
allowed us to conduct research work in their crop fields and provided accommodation during the
field studies are duly acknowledged. The authors are also thankful to the scientists of (i) the National
Bureau of Agricultural Insect Resource, Bengaluru, India, and (ii) the University of Agricultural
Science, Bengaluru, India, for the taxonomic identification of the insects.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Klein, A.M.; Vaissiere, B.E.; Cane, J.H.; Steffan-Dewenter, I.; Cunningham, S.A.; Kremen, C.; Tscharntke, T. Importance of
pollinators in changing landscapes for world crops. Proc. R. Soc. B 2007, 274, 303–313. [CrossRef] [PubMed]

2. Nicholls, C.; Altieri, M. Plant biodiversity enhances bees and other insect pollinators in agro-ecosystems: A review. Agron. Sustain.
Dev 2013, 33, 257–274. [CrossRef]

3. Mcgregor, S.E. Insect Pollination of Cultivated Crop Plants; USDA/ARS Agriculture Handbook 496; Agricultural Research Service,
US Department of Agriculture: Washington, DC, USA, 1976; p. 139.

4. Tepedino, V.J. The importance of bees and other insect pollinators in maintaining floral species composition. Great Basin Nat.
Mem. 1979, 3, 17.

5. Free, J.B. Insect Pollination of Crops; Academic Press: London, UK, 1993; p. 684.
6. Gallai, N.; Salles, J.M.; Settele, J.; Vaissiere, B.E. Economic valuation of the vulnerability of world agriculture confronted with

pollinator decline. Ecol. Econ. 2009, 68, 810–821. [CrossRef]
7. Landaverde-González, P.; Quezada-Euán, J.J.G.; Theodorou, P.; Murray, T.E.; Husemann, M.; Ayala, R.; Moo-Valle, H.; Vandame,

R.; Paxton, R.J. Sweat bees on hot chilies: Provision of pollination services by native bees in traditional slash-and-burn agriculture
in the Yucatán Peninsula of tropical Mexico. J. Appl. Ecol. 2017, 54, 1814–1824. [CrossRef]

8. Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services. The Assessment Report on Pollinators, Pollination
and Food Production; IPBES Secretariat: Bonn, Germany, 2016; Available online: https://ipbes.net (accessed on 3 March 2025).

9. Faegri, K.; Van Der Pijl, L. Principales of Pollination Ecology, 3rd ed.; Elsevier: Amsterdam, The Netherlands, 2013; p. 256.
10. Klein, A.M.; Steffan-Dewenter, I.; Tscharntke, T. Pollination of Coffea canephora in relation to local and regional agroforestry

management. Oecologia 2003, 134, 607–615. [CrossRef]
11. Culley, T.M.; Weller, S.G.; Sakai, A.K. The evolution of wind pollination in angiosperms. Trends Ecol. Evol. 2002, 17, 361–369.

[CrossRef]

42



Agronomy 2025, 15, 1281

12. Abrol, D.P. Pollination Biology: Biodiversity Conservation and Agricultural Production; Springer: Dordrecht, The Netherlands,
2012; p. 792.

13. Stanley, J.; Sah, K.; Subbanna, A.R.N.S. How efficient is the Asian honey bee, Apis cerana in pollinating mustard, Brassica campestris
var. toria? Pollination behavior, pollinator efficiency, pollinator requirements and impact of pollination. J. Agric. Res. 2017, 56,
439–451. [CrossRef]

14. Sarma, A.K.; Chauhan, J.S. Pollinator diversity in Brassica crops and significance of pollinators in improving productivity: A
review. J. Agric. Res. 2015, 1, 35–40.

15. Taba, N.; Sharma, P.; Devadas, V.S.; Hazarika, G.N.; Monlai, S. Performance of Toria (Brassica campestris L.) Varieties under
Namsai Conditions. Int. J. Curr. Microbiol. Appl. Sci. 2020, 9, 2101–2103.

16. Williams, I.H. The pollination requirements of swede rape (Brassica napus L.) and of turnip rape (Brassica campestris L.). J. Agric.
Sci. 1978, 91, 343–348. [CrossRef]

17. Badenes-Pérez, F.R. Benefits of Insect Pollination in Brassicaceae: A Meta-Analysis of Self-Compatible and Self-Incompatible
Crop Species. Agriculture 2022, 12, 446. [CrossRef]

18. Brittain, C.; Kremen, C.; Klein, A.M. Biodiversity buffers pollination from changes in environmental conditions. Glob. Chang. Biol.
2013, 19, 540–547. [CrossRef]

19. Woodcock, B.A.; Garratt, M.P.D.; Powney, G.D.; Shaw, R.F.; Osborne, J.L.; Soroka, J.; Lindström, S.A.M.; Stanley, D.; Ouvrard, P.;
Edwards, M.E.; et al. Meta-Analysis Reveals That Pollinator Functional Diversity and Abundance Enhance Crop Pollination and
Yield. Nat. Commun. 2019, 10, 1481. [CrossRef] [PubMed]

20. Rader, R.; Howlett, B.G.; Cunningham, S.A.; Westcott, D.A.; Newstrom-Lloyd, L.E.; Walker, M.K.; Teulon, D.A.J.; Edwards, W.
Alternative Pollinator Taxa Are Equally Efficient but Not as Effective as the Honeybee in a Mass Flowering Crop. J. Appl. Ecol.
2009, 46, 1080–1087. [CrossRef]

21. Junqueira, C.N.; Pereira, R.A.S.; da Silva, R.C.; Alves Cardoso Kobal, R.O.; Araújo, T.N.; Prato, A.; Pedrosa, J.; Martínez-Martínez,
C.A.; Castrillon, K.P.; Felício, D.T.; et al. Do Apis and Non-Apis Bees Provide a Similar Contribution to Crop Production with
Different Levels of Pollination Dependency? A Review Using Meta-Analysis. Ecol. Entomol. 2021, 47, 76–83. [CrossRef]

22. Garibaldi, L.A.; Steffan-Dewenter, I.; Winfree, R.; Aizen, M.A.; Bommarco, R.; Cunningham, S.A.; Kremen, C.; Carvalheiro, L.G.;
Harder, L.D.; Afik, O.; et al. Wild Pollinators Enhance Fruit Set of Crops Regardless of Honey Bee Abundance. Science 2013, 339,
1608–1611. [CrossRef]

23. Rader, R.; Bartomeus, I.; Garibaldi, L.A.; Garratt, M.P.D.; Howlett, B.G.; Winfree, R.; Cunningham, S.A.; Mayfield, M.M.; Arthur,
A.D.; Andersson, G.K.S.; et al. Non-Bee Insects Are Important Contributors to Global Crop Pollination. Proc. Natl. Acad. Sci. USA
2016, 113, 146–151. [CrossRef]

24. Földesi, R.; Howlett, B.G.; Grass, I.; Batáry, P. Larger Pollinators Deposit More Pollen on Stigmas across Multiple Plant Species—A
Meta-Analysis. J. Appl. Ecol. 2021, 58, 699–707. [CrossRef]

25. Rader, R.; Howlett, B.G.; Cunningham, S.A.; Westcott, D.A.; Edwards, W. Spatial and temporal variation in pollinator effectiveness:
Do unmanaged insects provide consistent pollination services to mass flowering crops? J. Appl. Ecol. 2012, 49, 126–134. [CrossRef]

26. Kleijn, D.; Winfree, R.; Bartomeus, I.; Carvalheiro, L.G.; Henry, M.; Isaacs, R.; Klein, A.-M.; Kremen, C.; M’Gonigle, L.K.; Rader,
R.; et al. Delivery of crop pollination services is an insufficient argument for wild pollinator conservation. Nat. Commun. 2015,
6, 7414. [CrossRef]

27. Winfree, R.; Fox, W.; Williams, J.; Reilly, N.M.; Cariveau, J.R.D.P. Abundance of common species, not species richness, drives
delivery of a realworld ecosystem service. Ecol. Lett. 2015, 18, 626–635. [CrossRef] [PubMed]

28. Winfree, R.; Reilly, J.R.; Bartomeus, I.; Cariveau, D.P.; Williams, N.M.; Gibbs, J. Species turnover promotes the importance of bee
diversity for crop pollination at regional scales. Science 2018, 359, 791–793. [CrossRef] [PubMed]

29. Oliver, T.H.; Heard, M.S.; Isaac, N.J.B.; Roy, D.B.; Procter, D.; Eigenbrod, F.; Freckleton, R.; Hector, A.; Orme, C.D.L.; Petchey, O.L.;
et al. Biodiversity and Resilience of Ecosystem Functions. Trends Ecol. Evol. 2015, 30, 673–684. [CrossRef] [PubMed]

30. Jauker, F.; Bondarenko, B.; Becker, H.C.; Steffan-Dewenter, I. Pollination efficiency of wild bees and hoverflies provided to oilseed
rape. Agric. For. Entomol. 2012, 14, 81–87. [CrossRef]

31. Vaissiere, B.E.; Breno, M.F.; Barbara, G.H. Protocol to Detect and Assess Pollination Deficits in Crops: A Handbook for Its Use; FAO, UN:
Rome, Italy, 2011; pp. 1–70.

32. Wood, T.J.; Holland, J.M.; Goulson, D. Providing foraging resources for solitary bees on farmland: Current schemes for pollinators
benefit a limited suite of species. J. Appl. Ecol. 2016, 54, 323–333. [CrossRef]

33. Thompson, A.; Frenzel, M.; Schweiger, O.; Musche, M.; Groth, T.; Roberts, S.P.M.; Kuhlmann, M.; Knight, T.M. Pollinator sampling
methods influence community patterns assessments by capturing species with different traits and at different abundances. Ecol.
Indic. 2021, 132, 108284. [CrossRef]

43



Agronomy 2025, 15, 1281

34. Westphal, C.; Bommarco, R.; Carre, G.; Lamborn, E.; Morison, N.; Petanidou, T.; Potts, S.G.; Roberts, S.P.M.; Szentgyo Rgyi, H.;
Tscheulin, T.; et al. Measuring bee biodiversity in different European habitats and bio-geographical regions. Ecol. Monogr. 2008,
78, 653–671. [CrossRef]

35. Potts, S.G.; Petanidou, T.; Roberts, S.; O’Toole, C.; Hulbert, A.; Willmer, P. Assessing pollinator biodiversity: Standardized
methods for monitoring. J. Appl. Ecol. 2008, 45, 9–14.

36. Potts, S.G.; Vulliamy, B.; Roberts, S.; O’toole, C.; Dafni, A.; Ne’eman, G.; Willmer, P. Role of nesting resources in organising diverse
bee communities in a mediterranean landscape. Ecol. Entomol. 2005, 30, 78–85. [CrossRef]

37. Hutchinson, L.A.; Oliver, T.H.; Breeze, T.D.; O’Connor, R.S.; Potts, S.G.; Roberts, S.P.M.; Garratt, M.P.D. Inventorying and
monitoring crop pollinating bees: Evaluating the effectiveness of common sampling methods. Insects Conserv. Divers. 2022, 15,
299–311. [CrossRef]

38. Sarma, A.K.; Deka, M.K.; Neog, B. Species richness of Hymenopteran flower visitors in Brassica campestris var. toria in Assam,
India: A comparison of five sampling methods. AtaXE 2024, 70, 314–328. [CrossRef]

39. Popic, T.J.; Davila, Y.C.; Wardle, G.M. Evaluation of common method for sampling invertebrate pollinator assemblages: Net
samplings outperform Pan traps. PLoS ONE 2013, 8, e66665. [CrossRef] [PubMed]

40. Campbell, J.W.; Hanula, J.L. Efficiency of Malaise traps and coloured pan traps for collecting flower visiting insects from three
forested ecosystems. J. Insect Conserv. 2007, 11, 399–408. [CrossRef]

41. Geroff, R.K.; Gibbs, J.; McCravy, K.W. Assessing bee (Hymenoptera: Apoidea) diversity of an Illinois restored tallgrass prairie:
Methodology and conservation considerations. J. Insect Conserv. 2014, 18, 951–964. [CrossRef]

42. Biesmeijer, J.C.; Roberts, S.P.M.; Reemer, M.; Ohlemüller, R.; Edwards, M.; Peeters, T.; Kunin, W.E. Parallel declines in pollinators
and insect-pollinated plants in Britain and the Netherlands. Science 2006, 313, 351–354. [CrossRef]

43. Giovanetti, M.; Albertazzi, S.; Flaminio, S.; Ranalli, R.; Bortolotti, L.; Quaranta, M. Pollination in Agroecosystems: A Review of
the Conceptual Framework with a View to Sound Monitoring. Land 2021, 10, 540. [CrossRef]

44. Nielsen, A.; Steffan-Dewenter, I.; Westphal, C.; Messinger, O.; Potts, S.G.; Roberts, S.P.M.; Settele, J.; Szentgyörgyi, H.; Vaissière,
B.E.; Vaitis, M.; et al. Assessing bee species richness in two Mediterranean communities: Importance of habitat type and sampling
techniques. Ecol. Res. 2011, 26, 969–983. [CrossRef]

45. Leong, J.M.; Thorp, R.W. Colour-coded sampling: Pan trap colour preferences oligolectic and non-oligolectic bees associated with
a vernal pool plant. Ecol. Entomol. 1999, 24, 329–335. [CrossRef]

46. Cane, J.H.; Minckley, R.L.; Kervin, R.J. Sampling bees (Hymenoptera: Apiformes) for pollinator community studies: Pitfalls of
pan trapping. J. Kans. Entomol. Soc. 2000, 73, 225–231. Available online: http://www.jstor.org/stable/25085973 (accessed on
5 March 2025).

47. Toler, T.R.; Evans, E.W.; Tepedino, V.J. Pan-trapping for Bee (Hymenoptera: Apiformes) in Utah’s West Desert: The importance of
colour diversity. Pan-Pac Entomol. 2005, 81, 103–113.

48. Roulston, T.H.; Smith, S.A.; Brewster, A.L. A comparison of Pan Trap and Intensive Net Sampling Techniques for documenting a
bee (Hymenoptera: Apiformes) Fauna. J. Kans. Entomol. Soc. 2007, 80, 179–181. [CrossRef]

49. Saunders, M.E.; Luck, G.W. Pan trap catches of pollinator insects vary with habitat. Aus. J. Entomol. 2013, 52, 106–113. [CrossRef]
50. Lebuhn, G.; Droege, S.; Connor, E.F.; Gemmill-Herren, B.; Potts, S.G.; Minckley, R.L.; Griswold, T.; Jean, R.; Kula, E.; Roubik, E.W.;

et al. Detecting insect pollinator declines on regional and global scales. Conserv. Biol. 2013, 27, 113–120. [CrossRef] [PubMed]
51. Aguiar, A.P.; Sharkov, A. Blue Pan Traps for collecting Stephanidae (Hymenoptera). J. Hymenopt. Res. 1997, 6, 422–423.
52. Gollan, J.R.; Ashcroft, M.B.; Batley, M. Comparison of yellow and white pan traps in surveys of bee fauna in New South Wales,

Australia (Hymenoptera: Apoidea: Anthophila). Aust. J. Entomol. 2011, 50, 174–178. [CrossRef]
53. Prado, S.G.; Ngo, H.T.; Florez, J.A.; Collazo, J.A. Sampling bees in tropical forests and agroecosystems: A review. J. Insect Conserv.

2017, 21, 753–770. [CrossRef]
54. Mayer, C.; Adler, L.; Armbruster, W.S.; Dafni, A.; Eardle, C.; Huan, S.Q.; Kevan, P.G.; Ollerton, J.; Packer, L.; Ssymank, A.; et al.

Pollination ecology in the 21st century: Key questions for future research. J. Pollinat. Ecol. 2011, 3, 8–23. [CrossRef]
55. Ollerton, J.; Winfree, R.; Tarrant, S. How many flowering plants are pollinated by animals? Oikos 2011, 120, 321–326. [CrossRef]
56. Scheper, J.; Reemer, M.; van Kats, R.; Ozinga, W.A.; van der Linden, G.T.J.; Schaminée, J.H.J.; Siepel, H.; Kleijn, D. Museum

specimens reveal loss of pollen host plants as key factor driving wild bee decline in The Netherlands. Proc. Natl. Acad. Sci. USA
2014, 111, 17552–17557. [CrossRef]

57. Winfree, R.; Aguilar, R.; Vázquez, D.P.; LeBuhn, G.; Aizen, M.A. A meta-analysis of bees’ responses to anthropogenic disturbance.
Ecology 2009, 90, 2068–2076. [CrossRef] [PubMed]

58. Newbold, T.; Hudson, L.N.; Hill, S.L.L.; Contu, S.; Lysenko, I.; Senior, R.A.; Börger, L.; Bennett, D.J.; Choimes, A.; Collen, B.; et al.
Global effects of land use on local terrestrial biodiversity. Nature 2015, 520, 45–50. [CrossRef] [PubMed]

44



Agronomy 2025, 15, 1281

59. Millard, J.; Outhwaite, C.L.; Kinnersley, R.; Freeman, R.; Gregory, R.D.; Adedoja, O.; Gavini, S.; Kioko, E.; Kuhlmann, M.; Ollerton,
J.; et al. Global effects of land-use intensity on local pollinator biodiversity. Nat. Commun. 2021, 12, 2902. [CrossRef] [PubMed]

60. Regional Meteorological Department, Kolkata. 2020. Available online: https://mausam.imd.gov.in/kolkata/ (accessed on
6 March 2025).

61. Thakuria, C. Yield assessment of Indian mustard variety NRCHB101 with toria varieties TS 36 and TS 38 in Dibrugarh district of
Assam. Pharma Innov. J. 2023, 12, 1502–1503.

62. Deka, B.C.; Parisa, D.; Singha, A.K.; Siangshai, R.; Massar, D.A. (Eds.) Impact of Technologies on Oilseeds Production in North Eastern
Region; ICAR-Agricultural Technology Application Research Institute (ATARI): Zone-VII: Umiam, Meghalaya, India, 2018; p. 28.

63. Belavadi, V.V.; Ganeshaiah, K.N. Insect Pollination Manual; Indian Council of Agricultural Research: New Delhi, India, 2013;
pp. 1–44.

64. Willmer, P. Pollination and Floral Ecology; Princeton University Press: Princeton, NJ, USA, 2011; pp. 1–832.
65. Shapiro, L.H.; Tepedino, V.J.; Minckley, R.L. Bowling for bees: Optimal sample number for “bee bowl” sampling transects. J.

Insect Conserv. 2014, 18, 1105–1113. [CrossRef]
66. Moreira, E.F.; Silva Santos, R.L.S.; Penna, U.L.; Coca, C.A.; Oliveira, F.F.; Blandina Felipe Viana, B.F. Are pan traps colors

complementary to sample community of potential pollinator insects? J. Insect Conserv. 2016, 20, 583–596. [CrossRef]
67. Droege, S.; Tepedino, V.J.; LeBuhn, G.; Link, W.; Minckley, R.L.; Chen, Q.; Conrad, C. Spatial scale and sampling interval effects

on abundance and species richness of native bees. Biol. Conserv. 2010, 143, 1068–1074.
68. Rogers, S.R.; Tarpy, D.R.; Burrack, H.J. Bee Species Diversity Enhances Productivity and Stability in a Perennial Crop. PLoS ONE

2014, 9, e97307. [CrossRef]
69. Devi, M.; Sharma, H.K.; Thakur, R.K.; Bhardwaj, S.K.; Rana, K.; Thakur, M.; Ram, B. Diversity of insect pollinators in reference to

seed set of mustard (Brassica juncea L.). Int. J. Curr. Microbiol. Appl. Sci. 2017, 6, 2131–2144. [CrossRef]
70. Berglund, H.L.; Milberg, P. Sampling of fower-visiting insects: Poor correspondence between the catches of colour pan−trap and

sweep netting. Eur. J. Entomol. 2019, 116, 425–431. [CrossRef]
71. Lezzeri, M.; Lozano, V.; Brundu, G.; Floris, I.; Pusceddu, M.; Quaranta, M.; Satta, A. Standardized transect walks outperform pan

traps in assessing wild bee community in a Mediterranean protected area (Asinara National Park, Italy). Biodivers. Conserv. 2024,
33, 2329–2344. [CrossRef]

72. Gibbs, J.; Joshi, N.K.; Wilson, J.K.; Rothwell, N.L.; Powers, K.; Haas, M.; Gut, L.; Biddinger, D.J.; Isaacs, R. Does passive sampling
accurately reflect the bee (Apoidea:Anthophila) communities pollinating apple and sour cherry orchards? Environ. Entomol. 2017,
46, 579–588. [CrossRef] [PubMed]

73. McCravy, K.W.; Ruholl, J.D. Bee (Hymenoptera: Apoidea) diversity and sampling methodology in a Midwestern USA deciduous
forest. Insects 2017, 8, 81. [CrossRef] [PubMed]

74. Vrdoljak, S.M.; Samways, M.J. Optimising coloured pan traps to survey flower visiting insects. J. Insect Conserv. 2012, 16, 345–354.
[CrossRef]

75. Nuttman, C.V.; Otieno, M.; Kwapong, P.K.; Combey, R.; Willmer, P.; Potts, S.G. The utility of aerial pan-trapping for assessing
insect pollinators across vertical strata. J. Kans. Entomol. Soc. 2011, 84, 260–270. [CrossRef]

76. Grundel, R.; Frohnapple, K.J.; Jean, R.P.; Pavlovic, N.B. Effectiveness of bowl trapping and netting for inventory of a bee
community. Environ. Entomol. 2011, 40, 374–380. [CrossRef]

77. Kirk, W.D.J. Ecologically selective coloured traps. Ecol. Entomol. 1984, 9, 35–41. [CrossRef]
78. Zou, Y.; Xiao, H.; Felix, J.J.; Bianchi, A.; Jauker, F.; Luo, S.; Werf, W. Wild pollinators enhance oilseed rape yield in small-holder

farming systems in China. BMC Ecol. 2017, 17, 6. [CrossRef]
79. Ludewig, M.J.; Landaverde-González, P.; Götz, K.P.; Chmielewski, F.-M. Initial assessment to understand the effect of air

temperature on bees as floral visitors in urban orchards. J. Insect Conserv. 2023, 27, 1013–1022. [CrossRef]
80. Casiá-Ajché, Q.B.; Escobedo-Kenefic, N.; Escobar-González, D.; Cardona, E.; Mejía-Coroy, A.; Morales-Siná, J.; Enríquez, E.;

Landaverde-González, P. Unveiling the effects of land use and intra-seasonal variation on bee and plant diversity and their
ecological interactions in vegetation surrounding coffee plantations. Front. Bee Sci. 2024, 2, 1408854. [CrossRef]

81. Tsang, T.P.; De Santis, A.A.; Armas-Quiñonez, G.; Ascher, J.S.; Ávila-Gómez, E.S.; Báldi, A.; Ballare, K.; Balzan, M.V.; Banaszak-
Cibicka, W.; Bänsch, S.; et al. Land use change consistently reduces α-but not β-and γ-diversity of bees. Glob. Chang. Biol. 2025,
31, e70006. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

45



Article

Entomopathogenic Fungus Treatment Affects Trophic
Interactions by Altering Volatile Emissions in Tomato

Asim Munawar 1,†, Haonan Zhang 1,†, Jinyi Zhang 1,†, Xiangfen Zhang 1, Xiao-Xiao Shi 2, Xuan Chen 1,

Zicheng Li 1, Xiaoli He 1,3, Jian Zhong 1, Zengrong Zhu 1,3, Yaqiang Zheng 4,* and Wenwu Zhou 1,*

1 State Key Laboratory of Rice Biology, Ministry of Agricultural and Rural Affairs Key Laboratory of Molecular
Biology of Crop Pathogens and Insect Pests, Institute of Insect Sciences, Zhejiang University,
Hangzhou 310058, China; asim_munawar@zju.edu.cn (A.M.); jamehowlnen@zju.edu.cn (H.Z.);
22016107@zju.edu.com (J.Z.); 22316277@zju.edu.cn (X.Z.); 12116104@zju.edu.cn (X.C.);
lizicheng386@zju.edu.cn (Z.L.); xiaolihe@zju.edu.cn (X.H.); 11816067@zju.edu.cn (J.Z.);
zrzhu@zju.edu.cn (Z.Z.)

2 Zhejiang Academy of Forestry, Hangzhou 310023, China; shixiao6656@163.com
3 Hainan Institute, Zhejiang University, Sanya 572000, China
4 Resource and Utilization Research Center of Medicinal Cordyceps, Guizhou University of Traditional Chinese

Medicine, Guiyang 550025, China
* Correspondence: zhengyaqiang131@gzy.edu.cn (Y.Z.); wenwuzhou@zju.edu.cn (W.Z.)
† The authors contributed equally to this study.

Abstract: Entomopathogenic fungi (EPFs) can influence plant–insect interactions through
complex molecular and chemical mechanisms. This study investigates how EPF treatment
of tomato plants modulates volatile organic compound (VOC) emissions and subsequent
trophic interactions between tomato plants, the herbivorous pest Phthorimaea absoluta,
and the parasitic wasp, Trichogramma chilonis. Our results demonstrate that EPF-treated
plants exhibited reduced attractiveness to adult P. absoluta moths, which were actively
repelled by EPF-induced VOCs. Conversely, these same plants showed enhanced recruit-
ment of the parasitoid T. chilonis, which demonstrated positive chemotaxis toward the
modified VOC profile. Chemical analysis revealed significantly elevated emissions of
key VOCs in EPF-treated plants, particularly (E)-β-Caryophyllene, β-phellandrene, and
α-Phellandrene. This increase is correlated with enhanced production of defense-related
phytohormones, including JA, SA, and JA-Ile, which may regulate VOC biosynthesis path-
ways. Behavioral response studies using synthetic VOCs and electroantennogram (EAG)
measurements confirmed that these EPF-induced VOCs elicited strong olfactory responses
in both insect species. To summarize, EPF treatment reshapes multitrophic interactions by
strategically modulating plant VOC emissions and activating defense signaling pathways
in tomato plants, providing new insights for potential applications in sustainable pest
management strategies.

Keywords: entomopathogenic fungus; Phthorimaea absoluta; Trichogramma chilonis; olfactory
preferences; volatile emissions

1. Introduction

Entomopathogenic fungi (EPFs) play a significant role in the regulation of insect
populations [1]. These EPFs serve as promising biological control agents that can serve
as environmentally sustainable alternatives to chemical insecticides [2]. EPFs exhibit
insecticidal properties against numerous insect pests, including Myzus persicae, Aleurodicus
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rugioperculatus, and Leucoptera coffeella [3,4]. In addition to its direct effects on insects, EPF
colonization can also lead to indirect effects on herbivores via affecting plant defenses [5]
and recently has gained increasing research attention [6].

EPFs have emerged as multi-functional biocontrol agents in agricultural systems,
extending beyond their direct pathogenic effects on insect pests [7]. When colonizing plants
as endophytes, these EPFs establish complex symbiotic relationships that significantly alter
plant physiology, growth patterns, and defense capabilities [8,9]. Endophytic colonization
by EPFs induces significant changes in the host plant’s physiology and metabolism, influ-
encing growth, development, and disease resistance by modulating the metabolic pathways
that enhance resilience to various biotic and abiotic stresses [10]. These growth-promoting
effects are mediated through the fungal production of phytohormones and enzymes that
facilitate nutrient solubilization and uptake [11]. During plant development, EPFs enhance
the immune system by triggering the synthesis of key secondary metabolites—including
phenolics, terpenoids, and alkaloids—that function as natural defenses against herbivore
attacks [12–14]. These plant-derived metabolites play vital roles in regulating plant–insect
interactions by influencing various aspects of plant defense and signaling mechanisms [15].
However, the specific mechanisms by which EPF treatment alters plant defense and how
these changes impact trophic interactions remain poorly characterized despite their poten-
tial significance for pest management strategies.

VOCs are ubiquitous substances in plants that regulate insect–plant interactions and
have been elucidated as a pivotal component of plant defense mechanisms against her-
bivory [15,16]. When subjected to external stressors, plants activate their direct and indirect
defense mechanisms [17]. They synthesize and release intricate blends of VOCs that play
a crucial role in mediating indirect resistance against herbivores and their natural ene-
mies [18,19]. Changes in plant physiology and biochemistry induced by EPF colonization
can modulate VOC emissions [20–22]. EPF colonization has been demonstrated to af-
fect plant VOC emissions [23–25], likely due to the shared molecular synthesis pathway
between VOCs and jasmonic acid (JA), which serves as a regulatory factor for VOC pro-
duction [19,26]. Phytohormones, whose levels may be altered by EPF colonization, also
influence VOC release. Ultimately, EPF colonization-induced changes in plant VOC emis-
sions can change the behavior of herbivorous insects and their associated natural enemies.

Tomato (Solanum lycopersicum), originating from South America, is the second-largest
vegetable crop grown globally. P. absoluta is one of the most devastating pests of Solanaceous
plants and is recorded as a major invasive pest worldwide due to its high reproductive
capacity, substantial food consumption, and extensive migration behaviors [27–29]. Adults
preferentially oviposit on stems or leaf blades and the larvae directly consume leaves or
fruits upon hatching. Larvae typically mine leaves and consume substantial amounts
of mesophyll, leading to reduced photosynthesis. In severe infestations, tomato yields
can be reduced by 80–100% [30]. Insecticides, such as pyrethroids and abamectin, are
primarily used for pest control in tomatoes, but P. absoluta has developed resistance [31,32].
Concurrently, the injudicious application of pesticides has adverse effects on human health,
the agricultural environment, and non-target insects. In these situations, using EPF for the
indirect management of herbivore pests provides a better alternative. Trichogramma wasps
are widely used as biocontrol agents [33–35]. Among these, T. chilonis is a widespread egg
parasitoid employed to manage various lepidopteran herbivores [36].

EPF colonization has been shown to induce physiological and biochemical changes in
plants, particularly altering their VOC emissions [36,37]. These plant-emitted VOCs serve
as important chemical cues for T. chilonis wasps to locate their hosts [36]. Such changes
may consequently affect the behavior of both P. absoluta and T. chilonis. In this study,
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we tested two hypotheses: (I) the EPF colonization of tomato plants may influence their
attractiveness to adult herbivorous insects and parasitoids, altering trophic interactions;
(II) these altered trophic interactions under EPF colonization may be mediated by changes
in VOC emissions. This study may provide insights for understanding the molecular
mechanisms of EPF treatment on insect–plant interactions.

2. Materials and Methods

2.1. Plant and Insect Culture

Tomato seeds (S. lycopersicum, cv. ‘Heinz’) were used in the study. The seeds under-
went surface sterilization by immersion in 1% NaClO for 5 min, followed by three thorough
rinses with sterile water. The sterilized seeds were then placed on sterile moist filter paper
to germinate. Once small plantlets developed, they were transferred to 250 mL pots. All
the plants were randomly distributed in an environmental chamber maintained at 28 ◦C,
with a 16 h/8 h light/dark cycle and 80% relative humidity.

P. absoluta specimens were obtained from Yuxi City, Yunnan Province, China, and their
population was reared for more than 10 generations on tomato plants under controlled
conditions: 28 ◦C, 16 h:8 h light/dark cycle, and 80% relative humidity. The egg parasitoid,
T. chilonis, was sourced commercially from Keyun Biocontrol, China, and subsequently
reared for more than 4 generations on P. absoluta eggs in laboratory conditions prior to use
in experiments. All the experiments were conducted between [06/2020] and [03/2025].

2.2. Fungal Culture and Colonization on Tomato Plants

All the EPF strains used in this study were sourced from the Resource and Utiliza-
tion Research Center of Medicinal Cordyceps, Guizhou University of Traditional Chinese
Medicine, Guiyang, China. The obtained EPFs were activated and cultured on Potato
Dextrose Agar (PDA; Haibo Biology, Qingdao, Shandong, China) at 27 ◦C. To prepare
the fungal inoculum, conidia were scraped from the culture using a sterile scraper and
suspended in sterile distilled water containing 0.05% TWEEN® 80. The conidia concen-
tration was adjusted to 1 × 108 conidia mL−1 using a hemocytometer. A control solution
was prepared using sterile distilled water containing 0.05% TWEEN® 80 without fungal
conidia. The suspension was uniformly sprayed on tomato leaves until runoff. To promote
conidia germination and colonization, inoculated plants were enclosed in plastic bags for
24 h post-treatment. Among all the strains, Cordyceps fumosorosea (YNKM210801) was
selected for an in-depth analysis based on preliminary assessments, as it demonstrated the
most pronounced effects on herbivore behavior.

To confirm the endophytic colonization of tomato plants, leaves from both the Cordy-
ceps fumosorosea (YNKM210801)-inoculated and control plants were surface-sterilized in 1%
hypochlorite for 5 min. After sterilization, the leaves were cut into 0.5 × 0.5 cm2 pieces and
placed on Potato Dextrose Agar (PDA) supplemented with dodine and chloramphenicol
following the method described previously [38]. Plates were incubated at 28 ± 1 ◦C with a
16:8 h light/dark cycle and 85% relative humidity for 15 days. After the incubation period,
the presence of C. fumosorosea (YNKM210801) was assessed. The colonization rate was
determined by counting the number of leaf pieces showing EPF growth. Final colonization
assessment was conducted at 28 days post-inoculation (dpi) following soil drenching treat-
ments. The experiment was repeated three times. The visual evidence of EPF colonization
is shown in Figure S1.
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2.3. P. absoluta Oviposition and T. chilonis Parasitism Assays

The oviposition preference of P. absoluta and the parasitism choice of T. chilonis were
assessed using our previously established bioassay [36] (Figure S2A). In detail, individual
cages (65 cm L × 55 cm H × 60 cm W) were set up, each containing one EPF-inoculated
plant and one control plant. Pots were covered with aluminum foil to eliminate soil VOC
interference. Two newly mated P. absoluta females (24 h post-emergence) were introduced
into each cage for a 24 h oviposition period, after which the total number of eggs on each
plant was quantified.

For the T. chilonis parasitism assay, standardized egg masses of P. absoluta (N = 150 eggs)
were prepared on 30 mm × 30 mm filter paper pieces. These were obtained by allowing
gravid P. absoluta females to oviposit on 120 mm × 120 mm filter paper in a 3 L transpar-
ent plastic container for 24 h. The oviposited filter papers were then sectioned and eggs
counted microscopically, with excess eggs removed to maintain the standard count. These
egg masses were affixed to the abaxial surface of apical leaflets on both the inoculated and
control tomato plants. Eight pairs of newly emerged T. chilonis were released into each cage.
After a 12 h exposure period, the egg-bearing filter papers were transferred to ventilated
Petri dishes (BeyoGold, 100 × 20 mm), sealed with Parafilm, and incubated at 28 ◦C for
subsequent parasitism assessment.

2.4. Sampling of Foliar VOC Blends

Foliar VOCs were sampled using Polydimethylsiloxane (PDMS) tubes (Carl Roth,
Karlsruhe, Germany) following the methodology detailed in our previous studies [15,36].
Briefly, two clean PDMS tubes and a single leaflet from each plant were enclosed in a
sealed plastic chamber for VOC sampling. For constitutive VOC analysis, intact leaves
were used. To assess herbivory-induced plant volatiles (HIPVs), the plants were first
infested with P. absoluta larvae. A blank treatment consisting of an empty plastic chamber
with PDMS tubes was included as a control. The VOC analysis was performed using a
thermal desorption-gas chromatography/mass spectrometry (TD-GC-MS) system (TD-
100XR, Markes International; Trace 1300 GC, ISQ 7000 single quadrupole MS, Thermo
Fisher Scientific, Milan, Italy). The resulting chromatographic peaks were normalized by
fresh leaf mass and integrated. Compound identification was conducted using the NIST
v and rep libraries integrated within the Chromeleon software v7.2.8 (Thermo Scientific),
complemented by comparison with authentic standards.

2.5. Phytohormone Extraction and Quantification

Two fully expanded compound leaves were harvested from the treatment plants
and immediately flash-frozen in liquid nitrogen until analysis. Phytohormone extrac-
tion and quantification procedures were conducted using an ultra-performance liquid
chromatography-tandem mass spectrometry (UPLC-MS/MS) system (LCMS-8040 system,
Shimadzu Corporation, Kyoto, Japan) following previously established protocols without
modifications [39,40].

2.6. Insect Choice Assay with Y-Tube Olfactometer

The behavioral responses of P. absoluta and T. chilonis to synthetic VOCs were assessed
using a glass Y-tube olfactometer system adapted from our previous study [36]. The
Y-tube consisted of a 16 cm stem and two 10 cm arms set at a 60◦ angle, with an inner
diameter of 10 mm. Purified air was supplied by an air pump (0.02 MPa) through activated
charcoal, distilled water, and silica gel. Airflow rates were set at 0.5 L min−1 for P. absoluta
and 0.1 L min−1 for T. chilonis, regulated through Teflon tubing connected to the Y-tube
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(Figure S2B). Prior to testing, newly emerged females of both species were paired with
males for 24 h. Synthetic VOCs were diluted in n-hexane (≥98.0%, Shanghai Aladdin
Biochemical Technology Co.Ltd. Xinjinqiao, Pudong, Shanghai) to concentrations of 0.01,
0.05, 0.1, 0.5, and 1.0 μL mL−1. Aliquots were applied to filter paper (4 cm × 2 cm) using
a glass micropipette. The treated filter paper was placed in a glass tube (10 cm × 2 cm)
connected to one arm of the Y-tube, while a hexane-treated control was placed in the
opposite arm. Individual insects were introduced into the stem and allowed to make a
choice. Non-responsive individuals were excluded from the analysis. To mitigate positional
bias, odor source positions were alternated every five trials and fresh VOC samples were
used. The apparatus was cleaned and sterilized after every 10 trials.

For the whole-plant preference tests, a similar setup was employed. The plants were
enclosed in transparent plastic sheets, with the upper ends connected to the air source and
choice arm via Teflon tubes. The plant pots were covered with aluminum foil to minimize
soil VOC interference.

2.7. Electroantennogram (EAG) and Odor Delivery

The EAG responses of P. absoluta and T. chilonis antennae were recorded following
the methodology described previously [36]. The apical tip of each antenna was excised
with micro-scissors and inserted into a recording electrode containing 0.2 M KCl solution.
A similar reference electrode was attached to a micromanipulator and connected to the
distal end of the antenna, completing the circuit. The EAG signals were amplified using a
high-impedance (>1012 Ω) pre-amplifier coupled to an EAG amplifier (Syntech, AM-02,
Kirchzarten, Germany). The amplified signals were then processed and digitized using a
signal acquisition interface board (Syntech, IDAC-02).

Odor stimuli were delivered using an air stimulus controller (Syntech, CS-05) with a
constant flow (2 L min−1) of humidified air passing over the antenna through a glass tube
(20 × 0.5 cm) positioned 20 mm from the preparation. VOCs were introduced via a pipette
tip (Corning Life Sciences, Jiangsu, China) inserted 5 cm from the end of the glass tube.
During stimulation, 0.4 L min−1 of air was pulsed through the pipette tip into the main
airflow for 0.40 s. The test compounds were serially diluted in n-hexane to concentrations
of 0.01, 0.05, 0.1, 0.5, and 1.0 μL mL−1 for dose–response studies. Aliquots of 7 μL of
each concentration were applied to filter paper strips and inserted into the pipette tip.
Odors were presented in order of increasing concentration, with 30 s intervals between
applications to allow for antennal recovery. A pipette tip containing 7 μL of n-hexane on
filter paper served as a control. The EAG responses were quantified as the amplitude of
deflection relative to the control stimulus. Peak amplitudes were marked and expressed as
relative amplitudes (mV) compared to the standard response.

2.8. Synthetic VOC Applications and P. absoluta Behavior Assays

To investigate the influence of plant VOCs on P. absoluta behavioral responses, we
applied synthetic VOCs to the plant leaf surfaces following the protocols established [15].
(E)-β-Caryophyllene, at a biologically relevant concentration of 1.5 μL mL−1, was precisely
dissolved in liquefied lanolin (BBI Life Sciences) to create a standardized treatment solution.
The control plants received applications of pure lanolin, with the lanolin aliquot prepared
according to methods previously described [41]. Following the (E)-β-Caryophyllene treat-
ment, the plants were immediately subjected to P. absoluta oviposition behavioral assays
using the experimental protocols detailed in the preceding sections.
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2.9. Statistical Analyses

The total number of eggs oviposited and parasitized was analyzed using a generalized
linear model (GLM) with Poisson distribution [42]. Pearson’s chi-square (χ2) tests were used
to evaluate differences in the responses of P. absoluta and T. chilonis to odor stimuli. The EAG
responses of both species were analyzed using one-way analysis of variance (ANOVA) and
means were separated by post hoc comparisons (Tukey’s HSD; p ≤ 0.05). Phytohormone data
were analyzed using T-tests. Hierarchical cluster analysis using Euclidean distances and Ward’s
method was performed to generate VOC heatmaps; utilizing the ‘pheatmap’ package in R.,
VOC data were further analyzed using analysis of variance (ANOVA) and principal component
analysis (PCA). Statistical analyses were conducted using the R software version 4.0.2.

3. Results

3.1. Effects of EPF Treatment on Herbivore and Parasitoid Behavioral Preferences

We investigated the effects of EPF treatment on plant–insect interactions through
oviposition and parasitism choice assays using tomato plants with EPF-colonized roots.
Tomato plants treated by Beauveria bassiana (HXBA202002, HX200801, M190901), Metarhiz-
ium fkavoviride (HXMF211004), Metarhizium anisopliae (QLSMA201102), Cordyceps cateniobli-
qua (BMZ2075841), Cordyceps cateinannulata (BNCC150028), and Cordyceps fumosorosea
(YNKM210801) received fewer eggs from P. absoluta females compared to control plants
(Figure S3A–I). Tomato treated by Metarhizium rileyi (QLSMR211004) received a sim-
ilar number of eggs as those of untreated plants. Among these EPF strains, C. fu-
mosorosea (YNKM210801) demonstrated the most potent deterrent effect on oviposition
(Figure S3G–I). The exogenous application of C. fumosorosea (YNKM210801) to tomato
plants also resulted in reduced oviposition by P. absoluta females (GLM: T = 2.22, p = 0.015),
confirming the effectiveness of this EPF when applied externally (Figure S4). Additionally,
the root application of C. fumosorosea (YNKM210801) significantly altered plant attractive-
ness to both herbivores and parasitoid wasps. In choice experiments, P. absoluta showed
a strong preference for control plants over C. fumosorosea (YNKM210801)-treated plants
for oviposition (GLM: T = 2.13, p = 0.019). In contrast, the egg parasitoid T. chilonis signifi-
cantly preferred C. fumosorosea (YNKM210801)-treated plants for parasitism (GLM: T = 2.39,
p = 0.01) (Figure 1A,B). These preference patterns persisted even in plants subjected to the
larval feeding of P. absoluta, indicating that herbivore damage did not substantially alter
the effects of EPF treatment on plant attractiveness to either herbivores or parasitoids.

 

Figure 1. C. fumosorosea (YNKM210801) treatment reduced herbivore moth attraction while increasing
parasitoid preference for tomato plants: (A) Oviposition preference of female P. absoluta (n = 24 tests
per treatment). (B) Parasitism preference of T. chilonis (n = 25 tests per treatment). Each replicate
utilized a new set of plants. The intact and herbivore-induced plants were assessed on separate
days. Asterisks (*) denote significant differences between means within the treatments (Tukey HSD
following GLM ANOVA, *: p < 0.05; **: p < 0.01). The data are mean ± SE.
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To further investigate the olfactory responses of both insect species, we conducted
Y-tube olfactometer experiments (Figure 2A). The P. absoluta females exhibited a significant
preference for the control plants compared to the C. fumosorosea (YNKM210801)-treated
plants (χ2 = 5.58, p = 0.01). Conversely, T. chilonis displayed stronger attraction to the C.
fumosorosea (YNKM210801)-treated plants than to the control plants (χ2 = 6.33, p = 0.01).
The olfactory responses of both insect species intensified when the plants (both control and
C. fumosorosea (YNKM210801)-treated) were subjected to larval feeding (Figure 2B,C). These
results suggest that the C. fumosorosea (YNKM210801) treatment modifies the plant VOC
profile, thereby influencing plant interactions with herbivores and their natural enemies.

 

Figure 2. C. fumosorosea (YNKM210801) treatment altered olfactory behaviors of herbivores and para-
sitoids: (A) Schematic illustration of Y-tube olfactometer used to test insect olfactory responses. (B,C)
Olfactory responses of P. absoluta females and T. chilonis to control or C. fumosorosea (YNKM210801)-
treated plants (n = 100 individuals released per test). Non-responding insects were excluded from
analysis. Asterisks (*) indicate significant differences in preference between control and EPF-treated
plants (χ2 test; **: p < 0.01).

3.2. EPF Treatment Modulates VOC Emissions and Induces Phytohormone Accumulation

To elucidate the mechanisms underlying the altered plant attraction to herbivores
and parasitoid wasps following the EPF root treatment, we analyzed the VOC emissions
in tomato plants (Figure 3A). The C. fumosorosea (YNKM210801) treatment induced a
distinct VOC profile compared to the control plants, characterized by enhanced emis-
sions of several compounds. This effect remained consistent in both the undamaged and
herbivory-damaged plants, indicating that herbivore damage did not significantly alter
the C. fumosorosea (YNKM210801)-induced VOC emissions. Generally, the VOC levels
detected from the undamaged leaves were lower than those from the herbivory-induced
leaves. Among the C. fumosorosea (YNKM210801)-enhanced VOCs, (E)-β-caryophyllene
and β-phellandrene exhibited higher emissions in the undamaged leaves, with further
enhancement observed in both the C. fumosorosea (YNKM210801)-treated and herbivory-
damaged leaves. Notably, α-phellandrene was the only VOC significantly enhanced by the
combination of the C. fumosorosea (YNKM210801) treatment and herbivory damage, while
α-humulene was uniquely enhanced in both the C. fumosorosea (YNKM210801)-treated
leaves and C. fumosorosea (YNKM210801) + herbivory damaged leaves (Figure 3A). Addi-
tionally, the emissions of several other VOCs including α-pinene, 3-carene, and 2-carene
were significantly affected across all the treatments. The principal component analysis
(PCA) of the VOC profiles revealed clear treatment-specific signatures, with the first two
principal components explaining 94.26% of the total variance (PC1: 84.3%; PC2: 9.96%)
(Figure 3B). Furthermore, the C. fumosorosea (YNKM210801)-treated plants exhibited dis-
tinct temporal patterns in their VOC emissions. Among the most abundant VOC in tomato,
(E)-β-caryophyllene, α-phellandrene, and β-phellandrene demonstrated time-dependent
emission profiles (Figure 4A–C). Notably, (E)-β-caryophyllene was the only volatile com-
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pound that maintained significant emission levels across all the time points examined
(Figure 4A). In contrast, α-phellandrene showed no significant emission at the 6 h time
point (Figure 4B), while β-phellandrene emissions were not significant at the 3 h collection
period (Figure 4C). These temporal variations in VOC emission patterns suggest that the
C. fumosorosea (YNKM210801) treatment induces a complex and dynamic reprogramming
of plant secondary metabolism, potentially as part of the plant’s adaptive response to
fungal presence.

 

Figure 3. C. fumosorosea (YNKM210801) treatment enhances VOC emission in tomato plants:
(A) Heatmap showing relative abundance of VOCs from control and C. fumosorosea (YNKM210801)-
treated tomato plants (n = 6 plants/treatment, 6 h post-treatment). (B) PCA of VOC profiles demon-
strating treatment-specific clustering of compound signatures.

 

Figure 4. Emission kinetics of VOCs following C. fumosorosea (YNKM210801) treatment: (A–C) Tem-
poral patterns of highly abundant VOCs emitted from tomato plants treated with C. fumosorosea
(YNKM210801) compared to control plants. Asterisks (*) denote significant differences between
control and C. fumosorosea (YNKM210801)-treated plants at each time point (t-test, *: p < 0.05 and
**: p < 0.01). Data are presented as means ± SE.

EPF colonization also significantly influenced phytohormone accumulation in tomato
leaves. In the undamaged plants, JA (T8 = 2.70, p = 0.027) and JA-Ile (T8 = 2.84, p = 0.022)
levels were significantly higher in the C. fumosorosea (YNKM210801)-treated plants com-
pared to controls (Figure 5A,B). This pattern persisted in the herbivory-damaged plants
as well. Interestingly, the SA levels were higher in the undamaged plants than in the
damaged plants following the C. fumosorosea (YNKM210801) treatment (T8 = 2.96, p = 0.039)
(Figure 5C). These differential responses in phytohormone accumulation suggest that vari-
ous phytohormones may play distinct roles in mediating plant indirect defense responses
to C. fumosorosea (YNKM210801) colonization and herbivory.
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Figure 5. C. fumosorosea (YNKM210801) treatment induces phytohormone accumulation in tomato
plants: (A–C) Phytohormone concentrations in control and C. fumosorosea (YNKM210801)-treated
tomato plants (n = 5 plants per treatment). Means between treatment groups were compared using
T-tests. Asterisks (*) indicate significant differences between control and treated plants within each
treatment (t-test; *: p < 0.05). Bars represent means ± standard error.

3.3. Behavioral and Electrophysiological Responses of Insects to Synthetic VOC Odors

To verify whether the altered VOC profiles are responsible for the observed changes
in plant–herbivore–parasitoid interactions, we conducted Y-tube olfactometer and EAG
studies using pure VOCs. The Y-tube olfactometer assays revealed distinct behavioral
responses of P. absoluta and T. chilonis female adults to the tested VOCs (Figure 6A–F).
The olfactory response of T. chilonis demonstrated high sensitivity and attraction to all
three tested VOCs with concentration-dependent patterns. For (E)-β-caryophyllene, T.
chilonis consistently showed stronger responses at lower concentrations, with a significant
decrease in response at 1.0 μL mL−1 (χ2 = 4.79, p = 0.028) (Figure 6A). α-Phellandrene
elicited reduced responses at both 0.01 μL mL−1 (χ2 = 4.29, p = 0.038) and 0.5 μL mL−1

(χ2 = 5.23, p = 0.022), with enhanced responses observed at 0.05, 0.1 and 1.0 μL mL−1

concentrations (Figure 6B). For β-phellandrene, T. chilonis exhibited decreased response
at 0.1 μL mL−1 (χ2 = 4.93, p = 0.026) while showing stronger responses at the other tested
concentrations (Figure 6C). Conversely, compared to the control (n-hexane), all three VOCs
exhibited repellent effects on P. absoluta (Figure 6D–F). The olfactory responses to (E)-β-
caryophyllene were significant across all the concentrations except 0.05 μL mL−1 (χ2 =
3.59, p = 0.058) (Figure 6D). Responses to α-phellandrene were non-significant at higher
concentrations of 0.5 μL mL−1 (χ2 = 3.42, p = 0.064) and 1.0 μL mL−1 (χ2 = 3.47, p = 0.062)
while showing the strongest repellent effect at the medium concentration of 0.1 μL mL−1

(χ2 = 6.23, p = 0.01) (Figure 6E). The repellent response of P. absoluta to β-phellandrene was
significant across most concentrations, with a decreased effect at 0.5 μL mL−1 (χ2 = 5.16, p =
0.023) and a non-significant response at 0.1 μL mL−1 (χ2 = 3.53, p = 0.060) (Figure 6F). These
findings indicate that VOCs differentially modulate the behavior of both the parasitoid
and pest species, suggesting their potential application in integrated pest management
strategies.

We also investigated whether the direct application of pure VOCs to tomato leaves
could alter P. absoluta oviposition behavior (Figure S5A). Notably, the tomato plants treated
with (E)-β-caryophyllene exhibited significantly reduced oviposition, with the P. absoluta
females laying fewer eggs on these plants compared to the control plants treated with
lanolin only (GLM: T = 13.59, p = 0.001; Figure S5B). This finding further supports the role
of (E)-β-caryophyllene as an important mediator of plant–insect interactions. It is worth
noting that in our previous study, we demonstrated that lanolin application alone does not
induce changes in VOC emission patterns in potato plants, confirming that the observed
effects were specifically due to the applied VOC.
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Figure 6. Herbivore female moths and their egg parasitoids show differential responses to tomato
plant VOCs. (A–C) Choice responses of P. absoluta and (D–F) T. chilonis females to varying concen-
trations of key synthetic tomato VOCs (n = 100 insects tested/concentration). n-Hexane served
as control. Non-responding insects were excluded from analysis. Asterisks (*) indicate significant
differences in choice response (χ2 test; *: p < 0.05, **: p < 0.01). ns; non-significant.

The EAG studies revealed that both insect species, P. absoluta and T. chilonis, ex-
hibited distinct response patterns to pure VOCs, specifically (E)-β-caryophyllene and
β-phellandrene (Figure 7A,B). These findings suggest that these plant-emitted VOCs are
detectable and recognized by the olfactory systems of both insects. Notably, T. chilo-
nis displayed a significantly stronger concentration-dependent EAG response to (E)-β-
caryophyllene (F3,11 = 61.6, p = 0.001), whereas P. absoluta showed a weaker response at
lower concentrations, with a marked increase only at higher concentrations (F3,11 = 110.9,
p = 0.001; Figure 7A). Also, both species exhibited EAG responses to β-phellandrene, with
T. chilonis demonstrating the highest sensitivity (F3,11 = 101.4, p = 0.001) compared to P.
absoluta (F3,11 = 134.7, p = 0.001; Figure 7B). These results indicate that the antennae of both
insects are capable of detecting and responding to these specific plant VOCs, albeit with
varying sensitivity and intensity.
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Figure 7. EAG responses of herbivore female moth and egg parasitoid antennae to tomato plant
VOCs. (A,B) EAG responses of T. chilonis and P. absoluta females to varying concentrations of
(E)-β-caryophyllene and β-phellandrene (n = 3 insects tested/concentration). CK indicates an-
tennal response to n-hexane. Different letters denote significant differences between concen-
trations within each insect species (p ≤ 0.05, Tukey’s HSD following ANOVA). Bars represent
means ± standard error.

4. Discussion

EPFs play important roles in crop protection by simultaneously controlling insect pests
and altering plant immune responses [43]. These EPFs have the capacity to colonize plant
tissues endophytically and can elicit systemic defense responses [44]. EPF colonization
triggers a cascade of biochemical and physiological changes within the plant, including
the up-regulation of defense-related genes, altered production of secondary metabolites,
and priming of the immune system for enhanced resistance against a broad spectrum of
pathogens and herbivores [45]. This study investigated the effects of EPF treatment on
tomato plant defenses and its consequent impact on plant–insect interactions.

Through choice assay tests and olfactory studies, our findings reveal that EPF treatment
significantly alters the plant attractiveness to both herbivores and parasitoid wasps. The EPF
treatment of tomato plants significantly reduced the attraction of the female herbivore P. absoluta
while enhancing the attraction of the parasitoid wasp T. chilonis. Importantly, these effects
persisted and were stronger even when the plants were subjected to herbivory to produce
more VOC. These alterations in plant chemotype and subsequent insect behavior suggest
that EPF treatment may serve as an effective strategy for enhancing plant indirect defenses
against herbivores while promoting the attraction of beneficial insects [1]. Previous studies have
explored the effect of EPFs on insect behavior, such as Beauveria bassiana treatment to faba bean
seeds which altered the choice preferences and development of the aphid parasitoid, Aphidius
colemani [46]. Similarly, EPF applications have been found to affect the behavior and life history
of peach aphid, Myzus persicae [47], and the population growth of two-spotted spider mites,
Tetranychus urticae [48]. However, the role of plant VOCs mediating insect behavior under such
conditions remained largely unexplored. Moreover, it has been discovered that the release
of constitutive plant VOC plays an important role in mediating the attraction/repellence of
insect species [49,50]. This study found that EPF treatment induces changes in the responses
of herbivorous insects and parasitoids for tomato plants, which was likely attained via the
alteration of the VOCs by the host, which is involved in the interaction of these organisms. Also,
the observed changes in insect preference were consistent in both choice assays and olfactometer
experiments, indicating that the effect is primarily mediated through plant VOC emissions
rather than visual or tactile cues.

Plant-released VOCs play important roles in regulating plant–insect interactions in agro-
ecosystem [16]. EPF-treated tomato plants emitted a distinct VOC blend compared to con-
trol plants, with several compounds showing enhanced emissions. Interestingly, the VOC
profile alterations persisted even under herbivore attack. Notably, (E)-β-caryophyllene and
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β-phellandrene exhibited increased emissions in both the undamaged and herbivore-damaged
EPF-treated plants. These sesquiterpenes have been previously associated with indirect plant
defenses, attracting natural enemies and repelling herbivores [15,36,51]. Our results showed
that (E)-β-caryophyllene and β-phellandrene were repellent to P. absoluta while attractive to
T. chilonis. Moreover, both insects also responded differently to several other key tomato leaf
VOCs, indicating that these VOCs might also be involved in promoting or deterring natural
enemies and herbivores [52]. Our olfaction studies provided crucial evidence linking the ob-
served changes in plant VOC profiles to specific insect behavioral and physiological responses.
P. absoluta and T. chilonis exhibited distinct preferences for different VOCs, with responses often
showing dose dependency [36]. Most tested VOCs were repellent to P. absoluta but attractive to
T. chilonis, aligning with the overall pattern of herbivore deterrence and parasitoid attraction
observed in whole-plant assays.

The altered plant–insect interactions observed in our study can be largely attributed
to the significant changes in VOC profiles induced by EPF treatment. The alterations in
VOC profiles and plant–insect interactions were accompanied by significant changes in
phytohormone levels following EPF treatment. JA and SA are key regulators of plant
responses to biotic stresses [53,54], particularly in mediating defenses against herbivores
and necrotrophic pathogens [36,55]. Our results showed that the levels of JA, JA-Ile, and
SA were increased in both undamaged and herbivore-damaged EPF-treated plants. This
simultaneous activation of both the JA and SA pathways is noteworthy, as these hormones
often exhibit antagonistic interactions [56]. However, recent studies have shown that certain
beneficial microbes can circumvent this antagonism, leading to a synergistic activation of
multiple defense pathways [57]. These changed phytohormone levels likely play a crucial
role in modulating the plant VOC emissions, as both JA and SA are known to regulate
the biosynthesis of various defense-related VOC [15]. Furthermore, the sustained increase
in these defense hormones in the EPF-treated plants, even prior to the herbivore attack,
suggests that the fungus may be priming the plant defense responses, potentially enabling
a more rapid and robust response to subsequent stresses.

Our findings reveal a significant relationship between (E)-β-Caryophyllene treatment and
P. absoluta oviposition behavior. When the tomato plants were treated with (E)-β-Caryophyllene,
we observed a marked reduction in oviposition by adult female P. absoluta. This observation
aligns with our Y-tube olfactometer assays, which demonstrated that this VOC effectively
repels P. absoluta, thus confirming the involvement of (E)-β-Caryophyllene in modulating host
preference behaviors. Previous research demonstrated that application of (E)-β-Caryophyllene
to potato leaves significantly altered the movement patterns of predatory mites across plant
organs [15]. Taken together with our current results, these findings suggest that EPFs mediate
an increase in VOC emission in tomato plants, which may serve to prime both the direct and
indirect plant defense responses [58]. Unlike traditional pesticides that directly target pests, EPFs
appear to enhance the plant’s own defense mechanisms, creating a less favorable environment
for herbivores while simultaneously attracting their natural enemies. The use of EPFs as a bio-
control agent could reduce reliance on chemical pesticides, thereby minimizing environmental
impacts and slowing the development of pesticide resistance in pest populations [59,60]. This
research was conducted under controlled laboratory conditions, which may not fully reflect the
complexity of field environments [61]. Future studies should validate these findings in diverse
field conditions to assess the robustness and applicability of EPF-induced effects across different
environmental contexts. Also, further investigation into the molecular mechanisms underlying
the observed changes, particularly the signaling pathways mediating the interaction between
EPFs and plant defense responses, could provide deeper insights and potentially identify targets
for enhancing these beneficial effects.
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5. Conclusions

Our study provides evidence that EPF treatment significantly alters plant–insect interac-
tions in tomato plants through multiple mechanisms. Choice assays and olfactometer experi-
ments consistently demonstrated that the EPF-treated plants repelled the herbivore P. absoluta
while attracting the parasitoid T. chilonis, with these effects intensifying under herbivory condi-
tions. A chemical analysis revealed that the EPF treatment induced distinct VOC profile changes,
particularly elevating emissions of (E)-β-caryophyllene and β-phellandrene, compounds as-
sociated with plant defensive functions. Our olfaction studies directly linked these specific
VOCs to the observed behavioral responses, with (E)-β-caryophyllene demonstrably repelling
P. absoluta while attracting T. chilonis. Furthermore, oviposition experiments confirmed that the
(E)-β-caryophyllene treatment significantly reduced egg-laying by female P. absoluta, providing
a mechanistic explanation for the observed herbivore deterrence. These altered plant–insect
interactions coincided with significant phytohormonal changes, as the EPF treatment elevated
the levels of JA, JA-Ile, and SA in both the undamaged and herbivore-damaged plants. This
research highlights the potential of EPFs as a biocontrol strategy that strategically modifies plant
defense responses to create less favorable conditions for herbivores while promoting natural
enemy attraction (Figure 8).

Figure 8. Graphical abstract. Endophytic fungal (EPF) treatment reduces herbivore preference and
enhances the attraction of their egg parasitoid, mediated by the increased emissions of VOCs and phyto-
hormone inductions. The size of the arrows represents the relative intensity of attraction or repellence.
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Abstract: In recent years, the essential oil of Satureja species has been studied as a source of
biocidal activity with potential applications in organic farming such as bio-pesticides. The
present study aims to determine the potential of essential oil (EO), exudate fraction (EF) and
methanolic extract (ME) of Satureja kitaibelii Wierzb. ex Heuff. to inhibit the mycelial growth
of phytopathogenic fungi and acetylcholinesterase (AChE). Additionally, ME was tested for
inhibitory activity on seed germination and root elongation. Phytochemical analysis was con-
ducted using gas chromatography–mass spectrometry (GC–MS) and thin-layer chromatography
(TLC). Biological activities were studied using in vitro methods. p-Cymene, limonene, geraniol,
carvacrol and borneol were identified as the main components of EO. Oleanolic and ursolic acid,
carvacrol and flavonoid aglycones were determined as the most abundant bioactive compounds
of EF, whereas rosmarinic acid and flavonoid glycosides were found in ME. EO reduced the
growth of all tested plant pathogens, indicated by 40% to 84% inhibition of mycelial growth
(IMG). The growth rates of oomycetes Phytophthora cryptogea Pethybr. & Laff. and Phytophthora
nicotianae Breda de Haan were affected to the greatest extent with 84% and 68% IMG. EF showed
the most potent AChE inhibitory activity with IC50 value of 0.18 mg/mL. Aqueous solutions of
the ME with a concentration above 5 mg/mL were found to inhibit seed germination by more
than 90%, whereas a reduction in root elongation was observed at 3 mg/mL. The present study
provides for the first time data for the pesticidal properties of EO, EF and ME of S. kitaibelii.

Keywords: acetylcholinesterase; seed germination; exudate; flavonoids; p-cymene; Phy-
tophthora spp.; antifungal bioassay; agar disk-diffusion method

1. Introduction

Pest control by natural remedies is an important characteristic of organic agriculture
that is following the world’s desire for an environmentally friendly way of life. Synthetic
biocides negatively impact the environment due to their poor biodegradability, which is
a precondition for the loss of biodiversity and human and animal health problems [1,2].
Another disadvantage is the development of resistance to synthetic biocides in invertebrates,
as observed in over 500 insect and mite species, including cross-resistance (to pesticides
from more than one chemical class) [3]. Alternatively, the use of broad-spectrum insecticides
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leads to a reduction in the populations of beneficial insects [4]. Natural biocides are safer
because of a more rapid degradation and the lack of accumulation in the environment [2].
Thus, the need for novel natural sources of biocidal activity is increasing significantly [5].

In recent decades, substantial data have been accumulated on the potential of EOs as
pesticidal agents [6–9]. Essential oil is a complex mixture of volatile compounds—mono-
and sesquiterpenes, phenylpropanoids, phenols, etc.—that are localized in the cytoplasm
of plant cells, components of various secretory structures—glands, secretory hairs, resin,
ducts and secretory cavities. Strong phytotoxic effects and antifungal and insecticidal
activities have been previously reported for essential oils [10–13]. Not all plant species
have a high yield of essential oils, and this is a challenge when it comes to the large number
of requirements in agriculture.

An exudate is a mixture of lipophilic compounds accumulated on the surface of the
plants. Examples of such substances include terpenoids, flavonoid aglycones, lipids and
waxes. Such compounds may be of key biological importance. Several studies show their
external location to be associated with a protective role against different biotic and abiotic
factors, including herbivores and pathogens [14–16]. Plant exudate fractions (EFs) are read-
ily and quickly extracted; no special equipment is required. It has been previously reported
that EFs of Origanum vulagre ssp. hirtum inhibit the mycelial growth of Phytophthora isolates
by about 80% [17]. Furthermore, exudates have been found to exhibit seed germination
inhibitory activity and antimicrobial properties [18–20].

Compared to EOs and EFs, alcoholic and water extracts often demonstrate weaker
biocidal activities [21,22]. Despite that, when satisfactory levels of activity are achieved,
extracts do have a high potential for agricultural application because they are obtained in
much larger quantities [23].

Species of the genus Satureja are plants traditionally used in the food and pharma-
ceutical industries. In recent years, the EOs of S. hortensis L. and other species such as
S. cuneifolia Ten. have been studied as sources of biocidal activity with possible applica-
tions in organic farming such as bio-pesticides. Carvacrol, thymol, p-cymene, γ-terpinene,
α-pinene, β-ocimene, camphene and camphor are the dominant EO compounds that are
most likely responsible for the pronounced biocidal effects of Satureja spp. [24–26]. Great
antimicrobial properties have been found for the EO of S. hortensis against 23 bacteria
and 15 fungal and yeast species; however, in the same study, the ME did not exhibit any
antimicrobial activities [27]. Studies on various Satureja species reported notable inhibitory
effects of their EOs on viruses, Leishmania spp., other protozoa, insects, acari, nematodes,
helminths, mollusks, etc. [28,29]. In particular, Satureja montana, a notable close relative to
S. kitaibelii, possesses insecticidal and nematocidal effects [28].

The genus Satureja is represented in the Bulgarian flora by five native and one intro-
duced species (S. hortensis L.). S. kitaibelii Wierzb. ex Heuff., previously assumed to be a
subspecies of S. montana L., is a Balkan endemic plant with wide distribution across the
Balkan Peninsula [30]. It is one of the most characteristic species of the petrophyte steppes,
which are found in many karst low-hilly areas and canyons in Bulgaria and Eastern Ser-
bia [31,32]. S. kitaibelii is a perennial subshrub, 30–70 cm in height, with a well-established
root system. The stems are square in cross section and glabrous or sericeous on two oppo-
site sides, with opposite, coriaceous and narrow lanceolate leaves. The inflorescence is an
apical, laxous verticillaster with pink labiate flowers. All aerial parts of the plant emit a
strong pleasant aroma [30,33].

Only a few studies have been performed on the biological activities of S. kitaibelii. The
ethanolic extract has been found to exhibit significant antioxidant potential and antibacterial
properties against Micrococcus luteus and Pseudomonas aeruginosa [34]. The EO of this species
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has been reported to possess antimicrobial activity against human pathogens such as
Candida albicans, Pseudomonas aeruginosa, Staphylococcus aureus, Escherichia coli, etc. [35–38].

Geraniol, p-cymene, limonene and borneol have been determined as the main compo-
nents of S. kitaibelii’s EO. Their ratio varies greatly according to the origin of the population,
developmental stage and the plant parts used for the extraction. Ten chemotypes are distin-
guished for this species [39–41]. The presence of such variability means that researchers
need to examine as many origins as possible in the search for the most effective EO profile
for the needs of their respective studies. Previous analyses determined phenolic com-
pounds such as rosmarinic acid, clinopodic acid, flavonoids and jasmonic acid derivatives
as the main bioactive compounds of the ethanolic extract of S. kitaibelii [34]. Triterpene
acids, flavonoid aglycones and phenolic acids have been found in this species’ exudate [42].

The present study aims to determine the potential of essential oil, exudate fraction
and methanolic extract of S. kitaibelii to inhibit the mycelial growth of phytopathogenic
fungi and acetylcholinesterase. Additionally, the species’ methanolic extract was tested for
inhibitory activity on seed germination. Acetylcholinesterase inhibitory activity provides
data on the potential repellent (insecticidal) activity.

2. Materials and Methods

2.1. Plant Material

Aerial parts of S. kitaibelii plants in full flowering stage were harvested in October 2022
in the protected area “Kailaka” near the town of Pleven, Middle Danube plain, Bulgaria
(Figure 1). The bedrock in this area is limestone, and the altitude is 200 m a.s.l. The sample
material was air-dried without exposure to direct sunlight.

 

Figure 1. Satureja kitaibelii in its natural locality—The Danube Plain, Bulgaria (photos: Genadi Gavrilov).

2.2. Phytochemical Analysis
2.2.1. Extraction Procedure

Essential oil (EO). EO was obtained by a standard extraction procedure [43]. Air-dried,
not ground, aerial parts were subjected to hydrodistillation for 4 h using a conventional
glass Clevenger-type apparatus. The EO was dried over anhydrous sodium sulfate and
stored at 4 ◦C until experimental use.

Exudate fraction (EF). Exudate was obtained according to the method introduced by Prof.
Eckhart Wollenweber to study exudate flavonoids but without removing substances with a
terpenoid structure in the present study [44]. Dry, not ground, aerial parts of S. kitaibelii were
dipped into acetone for 4–5 min. Afterwards, the fraction was filtered and evaporated to dryness
using a rotary vacuum evaporator at 40 ◦C. The dry EF was stored at 4 ◦C before analyses.

Methanolic extract (ME). Air-dried and powdered aerial parts were extracted with
methanol by a classic process of maceration for 24 h at room temperature. After filtration,
the organic solvent was evaporated, and the dry extract was stored at 4 ◦C before analyses.
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2.2.2. Derivatization of Methanolic Extract and Exudate Fraction

The EF and ME were derivatized before GC–MS analysis as described by Berkov
et al. [45]. Fifty milligrams of methanolic extract and exudate fraction were silylated with
50 μL of N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) in 50 μL of pyridine for 2 h at
70 ◦C. Compounds of the ME and EF were identified as TMS derivatives using NIST 05
database (NIST Mass Spectral Database, PC-Version 5.0, 2005), Golm Metabolome Database
and home-made MS databases. Amounts of all identified compounds are presented as
response ratios calculated for each compound relative to the internal standard (3,5-dichloro-
4-hydroxybenzoic acid (1 mg/mL)) using the calculated areas for both components. The
internal standard was added (50 μL) at the beginning of the extraction process.

2.2.3. Gas Chromatography–Mass Spectrometry

The GC–MS spectra were recorded on a Thermo Scientific Focus GC coupled with
Thermo Scientific (Waltham, MA, USA) DSQ mass detector operating in EI mode at 70 eV.
ADB-5MS column (30 m × 0.25 mm × 0.25 mm) was used.

The chromatographic conditions used for the EO were as follows: column temperature
was 60 ◦C for 10 min, then programmed at the rate of 3 ◦C min−1 to 200 ◦C, and finally, held
isothermally for 10 min. The injector temperature was 220 ◦C. The flow rate of carrier gas
(Helium) was 1 mL min−1. The split ratio was 1:50, and 1 μL of the solution was injected.
Significant quadrupole MS operating parameters: interface temperature 240 ◦C; scan mass
range of 40 to 400 m/z at a sampling rate of 1.0 scan s−1.

The chromatographic conditions used for the EF and ME were as follows: 100–180 ◦C
at 15 ◦C min−1, 180–300 ◦C at 5 ◦C min−1 and 10 min hold at 300 ◦C. The injector temper-
ature was 250 ◦C. The flow rate of the carrier gas (Helium) was 0.8 mL min−1. The split
ratio was 1:10 and 1 μL of the solution was injected.

The individual components were identified by their retention times (RTs), retention in-
dices (RIs), relative to C5-C28 n-alkanes, referring to known compounds from the literature,
and also by comparison with those of NIST 14 Library [46]. The percentage of composition
of the essential oil was computed from the GC peaks areas.

2.2.4. Thin-Layer Chromatography

TLC analyses were performed on 20 × 10 cm silica gel Kiselgel 60 F254 plates (Merck,
Rahway, NJ, USA) and DC Alufolien Polyamide 11 F254 (5555) plates (Merck). Five microliters
of methanolic extract were applied to the TLC plates. The mobile phases used on silica gel
were as follows: S1 (toluene–dioxin–acetic acid = 90:25:4), S2 (ethyl acetate–formic acid–acetic
acid–methylethylketone–methanol–water = 50:7:3:30:10) and S3 (ethyl acetate–acetic acid–water
= 20:2:1). The mobile phase used on polyamide was S4 (toluene–methylethylketone–methanol
= 60:30:15). Chromatograms were observed under UV light at 336 nm before and after spraying
with “Naturstoffreagenz A”, 1% solution of diphenylboric acid ethanolamine complex in
methanol. Identification of compounds was carried out by co-chromatography of the EF and
ME with authentic standards and comparing their retardation factors (Rf) and fluorescence
emission under UV before and after spraying with reagent.

2.3. Antifungal/Anti-Oomycete Bioassay

The three S. kitaibelii samples (EO, EF, ME) were tested against three fungal and two
oomycete species to determine their pesticidal properties. These isolates were previously
obtained from different ecosystems in Bulgaria, except for Phytophthora nicotianae originat-
ing from potted ornamental plants. Their identification was based on morphology and ITS
enzyme restriction for P. cryptogea as well as morphology and ITS sequences for the rest.
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Namely, these are Alternaria alternata (Fr.) Keissl., 1912 (NCBI GenBank accession number
PQ803669), Botrytis cinerea Pers. (PQ345538), Fusarium oxysporum Schltdl. (PQ345539),
and Phytophthora nicotianae (PQ460002). The two Phytophthora spp. were maintained on
V8 Agar Media (16 g agar, 100 mL Campbell’s (Camden, NJ, USA) V8 Juice, and 900 mL
distilled water), and fungal isolates on PDA (BD Difco™, Franklin Lakes, NJ, USA). In the
conducted bioassay, the antifungal properties of EO, EF and ME derived from S. kitaibelii
were assessed through a modified agar disk-diffusion technique [47]. A concentration of
100 mg/mL was achieved for the EF and ME by dissolving the dry samples in DMSO
and methanol, respectively. The bioassay consisted of six variants for each isolate: EO, EF,
ME, two control treatments with pure solvents (100% DMSO and methanol) and control
without treatment. Three replicates were conducted for each variant. One day prior to the
introduction of S. kitaibelii samples, the isolates were re-cultured in 9 mm Petri dishes, each
containing 20 mL of a suitable nutrient agar medium. To achieve simultaneous growth, they
were incubated overnight. The following day, 2 × 15 μL of either EF or ME were dripped
directly onto the agar medium in the Petri dish, equidistant from the center. Similarly,
the EO was administered using a volume of 2 × 2 μL. The concentrations were selected
based on results from previous similar studies [17,48]. The Petri dishes were cultivated in a
climatic chamber in darkness at 25 ◦C. The results were documented when the mycelial
colonies in the controls reached the periphery of the Petri dishes. Photographs (Canon,
Tokyo, Japan EOS 4000D) of all mycelial colonies were taken, and their mycelial growth
areas were measured using the image analysis program ImageJ 1. 54g [49]. Based on the
collected information (mean mycelial growth area for each treatment/isolate variant), the
inhibition percentage was determined [50] using the following equation:

% IMG = 100(C − T)C−1,

where % IMG is the percentage of inhibition of mycelial growth, C is the area of the fungal
colony without treatment (control) and T is the area of the treated fungal colony.

2.4. Acetylcholinesterase (AChE) Inhibition Assay

The microplate assay used for measuring AChE inhibitory activity was performed in
96-well plates using a modified method of Ellman et al. [51], as described by López et al. [52].
Acetylthiocholine iodide (ATCI) in solution with 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB)
was used as a substrate for the acetylcholinesterase from Electrophorus electricus (Sigma-
Aldrich, Darmstadt, Germany). S. kitaibelii sample solutions with concentrations between
0.08 and 5 mg/mL were tested. Fifty microliters of AChE (0.25 U/mL) dissolved in
phosphate buffer (8 mM K2HPO4, 2.3 mM NaH2PO4, 0.15 M NaCl, pH 7.5) and 50 μL
of the samples dissolved in the same buffer were added to the wells. The plates were
incubated for 30 min at room temperature before the addition of 100 μL of the substrate
solution (0.04 M Na2HPO4, 0.2 mM DTNB, 0.24 mM ATCI, pH 7.5). The absorbances were
read in a microplate reader (BIOBASE, ELISA-EL10A, Jinan, China) at 405 nm after 5 min.
Enzyme activity was calculated as inhibition percentage compared to an assay using a
buffer instead of an inhibitor. Galanthamine was used as a positive control. The AChE
inhibitory data were then analyzed with the software package Prism 3 (Graph Pad Inc., San
Diego, CA, USA). The IC50 values were measured in triplicate, and the results are presented
as means ± SD.

2.5. Seed Germination Inhibition Bioassay

A hundred seeds of Lolium perenne L. (a common crop weed) were placed per Petri
dish on filter papers moistened with the tested solutions. The methanolic extract, in a water–
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methanol mixture (99.5:0.5), was assayed at a concentration of 1, 3, 5 and 8 mg/mL. The
control consisted only of the water–methanol mixture. The samples were incubated at room
temperature for seven days. At the end of the incubation period, the rate of germination
inhibition and root length inhibition were calculated using the following equations [53]:

GI = [(GC − TG)÷ GC]× 100,

where GI is the rate of germination inhibition (%); GC is the germination rate of seeds
treated with control solutions; TG is the germination rate of seeds treated with ME solution;

REI = [(REC − TRE)÷ REC]× 100

where REI is the rate of root elongation inhibition (%); REC is the root length of the control;
TRE is the root length of the treated plant.

The lengths of the roots were measured using a ruler in millimeters.
Seed germination assays were performed in three independent experiments.

2.6. Data Analysis

Statistical analyses were performed using Microsoft Excel software. Results are pre-
sented as means with standard deviation (SD) and standard error (SE). The AChE inhibitory
data were analyzed using the software package Prism 3 (Graph Pad Inc., San Diego, CA,
USA). The statistical significance of the differences between mean values for the treated
and untreated variants from antifungal/anti-oomycete bioassay tests was determined by a
one-way ANOVA test, accepting p ≤ 0.05 to be significant.

3. Results

3.1. Phytochemical Analysis
3.1.1. Essential Oil

The EO was obtained with a yield of 0.1% (w/v). The chemical composition of the EO
was determined using GC/MS. p-Cymene (23.94%), limonene (8.57%), geraniol (8.63%), car-
vacrol (7.22%) and endo-borneol (7.15%) were identified as the main components (Table 1).

Table 1. Identified compounds in EO of the aerial parts of S. kitaibelii.

RT RI Compound Area, %

16.04 927 β-Thujene 0.60 ± 0.1
16.41 935 α-Pinene 3.68 ± 0.4
16.76 952 Camphene 1.20 ± 0.7
18.14 991 β-Myrcene 0.96 ± 0.1
18.50 1017 α-Terpinene 0.38 ± 0.1
19.71 1022 p-Cymene 23.94 ± 1.8
19.82 1031 D-Limonene 8.57 ± 0.9
20.00 1032 Eucalyptol 0.84 ± 0.2
20.14 1042 β-Ocimene 0.67 ± 0.1
20.77 1060 γ-Terpinene 2.70 ± 0.5
21.28 1070 Sabinene hydrate 1.67 ± 0.7
21.98 1097 Linalool 0.53 ± 0.1
24.89 1166 endo-Borneol 7.15 ± 0.6
25.02 1177 Terpinen-4-ol 2.67 ± 0.4
26.51 1244 Carvacrol methyl ether 6.97 ± 0.5
26.75 1253 Geraniol 8.63 ± 0.4
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Table 1. Cont.

RT RI Compound Area, %

28.22 1299 Carvacrol 7.22 ± 0.6
31.01 1388 (–)-β-Bourbonene 1.45 ± 0.1
32.08 1419 Caryophyllene 1.29 ± 0.3
33.59 1432 β-Copaene 0.53 ± 0.1
33.84 1509 β-Bisabolene 1.28 ± 0.2
35.58 1578 (+)-Spathulenol 1.20 ± 0.2
35.71 1581 Caryophyllene oxide 1.57 ± 0.1

3.1.2. Exudate Fraction

The EF is composed mainly of lipophilic compounds dissolved on the surface of the
plant tissue. The EF from S. kitaibelii was obtained with a yield of 0.7% (w/w). Ursolic and
oleanolic acids, carvacrol and n-alkanes were found as the most abundant components
(Table 2). Phenolic acids, monoterpenoids, flavonoids, sterols, fatty acids and organic
acid were also identified. Flavonoid aglycones such as scutellarein-6,7,8-trimethyl ether
(xanthomicrol) and scutellarein-6,7-dimethyl ether were determined by TLC (Table 3).

Table 2. Components of S. kitaibelii exudate fraction and methanolic extract as determined by GC–MS.

RI Compound
Amount, μg *

Exudate Fraction Methanolic Extract

1220 Borneol 163.9 ± 26 16.5 ± 3
1249 Benzoic Acid – 2.9 ± 0.7
1289 Glycerol 479.9 ± 31 755.3 ± 24
1321 Succinic acid 19.0 ± 8 79.0 ± 11
1339 Carvacrol 634.7 ± 17 259.8 ± 19
1396 Hydroquinone 3.1 ± 0.9 –
1497 Malic acid 33.7 ± 4 22.1 ± 6
1624 Ribofuranose – 156.6 ± 10
1635 4-Hydroxybenzoic acid 11.4 ± 0.5 5.2 ± 2
1776 Vanillic acid 1.1 ± 0.6 –
1803 Fructose 1 273.1 ± 33 661.0 ± 25
1811 Fructose 2 450.7 ± 45 1510.4 ± 67
1835 Protocatechuic acid 10.2 ± 3 10.4 ± 8
1842 Quinic acid 18.6 ± 5 167.4 ± 12
1855 Syringic acid – 8.5 ± 0.9
1890 D-Glucopyranose 130.5 ± 6 1122.2 ± 68
1946 4-Hydroxycinnamic acid 4.01 ± 1.4 2.5 ± 0.7
1996 Methyl caffeate 10.6 ± 1.2 –
2040 Hexadecanoic acid 646.4 ± 49 134.6 ± 28
2080 Catechollactate 16.4 ± 2.9 222.6 ± 31
2104 Ferulic acid 15.1 ± 3.2 0.8 ± 0.1
2129 Myo-Inositol 43.4 ± 9 2876.9 ± 87
2155 Caffeic acid 16.1 ± 2.4 56.1 ± 16
2212 Octadienoic acid 161.5 ± 11 170.9 ± 21
2218 Octatrienoic acid 302.4 ± 24 241.86 ± 28
2246 Stearic acid 40.7 ± 3 29.9 ± 12
2628 Sucrose 410.0 ± 32 6597.0 ± 167
2838 Tetracosanoic acid 69.4 ± 10 –
2872 Naringenin 74.7 ± 12 –
2900 Nonacosane C29H60 486.2 ± 56 –
2942 Taxifolin 8.5 ± 2 –
3100 Hentriacontane C31H64 340.9 ± 44 –
3122 Methylated flavone 50.2 ± 10 –
3194 β-Sitosterol 137.0 ± 13 96.2 ± 33
3335 β-Amyrin 16.2 ± 8 3.8 ± 2
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Table 2. Cont.

RI Compound
Amount, μg *

Exudate Fraction Methanolic Extract

3455 Rosmarinic acid 7.5 ± 2 469.2 ± 43
3540 Uvaol 107.3 ± 17 20.3 ± 8
3570 Oleanolic acid 3505.55 ± 204 128.6 ± 12
3580 Betulinic acid 67.5 ± 21 2.3 ± 0.9
3620 Ursolic acid 4457.9 ± 267 244.5 ± 21
3632 Micromeric acid 47.3 ± 12 –

* amounts (μg) are the mean of three independent experiments and represent the response ratios calculated for
each compound relative to the internal standard

Table 3. Phenolic compounds identified in the exudate fraction and methanolic extract using TLC.

Compounds
Rf Values in Different TLC Conditions *

SG, S1 SG, S2 SG, S3 PA, S4

Xanthomicrol 0.62 0.95
Scutellarein 6 methyl ether 0.50 0.71

Rosmarinic acid 0.98 0.73
Luteolin-7-glucoronide 0.50

Rutin 0.31 0.06
* SG and PA correspond to silica gel and polyamide; S1–4 are the mobile phases used as described in Section 2.2.4.

3.1.3. Methanolic Extract

The ME was obtained with a yield of 8.5% (w/w). Its composition was examined
using GC–MS and TLC. Some of the compounds reported in the EF (carvacrol, borneol,
oleanolic acid, ursolic acid, sterols, terpenes) were also found in the ME, but here, they are in
much lower quantities. The GC–MS analysis revealed sucrose, fructose and glucose as the
most abundant compounds (Table 2). TLC screening with authentic flavonoid compounds
showed the presence of flavonoid glycosides (rutin and luteolin-7-glucuronide) (Table 3).
Additionally, rosmarinic acid was found to be the most abundant phenolic acid during
TLC with S3 mobile phase.

3.2. Fungal and Oomycete Growth Inhibition Properties

Mycelial colonies in the controls reached the periphery of the Petri dishes in 4–7 days
depending on the species. The results from data analysis showed a lack of significant
difference between the three types of controls and significant differences (p < 0.05) in the
mycelial growth rate inhibition in the EO, EF and ME variants with the Fungi. EF and ME
of S. kitaibelii exerted no inhibitory effect on the mycelial growth rate of P. cryptogea and
P. nicotianae at the administered doses of 2 × 15 μL of 100 mg/mL stock solution. Contrast-
ingly, the mycelial growth of two of the fungal pathogens investigated was suppressed,
albeit to a low degree. For B. cinerea, an IMG between 55% (ME) and 59% (EF) was recorded,
and for F. oxysporum, the IMG was between 37% (EF) and 39% (ME) (Figures 1 and 2).

Generally, the essential oil reduced the growth of all tested pathogens, indicated by
an IMG between 40 and 84%. Phytophthora spp. were affected the strongest—84% IMG for
P. cryptogea and 68% IMG for P. nicotianae. Out of the three fungal species, F. oxysporum
and A. alternata were largely inhibited—65% and 50% IMG, respectively. The growth of
B. cinerea was reduced by 40% (Figures 2 and 3).
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Figure 2. In vitro evaluation of the fungal and oomycete growth inhibition properties of essential oil
(EO), exudate fraction (EF) and methanolic extract (ME) of S. kitaibelii.

Figure 3. Inhibition of mycelial growth (%) in fungi and oomycetes by essential oil (EO), exudate
fraction (EF) and methanolic extract (ME) of S. kitaibelii. Bars represent the standard deviation (n = 4).

3.3. Acetylcholinesterase (AChE) Inhibitory Activity

EO, EF and ME from S. kitaibelii were studied for inhibitory effects on AChE by an
in vitro assay. EO and ME exhibited similar AChE activity with IC50 values of 3.68 ± 0.17
and 3.76 ± 0.25 mg/mL, respectively. EF exhibited the most potent inhibition on AChE
with IC50 value of 0.18 ± 0.03 mg/mL. Galanthamine (positive control) achieved an IC50

value of 0.35 ± 0.01 μg/mL (1.22 ± 0.04 μM).

3.4. Seed Germination Inhibition Bioassay

The inhibitory activity of the ME from S. kitaibelii on L. perenne seed germination and
root elongation was studied in the concentration range of 1–8 mg/mL. Aqueous solutions of
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the extract with a concentration of 5 and 8 mg/mL were found to inhibit seed germination
and root growth by more than 90% (Table 4). A substantial reduction in root elongation
was also observed at 3 mg/mL.

Table 4. Inhibition of seed germination and root growth of L. perenne by methanolic extract (ME) of
S. kitaibelii.

ME Concentration, mg/mL
Inhibition of Seed

Germination, %
Inhibition of Root

Growth, %

1 13.4 ± 9 1 ± 1
3 21.8 ± 8 56 ± 6
5 95.8 ± 3 97.5 ± 1
8 99.4 ± 1 100 ± 0

4. Discussion

4.1. Phytochemical Constituents

The main component of the EO of the studied S. kitaibelii population was determined
as p-cymene. Limonene, borneol and carvacrol were found as the next most abundant
compounds. The established EO profile corresponds to the previously reported data for
the chemical composition of this species [41,54,55] and refers to the p-cymene/limonene
chemotype [40]. A variety of biological activities have been already published for the
monoterpenes identified in the EO. Antimicrobial, antiparasitic, antiviral, antitumor, anti-
inflammatory, antinociceptive, neuroprotective and other activities have been established
for p-cymene [56,57]. A lot of pharmacological activities have been reported for the remain-
ing well-represented monoterpenes in the EO—borneol, carvacrol and limonene—defining
them as strongly bioactive molecules [58,59]. It is important to emphasize that carvacrol is
a lead molecule for pest control [60,61]. In the present study of the EO profile of S. kitaibelii,
however, carvacrol content is limited to 7.22% only.

The EF consisting of compounds located on the surface of plant tissues is rich in
secondary metabolites with allelopathic potential [14,15]. Ursolic and oleanolic acids were
found as the main bioactive compounds in the EF of S. kitaibelii. Various activities have
been reported for these acids, but in the context of the present study, the anticholinesterase
and antimicrobial properties are of importance [62–64]. The composition of S. kitaibelii EF
we described follows previously reported data [41,42].

S. kitaibelii’s ME contained mainly polar primary and secondary metabolites. The
established metabolite profile is coherent with previous research [34,65]. Rosmarinic and
other phenolic acids, as well as flavonoid glycosides, were found as substances with known
biological activities [66].

4.2. Fungal and Oomycete Growth Inhibition Properties

Fungi and fungal-like organisms such as oomycetes are causative agents of one of the
most devastating diseases in plants. Equally severe harm is caused by such plant pathogens
during post-harvest, affecting between 25% and 50% of the total production.

It has been found that essential oils rich in carvacrol demonstrate the most extensive
and potent antifungal effects at minimal active doses (0.05–5μg/mL) [20]. Plant extracts
containing caffeic acid and rosmarinic acid inhibited zoospore germination of Phytophthora
spp. [67]. The key components identified in the EO from S. kitaibelii (p-cymene, limonene,
geraniol, carvacrol, borneol) are known to be effective antimicrobial agents, which is why
this species keeps attracting the attention of researchers in medicine, food technology
and agriculture. Several studies demonstrated the lack of antifungal activity of p-cymene
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against pathogenic fungi responsible for human diseases, such as Rhizopus oryzae and
Aspergillus niger. However, the evaluation of essential oils rich in this monoterpene against
Aspergillus flavus, Saccharomyces cerevisiae and A. niger has shown promising results [56].
Jian et al. demonstrated the ability of limonene to cause significant damage to the mycelium
and conidia of Fusarium graminearum [68], revealing the potential of a limonene-formulated
product as an alternative to synthetic fungicides. The essential oil obtained from Cinnamo-
mum camphora chvar., rich in endo-borneol, demonstrated significant suppressive effects on
five Fusarium species responsible for potato dry rot [69].

As shown in our results, the EO from S. kitaibelii is rich in bioactive components
with antifungal and anti-oomycete properties and could find application in biological
plant protection.

4.3. Acetylcholinesterase (AChE) Inhibitory Activity

The acetylcholinesterase inhibitory activity test was conducted to assess the possible
presence of insecticidal potential because the mechanism of action of organophosphorus
insecticides is acetylcholinesterase inhibition [70]. Several previously published articles
highlight some of the main components of the EO, EF and ME from S. kitaibelii as AChE
inhibitors: oleanolic and ursolic acids [63,64], p-cymene [71] and rosmarinic acid [72,73].
Rosmarinic acid has also been reported as a potent insecticide against important pests
like Acyrthosiphon pisum [74]. Since oleanolic and ursolic acids are the most abundant
components of the EF and with carvacrol also being present, it is not surprising that this
fraction achieved the best AChE inhibition out of all three samples. Regarding the EO and
MF, bioactive compounds such as p-cymene, rosmarinic acid and carvacrol appear to be in
insufficient quantities in order to demonstrate good results in AChE inhibition.

The IC50 value determined for the EF (0.18 ± 0.03 mg/mL) suggests a good to strong
AChE inhibition considering the fact that this is not a pure compound. This value is
approximately 500 times larger than that of galanthamine (positive control). An assay
including the purified forms of some putatively bioactive components could showcase the
most important ones for AChE inhibition.

The IC50 values for the EO and ME from S. kitaibelii are approximately 10 000 times
larger than that of galanthamine (positive control), meaning these samples are practically
inactive towards the enzyme.

Similar results for the AChE inhibitory potential of extracts and essential oils from
the closely related species Satureja montana have been previously reported. Stronger AChE
inhibition has been observed probably due to much larger quantities of carvacrol and the
presence of its isomer thymol in the samples from S. montana [75–77].

4.4. Seed Germination Inhibition Bioassay

When working with alkaloid-bearing plants, the suitable concentration at which the
species are screened is 1 mg/mL, while for non-alkaloid-containing plant species, the
concentration at which the screening studies are performed is usually higher [78–80]. Seed
germination inhibition activity was tested within the concentration range of 1–8 mg/mL
for the ME of S. kitaibelii. This range is consistent with similar experiments conducted by
other research groups [10,81]. In this assay, only ME was used due to low yields of EO
and EF.

The achieved inhibition of seed germination by the ME at concentrations 5 and
8 mg/mL is good and promising compared to data already reported in the literature.
Caffeic acid and its derivatives showed an inhibitory effect on the growth and germination
of Lantana indica seeds [66]. Hernández and Munné-Bosch [82] showed that naringenin, a

72



Agronomy 2025, 15, 357

compound found in our study of the EF, is a strong seed germination inhibitor. Muñoz et al.,
2020 considered carvacrol to be a good candidate for bioherbicide formulations [61]. These
compounds are present in the ME from S. kitaibelii and could contribute to the phytotoxic
properties observed in our study.

Nerium oleander L. flower extract suppressed the growth of Lolium multiflorum Lam.
(Italian ryegrass) at 40 g L−1 [78], which is a much higher concentration. In a screening
study including six plant extracts, the one from Tamarix mannifera Ehrenb. ex Bunge
completely inhibited the seed germination and seedling growth of Phalaris minor Retz., also
at 40 g L−1 [79]. Other plant extracts at this concentration showed weaker inhibition. The
application of Cardus cardunculus (L.) Baill. crude extract at a concentration of 10 g L−1 has
led to the inhibition of roots and hypocotyl growth by 97% and 91%, respectively [80].

5. Conclusions

The present study was aimed at determining the pesticidal potential of the essential oil,
exudate fraction and methanolic extract of Satureja kitaibelii. Results showed that the EO has
fungicide potential, inhibiting the growth of all studied phytopathogens. Of importance
is its inhibitory activity against Phytophthora spp. The ME exhibits weed suppression by
inhibiting the seed germination of ryegrass. The EF displayed inhibitory activity against
acetylcholinesterase, which is a good base for further analysis of its insecticidal potential.
Our results showed that choosing the right approach (extraction method) is crucial to
obtaining an extract or a fraction rich in substances with a particular biological activity.
Here, we describe for the first time the pesticidal capacity of S. kitaibelii and provide a good
direction for further studies.
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21. Şahin, F.; Güllüce, M.; Daferera, D.; Sökmen, A.; Sökmen, M.; Polissiou, M.; Agar, G.; Özer, H. Biological activities of the essential
oils and methanol extract of Origanum vulgare ssp. vulgare in the Eastern Anatolia region of Turkey. Food Control 2004, 15, 549–557.
[CrossRef]
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Sofia, Bulgaia, 1989; pp. 336–338. (In Bulgarian)

74



Agronomy 2025, 15, 357
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Abstract: The study of Auchenorrhyncha species composition in Greek olive orchards is crucial due
to the potential threat of Xylella fastidiosa invading the region. Recent studies have begun exploring
agricultural landscapes, particularly olive and citrus orchards. From 2016 to 2022, biodiversity surveys
were conducted in thirteen olive orchards across three regions of Greece: Peloponnese, Sterea Ellada,
and the Northeast Aegean. Malaise traps were installed in each orchard and monitored monthly,
supplemented by sweep net sampling in two orchards to capture less mobile species and assess their
association with host plants. A total of 14,771 specimens were collected, representing 125 species
predominantly feeding on weeds. The dominant species were the Typhlocybinae Hebata decipiens
and Zyginidia pullula, while Euscelis lineolata was the most common Deltocephalinae. Aphrophoridae,
including Philaenus spumarius and Neophilaenus campestris, were more effectively collected with sweep
nets, primarily from Avena sterilis L. This study offers a detailed overview of the Auchenorrhyncha
fauna in Greek olive orchards, providing essential insights for developing strategies to prevent the
invasion of Xylella fastidiosa.

Keywords: leafhoppers; olive; Xylella fastidiosa; potential vector; Aphrophoridae; new records

1. Introduction

Xylella fastidiosa Wells et al. is a Gram-negative bacterial plant pathogen that causes a
variety of economically devastating diseases in numerous crops, including Pierce’s disease
(PD) of grapes, citrus variegated chlorosis (CVC), phony peach disease, and olive quick
decline syndrome (OQDS). This bacterium is of significant concern due to its extensive
genetic and phenotypic diversity, which has led to its classification into four subspecies:
X. fastidiosa fastidiosa, X. fastidiosa pauca, X. fastidiosa multiplex, and X. fastidiosa sandyi. In
North America, subspecies like X. fastidiosa multiplex and X. fastidiosa fastidiosa affect almond,
peach, oak, and grapevine, while X. fastidiosa pauca has caused significant damage in South
America, particularly in coffee, citrus, and olive crops [1–3].

In recent years, X. fastidiosa has been increasingly detected across Europe, threatening a
wide range of crops. The first major outbreak occurred in southern Italy, where X. fastidiosa
pauca was detected in olive orchards in the Apulia region, causing olive quick decline
syndrome [4,5]. This outbreak affected over 10,000 hectares of olive trees, leading to severe
economic and agricultural impacts. Since then, the pathogen has been detected in several
other European countries.
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In France, X. fastidiosa was first identified in Corsica in 2015 on ornamental plants
like Polygala myrtifolia L. and later spread to mainland France, affecting regions such as
Provence-Alpes-Côte d’Azur [6]. The subspecies X. fastidiosa multiplex was responsible
for these infections. In Spain, X. fastidiosa was detected in the Balearic Islands in 2016,
where both X. fastidiosa fastidiosa and X. fastidiosa multiplex were reported, with infections
extending to almond trees, sweet cherries, and other ornamental plants [7,8]. In mainland
Spain, outbreaks occurred in Alicante, infecting almond trees, and in other areas of Valen-
cia, further escalating concerns about the pathogen’s spread in the Iberian Peninsula [9].
Additionally, in 2019, X. fastidiosa was detected in Portugal, affecting olive trees in the Vila
Nova de Gaia region [10]. This detection marked another critical spread of the pathogen in
Mediterranean Europe, which has a high density of host plants susceptible to X. fastidiosa.

The rapid spread of X. fastidiosa across Europe has led to significant quarantine mea-
sures and concerted efforts to monitor and control its vectors. The pathogen’s ability to
infect a wide variety of plant species, combined with the similarities in climatic conditions
across much of the Mediterranean region, raises concerns that other countries, such as
Greece, may soon face similar outbreaks. Given Greece’s extensive olive cultivation, with
approximately 900,000 hectares of olive trees representing a significant portion of the agri-
cultural landscape [11], the introduction of X. fastidiosa would have severe consequences
for the country’s economy and agriculture.

X. fastidiosa is primarily transmitted by xylem-feeding Auchenorrhyncha (Hemiptera),
including species from the families Cicadellidae (leafhoppers and sharpshooters),
Aphrophoridae (spittlebugs), and Cercopidae (froghoppers). These insects acquire the
bacterium when they feed on the xylem of infected plants and can subsequently transmit it
to healthy plants, facilitating the spread of the disease [12–15]. According to Purcell [16],
every xylem fluid-feeding hemipteran should be considered a potential vector of the bac-
terium, highlighting the need for comprehensive faunistic studies to identify and manage
these vectors.

In Europe, two primary xylem-feeding species have been identified as the main vectors
of X. fastidiosa: Philaenus spumarius (L.) and Neophilaenus campestris (Fallén), both of which
have been found to carry the pathogen in olive orchards in southern Italy [17]. However,
recent studies have expanded the scope of potential vectors. For example, Elbeaino et al. [18]
discovered that Euscelis lineolata (Brullé), a phloem-feeding leafhopper, was infected with
X. fastidiosa, suggesting that specialized phloem feeders could also become infected by
probing xylem vessels. Similarly, Chuche et al. [19] demonstrated that Scaphoideus titanus
Ball, another phloem feeder, can reach xylem tissues and feed on them for extended periods,
further complicating the understanding of vector dynamics.

Given the expanding knowledge of X. fastidiosa vectors and the potential for new
species to act as transmitters of the bacterium, it is crucial to investigate the entire Auchen-
orrhyncha fauna present in regions at risk of pathogen introduction, not only to identify
current vectors but also to assess the potential for other species to become vectors under cer-
tain conditions. In Italy, while considerable data on Auchenorrhyncha fauna exists [20–22],
the lack of specific studies in olive orchards before the arrival of X. fastidiosa delayed the im-
plementation of effective vector management strategies. However, following the pathogen’s
introduction, a series of studies quickly prioritized the monitoring of Auchenorrhyncha
populations in olive orchards [17,18,23].

Although recent studies have begun to explore the Auchenorrhyncha fauna in Greek
olive orchards [24,25], there is still a significant knowledge gap, particularly regarding the
role of these insects as potential vectors of X. fastidiosa. These studies have provided valu-
able insights into the species composition, diversity, and seasonal abundance of Auchen-
orrhyncha under different management systems. However, more extensive research is
required to fully understand the seasonal dynamics, regional variation, and the potential
role of these insects in the transmission of X. fastidiosa in Greece. Developing effective
monitoring and control strategies is crucial to mitigate the risk of X. fastidiosa becoming es-
tablished in this key olive-producing region. This study aims to build on previous research
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by providing a comprehensive survey of Auchenorrhyncha species in Greek olive orchards,
with a focus on documenting the full spectrum of Auchenorrhyncha fauna rather than
solely potential vector species. The research was conducted across three of the country’s
most important olive-growing regions: Central (Sterea Ellada), Southern (Peloponnese),
and Northern Greece (Northern Aegean, Lesvos Island). In addition to documenting the
seasonal appearance and abundance of Auchenorrhyncha species, this study contributes
new data on the regional distribution and composition of these insects in different agroe-
cological zones collected by sweep net sampling of specific ground vegetation cover. By
examining both xylem and phloem feeders, this research provides crucial insights into
the Auchenorrhyncha fauna associated with olive cultivation in Greece, expanding the
knowledge necessary for effective pest and vector management strategies in areas at risk
for X. fastidiosa introduction.

2. Materials and Methods

2.1. Sampling Areas

This study was conducted in 13 olive orchards in Greece, between 2016 and 2022.
The orchards were distributed across three geographical regions of Greece: Peloponnese
(Achaia, Argolida, Ileia, Messinia), Sterea Ellada (Attica and the island of Euboea), and
Lesvos Island (North Aegean) (Figure 1). The orchards included a range of management
systems: some complied with organic standards according to European Union (EU) legisla-
tion (Council Regulation (EC) 834/2007), others adhered to the EU Common Agricultural
Policy (CAP) framework for conventional farming, and a few received no treatments. The
surrounding vegetation mainly consisted of other orchards, including olives and citrus,
with occasional vineyards. Differences in climatic conditions between regions—ranging
from Mediterranean coastal climates to more temperate inland conditions—could influence
insect population dynamics and are relevant for interpreting the results.

 

Figure 1. Geographical distribution of sampling sites across Greece. The different symbols indi-
cate the different sampling methods. Pam = Pamfila, Lak = Lakerda, Kal = Kalloni, Nif = Nifida,
Ist1,2,3 = Istiea 1,2,3, Ath = Athens, Kts = Koutsopodi, Fra = Fragka, Pir = Pirgos, Kip = Kiparissia,
and Pel = Pelekanada.
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2.1.1. Sterea Ellada

Athens (Ath), Agricultural University of Athens campus (Attica): (37◦98′18.57′′ N,
23◦70′68.59′′ E). Olive tree varieties: more than 30 varieties, including Greek, Spanish,
Italian, and other European varieties. Surrounding orchards: olive yards, citrus, stone
fruits, apples, pears, etc. Also, there are pistachio trees, a vineyard, and a botanical
garden with many ornamental trees. Weed control was performed using a mechanical
tiller attached to a tractor. No pesticides were applied. Sampling period: 2016–2019 (with
Malaise trap), 2020–2021 (with sweep net).

Istiea–North Euboea conventional (Ist1), Euboea Island: (38◦57′47.7′′ N, 23◦09′03.0′′ E).
Olive tree varieties: Kalamon and Amfissis. Surrounding orchards: olive yards. Herbicides
were used for weed control. Sampling period: 2018–2019 (with Malaise trap).

Istiea–North Euboea organic (Ist2), Euboea Island: (38◦58′06.8′′ N, 23◦07′36.3′′ E).
Olive tree variety: Kalamon. Surrounding orchards: olive yards. Weed control was
achieved using a mechanical tiller attached to a tractor. Sampling period: 2018–2019 (with
Malaise trap).

Istiea–North Euboea–no treatment (Ist3), Euboea Island: (38◦57′46.7′′ N, 23◦08′37.7′′ E).
Olive tree variety: Amfissis. Surrounding orchards: olive yards. The wild vegetation re-
mained intact. Sampling period: 2018–2019 (with Malaise trap).

2.1.2. Northeast Aegean

Lakerda (Lak), Lesvos Island: (39◦04′46.1′′ N, 26◦31′57.5′′ E). Olive tree variety: Kolovi
(Valanolia). Surrounding orchards: olive yards. This organic orchard used a lawnmower
for weed control. Sampling period: 2018–2022 (with Malaise trap).

Kalloni (Kal), Lesvos Island: (39◦14′08.2′′ N, 26◦13′01.8′′ E). Olive tree variety: Kolovi
(Valanolia). Surrounding orchards: olive yards and nearby river and the saltpans of Kalloni
gulf. Conventional orchard, with herbicides and mechanical tiller attached to a tractor used
for weed control. Sampling period: 2018–2020 (with Malaise trap).

Nifida (Nif), Lesvos Island: (39◦08′66.5′′ N, 26◦13′33.2′′ E). Olive tree variety: Kolovi
(Valanolia). Surrounding orchards: olive yards, seaside region. Conventional orchard, with
herbicides and mechanical tiller attached to a tractor used for weed control. Sampling
period: 2018–2020 (with Malaise trap).

Pamfila (Pam), Lesvos Island: (39◦09′10.3′′ N, 26◦31′40.8′′ E). Olive tree variety: Kolovi
(Valanolia). Surrounding orchards: olive yards. Conventional orchard, with herbicides and
mechanical tiller attached to a tractor used for weed control. Sampling period: 2017–2018
(with Malaise trap).

2.1.3. Peloponnese

Koutsopodi–Argolida (Kts): (37◦67′36.9′′ N, 22◦68′97.2′′ E). Olive tree variety: Ko-
roneiki. Surrounding orchards: olive yards and some citrus trees. Organic orchard, with
mechanical tiller attached to a tractor used for weed control. Sampling period: 2018–2019
(with Malaise trap).

Pelekanada–Messinia (Pel): (37◦05′09.28′′ N, 21◦83′68.94′′ E). Olive tree varieties:
Mavrolia Messinias and Koroneiki. Surrounding orchards: olive yards, vineyards, and
wild shrubs and trees, such as Erica manipuliflora Salisb., Pistacia spp., Vitex agnus-castus L.,
Sarcopoterium spinosum (L.) Spach., Quercus spp., Pyrus spp. Conventional orchard, with
herbicides used for weed control. Sampling period: 2016–2017 (with Malaise trap).

Kiparissia–Messinia (Kip): (37◦15′35.94′′ N, 21◦40′42.85′′ E). Olive trees variety: Ko-
roneiki. Surrounding orchards: olive yards and some citrus trees. Conventional orchard,
use of mechanical tiller attached to a tractor for weed control. Sampling period: 2019–2020
(with Malaise trap).

Fragka–Achaia (Fra): (38◦04′20.5′′ N, 21◦29′08.1′′ E). Olive tree variety: Koroneiki. Sur-
rounding orchards: olive yards. A mechanical tiller attached to a tractor was used for weed
control and no pesticides were applied. Sampling period 2019–2020 (with Malaise trap).
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Pirgos–Ileia (Pir): (37◦42′39.4′′ N, 21◦27′33.5′′ E). Olive tree variety: Kalamon and Ko-
roneiki. Surrounding orchards: olive yards, some citrus trees, and almonds. Conventional
orchard. Mechanical tiller attached to a tractor was used for weed control. Sampling period
2021–2022 (with sweep net).

In each orchard, a white-colored custom-made Malaise trap was installed at the center
to study the presence, seasonal appearance, and abundance of Auchenorrhyncha species.
Each trap measured 170 cm in height at the top end and 110 cm at the lower end, with a
length of 160 cm and a width of 180 cm, providing a total interception area of 165 × 110 cm2.
A 600-mL plastic container was attached in each trap with 98% ethanol as a preservation
fluid. Samples were collected monthly and were then sent to the Laboratory of Zoology and
Entomology of the Agricultural University of Athens for species identification. Samplings
from each orchard lasted for at least one year, with some orchards (Athens and Lakerda)
sampled for 3 consecutive years.

Additionally, sweep net samplings were conducted in two orchards, Pirgos’ and
Athens’, for one year each to target key vector species like aphrophorids, which are less
likely to be captured by Malaise traps. These samplings were conducted from dominant
weeds (recorded number of Auchenorrhyncha species per weed species), woody hosts
and from the canopy of olives with a custom-made entomological sweeping net (39 cm
diameter). Every fortnight, 10 consecutive sweeps were undertaken from the dominant
plants in the field in 5 different areas in the orchard with that plant species.

2.2. Classification

The taxonomic classification of the collected Auchenorrhyncha species followed the
taxonomic keys of Ribaut [26,27], Ossiannilsson [28–30], Guglielmino and Bückle [31], and
Dmitriev [32]. A very useful supporting tool was the Auchenorrhyncha collection of the
late Prof. Dr. Sakis Drosopoulos, housed at the laboratory of Agricultural Zoology and
Entomology. Male genitalia were dissected, kept in KOH (10%) (Merck KGaA, Darmstadt,
Germany) for 2 h (30 min. for Typhlocybinae), mounted on microscope slides in glycerol,
and observed under stereoscopic and microscopic microscope. Females were identified in
genus level, and, subsequently, if all the specimens of a genus in a specific sampling be-
longed to one species, the female specimens were added to that species. The nomenclature
that followed was according to Dmitriev [32], the website TaxonPages.

2.3. Data Analysis

Insect dominance for each orchard was determined using the classification system
proposed by Curry [33], Cusack et al. [34], and Emmanuel [35]. Species were categorized
as ‘dominant’ (>10% of the total individuals), ‘influent’ (5–10%), or ‘recedent’ (<5%).

Diversity was estimated by Simpson’s Diversity Index (1-D) [36], where 0 represents
low diversity and 1 represents infinite diversity. The value of D was calculated using the
following formula:

D =
s

∑
i=1

ni(ni − 1)
N(N − 1)

ni = the number of individuals of a particular auchenorrhynchan species; N = the total
number of individuals of all auchenorrhynchan species.

Simpson’s Diversity Index represents the probability that two individuals randomly
selected from a sample belong to different species. This index is particularly useful for
assessing the evenness (E) and richness (S) of species within each orchard ecosystem.
Richness (S) is the total number of species in every orchard, and evenness or equitability
(E) can be calculated by taking Simpson’s Reciprocal Index (1/D) and expressing it as a
proportion of S. Equitability takes a value between 0 to 1, with 1 being complete evenness
(i.e., where there are exactly equal numbers of individuals per species). The formula
used was

E =
1
D

× 1
S
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3. Results

3.1. Species Composition

In total, 14,771 Auchenorrhyncha belonging to 109 species were collected using a
Malaise trap (Table 1). Of these, 385 individuals belonged to the suborder Fulgoromorpha,
while the remaining 14,386 belonged to Cicadomorpha. The collected species were classified
into seven families: Cicadellidae (95 species), Aphrophoridae (4 species), Issidae (4 species),
Delphacidae (2 species), Flatidae (2 species), Dictyopharidae (1 species), and Cercopidae
(1 species). Across all regions, Cicadellidae was the most abundant and diverse family,
represented mainly by Typhlocybinae (35 species), which also accounted for 52.05% of
the total population collected with Malaise traps. The second most abundant but the
most diverse subfamily was Deltocephalinae (50 species), consisting of 40.42% of the
total population. Fewer species were found in the subfamilies Aphrodinae (two species),
Eurymelinae (two species), Iassinae (one species), and Megopthalminae (five species),
which contributed smaller percentages to the total population.

Table 1. Percentage of every species collected in each orchard with Malaise trap (+ indicates the
species collected in less than 5%. − indicates absence from that orchard) (Ath = Athens, Lak =
Lakerda, Lesvos, Kal = Kalloni, Lesvos, Nif = Nifida, Lesvos Pam = Pamfila, Lesvos, Ist1 = Istiea con-
ventional, Euboea, Ist2 = organic, Euboea, Ist3 = abandoned, Euboea, Kts = Koutsopodi, Peloponnese,
Pel = Pelekanada, Peloponnese, Kip = Kiparissia, Peloponnese, Fra = Fragka, Peloponnese).

Species Ath
(%)

Lak
(%)

Kal
(%)

Nif
(%)

Pam
(%)

Ist1
(%)

Ist2
(%)

Ist3
(%)

Kts
(%)

Pel
(%)

Kip
(%)

Fra
(%)

Total Number 2566 314 1442 311 320 2761 1090 2652 1231 366 1533 185
Aphrophoridae, Aphrophorinae
Lepyronia coleoptrata (L.) − − − − − + − + − − − −
Philaenus spumarius (L.) + + + + + + + + + + + +
Neophilaenus (Neophilaenulus) campestris
(Fallén) − 5.79 + + + + + + − − − +

Neophilaenus (Neophilaenus) lineatus (L.) − − − − − + − − − − − −
Cercopidae, Cercopinae
Cercopis sanguinolenta (Scopoli) − − − − − + + + + − − −
Cicadellidae, Aphrodinae
Anoscopus albifrons (L.) − + − − − − − + + − − −
Aphrodes bicincta (Schrank) − − − − − − + + − + − −
Cicadellidae, Deltocephalinae
Allygus modestus (Scott) + − − − − + + + + 8.71 − −
Anaconura acuticeps (Ribaut) − − − − − − + − − − − −
Anoplotettix putoni (Ribaut) + − − − − − − − + 8.43 + −
Anoplotettix fuscovenosus (Ferrari) − + − − − + + + − − − −
Arocephalus (Arocephalus) longiceps
(Kirschbaum) + − − − − − − − − − − −
Balclutha frontalis (Ferrari) + + + + − 8.84 10.46 + − − 5.94 +
Balclutha punctata (Fabricius) 10.02 − − − − − − − − − 5.68 +
Balclutha saltuella (Kirschbaum) + − + − − + + + − − − +
Cicadula (Cicadula) lineatopunctata
(Matsumura) − − − − − + + + − − − −
Cicadulina bipunctata (Melichar) + + 8.20 − − 17.17 + + − − 6.52 −
Docotettix cornutus (Ribaut) − + + + − − − − − − − −
Eohardya fraudulenta (Horváth) + − + − − − − + − − − −
Epistagma (Epistagma) guttulinervis
(Kirschbaum) − − − − − − − − − − + +

Eupelix cuspidata (Fabricius) − − − − − − − + − − − −
Euscelidius mundus (Haupt) − + + − − − − − − − − −
Euscelidius variegatus (Kirschbaum) + − − − − − − − − − − +
Euscelis alsia (Ribaut) + + + 5.47 − + + − − − − +
Euscelis lineolata (Brullé) + 7.40 9.92 + + + 14.50 + − 12.64 + +
Exitianus capicola (Stål) + + + + − + + + + + + +
Fieberiella florii (Stål) − − − − − − − + − − − −
Fieberiella septentrionalis (Wagner) − − − − − − − − + + − −
Goniagnathus (Goniozygotes) bolivari
(Melichar) − − − + − − − − − − − +

Goniagnathus (Goniagnathus) brevis
(Herrich-Schäffer) − + + + − − − − − − − −
Grypotellus staurus (Ivanoff) + − − − − − + + − − − −
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Table 1. Cont.

Species Ath
(%)

Lak
(%)

Kal
(%)

Nif
(%)

Pam
(%)

Ist1
(%)

Ist2
(%)

Ist3
(%)

Kts
(%)

Pel
(%)

Kip
(%)

Fra
(%)

Hecalus glaucescens (Fieber) − − − − − + + − − − − −
Jassargus (Obtujargus) obtusivalvis
(Kirschbaum) − − − − − − + − − − − −
Macrosteles quadripunctulatus (Kirschbaum) − − + − + − − − − + −
Macrosteles ramosus (Ribaut) − − + − − − − − − − − −
Macrosteles sexnotatus (Fallén) − − + − − − − − − − − −
Maiestas schmidtgeni (Wagner) + + + + + + + + + + + −
Melillaia desbrochersi (Lethierry) − + − − − − − − − − − −
Mocydia crocea (Herrich-Schäffer) − − − − − − − − − + − −
Neoaliturus (Circulifer) haematoceps (Mulsant
& Rey) + + + − − + − − + − − −
Neoaliturus (Neoaliturus) fenestratus
(Herrich-Schäffer) − − + − − + + + + − − −
Nesoclutha erythrocephala (Ferrari) − − − − − + − − − − − −
Opsius stactogalus (Fieber) − − − + − − − − − − − −
Orosius orientalis (Matsumura) + − + − − − − − − − − −
Paralimnus (Paralimnus) zachvatkini
(Emeljanov) − − − − − + + − − − − −
Paramesodes lucaniae (Dlabola) − − − − − + − − − − − −
Phlepsius intricatus (Herrich-Schäffer) + − + + − + + + + + − +
Phlogotettix cyclops (Herrich-Schäffer) − − − − − − − + − − − −
Proceps acicularis (Mulsant & Rey) − + − − − − − − − − − −
Psammotettix alienus (Dahlbom) 5.56 + 12.54 + − + + + − + + +
Psammotettix confinis (Dahlbom) − − + − − − − − − − − −
Psammotettix notatus (Melichar) + − − − + − − − + + − −
Selenocephalus pallidus (Kirschbaum) − + + 6.11 − − + − − − − −
Streptanus (Streptanulus) albanicus (Horváth) − + − − − − − − − + − −
Synophropsis lauri (Horváth) + − + − − + + + − + − +
Thamnotettix zelleri (Kirschbaum) + 25.08 + 49.19 + + 15.41 − + + + −
Varta rubrostriata (Horváth) − − − − − + + + − − − −
Cicadellidae, Eurymelinae
Acericerus vittifrons (Kirschbaum) + − − − − − − − − − − −
Sulamicerus stali (Fieber) + − − − − − − − − − − −
Cicadellidae, Iassinae
Batracomorphus (Batracomorphus) irroratus
(Lewis) − − − − − + − + − − − −
Cicadellidae, Megopthalminae
Agallia consobrina (Curtis) + − − − − + + + + + − −
Anaceratagallia (Anaceratagallia) glabra
(Dmitriev) − + + + − + + + + + + +

Anaceratagallia (Anaceratagallia) ribauti
(Ossiannilsson) − − + + + − + + − − + −
Austroagallia sinuata (Mulsant & Rey) − + + + − + − − − − − −
Megopthalmus scabripennis (Edwards) + + + + − + + + + − − −
Cicadellidae, Typhlocybinae
Anzygina honiloa (Kirkaldy) + + − − − − − − − − − −
Arboridia parvula (Boheman) − − − − − − − − − + − −
Arboridia (Arboridia) versuta (Melichar) − − − − − − − − − + − −
Assymetrasca decedens (Paoli) + + + + + + − − + −
Edwardsiana platanicola (Vidano) − − − − − − − + − − − −
Eupteryx (Eupteryx) collina (Flor) − − − − − − − − − 7.02 − −
Eupteryx (Eupteryx) curtisii (Flor) − − − − − − − + − − − −
Eupteryx (Eupteryx) decemnotata (Rey) + − − − − − − − − − − −
Eupteryx (Eupteryx) filicum (Newman) + − − − − − − − − − − −
Eupteryx (Eupteryx) gyaurdagica (Dlabola) − 14.47 + + − − − − − − − −
Eupteryx (Eupteryx) insulana (Ribaut) − − + − − + + + − − − −
Eupteryx (Eupteryx) melissae (Curtis) + − − − + + + + + − − −
Eupteryx (Eupteryx) rostrata (Ribaut) − − − − − − − − − + − −
Eupteryx (Eupteryx) urticae (Fabricius) + − − − − − − − − − − −
Eupteryx (Eupteryx) zelleri (Kirschbaum) − − − − − + + 39.52 − − 7.44 −
Ficocyba ficaria (Horváth) + − − − − + − + − − − −
Frutioidia (Frutioidia) bisignata (Mulsant &
Rey) − − − − − − − + − − − −
Hauptidia (Hauptidia) provincialis (Ribaut) + + + − − + + + + 9.83 20.74 −
Hebata (Alboneurasca) decipiens (Paoli) + − 14.96 + 32.19 12.57 5.69 + 6.91 + 27.46 6.49
Hebata (Signatasca) vitis (Göthe) + − − − − − − − − − + +
Liguropia juniperi (Lethierry) + − − − − − − − − − − −
Lindbergina cretica (Asche) − + − − − − − − − − − −
Ribautiana cruciata (Ribaut) − − + + − − + − − − − −
Ribautiana tenerrima (Herrich-Schäffer) − − − − − + + 18.89 − − − −
Zygina (Hypericiella) hyperici
(Herrich-Schäffer) − − − − − − − − + − − −
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Table 1. Cont.

Species Ath
(%)

Lak
(%)

Kal
(%)

Nif
(%)

Pam
(%)

Ist1
(%)

Ist2
(%)

Ist3
(%)

Kts
(%)

Pel
(%)

Kip
(%)

Fra
(%)

Zygina (Zygina) angusta (Lethierry) + − − − − − − − − − − −
Zygina (Zygina) nivea (Mulsant & Rey) + − − − − − − − − − − −
Zygina (Zygina) rhamni (Ferrari) − − − − − + + + − − − −
Zygina (Zygina) roseipennis (Tollin) − − − + − − − − − − − −
Zygina (Zygina) suavis (Rey) − − − − − − − − + + − −
Zygina (Zygina) tiliae (Fallén) − − − − − − − − − + − −
Zyginella pulchra (Löw) + − − − − + − − − − + −
Zyginidia adamczewskii (Dworakowska) + − − + − − − − − − − −
Zyginidia pullula (Boheman) 16.62 + 10.06 + 40.00 36.22 18.53 + 72.38 10.11 + −
Wagneriala sinuata (Then) − − − − − − − + − − − −
Delphacidae, Stenocraninae
Stenocranus fuscovittatus (Stål) − − − − − + − + − − − −
Delphacidae, Delphacinae
Laodelphax striatellus (Fallén) − − + − − + − + − − − −
Toya (Metadelphax) propinqua (Fieber) − + + − − + + + + + − −
Dictyopharidae, Dityopharinae
Dictyophara (Dictyophara) europaea (L.) − − − − + − + + − − − −
Flatidae, Flatinae
Metcalfa pruinosa (Say) − − − − − − + + − − − −
Phantia subquadrata (Herrich-Schäffer) − + + + − − + + − − − −
Issidae, Hysteropterinae
Agalmatium bilobum (Fieber) − − − − − + + + − − − −
Agalmatium flavescens (Olivier) − + − − − − − − − + − −
Latilica antalyica (Dlabola) + + − − − − − − − − − −
Latilica maculipes (Melichar) 5.73 − − − − − − − − − + −

The dominance ranking of species was calculated for each orchard individually. The
results showed that two Typhlocybinae species were dominant in most orchards: Zyginidia
pullula (with a population ranging from 10.06% to 72.38% of the total population) and Hebata
decipiens (ranging from 12.57% to 32.19% of the total population). Both species were present
even in small numbers in most of the orchards. Other common Typhlocybinae included
Assymetrasca decedens and species of the genus Eupteryx, where they were recorded in every
olive grove, with Eupteryx zelleri being dominant in the untreated Istiea’s grove (Euboea
Island) with a relative abundance of 39.52%, while Eupteryx gyardagica was dominant in
Lakerda’s grove (Lesvos Island) at 14.47%. Moreover, Hauptidia provincialis was present
in most orchards and was influent in some, reaching 20.74% of the total population in
Kiparissia’s orchard (Messinia).

Moreover, several Deltocephalinae species were either dominant or influent in the
orchards. Balclutha spp. and Euscelis spp. were recorded in every orchard. Balclutha frontalis
was dominant in Istiea’s organic orchard (10.46%), while Balclutha punctata was influent
in the Athens’s orchard (10.02%). Euscelis lineolata was dominant in both the Pelekanada
orchard (Messinia) (12.64%) and the organic Istiea orchard (14.5%) and was also influent in
Kalloni (Lesvos Island) (9.92%). Cicadulina bipunctata was dominant in Istiea’s conventional
orchard (17.17%) and influent in Kalloni (8.20%). Other widespread species, present in
almost all orchards, included Synophropsis lauri, Phlepsius intricate, Thamnotettix zelleri (with
relative abundances of 15.41% in organic Istiea orchard, 49.19% in Nifida, and 25.08% in
Lakerda on Lesvos Island), Maiestas schmidtgeni, and Exitianus capicola, and several species
of the genus Psammotettix, with Psammotettix alienus being the most common representative
(12.54% in Kalloni’s orchard on Lesvos Island).

Megopthalminae were represented by a small number of species in each orchard, with
Anaceratagallia glabra (formerly known as Anaceratagallia laevis) being the most common.

Aphrophorids were collected in small numbers using Malaise traps, with Philaenus
spumarius present in almost every orchard. Neophilaenus campestris was found in low
numbers in a few orchards. Other species from the family Aphrophoridae, such as Lepyronia
coleoptrata, Neophilaenus lineatus, and Cercopis sanguinolenta, were collected sporadically.

Fulgoromorpha were generally found more sporadically. The delphacid species Toya
(Metadelphax) propinqua was the most common and was found in most orchards. The family
Issidae was represented in relatively high numbers in some orchards, such as in Athens,
with Latilica maculipes accounting for 5.73% of the total population.
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3.2. Seasonal Fluctuations

The seasonal fluctuation for the Auchenorrhyncha population was calculated for the
Athens’s orchard and Lakerda’s orchard on Lesvos Island, where data were available for
three consecutive years. The population showed clear peaks in the warmer months in
both locations.

In the Athens orchard, population growth began in late April each year, with the peak
occurring during the summer months. The peaks of the population were n = 306 in August
2016, n = 714 in June 2017, n = 189, and in July 2018 (Figure 2). In the Lakerda orchard, the
population increase started earlier, at the beginning of April, with the peak occurring in
May, showing population sizes of n = 42 in May 2018, n = 67 in May 2020, and n = 26 in
May 2021 (Figure 3). In both regions, the lowest numbers were recorded during the winter,
when temperatures are lower and adult Auchenorrhyncha are less mobile.

Figure 2. Seasonal fluctuation of Auchenorrhyncha adults captured during a 3-year period in Malaise
trap placed in olive orchard in Athens.

Figure 3. Seasonal fluctuation of Auchenorrhyncha adults captured during a 3-year period in Malaise
trap placed in olive orchard in Lakerda, Lesvos.
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The Simpson diversity index was calculated for each orchard (Table 2), with the highest
values observed in the organic orchards of Athens, Kalloni, and Lakerda, ranging from
0.901 to 0.932. Interestingly, high diversity was also found in the conventional orchard at
Pelekanada, where we had the greatest evenness in comparison with other populations
collected with a Malaise trap. In contrast, the lowest diversity and evenness were recorded
in the organic orchard of Koutsopodi.

Table 2. Species richness, Simpson’s Diversity and Evenness Indices for each locality.

Management System Locality Richness (S)
Simpson’s Index of

Diversity (1-D)
Evenness (E)

Organic Athens 62 0.932 0.240
Organic Lakerda 52 0.901 0.194

Conventional Kalloni 64 0.924 0.203
Conventional Nifida 43 0.746 0.092
Conventional Pamfila 17 0.735 0.222
Conventional Istiea 48 0.824 0.118

Organic Istiea 45 0.899 0.220
No-treatments Istiea 57 0.815 0.095

Organic Koutsopodi 55 0.468 0.034
Conventional Pelekanada 47 0.928 0.296
Conventional Kiparissia 35 0.858 0.201

Organic Fragka 44 0.881 0.191
Conventional Pirgos (sweep net) 32 0.897 0.303

Organic Athens (sweep net) 18 0.637 0.153

3.3. Sweep Net Results

Sweep net sampling was performed in Pirgos and Athens orchards. A total of
1533 Auchenorrhyncha were collected, belonging to 43 species. Six families were recorded:
Aphrophoridae (2 species), Cicadellidae (32 species), Delphacidae (4 species), Flatidae
(1 species), Dictyopharidae (1 species), and Issidae (3 species). Most of these species were
collected from plants of the family Poaceae, as shown in Table 3. Seven species were
collected from the canopy of olives: P. spumarius during spring and autumn, Al. modestus,
A. putoni, B. punctata, S. lauri, T. zelleri, and the issid Latilica antalyica.

Table 3. Percentage of Auchenorrhyncha species collected with sweep net from Pirgos (Peloponnese)
and Athens (Attica) (Pir = Pirgos, Ath = Athens). + indicates percentage less than 5%, − indicates
absence in that field.

Species Pir (%) Pirgos’ Plant Species Ath (%) Athens’ Plant Species

Philaenus spumarius (L.) 14.10 AS 15.85 PL, OE, AS, HM, CD,
ASV, PA, SE, MS

Neophilaenus (Neophilaenulus) campestris
(Fallén) 16.98 AS + PA, SE, AS

Aphrodes bicincta (Schrank) − − + HM, SO
Allygidius (Dicrallygus) mayri (Kirschbaum) + PO − −
Allygus modestus (Scott) − − + OE, PL, MS
Anaconura acuticeps (Ribaut) − − + CD
Anoplotettix putoni (Ribaut) + PO + OE, HM, ASV
Balclutha frontalis (Ferrari) 14.24 AC − −
Balclutha punctata (Fabricius) + AC + OE, ASV
Balclutha saltuella (Kirschbaum) + AC − −
Cicadulina bipunctata (Melichar) + PO − −
Doratura stylata (Boheman) + AC, CD − −
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Table 3. Cont.

Species Pir (%) Pirgos’ Plant Species Ath (%) Athens’ Plant Species

Epistagma (Epistagma) guttulinervis
(Kirschbaum) + CD − −
Euscelidius variegatus (Kirschbaum) − − + AS, HM, PHA
Euscelis lineolata (Brullé) + AS, CD − −
Euscelis ohausi (Wagner) + PO − −
Exitianus capicola (Stål) 6.19 CD + CD, AS
Exitianus nanus (Distant) + PO − −
Hecalus storai (Lindberg) + CD − −
Maiestas schmidtgeni (Wagner) + CD − −
Mocydiopsis longicauda (Remane) + PO − −
Mocydiopsis monticola (Remane) + PO − −
Nesoclutha erythrocephala (Ferrari) + AS, HM, CD, ASV, PA − −
Phlepsius intricatus (Herrich-Schäffer) + PO − −
Psammotettix alienus (Dahlbom) 14.96 AS, HM, CD, ASV, PA + CD
Streptanus (Streptanulus) albanicus (Horváth) − − + AS, HM
Synophropsis lauri (Horváth) − − 8.17 OE, ASV

Thamnotettix zelleri (Kirschbaum) + PO + OE, AS, MS, SA, HM,
ASV

Anaceratagallia (Anaceratagallia) glabra
(Dmitriev) + AS − −
Anaceratagallia (Anaceratagallia) ribauti
(Ossiannilsson) − − + SO

Sulamicerus stali (Fieber) − − 57.20 PL
Hauptidia (Hauptidia) provincialis (Ribaut) + MA, TR − −
Hebata (Alboneurasca) decipiens (Paoli) + MA, TR − −
Zyginidia pullula (Boheman) + MA, TR − −
Asiraca clavicornis (Fabricius) + PO − −
Euidopsis truncata (Ribaut) + PO − −
Eurysella brunnea (Melichar) + PO − −
Toya (Metadelphax) propinqua (Fieber) + AC, CD + CD
Dictyophara (Dictyophara) europaea (Linnaeus) − − + AV
Phantia subquadrata (Herrich-Schäffer) + PO − −
Clybeccus declivum (Dlabola) + AS − −
Latilica antalyica (Dlabola) − − + OE, ASV
Latilica maculipes (Melichar) + AS − −

Nα: number of individuals captured. Plant species and abbreviations: Amaranthus viridis L. = AV; Apera spica-venti
(L.) P. Beauv. = ASV; Agrostis capillaris L. = AC; Avena sterilis L. = AS; Cynodon dactylon (L.) Pers. = CD; Hordeum
murinum L. = HM; Malva silvestris L. = MS; Malva sp. = MA; Olea europaea L. = OE; Phalaris arundinacea L. = PHA;
Pistacia lentiscus L. = PL; Poa annua L. = PA; Poaceae mix = PO; Sinapis alba L. = SA; Solanum elaeagnifolium Cav. = SE;
Sonchus oleraceus L. = SO; Trifolium sp. = TR.

The dominance ranking from the sweep net sampling was quite different from that
of the Malaise trap. In the Pirgos orchard, the most collected species with a sweep net
was Neophilaenus campestris (16.98%), followed by two deltocephalins, Psammotettix alienus
(14.96%), and Balclutha frontalis (14.25%). Philaenus spumarius (14.10%) was the fourth most
collected species. In the Athens orchard, P. spumarius was the most collected species with a
sweep net (15.85%), while Su. stali was collected in significant numbers (57.2%) but only
above lentisk shrubs present in the field.

Two population peaks were recorded in the Athens orchard during autumn (early
October to early December) and during spring (mid-May to August) (Figure 4a). Similar
results were recorded in the Pirgos orchard, with two peaks a little earlier (early September
to late November and late March to early July) (Figure 4b). The spittlebug population
showed two peaks throughout the year. The first peak occurred in spring, with adults
collected from mid-April to early June, and a population peak occurred at the end of April
in both orchards. The second peak occurred in autumn, with adults collected from late
October to late December, peaking in early November in the Athens orchard, and late
September to early December in the Pirgos orchard (Figure 4a,b).
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(a) 

 
(b) 

Figure 4. Seasonal fluctuation of total Auchenorrhyncha (green line) and spittlebugs (red line) adults,
collected with sweep net in olive orchards in (a) Athens from October 2020 to November 2021 and
(b) in Pirgos from January 2022 to March 2023.

Most adult spittlebugs were collected above Poaceae weeds. In Pirgos, all the spit-
tlebug specimens of both P. spumarius and N. campestris were found exclusively on Avena
sterilis (Figure 4b), while in Athens they were collected from various hosts (Figure 5a,b):
P. spumarius primarily was collected above A. sterilis from mid-October to late December of
2020 and early October to late December of 2021 peaking in both years in early November.
Another important host in spring was Hordeum murinum where most adults were collected
in April of 2021 and significant numbers were collected on Apera apica-venti in November
of 2020 and April of 2021 (Figure 5a). Philaenus spumarius was also collected from the
olive canopy in both spring and autumn, albeit in small numbers. Additionally, 1–2 adults
were collected from Solanum elaeagnifolium, Malva silvestris, and Pistacia lentiscus, but these
were not included in the diagram due to their low numbers. N. campestris was collected in
November and December of 2021 from Poa annua and from A. sterilis during winter in both
years, and one adult was collected also from So. elaeagnifolium (Figure 5b).
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(a) 

(b) 

Figure 5. Adults of (a) Philaenus spumarius and (b) Neophilaenus campestris, collected with sweep net
from different plant species in the Athens orchard.

4. Discussion

The species composition of Auchenorrhyncha in olive orchards in Greece is heavily in-
fluenced by geographical locality, neighboring plant species, and the weeds present within
the orchards. The most common and abundant species observed during this study were pri-
marily oligophagous or polyphagous, inhabiting dry meadows and shrubs. The most dom-
inant species, Zyginidia pullula, feeds primarily on grasses of the family Poaceae [37–39],
which are typical ground vegetation in Greek orchards. Other prevalent Typhlocybinae
species such as Hebata decipiens, Eupteryx spp., and Hauptidia provincialis are also herbivo-
rous, feeding on ground vegetation and herbaceous plants [31,40].

Similarly, the dominant Deltocephalinae species observed were grass-feeding Auchen-
orrhyncha. Balclutha frontalis and Balclutha punctata, both feeding on grasses, especially
those of the family Poaceae [38,41], were very common, with B. frontalis found in 10 out of
13 orchards. These species were collected in large numbers from Agrostis capillaris using a
sweep net.
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Euscelis lineolata, a species preferring both Poaceae and Fabaceae, was another common
Auchenorrhyncha species in olive and citrus orchards in previous studies undertaken in
Greece [24,42,43], and also in orchards in Italy and France [44,45]. In this study, it was
found in all orchards in large numbers, characterized as dominant or frequent in most of
them. With a sweep net, it was collected above Avena sterillis and Cynodon dactylon, both
grasses of the family Poaceae.

Other widespread frequently observed Deltocephalinae species included Psammotettix
alienus, Exitianus capicola, Allygus modestus, Cicadulina bipunctata, Maiestas schmidtgeni,
Phlespsius intricatus and Thamnotettix zelleri. Maiestas schmidtgeni, Ph. intricatus, Psammotettix
spp., Al. modestus, and T. zelleri are polyphagous and commonly found contributing to the
biodiversity in vineyard and olive agroecosystems [46–48], while T. zelleri also feeds on
woody plants [22,38]. Synophropsis lauri, which was collected in 8 out of 13 fields and in high
numbers above the canopy of olives, as in previous studies in Greece [42], feeds on woody
plants, including olives [21,22,49]. Some species, such as S. lauri, T. zelleri, Ph. intricatus,
and Anoplotettix putoni, were likely underrepresented in the Malaise trap collections due to
their canopy-dwelling habits, whereas the Typhlocybinae species were collected in high
numbers like Z. pullula, Eupteryx spp., Hebata spp., and Hauptidia sp. since they are more
mobile and inhabit ground vegetation.

Most of the species found in the olive orchards are common and widespread through-
out Greece, with their presence largely dependent on the composition of the undergrowth
vegetation. The specific location and the neighboring plant species, whether they are
other cultivated fields or rural gardens, play a crucial role in shaping the composition of
Auchenorrhyncha species in the orchard. As a result, many species may occur in olive
orchards incidentally. For instance, Zyginella pulchra and Sulamicerus stali, are species
that feed on Pistacia spp. Zyginella pulchra is polyphagous, feeding on trees of the family
Sapindaceae, while Su. stali is monophagous, exclusively feeding on Pistacia spp. [37,40,50].
Both species were found in the Athens orchard, with Su. stali being particularly abundant
during spring, as it was also collected using a sweep net. Their presence can be attributed
to the neighboring pistachio field and the scattered lentisk shrubs, which were heavily
infested with Su. stali. A similar situation was observed with two species found in the
Athens orchard: Liguropia juniperi and Acericerus vittifrons, which feed on cypress and acer
trees, respectively [40,49,50]. These species were likely present due to the proximity of the
botanical garden adjacent to the olive orchard. In Nifida’s orchard, which is located in a sea-
side region, the species Opsius stactogalus was recorded. This species feeds monophagously
on Tamarix spp. [40], and was likely present due to the nearby Tamarix trees along the
coastline near the road. It is possible that a larger population of O. stactogalus was feeding
on these trees and subsequently moved into the neighboring olive orchard. Macrosteles
spp. generally prefer moist, wet habitats, with their nymphs feeding on sedges (Carex),
woodrushes (Luzula), rushes (Juncus), and grasses (Poaceae) [38]. Both Macrosteles ramosus
and Macrosteles sexnotatus were found in Kalloni’s orchard, which is located near saltpans
and a large wetland. The third species collected, Macrosteles quadripunctulatus, is the only
species in the genus that also inhibits dry regions and it was the only one found in other
orchards [40]. Although the majority of species collected during this study were not directly
associated with olive trees, non-crop hosts such as weeds, neighboring cultivations, and
even gardens can contribute to the pest pressure. This is because Auchenorrhyncha species
are highly mobile and capable of dispersing and alternating between hosts [51].

Differences in the auchenorrhynchan fauna between olive orchards also exist due
to different localities since some species are native to a specific region or have restricted
distribution in Greece. Docotettix cornutus, the olive leafhopper, is a species distributed in
Cyprus, Turkey, and Greece, mainly in the islands of the northeast Aegean [52]. Here, it
was collected only from the olive orchards of Lesvos. In Turkey, this species was collected
in the canopy of olives in high numbers, so it could have a larger population in olives of
Lesvos, occurring in the canopy of the trees and could be a potential pest [53].
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During this study, new distribution data were obtained for several species. Clybeccus
declivum was found in abundance in the Pirgos orchard in the Peloponnese, collected with
a sweep net from Avena sterilis L. This is the first record of the species in the Peloponnese,
as it was previously reported only on Rhodes island in the Dodecanese [54]. Eupteryx zelleri
was previously known only from the Rodopi, Olympus, and Pindos mountains in northern
and northwestern Greece, according to the collection of Sakis Drosopoulos. However, our
study revealed that this species also occurs in Sterea Ellada and Peloponnese, significantly
broadening its known range. Similarly, Balclutha frontalis was previously recorded in Sterea
Ellada and Crete Island, but we now confirm its presence in the Peloponnese and Lesvos
Island as well. The Australian-native species Anzygina honiloa, first recorded in Greece in
2018 in Athens, [55], was also recorded in Lesvos Island during this study. This suggests
that the species has spread to other localities in Greece within just a few years, indicating a
rapid expansion of its distribution.

Moreover, two new records for Greece were made during this study: Hecalus storai and
Exitianus nanus, both collected using a sweep net in the Pirgos olive orchard (Figures 6 and 7).
H. storai is distributed in France and Bulgaria [32], and in this study, it was collected from
Cynodon dactylon in the olive orchard. On the other hand, E. nanus has a broader distribution
across Asia, Africa, Australia, and southwest America. In Europe, it has been recorded
only in Italy [32].

   
(a) (b) (c) 

Figure 6. Hecalus storai (a) Adult, (b) Aedeagus (front side), (c) Aedeagus (lateral side).

   
(a) (b) (c) 

Figure 7. Exitianus nanus (a) Adult, (b) Aedeagus (front side), (c) Aedeagus (lateral side).
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4.1. Potential Vectors

In this study, the most common spittlebug collected was Philaenus spumarius, found
in almost every field, albeit in low numbers, using Malaise traps. The second most com-
mon species was Neophilaenus campestris, which was found in 7 out of 13 fields. Higher
numbers of both species were collected using a sweep net in comparison with Malaise,
highlighting the efficiency of sweep nets in capturing aphrophorids. Also, according to
Dongiovanni et al. [56], yellow sticky traps are more efficient, even from a sweep net, for
monitoring spittlebugs from the olive canopy, especially during summer, while the combi-
nation with a sweep net helps to accurately estimate the spittlebug population by finding
the right period for insecticide application. This suggests that these species may exist in
higher numbers in other fields where only Malaise traps were used. In Athens, where we
used both trapping methods, we can clearly see the huge difference in collecting spittlebugs.
With a sweep net, both spittlebugs were collected, and P. spumarius was dominant, while
with a Malaise trap, only P. spumarius was collected, at 0.61% of the total population. The
most collected species with a Malaise trap was Z. pullulan, with a percentage of 16.62%,
while it was not collected with a sweep net. Previous studies in Greece [25,42] embrace
these results, with P. spumarius and N. campestris effectively collected using a sweep net
from both the canopy of olives and surrounding weeds across the country. Weeds from the
Poaceae family, particularly Avena sterilis, appear to support a significant proportion of the
adult population of spittlebugs, probably serving as a preferred host for both P. spumarius
and N. campestris. Thompson et al. [57] assert that records of nymph feeding provide the
most reliable evidence on species’ host plants. We cannot, therefore, be sure that adult
spittlebugs were feeding on the plants from which they were swept. They may simply have
been resting on these plants or associated with other plants within the vegetation. Nonethe-
less, nymphs of P. spumarius have been recorded feeding on A. sterilis in the Mediterranean,
suggesting that it may also be a valid host for adults [57,58].

The spittlebug fauna observed in this study is similar to that of other Mediter-
ranean European countries, such as Spain and Italy, where the bacterium X. fastidiosa
has been established [17,23,59]. However, unlike the studies of Ben Moussa et al. [17]
and Cornara et al. [23], our results align more closely with those of Tsagkarakis et al. [24],
Antonatos et al. [42], and Theodorou et al. [25], where Philaenus spumarius was captured
during both spring and autumn in higher numbers. This pattern suggests that this species
may be bivoltine, or as Antonatos et al. [42] proposed, it may migrate away from the olive
orchards during summer and return in autumn after the first rains. The observations of
Drosopoulos and Asche [60] also support the idea of P. spumarius being bivoltine or partly
bivoltine at elevations below 1000 m, where the majority of olive orchards are located.
This bivoltine cycle could make olive orchards more vulnerable to the transmission of
X. fastidiosa if the bacterium were to enter Greece.

Other spittlebug species collected during the survey were found sporadically in low
numbers. These species are included in the EFSA [61] list of potential vectors for Europe,
although they were not as prominent in this study.

4.2. Biodiversity Indices

When examining species diversity, it appears that the surrounding environment plays
a more significant role than the cultivation system itself. The highest biodiversity indices
were recorded in the conventional orchards of Kalloni and Pelekanada and the organic
orchards of Athens. In Kalloni, the orchard is located next to the saltpans of Kalloni,
which is considered a hotspot of biodiversity, providing a moist environment that supports
a rich variety of common wild plants. The Athens orchard is located near a botanical
garden, a vineyard, and an area with a variety of fruit trees. Similarly, in Pelekanada,
the presence of numerous forest trees and shrubs contributed to the higher biodiversity.
There, the greatest evenness was observed, even though the number of species collected
was lower than the other two (SPel = 47 < Skal = 64, Sath = 62). In contrast, the lowest
biodiversity index and evenness were recorded in the organic orchard of Koutsopodi,
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which resembled a monoculture of olives. The field, covering 2.5 acres, was surrounded by
more olive trees, limiting the diversity of other plant species and likely reducing overall
insect biodiversity. The species Z. pullula consisted of 72.37% of the total population,
which decreased the biodiversity dramatically. In the Istiea region, where both organic
and conventional cultivation systems were present, a clear difference in biodiversity was
observed. The organic orchard exhibited higher biodiversity and greater evenness than
its conventional counterpart, suggesting that while the surrounding environment is the
primary driver of species diversity, the cultivation system still plays a secondary role in
shaping Auchenorrhyncha populations [25].

4.3. Seasonal Fluctuations

The population peaks of Auchenorrhyncha were observed in the spring and summer
months, particularly in samples collected with Malaise traps. This could be attributed
to the fact that many species alternate hosts during these seasons, and most adults have
emerged from the nymphal stage. The higher temperatures during spring and summer
likely increase insect activity, while during rainy days, Auchenorrhyncha species are less
active and more likely to hide, reducing their presence in the traps. Additionally, the
emergence of many wild plant species during spring and summer provides a more diverse
food and habitat source for Auchenorrhyncha, further contributing to the increased species
diversity during these months.

On the other hand, sweep net catches were higher during autumn. The cooler temper-
atures during this period may slow down the insects’ metabolic rate, reducing their rapid
‘jump’ reaction and making them easier to catch [62]. Moreover, the wide variety of wild
plants available in the fields during autumn likely supports a higher Auchenorrhyncha
population, despite the lower overall temperature.

5. Conclusions

This study focused on the Auchenorrhyncha fauna in olive orchards across three
geographical divisions in Greece: Sterea Ellada, Peloponnese, and Lesvos Island. The
results demonstrate that species composition is influenced by the ground vegetation, the
surrounding environment, geographical locality, and the trapping method employed. Most
of the species collected were weed feeding, emphasizing the importance of weeds as a food
source, alternative host, and site for oviposition. P. spumarius, B. frontalis, C. bipunctata,
E. alsia, E. lineolata, Ex. capicola, M. schmidtgeni, Ph. intricatus, Ps. alienus, S. lauri, T. zelleri,
Ha. provincialis, H. decipiens, Z. pullula, An. Glabra, and the delphacid T. propinqua were
ubiquitous, even occurring in small numbers. Malaise traps proved more efficient in
capturing smaller, more active species, like Typhlocybinae, which predominantly inhabit
ground vegetation. The dominant species of orchards of Lesvos Island were T. zelleri for
the Lakerda and Nufida orchards, H. decipiens and Z. pullula for the Kalloni and Pamfila
orchards, P. alienus for the Kalloni orchard, and Eu. gyardagica for the Lakerda orchard.
All orchards of Sterea Ellada (Euboea and Athens) had Z. pullula as the dominant species.
Eu. zelleri was dominant in the Istiea orchard with no treatments; B. frontalis, T. zelleri, and
E. lineolatus in the Istiea organic field; H. decipiens and C. bipunctata in the Istiea conventional
field; and Al. modestus and A. putoni in the Athens field. For Peloponnese, H. decipiens were
dominant in the Fragka, Koutsopodi and Kiparissia orchards; Z. pullula in the Pelekanada
orchard; and Koutsopodi and Ha. provincialis in the Kiparissia field. In contrast, a sweep
net is more efficient for capturing larger, less active species, including potential vectors
of X. fastidiosa. P. spumarius was collected in low numbers in almost every field with
Malaise traps, while capturing with a sweep net was dominant in both fields in which this
trapping method was used. N. campestris was collected in small numbers in the Lesvos
and Peloponnese fields with a Malaise trap and it was dominant with a sweep net in
the Pirgos field. Additionally, this study contributed new distribution data for several
species, including the first records of Hecalus storai and Exitianus nanus in Greece. These
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findings expand the known distribution of Auchenorrhyncha in Greece and highlight the
importance of continued biodiversity monitoring.

Further studies should investigate the preferred plant species for P. spumarius oviposi-
tion and nymphal development, which could be used as a management tool to suppress
its population, if necessary. The potential bivoltine cycle of P. spumarius could increase the
effectiveness of X. fastidiosa transmission if the bacterium is established in Greece. This, in
turn, may complicate efforts to control the population of these vectors.
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Abstract: Sixty commercial honey bee colonies were monitored over the course of one year with
the goal of assessing potential correlations between measured colony strength and environmental
stressors, including exposures to pesticides and pathogens. We developed a new method for assessing
colony health by determining the fractional change in population of the four colonies on each pallet
between peak population on 1 June and the last population assessment prior to winter on 1 October.
This fractional change in population was evaluated as a function of pesticide load per pallet for each
of the 37 pesticide chemicals detected, grouping pallets by beekeeper. The analysis of individual
chemicals showed that both imidacloprid and cyprodinil were negatively correlated with colony
health, while tau-fluvalinate and dinotefuran (at very low concentrations) were positively correlated,
possibly because of effects on Varroa control. Exposure to groups of chemicals was also evaluated.
Normalization of each chemical concentration to the maximum observed for that chemical provided
an equal weighting for each chemical, even though their relative occurrence in the environment
and their effective toxicities might differ. A total of 24 chemical groups whose members share a
structural commonality, a functional commonality, or suspected synergistic actions were considered,
demonstrating negative correlations between colony health and exposures to neonicotinoids as a
group and neonicotinoids in combination with (1) methoxyfenozide (2) organophosphates, and
(3) diflubenzuron. Analysis of several groups of fungicides applied to almonds during pollination
also showed negative correlations with colony health.

Keywords: honey bees; pollinators; pesticides; colony collapse; pollination

1. Introduction

Since 2006, commercial beekeepers have experienced extensive colony losses, both
during the overwintering period and, recently, during the summer as well [1]. Beekeep-
ers are currently mitigating these colony losses at significant cost in resources and staff
time [2], which strains the sustainability of commercial beekeeping operations in the U.S.
The stresses experienced by honey bees affect not only managed bees and the beekeepers
who rely on them for their livelihood but also wild pollinators, farmers that depend
on pollinators, and ultimately our civilization that depends on a bountiful and diverse
food supply.

Many potential causes of colony decline among the honey bees in North America,
Europe, Asia, and the Middle East have been proposed [3–6]. These include exposure to
agricultural chemicals, climate change, lack of diverse forage, hive management practices,
and a proliferation of pests and pathogens. No single factor has been definitively identified
as the primary cause of the recent increase in annual honey bee colony losses. Indeed, the
interdependence of these factors cannot be dismissed. For example, certain pesticides have
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been shown to down-regulate genes that control the function of the immune system [7],
which is essential for protecting the honey bee from viruses transmitted by the Varroa
mite. Determining the contribution of the different factors to the problem of colony losses
is paramount to solving it and requires longitudinal studies to evaluate multiple colony
stressors over time, as well as their potential interactions.

1.1. Relevant Prior Work

Previous work has demonstrated the necessity of longitudinal tracking of multiple
parameters that may affect colony health. Van Englesdorp et al. conducted a comparison of
multiple stressors (pesticides, pathogens, and parasites) on collapsed colonies vs. healthy
colonies, but only at a single point in time [8]. Stoner and Eitzer evaluated pesticide residues
in Connecticut colonies once per year over a two- to five-year period, documenting the
presence of 60 different pesticides or metabolites in pollen [9]. More recently, Traynor et al.
tracked the presence of pesticides in pollen over a 7-year period, with samples taken from a
subset of colonies randomly surveyed for the National Honey Bee Disease Survey (NHBDS)
to determine a baseline of pesticide exposure [10]. However, because the loads of pesticides
and pathogens change over the course of a year, and their effects on colony health may not
appear until weeks or even months after exposure, single-point analyses of a colony are
insufficient for determining cause and effect.

Runckel, Flenniken, et al. tracked pathogen loads for a migratory bee operation,
assessing their changes over time and correlations to colony health [11,12]. This study
was the first of its kind and showed that pathogen types and loads in commercial honey
bee colonies vary over time, even in visibly healthy colonies. The U.S. National Honey
Bee Disease Survey conducted a longitudinal study of pathogens in both migratory and
stationary honey bee colonies between 2009 and 2014, which established a baseline of honey
bee diseases and their seasonality in the U.S. [13]. Further work by Faurot-Daniels et al. [14]
also shows annual variation in pathogen populations. Measurement of pesticide residues
and Varroa mite loads was not within the scope of these studies, and thus no conclusions
could be drawn regarding potential for interactions with other stressors.

Using samples from the study presented here, Glenny et al. explored potential correla-
tions of colony health as a function of the prevalence of seven common pathogens detected
in the colonies, finding no statistically significant correlations between colony strength and
pathogen prevalence for the primary pathogens known to infect honey bees [15]. Much
work remains to be done to understand the interactions between honey bee pathogens and
other colony stressors [16].

Pesticides, including insecticides, herbicides, and fungicides, have garnered particular
attention as potential stressors because of their known toxicity and widespread use in crop
production. Multiple studies show that honey bee exposures to pesticides are common
and that exposures change depending on the season of application, the availability of
contaminated pollens and nectars, and the season in which they are consumed [17,18].

The neonicotinoid insecticides have received the most intensive study because of their
high acute toxicity to honey bees, persistence in the environment, and their high water
solubility, which facilitates systemic uptake and distribution into pollen and nectar, thereby
increasing exposure potential for pollinators. Sublethal effects of neonicotinoids have been
observed at environmentally relevant concentrations and include impairment of immune
function [7,19], reduced queen lifespan and fertility [20,21], decreased sperm viability in
drones [22,23] interference with foraging ability [24–26] and navigation [27], and reduced
brood survival [28]. Recent work indicates that sublethal exposure can affect reproduction
in native bee species over months to years [29,30].

Certain fungicides, while not acutely toxic to bees, may also impair colony health [31,32].
Mussen documented beekeeper reports of time-delayed brood kills after fungicide appli-
cations to almonds [33]. McArt et al. found a landscape-scale correlation between use of
fungicides and increased Nosema prevalence in bumblebees [34], a result consistent with
the observation of Pettis et al. of increased probability of Nosema infection in honey bees
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consuming fungicide-contaminated pollen [35]. Yoder et al. indicate that fungicide contam-
inants reduce the diversity and number of beneficial fungi essential for the conversion of
pollen into bee bread within the hive, with potential to impact the nutritional status of the
colony [36].

Fungicides have been observed to interfere with the production of cytochrome P450
enzymes responsible for detoxification of both naturally occurring and synthetic chemicals
in the honey bees’ environment [37–39]. Mao et al. found that azole fungicides bind to a
cytochrome P450 (CYP) enzyme (CYP9Q1) responsible for metabolism of quercetin and
other naturally occurring components of pollen, reducing the ability of the bee to process
these components of its diet [40]. The result was impaired mitochondrial regeneration,
resulting in production of less ATP as energy for flight muscles. Traynor et al. found that
the presence of fungicides that inhibit sterol biosynthesis (azoles) and those with multi-site
contact activity were correlated with queen failures [5]. Ricke et al. found that fungicides
used during almond bloom reduced queen longevity [41].

Insect growth regulators impair honey bee colony growth and longevity, with ef-
fects ranging from mortality of larvae and pupae to physical abnormalities in exposed
adult bees [42], as well as reduced hypopharyngeal gland development [43], inhibition of
vitellogenin synthesis [44], and reduced forager survival [45].

Reductions in CYP enzyme function can also enhance the toxicity of environmen-
tal chemicals by slowing metabolic detoxification pathways. Indeed, the addition of a
“synergist” that disables insect detoxification systems has long been used as a resistance
management tool, with the role of CYP enzymes in this process elucidated long after the
effect was known [46]. Johnson et al. measured up to 100-fold increases in the toxicity
of insecticides in the presence of azole fungicides [47]. Similar results have been noted
by Han et al. for Asian honey bees [48]. Sgolastra et al. noted a synergistic toxic effect
between clothianidin and propiconazole in both honey bees and native bees [49]. Synergies
have been noted by Tosi et al. between the butenolide neonicotinoid insecticide flupyradi-
furone and propiconazole as well [50]. Indeed, a substantial number of fungicide patents
document synergistic enhancement of insecticidal toxicity as a characteristic [51].

1.2. Study Background and Goals

In this paper, we describe a study in which we conducted longitudinal monitoring
of 20 colonies in each of three commercial beekeeping operations (60 total colonies) from
January 2014 to January 2015. Commercial beekeepers offer a statistically large population
of honey bees that are exposed to a variety of environments during each year, enabling
temporal measurements of colony stressors in the hive along with colony health to search
for correlations that may illuminate fundamental causes of colony failures. The goals of
the study were to assess the dependence of colony health and survival on the occurrence
of specific pests, pathogens, and pesticides or combinations of pesticides found in the
60 colonies over time. The results of the dependence of colony health on a range of
pathogens have already been published, with no statistically significant correlations found
between colony health and any specific pathogen [15]. This current paper focuses on
assessment of colony health as a function of pesticide concentrations and mite loads.

In the spring of 2014, significant colony losses were experienced by many commercial
beekeepers after pollinating almonds, with numerous reports of dead or malformed brood
during and immediately after almond bloom [52]. There was speculation that application
of a fungicide/insect growth regulator (IGR) tank mix was responsible for the spring losses.
Wade et al. conducted a follow-up in vitro bioassay to test this hypothesis, evaluating the
effects on larval survival of two insect growth regulators and an insecticide (diflubenzuron,
methoxyfenozide, and chlorantraniliprole) and four fungicides (propiconazole, iprodione,
and a combination of boscalid and pyraclostrobin), both singly and in combination [53].
The results demonstrated increased larval mortality after exposure to the insect growth
regulator diflubenzuron alone and to combinations of propiconazole or iprodione with
chlorantraniliprole. Neither methoxyfenozide nor any methoxyfenozide-fungicide com-
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bination increased mortality. Fisher et al. studied the effects of combined exposure to
methoxyfenozide, pyriproxyfen, and bifenazate in a laboratory setting, finding adverse
effects on foragers [45]. These results are consistent with the pattern of 2014 losses, but the
studies did not evaluate the full range of pesticides used on almonds. The results presented
here indicate that other fungicides and combinations of fungicides and other pesticides
may be equally or more problematic for colony health than those tested previously.

2. Materials and Methods

Sixty honey bee colonies from three different commercial migratory beekeeping op-
erations were included in this study and monitored for one year, from January 2014 to
January 2015. Colony strength, chemical concentrations in the pollen, pathogen loads,
and Varroa mite counts in the hives were measured at various times throughout the year.
Beekeeper-specific details on colony management are provided in Appendix A.

2.1. Colony Selection and Study Design

Three commercial beekeeping operations were included in this study, identified as
“JA”, “SE”, and “DC”, associated with co-authors of this paper. Each beekeeper contributed
twenty honey bee colonies for the study, with four colonies on each of five pallets, thus
incorporating 15 pallets supporting 60 colonies. Pallets were coded by beekeeper, as JA-1,
JA-2, etc. At the start of the study, all colonies were queen-right and had successfully
survived the 2013–2014 overwintering period. Colonies selected for the study contained
on average 9 ± 2.6 frames of bees, based on the conventional frame-count method used in
contracts for commercial pollination to assess hive strength—the number of frames within
a hive having a minimum number of bees [54,55].

2.2. Sampling Hive Materials for Pesticides

Pollen as beebread was sampled for pesticide analysis four times during the year:
(1) Before almond pollination (February 2014); (2) Immediately after almond pollination
(March 2014); (3) Between April and June 2014; and (4) In early October 2014. For each
hive, 3-inch core samples of a comb near the brood nest containing wax, pollen, and honey
were extracted for pesticide residue analysis. Composite pollen samples were prepared for
each pallet from the ensemble of individual hive cores by mixing equal masses of pollen
from each of the available hives to create a single homogeneous 3 g sample for residue
analysis. Sampling details, colony locations, and colony characteristics and management
are described in Appendix A.

2.3. Laboratory Pesticide Analysis

Hive matrix samples (pollen/bee bread, wax, honey) were analyzed by the USDA lab
in Gastonia, NC using the QuEChERS-NSL (National Standard Lab) extraction procedure
for a multi-residue screen for approximately 180 different chemicals, including pesticides
and common metabolites [56]. Analytes, their detection limits (LODs), current US EPA
registration status, use type, and chemical classifications can be found in the Supplementary
Material, Table S1. Over the course of the project, spiked samples were also prepared and
sent to the USDA lab to validate laboratory accuracy. Standards of azoxystrobin, chlor-
pyrifos, coumaphos, λ-cyhalothrin, cyprodinil, fluvalinate, imidacloprid, methoxyfenozide,
pendimethalin, and thiamethoxam at 100 μg/mL were purchased from AccuStandard and
diluted to 20 μg/mL stock solutions. Three pollen samples of known residue composition
were spiked by adding the appropriate amount of stock solution for several different
pesticides typically found in the samples to produce concentrations in the range of the
analytical method. All spike results were within ±30% of the spiked value, indicating that
the analyses were reliable within the limitations of the method. Recoveries of the spiked
amounts averaged 110% (SD = 27%).
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A subset of the samples (early summer and late summer samples) was submitted to
the Harvard Center for Environmental Health laboratory for a higher-sensitivity analysis
of neonicotinoids in pollen, with limits of detection (LOD) 2–5-fold lower than those
of the USDA laboratory. A modified QuEChERS method was used for the extraction,
as described in Chen et al. [57]. One pollen sample spiked with known amounts of
neonicotinoid pesticides was sent to the Harvard lab. Recoveries ranged from 74% to
79% of the spiked amount, averaging 76% (SD = 4%). Project samples found to have
imidacloprid and clothianidin concentrations between 1 ppb and 7 ppb by the Harvard
lab were systematically identified as <LOD by the USDA lab, even though the USDA
LODs were listed as 1 ppb, indicating systematic inaccuracies in the USDA methods at
lower concentrations.

2.4. Measuring Changes in Colony Strength over Time

Colony strength was measured at 7 to 10 different times, depending on beekeeper,
during the period from January 2014 to January 2015. The bee population was measured by
using “frame counts” as the metric of colony strength, as described and listed in Appendix B
within Tables A1–A3.

A total of 35 of the 60 colonies were split in the spring of 2014. For colonies that were
split, the old queen was left with the original study hive, so there was no break in the brood
cycle. The split was moved away from the study hive pallets and was no longer considered
part of the study, except as described here. Frame counts from splits were accounted for by
calculating a split factor (SF), defined as the number of frames remaining in the original
hive after the split divided by the total number of frames in the original hive, e.g., for
an 18-frame colony from which a 4-frame split was made, SF = 14/18 = 0.78. Corrected
frame counts were calculated by dividing the measured frame counts by SF for all frame
count measurements made after the split. This correction assumes that the population of
the split changes at the same rate as the original colony. Many of the SE hives were split
twice, necessitating the use of a second split factor, SF2, defined as the number of frames
remaining in the split hive after the second split divided by the total number of frames in
the original hive. The corrected frame count was calculated as the measured frame count
divided by the product of SF and SF2.

In order to match results with composite pesticide samples across hives on a pallet,
frame counts for all four hives residing on each pallet were summed to arrive at a pallet
population. Summing frame counts over a pallet improves the statistical integrity of the
measured bee population, reducing inter-colony variability due to queen performance and
solving the mathematical problem of zero frame counts for individual colonies that died
during the study.

The “bee population” (frame count) for each pallet was plotted as a function of time.
A spline interpolation was computed between the (approximately) eight points of pallet
population measurement to estimate the population in between actual measurements to
produce a continuous curve of frame counts vs. time during the year.

Using these population curves, a metric of population change was computed:
the percent change in the honey bee population between 1 June and 1 October. This
percent change represents the fractional decline in the bee population between the
early summer peak population and the fall season when a reduced population of a
colony is preparing for winter. This metric of population change was defined as the
total pallet frame count on 1 October minus the total pallet frame count on 1 June,
divided by the pallet frame count on 1 June, i.e., the fractional change in the number of
frames stated as a percentage.

2.5. Construction of a Metric of Chemical Exposure

A straightforward metric of exposure to each of the 37 chemicals was developed by
summing the four measurements of concentration in the pollen from each pallet. The
table of these 37 exposure metrics for each pallet is given in Appendix C, as Table A4.
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In order to search for correlations between the fractional change in bee population and
the combined group concentrations of several chemicals with similar modes of action, a
simple metric based on concentrations normalized to the maximum observed concentration
was constructed. Each pesticide concentration was divided by the maximum observed
concentration ever measured in this study for that chemical. Normalization gives each
chemical equal weight, even though their relative occurrence in the environment and their
effective toxicities might differ. For each chemical group and pallet, the max-normalized
concentrations of each chemical were summed over the entire study period to obtain an
estimate of exposure. A total of 24 chemical groups whose members share a structural
commonality, a functional commonality, or suspected synergistic actions were considered
(see Sections 3 and 4).

2.6. Assessment of Potential Correlations

Potential correlations of colony health to chemical exposure were assessed by plotting
the fractional change in the bee population vs. the sum of concentrations (in ppb) for
individual chemicals and the sums of the max-normalized concentrations (unitless, see
above) for groups of chemicals. There is a clear grouping of data points by beekeeper, likely
reflecting beekeeper-specific locations/exposures and management practices. Thus, we
averaged the fractional change in bee population and the sum of the concentrations for
each beekeeper and plotted these averages. Thus, each plot contains three points, with each
point representing a beekeeper. The error bars represent the uncertainty in the mean of the
two measured quantities from the five pallets. An unweighted linear least-squares fit was
computed to provide a trendline for visual inspection. The limited number of beekeepers
precluded a formal statistical assessment of significance.

2.7. Measurement of Varroa and Pathogen Prevalence

Varroa mites per 100 bees were counted in each hive 5–6 times during the year, depend-
ing on beekeeper, using either the ethanol wash [58] or sugar roll [59] method. Ultimately,
it was not possible to use these data in statistical analysis due to the variability in Varroa
management timing and methods used by the different beekeepers.

Adult hive bees were sampled five times during the year from selected colonies to
assess the occurrence of pathogens, specifically. A single frame from the center of the
brood nest covered with bees was selected and shaken into a bin. One-third of a cup
of bees (approximately 150 bees) were placed in a pre-labeled quart-sized Ziploc® bag,
immediately packed in dry ice for transport, then placed in long-term storage at −20 ◦C.
The analytical methods used to assess pathogen presence and the results of this analysis
are described in reference [15].

3. Results

3.1. Colony Population Changes with Time

Figure 1 shows plots of the bee population over time during the study, as experi-
enced by the 15 pallets from all three beekeepers. The points show the measured bee
populations for a specific date, and the dashed line represents the spline interpolation
between the points.

The percentage change in bee population between 1 June and 1 October for the
15 pallets is shown in Figure 1. The populations exhibit the well-known seasonal pattern
of an increase from February to May, a plateau during early summer, and a decline in
late summer and early autumn. We use this percentage population change for each of
the 15 pallets for all upcoming analyses as a simple and transparent metric related to the
change in the health of the bees from early summer to fall. The percentage changes in bee
populations are negative except for two, DC-2 and DC-5, which nonetheless suffered their
declines a few weeks after 1 October. On average, the percent population change for the
15 pallets is −43% and the median is −54%. A total of 28 of the 60 colonies (47%) died
before the end of the study, seven from the DC operation, eleven from the JA operation, and
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ten from the SE operation. The full data set of colony population, over time, is available in
Appendix B (as previously noted).

Figure 1. Bee population (in counts of healthy frames) vs. time during 2014 for all 15 hives in the
study. The points represent the measured bee population in units of frame counts on each pallet.
The dashed line shows a spline interpolation. Two vertical dotted lines mark the dates 1 June and
1 October, during which the percentage change in the bee population (in frame counts) is noted at
the right.

3.2. Pesticide Concentrations

Analytical results revealed the presence of 37 different pesticide chemicals in hive
pollen over the course of the study that exhibited at least one measurement significantly
above the LOD. Ten of these chemicals had either three or fewer significant detections across
all samples, namely captan, cypermethrin, flubendiamide, myclobutanil, pyrimethanil,
pyriproxyfen, spirodiclofen, tebufenozide, tetrahydrophthalimde, trifloxystrobin, and tri-
fluralin. Thirteen additional pesticides or degradation products were detected in trace
quantities at or near the LOD, including aldrin, bifenthrin, chlorferon, DDE, endosulfan II
(beta), fenpropathrin, fenpyroximate, metalaxyl, norflurazon, phorate, quinoxyfen, sethoxy-
dim, and tebuconazole. The data were insufficient to conduct a statistical analysis for these
23 chemicals and they are not included in the analyses described below in Figures 2–4. A
comprehensive table of results by pallet is given in Appendix C, Table A4.

Of the 37 pesticides detected, 33 are still in current use, one (flubendiamide) was
canceled by US EPA in 2016 for excessive risk to aquatic ecosystems, and the remaining
three chemicals (coumaphos-oxon, THPI, and 2,4-DMPF) are degradation products of
registered pesticides (see Supplementary Material, Table S1).
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At the time of the first measurement in February 2014, before the hives went to almond
orchards, the pollen analyzed was largely free of pesticide residues (see Table 1). The
miticide thymol and the amitraz metabolite 2,4-DMPF were most frequently detected,
along with the herbicides pendimethalin and oxyfluorfen at modest levels.

Figure 2. Cont.
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Figure 2. Bee population change from 1 June to 1 October vs. the sum of chemical concentration
measurements. Each panel represents a specific chemical. Each point represents one beekeeper and
the average concentration of the chemical over five pallets containing four hives. The error bars show
the uncertainty in the mean.

Figure 3. Neonicotinoid groups. The plots show bee population change vs. concentrations of
combinations of neonicotinoids and other chemicals. Each plot shows the percent change in the frame
count from 1 June to 1 October vs. the sum of chemical concentration measurements (max-normalized,
see text) for the group of chemicals listed at upper right. Each of the three points represents one
beekeeper. The dashed line is the best straight-line fit to the data including errors in both quantities.

106



Agronomy 2024, 14, 2505

Figure 4. Fungicide groups. The four plots show bee population change vs. concentrations of
fungicide groups, as with Figure 3 but with fungicides. The sum of concentrations of all four
groups of fungicides correlates with the fractional change in bee population from June to Octo-
ber. Thus the fractional decline in honey bee population is negatively correlated with increasing
fungicide concentration.

The measurements made after the colonies were removed from the almond orchards
revealed 17 different chemicals in the pollen samples from the 15 pallets, including insecti-
cides, fungicides, and insect growth regulators.

Although pallets from each beekeeper were placed in different almond orchards in
February (with the exception that SE-1 and SE-4 were placed with the JA pallets), the mix of
pesticides found in the post-almond pollination samples from each beekeeping operation
was similar, dominated by pesticides applied during almond bloom. Most of the pesticides
detected were permitted by law to be applied to almonds during bloom; others are likely a
result of bees foraging in nearby fields. Once the beekeepers left California for their different
summer locations, the types and amounts of pesticides detected varied substantially across
operations. Some pesticides were found only in the hives of a single beekeeper.

Data collection for one of the beekeepers (JA) allowed the assessment of pesticide
exposure over several months. The JA hives were moved to cherries immediately after
pollinating almonds, and samples were taken both after almonds (in March) and after
cherries (in April). An additional set of samples was taken in June, when all JA hives
appeared to be in crisis (dead bees in front of the hives and queen failures). These samples
contained several of the same pesticide residues detected both after almond pollination
and after cherry pollination (methoxyfenozide, boscalid, pyraclostrobin, pendimethalin,
chlorpyrifos, and thymol), indicating continuous exposure to these chemicals over the
course of several months. The highest absolute concentrations over time were measured
for boscalid, pyraclostrobin, methoxyfenozide, and pendimethalin.
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Table 1. Pesticide detection before and after almond pollination.

Before Almond Pollination After Almond Pollination

LOD
(ppb)

Avg
Conc. (ppb)

Conc. Range
(ppb)

Detection
Frequency (%) a

Avg Conc.
(ppb)

Conc. Range
(ppb)

Detection
Frequency (%) a

Fungicides

Boscalid 4 ND ND 0% 283 19–821 67%

Carbendazim 5 ND ND 0% 33 5–124 87%

Chlorothalonil 1 1 1 73% 22 1–195 93%

Cyprodinil 1 ND ND 0% 129 10–476 100%

Etoxazole 1 1 1 13% 8 1–15 13%

Fenbuconazole 10 ND ND 0% 76 10–214 47%

Pyraclostrobin 2 ND ND 0% 243 15–554 67%

Pyrimethanil 3 ND ND 0% 4 3–5 20%

Tetrahydrophthalimide b 50 ND ND 0% 50 50 7%

Herbicides

Oxyfluorfen 1 19 4–37 20% 42 20–65 13%

Pendimethalin 6 50 6–81 27% 153 85–233 100%

Trifluralin 1 1 1 7% 1 1 100%

Insecticides

Acetamiprid 0.05 ND ND 1 ND–0.92 33%

Chlorpyrifos 1 3 1–8 33% 48 12–123 100%

Cyhalothrin, lambda 1 1 1 13% 4 1–6 53%

Cypermethrin 4 ND ND 0% 4 4 7%

Dinotefuran 1.00 ND ND 0% 1 1.00–1.97 60%

Esfenvalerate 2 7 7 7% 2 2 20%

Imidacloprid 1.00 ND ND 0% 4 1.67–5.83 100%

Spirodiclofen 1 ND ND 0% 5 5 13%

Insect Growth Regulators

Diflubenzuron 10 ND ND 0% 277 69–717 40%

Flubendiamide 25 ND ND 0% 558 182–863 20%

Methoxyfenozide 2 ND ND 0% 133 41–350 100%

Pyriproxyfen 1 ND ND 0% 6 6–7 13%

Tebufenozide 5 ND ND 0% 30 30 7%

Miticides and their
Degradates

2,4-DMPF c 4 41 20–65 53% 24 15–34 20%

Coumaphos 1 5 3–14 40% 18 3–92 93%

Coumaphos oxon 5 5 5 7% ND ND 0%

Tau-fluvalinate 1 16 7–36 27% 12 4–43 87%

Thymol 50 175 50–709 67% 461 50–2310 80%

ND = Not detected. a Detection frequency reported as a percentage of 15 pallets tested. b Chlorothalonil
degradation product. c Amitraz degradation product.

Analysis of the individual hive samples allowed for an assessment of the variability
of pesticide measurements in pollen across hives in the same location and in different
locations. The data indicate that while concentrations may vary by a factor of up to
11 across individual hives, pallet concentrations only vary by up to a factor of 3.6 (see
Appendix C).

3.3. Reproductive Failures

Observations of reproductive failures were noted throughout the study, including
queen supersedure, poor brood pattern or no brood, drone-laying queens, or laying worker
bees. All of these observations are indicative of colony exposure to stressors that impair the
queen’s ability to reproduce or the larval ability to grow and mature into adult bees. Over
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the course of the study, 42 colonies exhibited symptoms of reproductive failures at some
point during the study, and 18 did not. Of the colonies that did not experience reproductive
failures, 82% survived to the end of the study. In contrast, only 64% of the 42 colonies
experiencing reproductive failures survived to the end of the study.

3.4. Correlation of Fractional Change in Bee Population with Individual Chemicals

Figure 2 contains 27 plots, each corresponding to an individual chemical, showing
the percentage change in the bee population from 1 June to 1 October vs. the measured
metric of chemical exposure, as specified above. Each plot contains three points, each point
representing a beekeeper. The error bars are the uncertainty in the mean of the quantities
from the five pallets for each beekeeper.

Figure 2 indicates that several individual chemicals exhibit a correlation between the
specific chemical concentration in the hives and the fractional change in bee population.
The plots for imidacloprid and cyprodinil show the strongest negative correlations between
concentration and fractional declines in bee populations. Tau-fluvalinate and dinotefuran
exhibit a positive correlation, with a lesser decline in bee population with a greater exposure
to the chemical. Robust p-values cannot be computed from three data points, but the fit to
a linear least-squares trendline is tight.

3.5. Correlation of Fractional Change in Bee Population with Groups of Chemicals

In Figures 3 and 4 we plot the average percent change in population from 1 June to 1
October vs. the average sum of max-normalized concentrations of chemicals for the five
pallets of each of three beekeepers, with the included substances listed at the upper right of
each panel.

Figure 3 shows combination plots for different neonicotinoids, as well as neonicoti-
noids combined with other chemicals to search for potential synergies. All plots exhibit a
downward trend, indicating the fractional decline in the bee population was greater with
increasing exposure to neonicotinoids or neonicotinoids plus other chemicals.

The dashed lines in Figure 3 show the best-fit straight line that includes the uncer-
tainties in both dimensions, i.e., in the sum of the max-normalized concentrations of the
neonicotinoids and in the percent bee population change from the five pallets of each bee-
keeper. The uncertainty in the mean of the five pallets captures the fluctuations for a given
beekeeper, caused by colonies bringing in or consuming different amounts of pesticides
and/or sampling inhomogeneity.

The observed downward correlation between the change in bee population and the
increasing amount of neonicotinoids appears significant, as the population decline exceeds
the size of the error bars and the straight line fit goes through the error bars. A robust
p-value is not possible due to the paucity of beekeepers, i.e., only three.

Figure 3 also contains a similar diagnostic plot for eight other groups of chemicals
that include neonicotinoids, five of which exhibit a downward trend. The five groups are
neonicotinoids plus methoxyfenozide, neonicotinoids plus diflubenzuron, imidacloprid
plus methoxyfenozide, clothianidin plus methoxyfenozide, and acetamiprid plus difluben-
zuron. The persistent downward trends suggests that neonicotinoids in combination with
the other chemicals are associated with greater end-of-season bee population decline (but
this is not necessarily causal; see Discussion). We note that dinotefuran is not included
with the set of neonicotinoids in this analysis because of its previously noted positive
correlation with population change that may be due to its deleterious effects on Varroa at
concentrations that appear to have minimal effects on honeybees.

Figure 4 shows plots for chemical groups containing fungicides and one herbicide. The
first panel of Figure 4 at upper left shows the percent bee population change vs. the sum of
max-normalized concentrations of ten fungicides, with the other three plots providing data
on groups of strobin and azole fungicides, and fungicides plus the herbicide pendimethalin.
The persistently greater fractional declines in bee population with increased fungicide
concentrations in all four combinations supports the authenticity of the correlation. Again,
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the presence of only three points and their error bars are insufficient to perform a robust
statistical test of the significance of the correlation.

4. Discussion

The goals of the study were to assess the dependence of colony health on the occur-
rence of specific pests, pathogens, and pesticides or combinations of pesticides found in the
60 colonies tracked over one year. We were not able to determine dependence of colony
health on Varroa populations because of the substantial differences in methods of mite
management used by the different beekeepers. The results of the dependence of colony
health on a range of pathogens have already been published [15], with no statistically
significant correlations found between colony health and any specific pathogen. Below,
we discuss the implications of the pesticide results obtained in this study. It is worth
noting that because most of the commercial bee population in the U.S. is transported to
California for almond pollination, and because similar pesticides are used across different
almond orchards, our results apply more broadly to the population of honey bees used to
pollinate almonds.

4.1. Exposures over Time

As pesticide concentrations within a hive change substantially over time, frequent
measurements are required to determine exposures as hive resources are consumed or
stored. There can be a time lag between when chemicals enter the hive and when they are
consumed and/or exhibit observable effects. For example, if exposure affects the queen
and her egg-laying ability, the 21-day brood maturation period must pass before colony
population changes significantly. During times when uncontaminated pollen is abundant
(such as for the SE colonies in Angels Camp), previously stored pesticide-laden pollen
may not be consumed immediately, further delaying any observable effects. These factors
complicate determination of a direct cause and effect from pesticide-contaminated pollen.

The duration of exposure to a chemical also affects toxicity. A short-term high-dose
exposure may be tolerable by an organism, while a longer-term exposure of a lower dose
may be toxic [60,61]. The JA colonies that pollinated almonds and cherries contained
pollen with substantial levels (tens to hundreds of ppb) of methoxyfenozide, boscalid,
pyraclostrobin, and pendimethalin over several months. Assuming the bees consumed the
available pollen in the hive, the “dose” of these chemicals received by the colony lasted
not a single day or week but instead lasted at least several months between March 3 and 1
June. For worker bees in the spring, with an average life span of 6–8 weeks, the presence of
these chemicals in the hive for three months represents a lifetime of exposure for several
generations of honey bees and a substantial fraction of a queen bee life span. The fact that
these four pesticides (and others as well) were present in the colonies simultaneously over
the same time period also provided ample opportunity for any synergistic toxic effects to
occur. Our simple sum of concentrations during the year has the advantage of capturing
some measure, however sub-optimal, of the two temporal and dosage regimes of exposure:
brief, high-dose exposures causing acute effects and chronic exposures to sublethal doses
associated with a variety of adverse effects which impair colony health and reproduction.

4.2. Variability in Pesticide Measurements

There are several sources of variability in the pesticide measurements from the dif-
ferent study hives, including the inhomogeneity from sampling only a single core sample
from each hive, the inhomogeneity of the pollens inside the cells selected for analysis, the
different foraging patterns of the colonies, the date the contaminated pollen was brought
into the hive, the date on which the pollen was consumed, and the different consumption
rates of the pollen within the colony. None of these variables can be controlled, hence our
decision to average the observed pesticide residue concentrations over the four hives on
a pallet, reducing variability from a factor of 11 across the 20 hives placed in the same
location to a factor of 3.6 across the five pallets (see Appendix C).
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4.3. Correlation of Fractional Change in Bee Population with Pesticide Exposure

We constructed simple metrics of both the fractional change in the bee population
from 1 June to 1 October and the year-long exposure to various pesticide active ingredients,
allowing us to perform transparent searches for any correlation between colony health and
exposure to pesticides. The diagnostic plots of the fractional change in the bee population
versus exposure to individual chemicals (Figure 2) suggested negative correlations of
colony health with exposure to cyprodinil and imidacloprid. Only two chemicals showed a
possible positive correlation, tau-fluvalinate and dinotefuran. Tau-fluvalinate is used as a
miticide, which likely explains this result, as it may have limited the population of Varroa.
The same may be true of the low levels of dinotefuran found (1–2 ppb). None of these
results can be considered statistically significant due to the limited number of beekeepers
involved in the study (only three). Future longitudinal studies including more beekeepers
at different locations with four to eight hives per beekeeper would enhance the statistical
power of these types of studies.

The consideration of groups of chemicals that share common molecular structure,
mode of action, or known biological synergies allowed for a more statistically powerful
search for correlations, as shown in Figures 3 and 4. The inclusion of many chemicals within
a group helped both illuminate any additive or synergistic effects of multiple sub-lethal
doses and provided a sum of chemical concentrations having less fractional uncertainty
than did any one chemical alone. The results for groups of neonicotinoids, fungicides,
and insect growth regulators (Figures 3 and 4) revealed certain groups of chemicals that
persistently correlated with a greater fractional decline in the bee population between the
peak population in early June and early October. Specifically, the negative correlations
observed for combinations of neonicotinoids and methoxyfenozide and neonicotinoids
and diflubenzuron are consistent with laboratory experiments of synergies between these
chemicals, e.g., [37,62]. The calculation of a statistically robust p-value was not possible
due to the limited number of beekeepers, three, in the study.

5. Conclusions

5.1. Pesticide Exposures Negatively Affect Honey Bee Colony Health

This study provided extensive data on pesticide concentrations in commercial honey
bee colonies over the course of a year, as beekeepers conducted their normal pollination and
honey-making activities. These data provide evidence of pesticide effects on honey bees
at field-realistic doses and with typical commercial management practices. Our findings
indicate that the fractional decline in honey bee populations from peak population in early
June to a low in early October was systematically greater with increasing amounts of certain
groups of chemicals examined. Groups with visible correlations include neonicotinoids as
a group, neonicotinoids with methoxyfenozide, neonicotinoids with organophosphates,
and fungicides as a group. While we cannot calculate a precise p value for these effects, the
predominant negative change in fractional decline of the bee population with many of the
chemical groups indicates the correlation is not governed by random chance. If there were
no correlation, one would expect as many positive as negative correlations. Such was not
the case. The fractional change in honey bee populations between 1 June and 1 October
was systematically greater with increasing amounts of the groups of chemicals examined.
The indications of correlations observed with fungicides and insect growth regulators merit
further scrutiny of the sublethal effects of these pesticides.

5.2. Improving Methods for Assessment of Mixtures of Pesticides

Our methods for combining the concentrations of multiple chemicals brought value
to this study in multiple ways. Assessing combinations provides a preliminary estimate
of potential additive or synergistic effects of different pesticides. Bees may survive a sub-
lethal dose of one chemical, but they may not survive the additive effects of sub-lethal
doses of several chemicals. In addition, pairs of chemicals may act synergistically to
impact the health of bees more than either chemical alone. Such synergies often involve
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disabling of the cytochrome P450 detoxification mechanisms and have been found in other
studies [46,47,49,51]. Indeed, many of these synergistic combinations of pesticides have
been patented specifically for these synergies [51]. Combining the concentrations of several
chemicals reduces the fractional noise of the sum of measured concentrations compared
to the fractional noise of an individual chemical, thereby improving the detectability and
statistical integrity of any correlations.

This study faced several challenges. One was constructing a useful metric or “formula”
to compute a sum of concentrations of multiple chemicals. It was impossible to know what
weight (i.e., coefficient) to assign to the concentrations of each chemical within a group
when “adding” them together. Because only acute toxicity (LD50) data are available for
most chemicals, we also did not know the functional dependence of each concentration on
bee health exclusive of morbidity, with nonlinearities being likely. We also did not know the
range of sublethal effects of each chemical within a group, nor did we have comprehensive
knowledge about synergies between different chemicals.

Still, by simply adding together the max-normalized concentrations of different chem-
icals, any correlation of this metric of chemical exposure with the fractional change in the
bee population provides a clue about causal dependencies or stressors associated with
those chemicals. While other factors besides chemical exposure could be the reason for
population declines, the observed correlations are consistent with extensive laboratory
work demonstrating that bees exposed to certain individual chemicals experience adverse
effects on their health [5,6,17,19,47,49]. The correlations found in this longitudinal field
study suggest that the deleterious health effects of these chemicals found in the lab do
indeed occur in the field.

5.3. Protection of the Honey Bee Population

In order to protect honey bees from adverse effects due to pesticide exposure, a reduc-
tion in pesticide use on bee-attractive crops during pollination season would need to occur.
In 2018, the Almond Board of California published a “Best Practices” guide for almond
growers that describes potential problems related to synergistic effects from applying tank
mixtures of fungicides and/or insect growth regulators (IGRs) with other pesticides and
recommends eliminating problematic tank-mix applications and reducing fungicide and
IGR applications during bloom [63]. However, an assessment of the California pesticide
use data for San Joaquin county as a representative almond-growing region shows that
progress in protecting honey bees from pesticide exposure is mixed.

Between 2014 when this study was conducted and 2022 (the latest year for which
pesticide use data are available), overall fungicide use per bearing acre (BA) of almonds
increased from 3.05 lbs/BA in 2014 to 4.16 lbs/BA in 2022 (see Supplementary Materials,
Table S2).

For example, for the azole fungicides, use per bearing acre increased from 0.16 lbs/BA
in 2014 to 0.20 lbs/BA in 2022. Applications during February (the month when almond
pollination occurs) decreased slightly, from 2122 lbs over 12,411 acres to 1679 lbs over
11,320 acres, a decrease in application rate from 0.17 lbs/acre treated to 0.15 lbs/acre treated.

Similarly, application of strobin fungicides almost tripled, from 0.10 lbs/BA in 2014
to 0.27 lbs/BA in 2022, with the application rate during February remaining constant at
0.10 lbs/treated acre, but with the absolute amount of strobin fungicides used in February
more than tripling, from 502 lbs over 5280 acres to 1604 lbs over 16,050 acres.

Use of the insect growth regulator methoxyfenozide increased from 6445 lbs total
in 2014 to 21,599 lbs in 2022; however, use during the month of February decreased
substantially, with the absolute number of acres treated in February decreasing dramatically
from 5092 acres to 100 acres. Application rates were lower as well, from 0.18 lbs/treated
acre in 2014 to 0.14 lbs/treated acre in 2022.

These mixed results indicate that grower education and outreach have the potential
to mitigate pollinator exposures to problematic pesticides, but more needs to be done to
raise awareness of the potential hazards of certain pest management practices to growers
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and beekeepers. More effective would be for US EPA to require pesticide label changes
prohibiting applications of problematic pesticides during bloom and to limit the practice of
tank-mixing and co-application of pesticide chemicals. Further laboratory work to more
clearly characterize problematic pesticide combinations is urgently needed.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy14112505/s1, Table S1: USDA Lab Analytes for the Study,
including LODs, Current US EPA Registration Status, Use Type, and Chemical Classification; Table S2:
Comparison of Pesticide Use on Almonds in San Joaquin County between 2014 and 2022a.

Author Contributions: Conceptualization, S.E.K. and G.W.M.; Data curation, S.E.K., R.R., T.J.B., J.A.,
D.C. and S.E.; Formal analysis, S.E.K., R.R., T.J.B. and G.W.M.; Funding acquisition, S.E.K. and S.E.;
Investigation, S.E.K., R.R., T.J.B., J.A., D.C. and S.E.; Methodology, S.E.K., T.J.B., J.A., D.C. and S.E.;
Project administration, S.E.K.; Resources, S.E.K., J.A., D.C., S.E. and G.W.M.; Software, S.E.K., R.R. and
G.W.M.; Supervision, S.E.K., J.A., S.E. and D.C.; Validation, R.R., J.A., D.C. and S.E.; Writing—original
draft, S.E.K. and G.W.M.; Writing—review and editing, S.E.K. and G.W.M. All authors have read and
agreed to the published version of the manuscript.

Funding: We thank the National Honey Board and the Pollinator Stewardship Council and its donors
for providing partial funding for this study. The funders played no role in the study design, data
collection, analysis, and interpretations.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Material, further inquiries can be directed to the corresponding author/s.

Acknowledgments: We thank James Cook, Samantha Jones, Alyssa Anderson, and Moroni Roundy
for their work in the field, Chensheng (Alex) Lu for neonicotinoid analysis of pollen samples, Michelle
Flenniken for helpful comments on the manuscript, and Brian Hill for preliminary assistance with
statistical analysis.

Conflicts of Interest: Author Jeff Anderson was employed by the company California-Minnesota
Honey Farm. Author Darren Cox was employed by the company Cox Honey of Utah. Author Steve
Ellis was employed by the company Old Mill Honey Farm. Author Geoffrey Marcy was employed
by the company Space Laser Awareness. All authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a potential conflict
of interest.

Appendix A. Colony Selection and Measurements

Appendix A.1. Colony Selection

Colonies selected for the study contained on average nine frames of bees with a
standard deviation of 2.6 frames, based on the conventional frame-count method used in
contracts for commercial pollination to assess hive strength (see below). Colony strength
was assessed by counting the number of frames in each colony approximately 7–10 times
(depending on beekeeper) during the period from January 2014 to January 2015, as de-
scribed in the following section. Pollen, wax, and honey were sampled for pesticide analysis
four times during the year. Pesticide analyses were focused primarily on pollen samples,
with representative honey and wax samples analyzed at each sampling date.

The initial assessment of colony strength and chemical concentrations was made at
the end of January 2014, prior to the placement of the hives in almond orchards for almond
pollination. These measurements established the initial hive conditions, including the
concentration of pesticide residues, the presence of pathogens and Varroa mites, and colony
strength. The second sampling was conducted in late February and early March, immedi-
ately after the hives were removed from almond orchards. Two additional samplings of
hive matrices to determine pesticide concentrations in the hives were conducted for each
beekeeping operation. For the JA operation, the third sampling occurred in early April
after cherry pollination and the fourth in late August. After almond pollination, the SE
colonies were moved to the California foothills, and the DC colonies were move directly to
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Utah. For both DC and SE operations, the third and fourth sampling dates were in early
June and late August.

Throughout the year, beekeeping practices that may have affected colony health
were monitored, including colony location, colony manipulations performed by beekeeper
(i.e., splitting colonies, requeening), colony inputs (i.e., feeding sugar and protein patties,
application of miticides or antibiotics), and queen performance and/or events (i.e., death,
supersedure, fecundity). In addition, blooming crops near each apiary were noted. Lastly,
observations such as unusual bee behavior, symptoms of disease, failure to thrive as
expected for the season, the presence of dead bees at the hive entrance, and colony death
were also recorded.

Appendix A.2. Colony Characteristics and Maintenance

Beekeepers DC, JA, and SE followed generally standard practices for migratory com-
mercial beekeeping operations, including feeding sugar syrup and pollen patties as needed
and administering treatments for Varroa mites and foulbrood throughout the course of the
year. The DC and JA colonies were requeened when the absence of a queen or a failing
queen was noted; the SE colonies were allowed to requeen themselves. Separate apiary
locations were used by each beekeeper, with each pollinating a different almond orchard in
Central California (with one exception—see below) and each then traveling to a unique
summer location in Minnesota (JA and SE) or Utah (DC). Specifics for each beekeeping
operation are described below.

Appendix A.3. DC Operation

The DC operation is based in northern Utah, in an agricultural area where alfalfa, small
grains, safflower, mustard, fruit trees, pumpkins and melons are grown. Bees also forage
on native plants, as well as dandelions, thistles, rabbitbrush, gumweed, wild sunflowers
and other weeds.

The DC study hives were moved as follows:

• October 2013 to Oakdale and Hughson in California to overwinter.
• Early February 2014 to an almond orchard off of Victory Road near Escalon, CA

for pollination.
• Mid-March to northern Utah after almond pollination was completed.
• 18 November 2014 to Oakdale and Hughson in California for overwintering.

Italian race bees were used, with queens purchased from Jackie Park-Burris Queens,
Inc. and installed between April and July 2013. Only a single colony was requeened
during the study, on 3/24/14. A total of 19 of the 20 colonies were split on 4/20/14, with
four frames removed and the original queen left with the colony.

Bees were fed sucrose syrup, corn syrup, and pollen patties as needed. Mite treatments
(Taktic, amitraz) were administered on 5/5/2014, 8/29/14, and 9/29/14. Treatment with
terramycin as a prophylactic for foulbrood was administered on 9/29/14.

Appendix A.4. JA Operation

The JA operation is based in North Central Minnesota in the summer and fall, in an
agricultural area where corn, soybeans, alfalfa, oats, barley, sunflowers and additional
minor crops are grown. Bees also forage on native plants, tree pollens, dandelions, Dutch
white clover, Canadian thistle, yellow and white sweet clover, goldenrod, birdsfoot trefoil
and other weeds. The JA study hives were moved as follows:

• November 2013 to Oakdale and Copperopolis in California to overwinter.
• Early February 2014 to an almond orchard off McHenry Road near Escalon, CA

for pollination.
• Early March 2014 to a cherry orchard off Copperopolis Road near Stockton for

cherry pollination.
• Early April 2014 to Milton, CA.
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• Early June 2014 to Eagle Bend in North Central Minnesota.
• 24 November 2014 to California near Copperopolis and Milton for overwintering.

Russian and Carniolan race bees were used, with queens either grafted from larvae
taken from other hives in the JA apiaries and Lowman Apiaries, installed in late spring
2013. On 6/10/2014, all 15 colonies remaining in the JA group were found in crisis, with
evidence of supersedure cells and dead bees in most colonies. At this point, all 15 colonies
were requeened with queens donated by Lohman Apiaries. Only one of the twenty JA
colonies was split on 5/26/14, with nine frames removed and the original queen left with
the colony.

Bees were fed sucrose syrup and pollen patties as needed. Mite treatments were
administered on 4/21/14 (Taktic, amitraz), 9/4/14 (Taktic, amitraz), and 10/20/14 (oxalic
acid drench). Treatment with tylosin as a prophylactic for foulbrood was administered
on 6/1/14.

Appendix A.5. SE Operation

The SE operation is based in West Central Minnesota in the summer and fall, in
an agricultural area where corn, soybeans, alfalfa, sugar beets, edible beans, sunflowers
and additional minor crops are grown. Bees also forage on native plants, tree pollens,
dandelions, Dutch white clover, Canadian thistle, yellow and white sweet clover, goldenrod,
birdsfoot trefoil and other weeds. The SE study hives were moved as follows:

• November 2013 to Angel’s Camp in California to overwinter.
• Early February 2014 to an almond orchard off McHenry Road near Escalon, CA (SE-1

and SE-4) or to an almond orchard near Madera (SE-2, SE-3, and SE-5) for pollination.
• Late March 2014 to a non-agricultural area in Vallecito, CA in the Sierra foothills,

where manzanita and other spring wildflowers were blooming.
• 19 April 2014 to an apiary in an agricultural area between Elbow Lake and Barrett, in

West Central Minnesota.
• 23 November 2014 to California and overwintered in Angel’s Camp, CA.

Russian and Carniolan race bees and survivor stock were used, with queens from
Strachan Apiaries and Lowman Apiaries, installed in late spring 2013. Fifteen of the
nineteen remaining colonies were split on 4/10/14, with nine frames removed and the
original queen left with the colony. A second split of 9 frames on the same 15 colonies was
performed on 5/23/14. On 7/11/2014, all 19 colonies remaining in the SE group were
found in crisis, with evidence of supersedure cells. Supersedures were allowed to proceed
naturally. No outside queens were introduced.

Bees were fed sucrose syrup and pollen patties, as needed. Mite treatments were
administered on 2/1/14 (amitraz), 8/21/14 (oxalic acid drench), 9/9/14 (amitraz), and
10/24/14 (formic acid, half-dose). Treatment with Tylosin as a prophylactic for foulbrood
was administered on 9/9/14.

Appendix B. Measuring the Bee Population Using “Frame Counts”

Appendix B.1. Frame Counts as a Metric of Colony Health

A metric of hive health was adopted based on the number of frames within a hive
having a minimum number of bees [54,55]. A frame merited one “count” if 2/3 of both
sides were covered by bees and/or brood. Photographs of the front and back of each frame
were taken during each sample collection to provide a visual data archive, later evaluated
by just one team member (RR) to reduce variation in assessments across beekeepers in
determining whether the 2/3 criterion was met. This technique incurs the uncertainty of
human assessment of “2/3”, but it does not inject bias from hive to hive, beekeeper to
beekeeper, or over time. In particular, differences in the number of frame counts over time
offer a robust metric of changes in colony health. For each colony, frames were counted
at each of approximately eight visits (depending on beekeeper) throughout the year, with
results given in Tables A1–A3 (below).
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Appendix B.2. Handling of Colony Splits

A total of 35 of the 60 colonies were split in the spring of 2014. For colonies that were
split, the old queen was left with the original study hive, so there was no break in the brood
cycle. The split was moved away from the study hive pallets and was no longer considered
part of the study, except as described here. Frame counts from splits were accounted for by
calculating a split factor (SF), defined as the number of frames remaining in the original
hive after the split divided by the total number of frames in the original hive, e.g., for
an 18-frame colony from which a 4-frame split was made, SF = 14/18 = 0.78. Corrected
frame counts were calculated by dividing the measured frame counts by SF for all frame
count measurements made after the split. This correction assumes that the population of
the split changes at the same rate as the original colony. Many of the SE hives were split
twice, necessitating the use of a second split factor, SF2, defined as the number of frames
remaining in the split hive after the second split divided by the total number of frames in
the original hive. The corrected frame count was calculated as the measured frame count
divided by the product of SF and SF2.

Table A1. Frame counts over time for beekeeper DC.

DC Pallet# Day 36 Day 73 Day 110 Day 168 Day 239 Day 273 Day 282 Day 401

1 27 51 68 77 73 53 34 9
2 41 44 51 63 65 72 56 15
3 43 65 68 71 60 39 19 5
4 35 54 68 84 88 81 59 19
5 41 49 68 78 100 82 73 23

Table A2. Frame counts over time for beekeeper JA.

JA Pallet Day 28 Day 62 Day 97 Day 161 Day 245 Day 280 Day 395

1 27 58 64 66 52 16 4
2 30 56 54 51 30 9 7
3 34 52 68 61 28 18 15
4 47 60 67 68 34 15 8
5 34 53 53 43 26 22 13

Table A3. Frame counts over time for beekeeper SE.

SE
Pallet#

29 68 100 122 143 160 192 237 289 395

1 43 49 53 101 103 118 75 133 79 42
2 35 48 61 113 109 124 84 55 49 18
3 38 46 64 134 128 152 120 100 16 4
4 41 42 48 92 96 124 120 116 20 12
5 38 42 60 96 94 132 150 162 12 15

Appendix C. Pesticide Data

Appendix C.1. Pesticide Concentrations, Limits of Detection, and Criteria for Inclusion

Overall, we found 37 chemicals, listed in Table A4, that exhibited at least one mea-
surement significantly above the LOD. Ten chemicals had either three or fewer significant
detections across all samples, namely, captan, cypermethrin, flubendiamide, myclobutanil,
pyrimethanil, pyriproxyfen, spirodiclofen, tebufenozide, tetrahydrophthalimde, trifloxys-
trobin, and trifluralin. We retained these ten chemicals with their trace detections in the
analysis that follows, but their integrity and statistical value remain unclear, and they are
not included in the major results described below in Figures 2–4. Table A4 contains the sum
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of chemical exposure across the year for each of the 15 pallets for each of the 37 detected
chemicals. Pesticides with measured concentrations at or near the LOD or with three or
fewer detections across the 15 pallets were not included in the statistical analysis, including
aldrin, bifenthrin, chlorferon, DDE, endosulfan II (beta), fenpropathrin, fenpyroximate,
metalaxyl, norflurazon, phorate, quinoxyfen, sethoxydim, and tebuconazole.

Table A4. Sum of four measurements (ppb) of 37 chemicals for each pallet.

Pesticide DC-1 DC-2 DC-3 DC-4 DC-5 JA-1 JA-2 JA-3 JA-4 JA-5 SE-1 SE-2 SE-3 SE-4 SE-5

2,4-Dimethylphenyl
formamide

90.2 68.7 34.3 47.3 63.7 0.0 24.4 28.1 35.2 61.3 0.0 0.0 0.0 151.0 0.0

Acetamiprid 0 0 0 0 0 0.77 0.76 0.92 0 0 0 0 0 0 0
Atrazine 0.0 0.0 0.0 0.0 0.0 50.1 17.1 0.0 222.0 76.2 0.0 0.0 0.0 0.0 0.0

Azoxystrobin 0.0 0.0 0.0 0.0 0.0 10.4 0.0 107.6 16.5 8.7 0.0 0.0 0.0 0.0 0.0
Boscalid 0.0 0.0 0.0 0.0 0.0 908.4 844.0 726.7 572.2 715.7 21.4 128.0 22.7 19.1 28.1
Captan 10.0 10.0 10.0 0.0 10.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Carbendazim 5.0 0.0 0.0 5.0 5.0 16.2 17.9 12.7 16.5 11.8 8.4 124.0 94.6 18.8 111.0
Chlorothalonil 1.0 2.0 3.0 1.0 2.0 2.0 2.0 2.5 2.5 2.5 197.0 98.5 2.0 1.0 2.0
Chlorpyrifos 298.0 118.0 272.9 158.4 156.9 132.5 75.2 166.7 94.3 70.1 30.8 25.7 22.0 43.2 32.4
Clothianidin 0 0 0 0 0 0 0 0 0 0 17.30 22.94 4.46 35.73 11.20
Coumaphos 6.0 75.8 62.1 28.3 22.6 16.8 91.4 15.9 122.9 17.3 14.6 9.4 6.9 12.5 92.3

Coumaphos oxon 0.0 5.0 0.0 0.0 0.0 0.0 6.2 0.0 5.0 0.0 5.0 0.0 0.0 0.0 0.0
Cyhalothrin, lambda 17.9 13.4 19.1 24.7 14.3 2.0 0.0 3.0 0.5 0.0 18.3 14.9 11.5 21.4 18.5

Cypermethrin 0.0 0.0 0.0 0.0 0.0 0.0 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cyprodinil 32.5 12.8 13.2 10.2 15.5 322.4 207.2 245.1 132.7 413.0 476.0 20.1 27.4 271.0 12.5

Diflubenzuron 0.0 0.0 0.0 0.0 68.9 0.0 0.0 0.0 0.0 0.0 163.0 213.0 294.0 209.0 717.0
Dinotefuran 2.5 1.8 1.1 3.0 2.1 0.0 1.6 1.1 1.1 2.3 1.6 1.8 0.0 1.3 1.1
Esfenvalerate 0.0 0.0 0.0 0.0 0.0 9.1 0.0 1.0 3.0 1.0 2.1 2.0 2.0 4.9 2.0

Etoxazole 0.0 0.0 1.0 1.4 0.0 15.2 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fenbuconazole 0.0 0.0 0.0 0.0 0.0 50.2 160.3 227.9 144.6 22.5 0.0 0.0 10.0 14.4 0.0
Flubendiamide 0.0 863.0 629.0 182.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Imidacloprid 2.7 2.0 3.2 1.7 2.9 3.0 4.9 5.8 4.9 5.5 3.9 4.5 2.7 4.9 2.7

Methoxyfenozide 63.4 314.0 159.2 104.0 95.5 361.0 551.0 532.0 483.5 323.1 127.0 78.3 47.8 64.5 41.3
Myclobutanil 0.0 0.0 0.0 0.0 0.0 62.5 0.0 0.0 36.2 35.0 0.0 0.0 0.0 0.0 0.0
Oxyfluorfen 0.0 65.1 4.0 0.0 37.4 66.3 0.0 29.5 0.0 0.0 0.0 0.0 0.0 0.0 19.8

Pendimethalin 107.0 113.0 172.4 104.4 196.6 837.4 399.0 397.0 428.0 176.6 117.0 247.2 176.0 160.0 156.0
Pyraclostrobin 0.0 0.0 0.0 0.0 0.0 591.3 597.0 559.0 387.0 464.0 19.7 181.0 22.3 15.2 22.9
Pyrimethanil 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.0 5.0 0.0 3.8
Pyriproxyfen 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 11.0 0.0 0.0 7.2 0.0 0.0 5.5
Spirodiclofen 0.0 0.0 5.0 0.0 4.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Tau-fluvalinate 13.1 15.7 85.5 36.6 26.0 2.8 0.0 9.5 19.8 7.9 16.1 8.1 15.4 15.8 22.1
Tebufenozide 0.0 0.0 0.0 0.0 0.0 0.0 29.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Tetrahydrophthalimide 50.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Thiamethoxam 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.26 0.24 1.18 0.53 0.71 0.00

Thymol 0.0 0.0 0.0 100.0 50.0 150.0 100.0 616.0 839.5 236.0 1330.0 651.0 1650.0 1057.0 2548.0
Trifloxystrobin 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 57.0 0.0 0.0 0.0 0.0 0.0

Trifluralin 2.0 2.0 2.0 3.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 3.0 3.0 2.0

Appendix C.2. Variability in Pesticide Concentrations Across Pallets

Although pallets from each beekeeper were placed in different almond orchards in
February (with the exception that SE-1 and SE-4 were placed with the JA pallets), the mix
of pesticides found in the post-almond pollination samples from each beekeeping opera-
tion was similar, dominated by pesticides applied during almond bloom. Analysis of the
individual hive samples allowed for an assessment of the variability of pallet pesticide mea-
surements in pollen across hives in the same location and in different locations. Figure A1
shows the variability in concentrations of a commonly detected pesticide, cyprodinil, over
the different hives on a pallet and across the different pallets for each operation. The data
indicate that while concentrations may vary by a factor of up to 11 across individual hives,
pallet concentrations only vary by up to a factor of 3.6.
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Figure A1. Variability in pesticide concentration across hives and pallets for different beekeeping
operations. Note that pallets SE-1 and SE-4 were placed with the JA pallets instead of with the rest of
the SE hives; thus, the statistics were calculated separately.
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Abstract: There are many challenges in cotton cultivation, which are mainly linked to management
practices and market demands. The textile commerce requirements are increasing but the effects of
climate change on cotton cultivation are becoming an issue, as its commercial development depends
significantly on the availability of favorable climatic parameters and the absence of insect pests.
In this research, it was studied whether the use of two commercial strains as cotton seed coatings
could effectively contribute to the previous obstacles. The experiment was carried out in semi-
field conditions at the University of Ioannina. It used a completely randomized design and lasted
for 150 days. The following treatments were tested: (a) coated seeds with a commercial strain of
Beauveria bassiana (Velifer®); (b) coated seeds with a combination of Velifer® and a commercial strain
of Beauveria bassiana (Selifer®); and (c) uncoated cotton seeds (control). The biostimulant effect of the
two seed coatings was assessed against the growth characteristics of cotton, and the total chlorophyll
and proline content. The bioinsecticidal effect was evaluated by measuring the population of Aphis
gossypii on the cotton leaves. The proline effect increased by 15% in the treated plants, whereas the
total chlorophyll was higher in the use of both Velifer® and Velifer®–Selifer® treatments by 32%
and 19%, respectively. Aphid populations also decreased in the treated plants compared to the
control plants (29.9% in Velifer® and 22.4% in Velifer®–Selifer®). Based on an assessment of the above
parameters, it follows that the two seed coatings can significantly enhance the growth performance
of cotton and reduce the abundance of A. gossypii.

Keywords: seed coating; cotton; Beauveria bassiana; Bacillus amyloliquefaciens; bioinsecticide; biostimulant

1. Introduction

Climate change is significantly pressuring cotton cultivation [1], affecting various
essential factors for the growth and production of the cotton plant [2,3]. There is a plethora
of issues arising due to climate change in cotton cultivation, which are linked to the need
for a continuous supply of cotton to the market [4]. One of these factors is the increase in
average temperatures, which affects the range of the cotton growing seasons [4], causing
problems such as heat stress [5]. Climate change is often associated with changes in the
distribution of rain [6], but high water requirements are crucial for cotton as extended
periods of drought can affect cotton growth and quality [7]. This can lead to a significant
reduction in cotton production [8]. In addition, rising temperatures and changes in the
environment may affect the type and life cycle of pathogens and pests [9], thereby affecting
the need for pesticides.
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The cotton aphid Aphis gossypii (Hemiptera: Aphididae) is an insect that affects cotton
production in several ways. It is a serious pest and can reduce cotton production [10]
by sucking plant juices and consuming important cotton nutrients [11], which can cause
severe damage, especially under drought stress [12]. This can lead to nutrient losses and
can affect cotton growth and production [13]. It can also reduce the cotton’s chlorophyll
content [14], affecting photosynthesis and normal growth [15], and causing stress due to
juice removal [16]. In addition, they can act as disease vectors [17]: while feeding, insects
may sometimes transmit viruses and other pathogens to the plants [18], exacerbating
cotton health problems [19]. Aphis gossypii secretions can cause the growth of the multi-
phytopathogenic fungi, Ascomycetes (Sooty mold), which coats the leaves and blocks
sunlight, resulting in low photosynthetic quality [20,21]. The aphid may have developed
resistance to some pesticides [20,22,23], making its control an issue for cotton. To deal
with the cotton aphid, farmers use a variety of control techniques, including the use of
pesticides [24] and the use of natural enemies, such as some Coccinellidae species [25,26].
Also, genetic improvement may play a role in creating cotton varieties that are resistant to
the aphid [27].

The above biotic and abiotic issues are directly related to the quality of cotton production
and are directly linked to the constant market pressure for high-quality cotton [11,28–30]. Re-
search on microorganisms that have a biostimulant [31] and/or a bioinsecticidal effect [32]
enhancing cotton growth could be a sustainable way to address these issues [33].

The term beneficial microorganisms describes those that can live part of their life with
certain plant species in a non-parasitic association [34], without adverse effects on plant
growth. This type of symbiotic relationship confers many advantages on both sides and
greatly benefits the plant’s metabolism [35]. Some microorganisms present biostimulant
prospects, as they have been reported to enhance the growth of cotton plants [31]. Microor-
ganisms such as Metarhizium ssp., transport nutrients and enhance the metabolism of cotton
plants [36]. Also, some may reveal bioinsecticidal ability, while simultaneously strengthening
the induced systemic resistance (ISR) of plants to pathogenic microorganisms [37].

Seed coatings are an eco-friendly alternative to the adverse effects that cotton cultiva-
tion suffers from. In recent years, several organic acid mixtures have been cited as seed
coatings, such as proline, glutamate and citric acid [38]. Coating seeds with microorganisms
that may have biostimulant and bioinsecticidal properties is an upcoming research field
in dealing with biotic and abiotic factors that place stress on cotton cultivation [37,39].
Beauveria bassiana (Bals.-Criv.) Vuill. (Hypocreales: Cordycipitaceae) is an endophytic ento-
mopathogenic fungus (EPF) [40–42], which is widely used in integrated pest management
(IPM) programs. Its biostimulant effect on cotton cultivation when used as a seed inoculant
has been reported [43], as have its improvements in total plant length and biomass [44] in
several plant species. At the same time, it exhibits significant entomopathogenic activity
against pests such as aphids [45]. The plant-growth-promoting rhizobacterium (PGPR),
Bacillus amyloliquefaciens (Bacillales: Bacillaceae), is an equally interesting beneficial microor-
ganism in the biological control of many pests for a plethora of crops, including cotton [33,46].
The biostimulant aptitude of B. amyloliquefaciens derives from its use as a growth enhancer [47].
Moreover, it has been observed to induce lignin synthesis in cotton seeds [48].

In the present study, we evaluated the biostimulant and bioinsecticidal potential of
two seed coatings–one with B. bassiana and one with B. amyloliquefaciens + B. bassiana–on
cotton growth characteristics and the biological control of A. gossypii nymphs.

2. Materials and Methods

2.1. Experimental Design

The experiment was performed in semi-field conditions, in a field at the agriculture
faculty of the University of Ioannina, in Kostakioi Arta. The biostimulant and the bioin-
secticidal effect of two commercial formulations were tested when used as cotton seed
coatings in the experiment: B. bassiana, strain PPRI 5339 Velifer® OD (8 × 109 CFU/mL,
92% Excipients), and B. amyloliquefaciens, strain MBI600 Serifel® WP (5.5 × 1010 CFU/g, 95%
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Excipients) (BASF SE, Florham Park, NJ, USA). Two seed coating treatments were applied
in the experiment: a treatment with Velifer formulation (V) and a treatment with Velifer and
Serifel combined (VS). Conventional uncoated cottonseed (C) was used as a control.

2.2. Protocol for Coating Seeds with B. bassiana and B. amyloliquefaciens

Using dispensers and pipettes, the treatment solutions were prepared as the desired
combined treatments. The VS treatment was prepared by adding 125 mL of formulated
B. bassiana/100 Kg cottonseed and 160 mL of formulated B. amyloliquefaciens/100 Kg. The
strains B. bassiana PPRI 5339 Velifer® OD and the B. amyloliquefaciens strain MBI600 Serifel®

WP (BASF SE, Florham Park, NJ, USA) were added by pipette. The V treatment was
prepared using 125 mL of formulated B. bassiana/100 Kg cottonseed. The required amount
of water was added through the dispenser. Next, the separation of the seed samples
was carried out using a precision balance (KERN PES 6200-2M), and, through the use of
Wintersteiger Hege 11, the final application of the coating to the seeds was made. The seed
sample was then placed in a stainless steel bucket, where stirring began. Finally, using
the Eppendorf pipette, an appropriate amount of seed treatment solution was applied.
The application time was ~1 min/treatment/sample. In order for the treated seeds to
dry completely, they were emptied into a special sample bag, which was left open. The
equipment used to apply the treatment solutions and the application bucket were carefully
cleaned with ddH2O when rotating the treatments. The fungal spore concentration in the
control treatment was zero.

2.3. Experimental Set-Up

A mixture of peat and perlite in 1:1 ratio (v/v) and in in 9 L pots was used as a
growth substrate for the cotton plants (var. Olivia). The experiment was conducted in
a completely randomized design. The beginning point (day 0) was 19 May 2023, and
the last experimental day was 16 October 2023 (day 150). Each treatment consisted of
21 cotton seeds, each placed in a pot filled with growth substrate. The pots were irrigated
daily through a drip system (ARGOS Electronics 2014), automatically controlled by a
computer. Irrigation quantity and frequency were based on climatic data taken from
temperature and humidity sensors. In addition, to further control the irrigation adequacy,
frequent measurements of the relative pot’s moisture were made using a soil moisture
meter (ΔT-SM150 Kit, Delta T Devices, Cambridge, UK). Initial fertilization was applied to
each pot with an N30-P10-K10 fertilizer, which was repeated after 50 days.

2.4. Recording of A. gossypii Population and Cotton Growth Characteristics

The natural presence of A. gossypii on cotton leaves was systematically recorded on
a weekly basis from the beginning of the experiment. Cotton growth characteristics such
as total plant length (cm); central shoot diameter (mm); and the total number of shoots,
internodes, leaves, and cotton bolls were measured. Leaf area (cm2) was calculated from
an image analysis of the leaves, using the Image j protocol [49]. At the end of the experiment
(day 150), the total plant biomass was measured by dividing each plant into roots, shoots,
leaves and seedcotton, taking the values of the fresh weight (g) of each of the previous
categories for each plant separately. Following this, dry biomass (g) was recorded after 72 h
of 80 ◦C oven-drying.

2.5. Total Chlorophyll Content

Measurement of the total chlorophyll (TCHL) content in the cotton leaves was carried
out weekly during the experiment in a non-destructive way, using the SPAD (Minolta
Co., Ltd., Tokyo, Japan) instrument method. For the accuracy of the method, the linear
correlation of the SPAD method with the chemical method of chlorophyll determination was
carried out (R2 = 0.901) in randomly selected cotton leaf samples, according to the protocol
of [50], with some modifications: 10 mL of acetone was used as the extraction solvent of
0.04 g cotton leaf tissue, which was crushed in a porcelain mortar with a pestle. Each sample
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was placed in a 10 mL glass tube, vortexed, and left overnight at 4 ◦C. The absorbance
was measured in a spectrophotometer (Jasco-V630 UV-VIS, JASCO INTERNATIONAL Co.,
Ltd., Tokyo, Japan), using the equations described by Lichtenthaler and Buschmann [51],
and the result was expressed in g of TCHL of fresh leaf per cm2 of cotton leaf area:

Ca (μg/mL) = 11.24 × A661.6 − 2.04 × A644.8

Cb (μg/mL) = 20.13 × A644.8 − 4.19 × A661.6

2.6. Proline Content

The total proline content was determined to assess the cotton plants’ stress from the
environmental conditions according to [52] with some modifications: 4 mL of extractant
solution containing 70% ethanol was poured into a mortar containing 0.1 g of fresh cotton
leaf plant tissue and was crushed with a pestle until it became a homogeneous mix. The
samples were added to glass tubes, which were centrifuged at 4000 g, for 10 min. In a
new set of tubes, 1 mL of supernatant extract and 2 mL of fresh acid–ninhydrin solution
were placed. Then the samples were vortexed and incubated in a dark water bath at
95 ◦C for 25 min and the reaction mixture was cooled directly in an ice bath. When at
room temperature, the samples were centrifuged for 5 min at 4000 g. The absorbance
was determined at 520 nm in a spectrophotometer (Jasco-V630 UV-VIS). The results were
reported in μmol of proline, g−1 of fresh cotton leaf weight.

2.7. Statistical Analysis

One-way ANOVA was performed with Tukey’s post hoc test to compare the means of
the treatments for the effect on plant growth, proline, total chlorophyll content (TCHL),
and cotton fresh and dry mass. Two-way ANOVA was performed for the Insect Population
with two variables: population and time. All statistical analyses were conducted using
SPSS v. 25 (IBM-SPSS Statistics, Armonk, NY, USA).

3. Results

3.1. Insect Pest Population

The average population of A. gossypii nymphs per treatment in the cotton crop was
recorded. More specifically, in all seven samplings, the variation in the average number of
A. gossypii nymphs was statistically significant among the treatments (F = 11.881, df = 2.511,
p < 0.001). Forty days after treatment, the average number of aphids was significantly
higher in the control samples than in the treated samples (Figure 1). The average change in
the aphid population at the maximum, 56 days, was 12.38 ± 1.35 aphids for the V plants
and 13.71 ± 0.38 aphids for the VS plants. In the control plants, the aphid population was
17.68 ± 0.92 aphids (Figure 1). Fewer aphids were almost always counted on the plants
treated with V than on the plants inoculated with other strains.
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Figure 1. The mean number of A. gossipii aphids on cotton plant leaves up to 150 days after treatment:
V—Velifer; VS—Velifer–Serifel; and C—control.
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3.2. Effect on Plant Growth

The evaluation of the morphological features of the tested plants was based on a
recording of the plants’ length, shoots, internodes, the number of leaves and cotton bolls,
and the stem diameter. In general, V plants and VS plants resulted in better growth than the
untreated plants. V plants and VS plants, after 150 days, had statistically more length compared
to the control plants (F = 9.553, df = 2, p < 0.001) (Figure 2). For the shoots, all the plants, treated
and untreated, had the same average growth (F = 1.523, df = 2, p = 0.951) (Figure 3).
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Figure 2. The mean length (cm) of cotton plants up to 150 days after treatment: V—Velifer; VS—Velifer–
Serifel; and C—control. Different letters among treatments indicate statistically significant differences
(Tukey test, p < 0.05).
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Figure 3. The mean shoot number of cotton plants up to 150 days after treatment: V—Velifer; VS—Velifer–
Serifel; and C—control. Different letters among treatments indicate statistically significant differences
(Tukey test, p < 0.05).

The V plants and VS plants caused an increase in the number of internodes (F = 6.759,
df = 2, p = 0.011) (Figure 4) and cotton bolls (F = 8.759, df = 2, p = 0.009) (Figure 5). The leaf
areas (cm2) after 150 days were as follows: for the control, 241.15 ± 53.55; for the Velifer
treatment, 372.70 ± 44.98; and for the Velifer–Serifel treatment, 397.50 ± 45.81 (F = 11.553,
df = 2, p < 0.001). The differences proved to be not statistically significant for the number of
leaves: F = 2.159, df = 2, p = 0.870 (Figure 6). A similar increase (not statistically significant)
was recorded for the stem diameter (F = 3.111, df = 2, p = 0.811) (Figure 7).
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Figure 4. The mean number of internodes on cotton plants up to 150 days after treatment: V—Velifer;
VS—Velifer–Serifel; and C—control. Different letters among treatments indicate statistically signifi-
cant differences (Tukey test, p < 0.05).
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Figure 5. The mean number of cotton bolls up to 150 days after treatment: V—Velifer; VS—Velifer–Serifel;
and C—control. Different letters among treatments indicate statistically significant differences (Tukey
test, p < 0.05).
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Figure 6. The mean number of leaves on cotton plants up to 150 days after treatment: V—Velifer;
VS—Velifer–Serifel; and C—control. Different letters among treatments indicate statistically signifi-
cant differences (Tukey test, p < 0.05).
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Figure 7. The mean stem diameter (mm) of cotton plants up to 150 days after treatment: V—Velifer;
VS—Velifer-Serifel; and C—control. Different letters among treatments indicate statistically signifi-
cant differences (Tukey test, p < 0.05).

3.3. Effect on Proline and Total Chlorophyll Content (TCHL)

The effect on the proline was found to be not statistically significant in all the plants
by the end of the experiment (F = 2.197, df = 2, p = 0.790): after 150 days, the proline was
the same in all the plants (Figure 8).

±

Figure 8. The mean proline values (μmol g−1) for cotton plants up to 150 days after treatment: V—Velifer;
VS—Velifer–Serifel; and C—control. Different letters among treatments indicate statistically signifi-
cant differences (Tukey test, p < 0.05).

The chlorophyll concentration increased in the V and VS plants after 30 days and
remained above that of the control plants until the end of the experiment (F = 13.220, df = 2,
p < 0.001) (Figure 9). The increase in TCHL was attributed to the endophytic effect on the
leaves. This effect was especially evident at 56 days due to the low infestation of aphids
and high TCHL values for the V plants. The decrease in the TCHL values after 128 days
was expected due to the leaf maturation.
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Figure 9. The mean values of the leaves’ total chlorophyll content (μg cm−2) up to 150 days after
treatment: V—Velifer; VS—Velifer–Serifel; and C—control.

3.4. Cotton Fresh and Dry Mass

The fresh and dry mass measured at the final harvest are summarized in Figures 10A and 10B,
respectively. The V treatment significantly increased the total fresh mass (F = 34.198, df = 2,
p < 0.001) and dry mass (F = 25.811, df = 2, p < 0.001) of the above-ground part of the cotton
plants. The V and VS plants showed significantly increased fresh mass in the roots (F = 24.308,
df = 2, p < 0.001), and the V treatment significantly increased the roots’ dry mass (F = 19.398,
df = 2, p < 0.001). The V and VS plants significantly increased the shoots’ fresh mass (F = 14.118,
df = 2, p < 0.001) and their dry mass (F = 18.128, df = 2, p < 0.001). Also, in the case of leaf
weight, the V and VS treatments increased the fresh mass (F = 17.228, df = 2, p < 0.001). The
leaves’ dry mass increased only with the V treatment (F = 8.118, df = 2, p < 0.001). Finally,
for seedcotton, we did not find a significant difference in the fresh (F = 2.118, df = 2, p = 0.964)
or the dry mass (F = 1.918, df = 2, p = 0.916).
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Figure 10. The mean fresh (A) and dry (B) weight (g) of roots, shoots, leaves, and seedcotton of
G. hirsutum plants up to 150 days after treatment: V—Velifer; VS—Velifer–Serifel; and C—control.
Different letters among treatments indicate statistically significant differences (Tukey test, p < 0.05).

4. Discussion

Some EPFs and PGPRs can be used as seed dressings for a wide range of plant
species [37,53,54]. Cottonseed arouses an interest in experimentation on such microorgan-
isms as seed coatings in order to improve the plant’s metabolism, as it is a high-demand
crop. Due to its increased use for commercial purposes [55], it is important to find eco-
friendly solutions to combat its insect pests, such as A. gossypii. In this study, the bioinsecti-
cidal activity of fungi and bacteria coatings was demonstrated by the significant reduction
in the A. gossypii population on the cotton plants. This outcome conforms with our last
work [56], where the inoculated cottonseed coatings (with the same B. bassiana strain) was
effective in minimizing the A. gossypii population. The coating with B. bassiana showed
a higher bioinsecticidal effect, with a longer duration than its co-inoculated application
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with B. amyloliquefaciens. In field conditions, a B. bassiana coating on maize Zea mays (Poa-
les: Poaceae) seed has shown bioinsecticidal action on Spodoptera frugiperda (Lepidoptera:
Noctuidae) [57], with no negative effects on beneficial insects, such as honeybees. A similar
result was presented in the study by Mishra et al., 2013 [58], where a B. bassiana formulated
strain was effective on seeds via encapsulation, against Musa domestica (Diptera: Muscidae).

In this study, the application of seed coatings using B. Bassiana (V) and the com-
bined application of B. Bassiana and B. amyloliquefaciens (VS), demonstrated a beneficial
effect on cotton’s growth and metabolism, and the same effect has been found in other
crops [59–62]. The growth characteristics of cotton, such as fresh and dry biomass, were
increased in the coated treatments, especially in the case of B. bassiana. This result has
also been observed in the work of [41], where the fresh weight of the roots and shoots
of coated Vicia faba (Fabales: Fabaceae) seeds was increased. Moreover, in the work of
Sánchez-Rodríguez et al., 2018 [63], endophytic B. bassiana, used as a seed dressing, in-
creased the dry weight and total grain weight of bread wheat, Triticum aestivum (Poales:
Poaceae). It also effectively controlled cotton leafworm larvae, Spodoptera littoralis (Lepi-
doptera: Noctuidae). The number of internodes was higher than on the untreated cotton
seed. An equivalent result was exhibited in the study by Canassa et al., 2019 [39], where
coated bean seeds (with B. Bassiana) strengthened plant growth. A similar effect on the
growth of Z. mays seeds coated with B. bassiana was also observed in the study of Rivas-
Franco et al., 2019 [64], in which a significant increase in the vegetation length was noted,
something that was not observed to a significant extent in this experiment.

The use of B. bassiana as a seed coating for Phaseolus vulgaris L. (Fabales: Fabaceae)
showed an increased number of leaves [46], while in other studies, an enlarged leaf area
was observed [57]. A similar occurrence was noted in this study regarding treatment
with V. The number of cotton bolls were also greater when treated with V. This has been
observed in other B. bassiana application experiments [65]. In a lot of studies, the beneficial
impact of seed coatings has been mentioned, regarding several metabolic traits [31,66]. The
higher the amount of chlorophyll in the leaves, the more beneficial it is for the plant [67]
because it is involved in various metabolic processes that relate to enhancing its robust-
ness. The single-inoculated treatment containing B. bassiana had a higher performance on
chlorophyll, compared to the co-inoculated treatment with B. bassiana + B. amyloliquefaciens.
Of course, both the coating treatments showed a more significant effect compared to the
uncoated seeds. A similar effect of B. bassiana has been observed on rice, Oryza sativa
(Poales: Poaceae) [68]; on barley, Hordeum vulgare (Poales: Poaceae) [69]; on chili, Capsicum
annuum L. (Solanales: Solanaceae) [70]; and on cucumber, Cucumis sativus L. (Cucurbitales:
Cucurbitaceae) [71]. However, the low chlorophyll in the control treatment may also be
related to the fact that the sucking damage caused by A. gossypii was higher.

Proline is an indicator of abiotic stress [72] and has been detected as enriched in some
B. Bassiana application experiments [59], which contrasts with our experiment, where
proline levels were not affected, as the same levels were presented in all treatments.

The above led us to ascertain that the coating composition using B. bassiana had a
biostimulant effect due to the enhancement of growth characteristics and chlorophyll in
the cotton crop. On the contrary, we could not identify the same strong biostimulant and
bioinsecticidal properties in the co-inoculation treatment (VS), as this did not result in
the same vigorous impact in all growth parameters. This may be attributed to the antag-
onistic interactions that evolved between the two microorganisms [73,74]. However, in
the work of Prabhukarthikeyan et al., 2014, the combined application of Bacillus ssp. and
Bassiana ssp. was effective in combating Fusarium oxysporum f., sp., lycopersici’s (Hypocre-
ales: Nectriaceae) wilt and the fruit borer Helicoverpa armigera (Lepidoptera: Noctuidae)
in tomato plants, Solanum lycopersicum (Solanales: Solanaceae) [75]. This was achieved
without competing to the detriment of the plant’s metabolism. The application of Beauveria
and Bacillus strains in a simultaneous mixture has been referred to as highly effective in the
control of greenhouse whitefly, Trialeurodes vaporariorum (Hemiptera: Aleyrodidae) [76];
red palm weevil, Rhynchophorus ferrugineus Olivier (Coleoptera: Curculionidae) [77]; and

130



Agronomy 2024, 14, 2335

tobacco cutworm, Spodoptera litura (Lepidoptera: Noctuidae) [78]. However, this perfor-
mance was not repeated in our results. In addition, in a study by Wang et al., 2015 [79],
co-inoculated plants were weaker than plants with individual inoculations, but no harmful
effects on their growth were observed. This fact has also been reflected in other studies [80].
Quantitative PCR studies have shown that the presence of beneficial bacteria within plant
tissues suppressed fungal colonization. This may explain the reduction in biomass of the
co-inoculated plants, compared to the single-inoculated plants. Two potential ways could
lead to the observed decrease in fungal colonization mentioned in this context. Firstly,
the decline in fungal population density might be caused directly by certain substances,
which are produced by bacteria that inhibit fungal growth. Research has demonstrated
that alkaloids from beneficial microorganisms and the defensive chemicals produced by
the host in response to endophytic invasion can reduce the colonization of fungi [81,82].
Secondly, the coexistence of symbiotic microorganism reforms how the host distributes its
resources, consequently, impacting fungal colonization [83,84]. The aforementioned con-
cept of antagonism between B. bassiana and B. amyloliquefaciens in the co-inoculated coated
treatment (VS) also derives from the study of metabolic parameters, such as chlorophyll,
which was higher in the treatment with B. bassiana (V) than in the co-inoculated treatment.
Moreover, a similar effect was presented by the reduced population of A. gossypii in the
same treatment. However, this hypothesis needs further study to define the interactions be-
tween the two microorganisms: initially, by studying the degree of their interaction during
the endophytic growth of the co-inoculated coated cotton seed and, next, establishing by
which factors the synergism and viability of each strain can be affected.

The typical functioning and development of a plant is generally unaffected by symbi-
otic microorganisms [85]. Nevertheless, EPF and PGPR may occasionally boost the host’s
ability to withstand challenging environmental factors, such as drought [86] and lack of nu-
trients [87], or fortify the host’s defenses against pests [88–90]. For instance, due to EPF, plants
amplify their resistance to insect feeding damage and encounter fewer biomass losses [91].

5. Conclusions

In our experiment, the seed coatings created by EPF and PGPR are of interest when
focusing on their application in IPM cotton cultivation programs. The cotton seed coating
treatment with B. bassiana and the co-inoculation treatment with B. amyloliquefaciens and
B. bassiana showed bioinsecticidal properties, reducing the population of the cotton aphid,
A. gossypii, for a long time. The application of B. bassiana enhanced the growth of cotton in
several parameters, such as the total fresh and dry biomass. In addition, the larger leaf area
and the higher amount of TCHL in the leaves were shown to be an effect of B. bassiana and
its co-inoculation with B. amyloliquefaciens, which improved the robustness of the cotton
crop. In addition, the results of our research suggest that the combined application of
the two microorganisms was not as successful as the single inoculation treatment with
B. bassiana. The data present, once again, the biostimulant and bioinsecticidal effect of
beneficial EPF and PGPR on the growth and metabolic traits of cotton. In order to shed
light on the potential antagonistic interactions between the two microorganisms, it would
be relevant to explore the precise mode of action of the endophytic coatings that co-
inoculate EPF B. bassiana and PGPR B. amyloliquefaciens. Our research on utilizing EPF and
PGPR bacteria as seed coatings for commercially important plant species has provided
viable pathways towards reducing the excessive use of agrochemicals, while boosting the
metabolic resilience of plants. Considering these promising opportunities, more research
must be conducted on the use of endophytic seed coatings containing B. amyloliquefaciens
and B. bassiana in cotton production under realistic circumstances. The positive results of
our research highlight the significance of these initiatives.
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Abstract: The tiger longicorn beetle, Xylotrechus chinensis Chevrolat (Coleoptera: Cerambycidae),
has posed a significant threat to mulberry trees in Greece since its invasion in 2017, which may
be associated with global warming. Detection typically relies on observing adult emergence holes
on the bark or dried branches, indicating severe damage. Addressing pest threats linked to global
warming requires efficient, targeted solutions. Remote sensing provides valuable, swift information
on vegetation health, and combining these data with machine learning techniques enables early
detection of pest infestations. This study utilized airborne multispectral data to detect infestations
by X. chinensis in mulberry trees. Variables such as mean NDVI, mean NDRE, mean EVI, and tree
crown area were calculated and used in machine learning models, alongside data on adult emergence
holes and temperature. Trees were classified into two categories, infested and healthy, based on
X. chinensis infestation. Evaluated models included Random Forest, Decision Tree, Gradient Boosting,
Multi-Layer Perceptron, K-Nearest Neighbors, and Naïve Bayes. Random Forest proved to be the
most effective predictive model, achieving the highest scores in accuracy (0.86), precision (0.84), recall
(0.81), and F-score (0.82), with Gradient Boosting performing slightly lower. This study highlights
the potential of combining remote sensing and machine learning for early pest detection, promoting
timely interventions, and reducing environmental impacts.

Keywords: climate change; early detection; machine learning; multispectral imagery; mulberry tree
random forest; remote sensing; tiger longicorn beetle; UAS

1. Introduction

Global warming exerts strong effects on various organisms, including insects. Abi-
otic factors such as solar radiation, relative humidity, rainfall, and temperature define
the suitable ecosystem for each species to inhabit. Insect populations, physiology, phe-
nology, and abundance tend to be susceptible to changes as climate conditions become
warmer [1]. Thus, temperature increases, notably in mid to high latitudes, are responsible
for insects’ rapid development, high reproductive potential, survival, and population
rearrangement [2,3]. Given that plants cannot spread out in a short period of time, climatic
warming may enlarge the range of herbivores poleward, into previously uninhabited,
regions of their host plants’ distributions [1].

The tiger longicorn beetle, Xylotrechus chinensis Chevrolat (Coleoptera: Cerambycidae),
is a newly invasive woodborer species in Greece that originates from Eastern Asia. It
causes severe damage to the mulberry trees (Morus spp.), although there are references for
damage in species of the Rosaceae family (Malus spp., Pyrus spp.) and Vitis vinifera in its

Agronomy 2024, 14, 2061. https://doi.org/10.3390/agronomy14092061 https://www.mdpi.com/journal/agronomy136



Agronomy 2024, 14, 2061

area of origin [4–6]. However, in Europe, it has been shown that this pest so far only attacks
Morus spp., with a previous study proving that X. chinensis has not used Vitis vinifera as an
alternative host plant under laboratory conditions [6]. Concerning its presence in Europe,
initially it has been imported due to international commerce and mainly through wooden
packaging materials and objects [4,7,8]. It is possible that its establishment in Spain, France,
Italy, and Greece in the EPPO region (Figure 1) was facilitated by the warmer temperature
conditions in the Mediterranean area. The first recorded infestation of X. chinensis in Greece
was recorded in Heraklion, Crete, in 2017, where 200 infected mulberry trees were observed,
and approximately 15% of the mulberry tree population eventually succumbed to the pest’s
infestation. Considering the insect’s life cycle, its introduction to Greece probably occurred
around 2014–2015 [5,8]. Until 2019, the distribution of the insect in Greece had reached
considerable proportions, notably affecting the mulberry tree population in Athens, where
1300 out of 20,000 trees displayed severe damage [4].

 

Figure 1. Distribution of X. chinensis in Europe. The species is present in Spain, Italy, and Greece
(yellow dot), while in France it is transient (purple dot) (EPPO Global Database, 2023, www.gd.eppo.
int, accessed on 30 June 2024).

Generally, the impacts of the climatic variation on insect phenology are associated
with life cycle alterations. In particular, voltinism, emergence, and the duration of the life
cycle are likely to be affected [1]. Regarding the influence of temperature rise, especially
on bark beetles, the decrease in the duration of the life cycle from 2 years to 1 in the
case of Dendroctonus rufipennis is demonstrated (Coleoptera: Curculionidae) [9]. Current
data in Greece do not testify any differences concerning the duration of X. chinensis’ life
cycle in the areas in which it occurs. Additionally, warm climate conditions correlate with
distribution expansion. In the EFSA Panel on Plant Health (2021), after comparing the
eight Köppen–Geiger climate types occurring in countries where X. chinensis has been
reported and the climate types occurring in the European Union, it is concluded that the
pest may be established in the largest part of EU territory [7]. Nevertheless, there is a
risk that temperature warming may provoke a population surge in northern regions or
may decrease the required period that a generation needs to be completed. Taking into
consideration the insects’ outbreaks, [10] note that a warming trend of 3.3 ◦C in minimum
winter temperatures for more than 40 years generated a population burst of Dendroctonus
frontalis (Coleoptera: Curculionidae).

Currently, the insect’s biological cycle consists of four stages: egg, larva, pupa, and
adult. Adults (Figure 2) emerge between May and June, feed on leaves and stems of
mulberries and after their sexual reproduction, the females deposit their eggs on the bark
of the trunk of the trees [4–6]. During midsummer, the larvae penetrate the trunk and bore
elongated tunnels within the phloem while they are feeding on them. They overwinter as
developed larvae and pupate into the xylem [4–6,8].
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Figure 2. Adult of X. chinensis on the trunk of a mulberry tree in Agricultural University of Athens.

The result of the feeding activity of the larvae is the gradual destruction of the xylem
tissue of the trees, so water and inorganic compounds cannot be transported and distributed
through it. During spring, adult emergence holes are visible on the bark of the trees in the
middle and late stages of the infestation. Eventually, the decline and death of the tree occur
(Figure 3) [6,8].

 

Figure 3. Symptoms of the pest damage in mulberry trees in the orchard of the Agricultural University
of Athens, Greece. (A). Adult emergence holes of X. chinensis on the bark of a mulberry tree (B). Bark
discoloration by the activity of the larvae of the pest (C). Dried sprouts on a mulberry tree in the
orchard of Agricultural University of Athens.

Apart from insects, global warming poses a significant threat for plants. Environmen-
tal change, particularly temperature increase, can affect plants’ species range, abundance,
and phenology [11,12]. Climatic alteration, primarily temperature augmentation, often
leads to drought events and consequently to water deprivation. Water stress restricts
hydraulic functions inside the plants and destroys the production, transport, and avail-
ability of nonstructural carbohydrates (NSC) [13]. These NSCs are related to plant defense
compounds, and as their production decreases, trees are likely to be more vulnerable to
insect attacks [13–19]. Spring drought conditions have been shown to increase infesta-
tions of certain insects, such as Ips typographus (Coleoptera: Curculionidae) [14]. Climate
warming is also linked to reduced precipitation. Mulberries in Greece are used, mainly, as
ornamental plants on the streets or for their shadow-providing role. In these cases, where
no economic interest is involved, trees receive little to no irrigation, making rainwater their
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exclusive water source. Due to drought events and as the water stress rises, mulberries are
more likely to be attacked by X. chinensis.

The timing of X. chinensis attacks on mulberry trees does not synchronize with the
appearance of the symptoms. Due to the severe damage and the stealth action of the larvae,
early detection of the infestation is crucial to take timely control measures and limit the
spread [15,16]. This is feasible by using remote sensing for the recording of the spectral
signature of a plant. A plant’s spectral signature is the reflectance of electromagnetic
radiation by its tissues [17]. Normally, a healthy plant absorbs the radiation of the blue and
red bands of the electromagnetic spectrum, using it in photosynthesis, while it reflects the
radiation of the green and NIR (near infra-red) radiation of the spectrum [17,18]. Combining
the reflectance in different spectral bands, phytosanitary differences can be highlighted.
Mathematical relations using the reflectance in different spectral bands, called vegetation
indices, have been created, and they provide information on the state of the health of the
plants [17–20].

Remote sensing has already been used for phytosanitary monitoring to minimize crop
loss. Besides that, it can forecast favorable conditions that are responsible for pest outbreaks
caused by climate warming, thus contributing to pest control optimization [21].

This study presents the methodology for early detection of infestations of tiger longi-
corn beetle, X. chinensis, in mulberries at the Agricultural University of Athens using remote
sensing data and machine-learning models. Multispectral data were captured by attaching
a multispectral sensor to a UAV. Mean NDVI, mean NDRE, mean EVI, and tree crown
area were calculated and used as predictors in machine learning models, along with mean
temperature data and data of the adult emergence holes, to determine whether detection of
the infestation by this pest can be successfully achieved.

2. Materials and Methods

2.1. UAV Flight Schedule and On-Site Observations

The study was conducted during 2022 and 2023 in the mulberry orchards of the
Agricultural University of Athens. The flight schedule was devised following the biological
cycle of X. chinensis, targeting the stages of adult emergence and active larvae. Late
spring and early summer corresponded with pupation and adult emergence, marked
by the appearance of emergence holes. Summer involved reproduction and oviposition,
while late summer and autumn corresponded to the active larval phase, characterized by
severe infestation symptoms like weakening and drying of leaves and branches due to sap
flow disruption.

Considering the biological cycle and the appearance of the symptoms, four aerial
missions with UAV were executed, with two flights per year (July and September of 2022,
June and September of 2023). The first flight of each year coincided with the pivotal
stage of adult emergence, while the second aligned with the active larvae. Flights were
conducted at 13:00 to ensure optimal lighting and minimize shadows. In addition, during
the midday hours, the maximum daily temperature was recorded, which increases the
evapotranspiration of the plant, amplifying stress symptoms in mulberry trees.

The UAV used was the 2021 model “Mera” (UcanDrone S.A., Koropi Attica, Greece), an
EASA Class C2 quadcopter designed for aerial photography and mapping. The RedEdge-
MX multispectral camera manufactured by MicaSense (AgEagle Aerial Systems Inc., Wi-
chita, KS, USA) was attached to the “Mera” UAV to acquire the multispectral data from the
mulberry trees (Figure 4). UAV data were preferred over satellite imagery due to the high
cost and low accuracy of the latter. UAVs offer real-time capabilities, cost efficiency, precise
data collection, and extensive data acquisition [22]. All the flight missions were designed
and executed in the Mission Planner program (ArduPilot Development Team, New York,
NY, USA).
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Figure 4. Quadcopter “Mera” (UcanDrone S.A., Koropi Attica, Greece) with the attached multispec-
tral camera, MicaSense RedEdge MX (AgEagle Aerial Systems Inc., Wichita, KS, USA).

Flight parameters for the four missions included an altitude of 70 m, a speed of 5 m/s,
and an 80% image overlap in both forward and backward directions. The RedEdge MX
camera (AgEagle Aerial Systems Inc., Wichita, KS, USA) captured multispectral images at
one frame every 2 s. All flights were conducted by a certified A2 category pilot, adhering
to existing legislation.

Field scouting in the mulberry orchard occurred concurrently with each flight, aiming
to observe and document the health status of individual trees, identify potential disease
and pest symptoms, and document prevalent weed species. The field scouting extended
beyond typical pest and disease considerations to encompass various stress factors affecting
the mulberry trees, such as symptoms of nutrient deficiencies. During scouting sessions,
adult specimens of X. chinensis, adult emergence holes, galleries, and cracks on the trunk
were observed. The emergence holes were tallied for each tree during on-site sessions.

The health status of mulberry trees was categorized into two classes during on-site
observations:

1. Healthy tree: maintaining full turgor pressure in leaves during midday, showing no
discernible indications of debilitation or abnormal growth.

2. Tree with X. chinensis infestation: displaying generalized weakening, dried shoots,
yellow leaves, and adult emergence holes.

2.2. Multispectral Data Processing

Multispectral imagery was processed using Metashape (Version 1.7.3) (Agisoft LLC.,
St. Petersburg, Russia) for photogrammetric processing and 3D model generation. Two-
dimensional pre-georeferenced images were imported, and image alignment discerned
shared points for precise relative positioning, resulting in a Dense Point Cloud (X, Y,
Z coordinates).

The Dense Point Cloud facilitated the generation of a Digital Surface Model (DSM),
representing the Earth’s surface and reflective features. The DSM is a comprehensive
representation of the Earth’s surface, encompassing all reflective elements, whether natural
or man-made. These elements include vegetation, water bodies, buildings, roads, bridges,
and more. The DSM serves as a depiction of the Earth’s topography, providing elevation
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data for both terrestrial and aquatic features, as well as vegetative and man-made compo-
nents. Additionally, each pixel of the DSM is embedded with georeferencing, enhancing its
geographical and spatial accuracy.

Utilizing the Dense Point Cloud once more, the Digital Terrain Model (DTM) is
generated, which delineates the Earth’s surface, providing elevation information pertaining
to the topographic features, excluding both natural vegetation and man-made structures.
This model represents the elevation characteristics of the bare terrain while imparting
additional topographical information, including slope, orientation, and both horizontal
and vertical curvature of the terrain.

Orthomosaic maps (Figure 5), created from the DSM and DTM, comprised distortion-
free orthophotos for detailed area representation. These maps are composed of smaller
orthophotos and are constructed utilizing the spectral bands of the visible spectrum of
electromagnetic radiation, specifically the Red, Green, and Blue (RGB). Each small or-
thophoto is precisely georeferenced, resulting in each pixel in the final map corresponding
to a specific geographic point on the Earth’s surface with well-defined coordinates (X, Y,
Z). The orthophotos essentially represent aerial images that have undergone correction
processes to eliminate distortions induced by various factors, including lens characteristics,
capture angles, and the Earth’s topographical variations. Therefore, the orthomosaic maps
provide a highly detailed and accurate representation of the Earth’s surface, encompassing
both natural and man-made features, all presented with high spatial resolution.

Figure 5. Orthomosaic map of the mulberry orchard (flight of 28 June 2023).

The DSM, DTM, and orthomosaic maps were integrated into QGIS (Version 3.32.0)
(QGIS Development Team, London, UK) for further processing and map creation. QGIS
enhanced the exhibition and representation of data, making geospatial information more
accessible and interpretable.

For mulberry tree health assessment, the orthomosaic map was analyzed using Object-
Based Classification (OBIA) in the QGIS Orfeo Toolbox (Figure 6). Three vegetation indices
(VIs) were applied: Normalized Difference Vegetation Index (NDVI), Normalized Dif-
ference Red Edge Index (NDRE), and Enhanced Vegetation Index (EVI). These indices
provided insights into tree health based on spectral characteristics.
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Figure 6. Classified output of the Object-Based Classification for the airborne data of the 28 June
2023 flight.

The NDVI is derived through the mathematical expression [23–25]:

NDVI = (RNIR − RRED)/(RNIR + RRED)

In this equation, RNIR represents the reflection of solar radiation within the near
infrared band, at 842 nm, while RRED expresses the reflection of solar radiation within
the red band, specifically at 668 nm. The NDVI values resulting from this computation
range from −1 to +1. Negative values indicate non-vegetated surfaces, encompassing
areas such as bare ground, rocky or sandy terrains, water bodies, and urban spaces. A
zero NDVI denotes very sparse or stressed vegetation, including dried or aged plants.
Positive NDVI values approaching +1 correlate with increasingly healthier and more
robust vegetation. Conversely, low positive values suggest vegetation that is sparse or
compromised. This calculated NDVI serves as a quantitative metric, offering a precise and
standardized measure for the evaluation of vegetation health and distribution based on the
unique spectral characteristics of the near infrared and red bands.

The NDRE is calculated using the mathematical formula [24,26,27]:

NDRE = (RNIR − RRED EDGE)/(RNIR + RRED EDGE)

In this formula, RNIR denotes the reflection of solar radiation within the NIR band,
specifically at 842 nm, while RRED EDGE signifies the reflection of solar radiation within the
red edge band, at 717 nm. The NDRE also ranges from −1 to +1. Higher values indicate
good health of the vegetation, while lower NDRE values indicate stressed vegetation.

The EVI is computed through the mathematical expression [28]:

EVI = 2.5 × (RNIR − RRED/(RNIR + 6 × RRED − 7.5 × RBLUE) + 1)

In this mathematical expression, RNIR represents the reflection of solar radiation within
the near infrared band, at 842 nm and RRED represents the reflection of solar radiation
within the red band, at 668 nm. The blue represents the reflection of solar radiation within
the blue band, at 475 nm. This index is suitable for high biomass areas characterized by a
dense canopy. The range of values for the EVI spans from −1 to 1, with values indicative
of robust vegetation within the range of 0.20 to 0.80.
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2.3. Statistical Analysis

Machine learning algorithms were used to construct a predictive model for the identi-
fication of the tiger longicorn beetle infestation, X. chinensis, by considering variables such
as mean NDVI, mean NDRE, mean EVI, mean temperature, number of adult emergence
holes, and the tree crown area (canopy). For the performance evaluation of the model on
the aforementioned independent data, preprocessing was performed on the variable data,
such as cleaning and scaling. The evaluated models were the following: Random Forest,
Decision Tree, Gradient Boosting, Multi-Layer Perceptron, K-Nearest Neighbors, and Naïve
Bayes. Training was performed for each model in 70% of the observations, utilizing the
remaining 30% of the observations for validation purposes. The performance of the models
was evaluated using the following metrics: accuracy, precision, recall, and F-measure.

Accuracy was calculated to determine which model was the most appropriate for
utilization in the present study and is defined as follows [29–31]:

Accuracy = TP + TN/TP + TN + FP + FN

where TP = true positives, TN = true negatives, FP = false positives, and FN = false
negatives.

Precision measures the accuracy of positive predictions made by a model and is
defined as [29–31]:

Precision = TP/TP + FP

Recall is a metric that measures the ability of a model to capture all the relevant
instances of a particular class and is defined as [29–31]:

Recall = TP/TP + FN

The F-measure is a metric that combines both precision and recall and is defined
as [29–31]:

F-measure = 2 × ((Precision × Recall)/(Precision + Recall))

Models were constructed and evaluated using Python (Version 3.10.10) and the li-
braries Pandas (Version 1.5.1), Scikit-learn (Version 1.1.3), Matplotlib (Version 3.6.2), Numpy
(Version 1.23.4), Seaborn (Version 0.13.0), and XGBoost (Version 2.0.1).

The Decision Tree (DT) algorithm in machine learning constructs a tree-like model
by recursively selecting the most informative features to partition the input data. It aims
to maximize information gain for classification. The process continues until a predefined
stopping criterion is met, producing a hierarchical structure of decision rules. Decision
trees are interpretable and handle various data types well but may be prone to overfitting,
which can be addressed through techniques like pruning [32].

Random Forest (RF) is a supervised machine learning classifier that uses multiple
decision trees to make predictions. It is an ensemble learning method that corrects for deci-
sion trees’ tendency to overfit their training set. Random Forest is widely used in pest and
disease prediction due to its excellent classification results and fast implementation [33,34].

Gradient Boosting (GB) is an ensemble method that iteratively improves predictive
performance by combining weak learners, usually decision trees, and correcting errors
made by the ensemble. It uses the negative gradient of the loss function to guide the
learning process [35].

Naïve Bayes (NB) is a probabilistic classification algorithm that uses Bayes’ theorem
with a simplified assumption of feature independence. It calculates class probabilities
based on prior information and likelihood of observing features and assigns new instances
to the class with the highest probability [36].
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Multi-Layer Perceptron (MLP) is a neural network used in machine learning, con-
sisting of input, hidden, and output layers, with nodes applying activation functions
to weighted inputs. Trained via backpropagation and optimized using algorithms like
stochastic gradient descent, MLPs excel in tasks like image recognition by capturing com-
plex patterns in data [37].

K-Nearest Neighbors (KNN) is a basic machine-learning algorithm for classification
and regression. It predicts the outcome for a new data point by considering the majority or
average of its K closest neighbors in the training dataset, using a chosen distance metric
like Euclidean distance. KNN is a simple and effective algorithm, but its performance can
be sensitive to the choice of K and distance metric [38].

3. Results

3.1. Descriptive Statistics

Table 1 provides a summary of the descriptive statistics related to the predictor vari-
ables in this study, including the number of holes, mean NDVI, mean NDRE, mean EVI,
mean T, and canopy size (m2). Upon an initial inspection of variable values, conducted
through both graphical representations and statistical tests, it was observed that there were
no missing, duplicate, or extreme outlier values (Table 1).

Table 1. Descriptive statistics of the six predictors that were used in the models.

Holes Canopy Mean NDVI Mean NDRE Mean EVI MeanT (◦C)

Mean 5.13 2.22 0.86 0.43 2.28 25.70
Std 9.97 1.63 0.08 0.10 2.96 2.00
Min 0 −1.30 0.03 −0.03 −87.59 23.06
25% 0 1.28 0.84 0.38 2.14 24.34
Median 2 1.89 0.89 0.45 2.34 27.23
75% 6 2.67 0.91 0.50 2.44 27.94
Max 95 17.40 0.94 0.66 100.08 27.94
N 2081 2081 2081 2081 2081 4

3.2. Correlation Analysis

Figure 7 illustrates the correlation matrix, showing the relationships among the vari-
ables. The most notable statistically significant correlation was identified between the
variables mean NDVI and mean NDRE (r = 0.74, p-value < 0.001). Following this, the
Pearson correlation coefficients between the canopy and mean NDVI and mean NDRE
were 0.27 and 0.25, respectively, both demonstrating statistical significance (p-value < 0.001).
The absence of significantly strong correlations (greater than 0.9) among the predictors
in a machine learning context is crucial because such strong correlations can lead to mul-
ticollinearity, which can negatively impact the performance of algorithms like Random
Forest (Figure 7).

3.3. Model Performance

Figure 8 displays the metrics of the various algorithms employed. In terms of accuracy,
the Random Forest model demonstrated the highest performance at 0.86, closely followed
by the Gradient Boosting model with an accuracy of 0.85. The Decision Tree and Multi-
Layer Perceptron models achieved accuracy values of 0.82 and 0.79, respectively. For the
F-1 score, both the Random Forest and Gradient Boosting models achieved the top score at
0.82, while the Decision Tree model scored 0.77. Regarding precision, the Random Forest
and Gradient Boosting models led with the highest values of 0.84, followed by the Decision
Tree model at 0.80. According to the recall metric, the Random Forest model attained the
highest value at 0.81, followed by the Gradient Boosting and Decision Tree models at 0.80
and 0.79, respectively. The K-nearest Neighbors and Naïve Bayes models exhibited the
lowest metric values compared to the other models (Figure 8).
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Figure 7. Correlation matrix of the variables depicting the relationship between them. The most
statistically significant linear correlation is found between the two vegetation indices, NDVI and
NDRE (r = 0.74).

Figure 8. Evaluation of the six algorithms based on accuracy, precision, recall, and F1 Score.
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3.4. Variable Importance

The plots in Figure 9 suggest that the number of holes and mean temperature are the
most crucial explanatory variables across all six models. When examining the Random
Forest model, a significant degree of importance is attributed to all the variables used in
the prediction, in contrast to the Gradient Boosting model, where only the number of holes
and mean temperature were considered particularly important (Figure 9).

 
Figure 9. Importance of variables per learning algorithm based on the training data.

3.5. Confusion Matrices

To assess the performance of the classification model, confusion matrices were em-
ployed (Figure 10). In these matrices, we observe that the percentages of the evaluated
models ranged for true negatives from 49.16 to 53.24, while true positives ranged from
16.31 to 33.57. In both cases, the Random Forest and Gradient Boosting models exhibited
the highest percentages.
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Figure 10. Confusion matrices for the machine-learning algorithms.

3.6. ROC Curves

To assess and compare the performance of classifiers, Receiving Operating Character-
istic (ROC) curves are employed (Figure 11). The closer the ROC curve is to the upper left
corner of the graph, the higher the accuracy of the test because the greater the area under-
neath it, with the ideal ROC curve having Area Under the Curve (AUC) = 0.1. The dotted
line shows the ROC curve of a random classification so below this line, the performance
of the test is worse than random. In the graphical plots, it is apparent that the Random
Forest and Gradient Boosting models demonstrated the highest area with a value of 0.93,
followed by the Multi-Layer Perceptron and K-Nearest Neighbors models with areas of
0.86 and 0.84, respectively. The Decision Tree and Naïve Bayes models exhibit the smallest
areas with 0.79 and 0.77, respectively.
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Figure 11. ROC curves of the six models.

4. Discussion

According to the Annual Global Climate Report of the National Oceanic and Atmospheric
Administration (NOAA), the average global surface temperature in 2023 was the highest
since 1850 and 1.18 ◦C above the average of the 20th century. In Europe, 2023 was the
second warmest year on record. These increased temperatures were often accompanied
by extreme weather phenomena, such as hurricanes, wildfires, and cyclones [39]. This
ever-deteriorating situation has unpredictable effects on ecosystems and their organisms.
The effects on crops and their pests are complex and far-reaching. The geographical
distribution and biological cycle of both crops, crop pests, and their natural enemies, as
well as their multiple interactions, will become increasingly difficult to predict to prevent
future infestations and outbreaks [1,11,12].

Moreover, pests that complete most of their life cycle within their hosts, such as
woodborers, are even more challenging to detect in time before they do irreversible damage
to crops and spread significantly over an area. The tiger longicorn beetle, X. chinensis, is one
such insect that attacks mulberry trees, destroying their vascular bundles while they are
feeding on them [4–6,8]. Considering that this insect has invaded the European continent,
attacking mulberries in four European Mediterranean countries and causing the death of
many trees, early detection is vital to limit its spread across Europe and to control it in time.
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Phytosanitary surveillance has been facilitated, expedited, and become more effective
owing to the utilization of remote sensing technology. Through remote sensing, changes in
absorption and reflectance of the electromagnetic radiance by the plants can be detected
even before visible symptoms of the infestation appear, minimizing crop losses [17,21].
Remote sensing has proven effective in early pest detection by identifying subtle changes
in plant health indicators such as chlorophyll content and water stress [16,24].

The prediction of the existence of infestation by X. chinensis in mulberries utilizing
multispectral data, deriving from UAV remote sensing, was the aim of the present study.
Six machine learning models were used for the detection of the infestation, with Random
Forest and Gradient Boosting models having the best performance with slight differences.
Random Forest has proven to be a very effective model for the prediction of pest infestations,
achieving high overall performance [16,40–43].

In this study, mean temperature and the number of adult emergence holes were crucial
factors for all six prediction models. This emphasizes that ground truth data are crucial for
the construction of a prediction model to achieve high classification accuracy. Adult emer-
gence holes are a symptom of either an ongoing or a past infestation by X. chinensis. Like
other woodboring pest infestations, such as by Capnodis tenebrionis (Coleoptera: Bupresti-
dae), where weakened or already infested trees are more susceptible to new infestations
by woodborers, infestations by X. chinensis are also more likely to be repeated in trees that
have been previously infected by the insect [44]. Therefore, the results show that even past
adult emergence hole data can be used as an important predictor for future infestations.

Remote sensing data from which vegetation indices were computed were also impor-
tant factors for the prediction models. Among the models, EVI was the most important
vegetation index predictor in three of them (Random Forest, K-Nearest Neighbors, Multi-
Layer Perceptron), NDVI was the second most important in two of the models (Gradient
Boosting, Naïve Bayes), and NDRE was the most important vegetation index predictor
only in one model (Decision Tree). The main disadvantage of NDVI is its saturation in
areas with high biomass and dense vegetation, which does not occur with EVI, making
it more useful in such areas like the one in this study [45,46]. NDRE is more useful for
detecting subtle changes in chlorophyll content, but NDVI is more efficient in large areas
with dense vegetation [47]. In the Random Forest model, all the vegetation indices (EVI,
NDVI, and NDRE) played an important role, without significant differences from the mean
temperature and adult emergence hole factors. Moreover, the factor of tree crown area
(canopy) had few differences from the NDVI factor. NDVI is correlated with crop biomass,
so it makes sense that if NDVI plays an important role as a predictor in a model, the same
will apply to the tree crown area (m2 of canopy) [40].

UAV remote sensing data have been used successfully for the detection of infestation
by other woodborers or wood-eating pests in previous studies, mostly for pest infestations
in forests [15,42,48–50]. Unfortunately, there are no studies about X. chinensis, which seems
to be a rising threat to mulberry trees in Mediterranean countries of Europe. This study
fills a crucial gap in the literature and provides a foundation for further research into the
early detection and control of this invasive pest.

Climate change unpredictably affects the geographical distribution, life cycle, and
hosts of many pests. Hence, frequent, easy, and quick monitoring of plants is more essential
than ever. Remote sensing is a promising technology that can be used for the early detection
of pest infestations and timely control of the spread of the pests. This approach aligns
with the principles of Integrated Pest Management (IPM), which aims to reduce pesticide
use and mitigate environmental impact by facilitating early intervention and precise pest
control measures [17,21].

5. Conclusions

In summary, this study aimed to detect infestations by X. chinensis in mulberries using
UAV remote sensing multispectral data and six classification models. The key factors
identified were mean temperature, number of adult emergence holes, and mean EVI.
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Among the models, Random Forest demonstrated the best performance, closely followed
by Gradient Boosting. Our findings confirm that classifying healthy and infested mulberry
trees is feasible through remote sensing data. However, the inclusion of ground truth data
is crucial for achieving high classification accuracy. Models such as Random Forest and
Gradient Boosting achieved high overall performance (0.93), making them ideal for this
application. Early detection of pest infestations facilitates timely interventions, leading to
reduced pesticide use and mitigating negative environmental impacts, aligning with the
principles of Integrated Pest Management (IPM). This study lays important groundwork
for the use of UAV remote sensing in pest detection, but further research is needed to refine
these methods and differentiate between various pest infestations more accurately.
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Abstract: Mapping the molecular signatures and metabolic regulation of plant tissues under bi-
otic/abiotic stresses and defensive responses has become a subject of increasing interest in plant
biology and systems biology, but determining when and where specialized metabolites are produced
and accumulated currently remains a somewhat elusive goal. Herein, we demonstrated the use
of a TiO2 nanotube-based composite substrate modified with plasmonic gold nanoparticles and
hydrophobic polydopamine (AuNP-hPDA-TDNT) for surface-assisted laser desorption/ionization
mass spectrometry (SALDI-MS) analysis of a wide range of pesticides and for visualizing the stress-
responsive metabolites of citrus leaves during various plant defense processes. This method enabled
the visualization of non-uniform and tissue-specific distribution patterns of functional metabolites of
citrus leaves that were mechanically damaged, fed to larvae, and infected by Huanglongbing disease.
Interestingly, some specialized metabolites exhibited different accumulation and regulation patterns
for mechanical damage and larval feeding, suggesting that plant-derived secondary metabolites
exercise specific defensive functions with respect to various damage processes. Moreover, the early
diagnosis and detection of HLB disease-associated biomarkers can facilitate the prevention of citrus
HLB diseases. Overall, this imprinting MS imaging strategy will expand the scope of MS techniques
in plant biology, providing more biologically relevant insights into the biosynthesis, accumulation,
and defensive role of bioactive metabolites in economically important plants.

Keywords: Huanglongbing disease; leaf imprinting; mass spectrometry imaging; plant stress re-
sponse; surface-assisted laser desorption/ionization

1. Introduction

Citrus (Citrus japonica Thunb.) Huanglongbing (HLB) is a disease of worldwide
incidence that causes considerable economic losses during the development, growth, and
production stages of citrus plants [1,2]. Citrus HLB is caused by infection with Liberbacter
asianticum jagoueix, which is propagated mainly by the citrus psyllid and grafting [3].
HLB has an incubation period during which newly infected trees do not show symptoms,
posing a challenge for the early detection of HLB [4,5]. As the main pest of young citrus
shoots, the citrus psyllid is a propagation medium for citrus HLB. The adults mostly lay
eggs on the susceptible young treetops and begin to suck the sap of young shoots after
the emergence of larvae. The adult citrus psyllid can then fly to new plants to transmit
the citrus HLB. Currently, there is no completely effective treatment for citrus HLB, but
early detection and treatment are the preferred strategies [6,7]. Thus, the early detection of
HLB and the control of citrus psyllids are the keys to the prevention and control of HLB.
Additionally, insights into the stress-induced secondary metabolites of plant tissues that are
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mechanically damaged and fed larvae will help researchers evaluate their defensive roles
and decipher how plants deploy defenses for their maximum benefit [8]. However, the
interactions between defensive responses and secondary metabolites produced by plants
remain largely unclear.

Given that primary metabolites are closely associated with the growth and develop-
ment of plant systems, plant secondary metabolites have received a significant amount of
attention because of their specific biological functions under biotic/abiotic stresses [9–11].
Thus, gas chromatography or liquid chromatography coupled with mass spectrometry
(GC−/LC−MS) has been well established for direct component analysis [12,13]. Unfor-
tunately, spatial distribution information on minute amounts of metabolites where stress
responses occur is normally missing during tissue homogenization and metabolite ex-
traction processes. To circumvent these problems, mass spectrometry imaging (MSI) has
evolved as a promising and molecule-specific tool for spatially and temporally characteriz-
ing a wide range of metabolites in complex plant systems [14–19]. Among the available
techniques, three mainstream types of MSI techniques, namely, matrix-assisted laser des-
orption/ionization (MALDI), desorption electrospray ionization (DESI), and laser ablation
electrospray ionization (LA-ESI), have become the most routinely used ionization sources of
choice for plant metabolomics studies [20–22]. Despite being extensively used, several key
challenges are currently facing conventional MALDI-MSI, such as background interference
at m/z < 500 from organic matrices, poor reproducibility resulting from “sweet spots”, and
potential imaging artifacts due to inhomogeneous co-crystallization [23–25]. Even worse,
unlike plant stem or root tissues, which can be frozen-sectioned for MALDI-MSI, leaf
and flower tissues cannot be sliced, which makes it exceedingly difficult to perform MSI
analysis [26,27]. Although direct leaf and petal MSI can be obtained via DESI techniques,
the MSI results might be compromised to a large extent because of wax layer protection
and fluctuating surfaces. To this end, several porous materials have been proposed for use
in imprinting strategies in DESI-MSI applications [28–30]. However, the limited spatial
resolution of ambient MSI methods limits their ability to acquire high-quality images. Thus,
there is a high demand for developing matrix-free LDI approaches that are compatible with
plant leaves and flowers for capturing molecular signatures under biotic/abiotic stresses.

Inspired by the pioneering efforts of Gary Siuzdak’s group [31], a plethora of ultra-
violet (UV)-absorbing nanostructured substrates, such as semiconductor-based [32–34],
metal-based [35,36], carbon-based [37,38], and silicon-based [33,39] substrates, have en-
abled matrix-free LDI for MS analysis, termed surface-assisted laser desorption/ionization
(SALDI). More valuably, these SALDI substrates are very suitable for MSI analysis of plant
leaves and flowers and can be simply imprinted onto nanostructured material surfaces, re-
gardless of matrix deposition and tissue sectioning. Benefiting from the advantages of high
light absorption, a high surface area-to-volume ratio, and low thermal conductivity [40,41],
several recent examples of these methods include visualizing endogenous glycoalkaloids,
flavonoids, and carbohydrates within Catharanthus roseus flowers and spearmint leaves by
imprinting SALDI-MSI [42,43]. Recently, we constructed a TiO2 nanotube (TDNT)-based
composite material with plasmonic gold nanoparticles (AuNPs) and hydrophobic poly-
dopamine (PDA) modification (AuNP-hPDA-TDNT) for primary and secondary metabolite
mapping in a wide range of plant tissues and fruits [34,44]. The synergistic effects between
n-type semiconductor TDNTs and plasmonic AuNPs make this SALDI-MSI strategy effec-
tive and sensitive. Despite considerable efforts, the great potential of imprinting MSI in
real-case applications with respect to the stress response of plant tissues to disease infection
and mechanical damage remains to be explored.

In this study, we demonstrated the potential of AuNP-hPDA-TDNT-based nanos-
tructured substrates for SALDI-MS analysis of a wide range of pesticides and exploited
the imprinting MSI capability in mapping secondary metabolites during various plant
defense processes. Moreover, various nonuniform and tissue-specific distribution patterns
of functional metabolites can be clearly visualized in plant leaves that are mechanically
damaged, fed to larvae, and infected by Huanglongbing disease via AuNP-hPDA-TDNT-
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based SALDI-MSI. Taken together, these results demonstrate that this imprinting MSI
method has great potential for visualizing plant defense-derived metabolites, providing
insights into the biosynthesis, accumulation, and defensive role of a diverse variety of
bioactive metabolites in economically important plants.

2. Materials and Methods

2.1. Chemicals and Materials

Titanium sheets (99.95% purity) were purchased from Qingyuan Metal Materials Ltd.
(Shijiazhuang, China). Chloroauric acid (HAuCl4, 98% purity and 47.8% Au content),
sodium citrate (98% purity), sodium fluoride (99% purity), and anhydrous sodium sulfate
(99% purity) were purchased from Energy Chemistry Ltd. (Shanghai, China). Dopamine
hydrochloride (98% purity) and 1H,1H,2H,2H-perfluorooctyltrichlorosilane (FOTS, 97%
purity) were purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). α-
Cyano-4-hydroxycinnamic acid (CHCA, 99.0% purity) and Tris buffer were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Acephate, dinotefuran, thiamethoxam, spirotetramat,
rotenone, azoxystrobin, cyantraniliprole, chlorantraniliprole, and abamectin were pur-
chased from J&K Scientific Ltd. (Beijing, China). HPLC-grade acetonitrile was purchased
from Tedia Company, Inc. (Fairfield, OH, USA). All the chemicals were used without
further purification.

2.2. Preparation of the Pesticide Standards and AuNPs

Thiamethoxam, rotenone, chlorobenzamide, and abamectin were dissolved in acetone.
Spirotetramat, dinotefuran, acephate, cyantraniliprole, and azoxystrobin were dissolved in
an acetonitrile/water (1:1, v/v) mixture. All the analytes were dissolved in the stock solu-
tion at a concentration of 10 mM. Then, the standard individual solution and mixed solution
were prepared by progressively diluting the stock solution to the desired concentration.
Then, 0.1 μL of standard solution was manually deposited onto the AuNP-hPDA-TDNT
substrate, which was naturally air-dried prior to MS analysis. AuNPs were synthesized via
thermal treatment according to previous reports [17,27].

2.3. Preparation of the AuNP-hPDA-TDNT Substrate

The composite nanostructured substrate was prepared via an electrochemical anodiza-
tion method according to previous reports [34,44]. Briefly, anhydrous Na2SO4 and NaF
were dissolved in deionized water as the electrolyte solution, a Ti sheet was adopted as the
anode, and a Pt electrode was adopted as the cathode. The oxidation reaction proceeded at
a voltage of 20 V at room temperature for 1 h. To avoid adverse side effects, the voltage
was increased slowly. Then, TiO2 nanotube (TDNT) materials were produced and washed
ultrasonically with deionized water for 1 min. After air drying at room temperature, the
TDNT substrates were stored in clean containers until future use.

The TDNT substrates were placed on a mixed solution containing dopamine hy-
drochloride and Tris-HCl buffer (pH 8.5) that was heated with stirring at 600 rpm in a
90 ◦C water bath for 1 h to prepare the PDA-TDNT substrate. The sample was subjected
to ultrasonic cleaning twice with ethanol and deionized water to remove surface residues.
Then, the hPDA-TDNT substrate was obtained by spraying 10 times with 0.25% (v/v)
FOTS at a flow rate of 1 mL/min onto the PDA-TDNT surface in a high-performance
ultrasonic sprayer (UAM4000, Hangzhou, China). Finally, a 0.1 mg/mL AuNP suspen-
sion was evenly sprayed on the hPDA-TDNT substrate surface 200 times at a flow rate of
0.03 mL/min to prepare the AuNP-hPDA-TDNT substrate. The detailed workflow of the
AuNP-hPDA-TDNT substrate fabrication is shown in Figure S1.

2.4. Preparation of Imprinted Citrus Leaves That Were Infected by Huanglongbing Disease,
Mechanically Damaged, and Fed Larvae for MSI Analysis

The experimental citrus (Citrus japonica Thunb.) variety was sour orange (a native
wild species in Hainan), and susceptible citrus plants were provided by South China
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Agricultural University. Four- to five-month-old leaves were chosen for infection with
HLB (Liberbacter asianticum jagoueix), which is an early pathogen. Susceptible leaves with
obvious diseased spots were selected. Additionally, one- to two-month-old leaves that were
mechanically damaged and fed larvae were chosen for imprinting MSI analysis. Specifically,
the mechanically damaged leaves were subsequently crushed with needle-nose pliers and
then harvested after they had grown for 2 h, 12 h, and 24 h. The leaves that were fed with
larvae were placed on young leaves to eat and then collected after they had grown for 12 h.
After the leaves were collected, the leaf surface was simply wiped with a water-soaked
paper towel and then placed on the AuNP-hPDA-TDNT substrate for imprinting, and
pressure was slowly applied at 4 MPa, where the duration of the imprinting process was
20 min. Then, the leaves were removed, and the leaf-imprinted substrates were transferred
to room temperature for drying and subjected to MSI analysis.

2.5. Metabolite Extraction of Citrus Leaves for Ultra-Performance Liquid Chromatography
Cou-Pled with Mass Spectrometry (UPLC–MS) Experiments

For metabolite extraction from citrus plant leaves, 50 mg of each sample was weighed
and placed into centrifuge tubes, where 800 μL of precooled extraction solvent containing
methanol and water (7:3, v/v) at −20 ◦C was added for metabolite extraction. After the
tissue was ground with two small steel balls at 50 Hz for 5 min, it was placed in an
ultrasonic water bath at 4 ◦C for 30 min and then transferred to −20 ◦C for 1 h. Following
centrifugation at 25,000 rpm for 15 min, 600 μL of the supernatant was collected through a
0.22 μm filter and analyzed via UPLC-MS.

2.6. UPLC-MS Conditions for Metabolite Identification in Citrus Leaves

For metabolite identification in citrus leaves, a two-dimensional UPLC (Waters, Mil-
ford, MA, USA) coupled to a high-resolution Orbitrap mass spectrometer (Q Exactive HF,
Thermo Fisher Scientific, Waltham, MA, USA) was used. In brief, 0.1% formic acid in water
(Solvent A) and 0.1% formic acid in methanol (Solvent B) composed the mobile phases. The
gradient elution conditions were as follows: 0–1 min, 2% Solvent B; 1–9 min, 2–98% Solvent
B; 9–12 min, 98% Solvent B; 12–12.1 min, 98–2% Solvent B; and 12.1–15 min, 2% Solvent B.
The flow rate and injection volume were set at 0.35 mL/min and 5 μL, respectively. The
column oven was maintained at 45 ◦C. LC-eluted fractions were subjected to MS through
electrospray ionization. In this study, the positive ion mode for electrospray ionization
(ESI) was used with the spray voltage set at 3.80 kV, where 40 L/min of sheath gas and
10 L/min of auxiliary gas at 350 ◦C were used. The ion transfer capillary temperature was
set at 320 ◦C.

Mass spectra were acquired in the m/z range from 70 to 1050 Da with a mass resolution
of 70,000 at m/z 200. The automatic gain control (AGC) target value was set to 3 × 106

for full MS mode. For MS/MS analysis, data-dependent acquisition (DDA) mode was
employed with a mass resolution of 17,500 and an AGC setting of 1 × 105. Step-increase
collision voltages of 20−40−60 eV were adopted to activate and fragment the precursor
ions of interest. Metabolite identification was performed by matching the measured
m/z values and fragmental patterns with the Human Metabolome Database (HMDB)
(http://www.hmdb.ca, accessed on 5 October 2022).

2.7. SALDI-MS and Imprinting MSI Experiments

For AuNP-hPDA-TDNT-based SALDI-MS analysis, 0.1 μL of sample solution was
spotted onto the AuNP-hPDA-TDNT substrate. After it was naturally air-dried, the AuNP-
hPDA-TDNT substrate was mounted on a stainless steel target (MTP Slide Adapter II,
Bruker Daltonics, Billerica, MA, USA). All SALDI-MS analyses were performed on an
UltrafleXtreme mass spectrometer (Bruker Daltonics, Billerica, MA, USA) equipped with a
Nd:YAG laser at a wavelength of 355 nm, a laser frequency of 1000 Hz, and a laser energy
of 45% in position ion mode. The mass spectral data were acquired with a mass range
from 100 to 1000 Da. The spot size was selected as “Ultra”, and mass axis calibration was
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performed using the signals of the Aun
+ ions (n = 1 to 5) generated by the AuNPs. Each

SALDI mass spectrum was obtained by accumulating the MS signals from 400 laser shots.
For MSI analysis, the laser power was set at 80–90%, and the mass spectrum at each pixel
was obtained by accumulating 200 laser shots unless otherwise indicated. The optimized
voltage parameters, such as a reflector voltage of 20.84 kV, a lens voltage of 11.00 kV, an ion
source voltage of 20.00 kV, and an extraction delay time of 100 ns, were adopted throughout
the MSI experiments.

2.8. Data Analysis

FlexControl 5.0 and flexAnalysis 5.0 software were used to acquire and analyze the
data. For MSI data analysis, the raw data were visualized via flexImaging 5.0 software and
then imported into SCiLS Lab 2016b software for further processing. The acquired raw mass
spectra were normalized to the total ion count for each image. The statistical data were pro-
cessed using SPSS software (version 19.0; SPSS, Inc., Chicago, IL, USA). One-way analysis
of variance (ANOVA) and Tukey’s test were performed to exhibit statistical significance.

3. Results and Discussion

3.1. SALDI-MS Analysis of Various Pesticide Molecules

Previous results have demonstrated that the AuNP-hPDA-TDNT material shows great
promise as a SALDI substrate for primary and secondary metabolites in plant tissues,
whereas the great potential of this SALDI-MS method in pesticide mixture detection re-
mains to be explored. To this end, a total of nine pesticides were selected for SALDI-MS
analysis via a conventional MALDI matrix and four SALDI substrates at different con-
struction stages. Information on the detected pesticides and their ion forms is listed in
Tables S1 and S2. As shown in Figure 1, only three pesticides could be detected when
CHCA was used as the matrix (Figure 1a), whereas all of the pesticides could be clearly
detected using the AuNP-hPDA-TDNT substrate (Figure 1e). With the same laser energy,
the other substrates, including TDNT, PDA-TDNT, and hPDA-TDNT, afforded three, four,
and eight pesticides, respectively. Notably, the excellent photothermal conversion effi-
ciency and enhanced ion production contributed to the improved desorption/ionization
performance in the analysis of agrichemicals from the AuNP-hPDA-TDNT substrate com-
pared with those from other substrates or conventional MALDI matrices, which was in
accordance with previous studies [34,44]. More specifically, the deposited PDA layer
and AuNPs facilitate enhanced photothermal conversion efficiency and surface plasmon
excitation for high-density charges [45,46]. These results suggest that the enhanced des-
orption/ionization performance of these molecules of interest can be greatly enhanced by
step-by-step modifications of the TDNT substrate.

Additionally, we further assessed the repeatability, linearity, and sensitivity of this
method for detecting pesticides. Thus, azoxystrobin, thiamethoxam, and rotenone were
chosen for the assessment of the AuNP-hPDA-TDNT material, as the relative standard
deviation (RSD) values were lower than 6% for both the spot-to-spot and batch-to-batch
homogeneity investigations (Figures S2–S4). This good reproducibility can be attributed
to the fact that this SALDI substrate afforded uniform nanoscale microregions on the sur-
face, facilitating subsequent MSI analysis regardless of the presence of imaging artifacts.
Given that the stability of the SALDI material is crucial for practical MSI applications, the
day-to-day stability of these composite materials was also investigated, and the results
indicated that all of the RSD values were lower than 6.2% for the three selected species
(Figures S5–S7). Furthermore, good linearities of the calibration curves with correla-
tion coefficient (R2) values better than 0.98 for all the model pesticides can be acquired
(Figures S8–S10). We further performed SALDI-MS analysis of azoxystrobin, rotenone,
and thiamethoxam at absolute concentrations of ~10 fmol, ~100 fmol, and ~100 fmol, re-
spectively, at each spot (Figure S11). These results indicate that methodological limits of
detection below 100 fmol can be reached for some pesticides.
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Figure 1. SALDI mass spectra of nine pesticide mixtures in positive ion mode. (a) Comparison
of mass spectra of a mixture of nine pesticides, including acephate, thiamethoxam, spirotetramat,
rotenone, azoxystrobin, cyantraniliprole, chlorantraniliprole, and abamectin, using (a) CHCA and
four SALDI substrates, including (b) TDNT, (c) PDA-TDNT, (d) hPDA-TDNT, and (e) AuNP-hPDA-
TDNT. The concentration of each analyte was 1 mM, and * represents the background interference
peaks.

3.2. Imprinting SALDI-MSI of Citrus Leaves

Histologic sectioning has been widely applied to plant roots and stems, but this
strategy is incompatible with plant leaves and petals because of their inability to be sliced.
Thus, prior to performing imprinting MSI of citrus leaves during various plant defense
processes, we visualized the spatial distribution of primary and secondary metabolites
within a citrus leaf. Previous studies have revealed that citrus leaves are the main source of
botanical drugs, so visualizing their intrinsic distribution patterns is highly important [47].
As shown in Figure 2, some tentatively assigned metabolites, such as leucine ([M+Na]+,
m/z 154.1), 7-hydroxycoumarin ([M+K]+, m/z 201.0), 8-methoxypsoralen ([M+H]+, m/z
217.1), scopoletin ([M+K]+, m/z 231.0), scoparone ([M+K]+, m/z 633.1), apigenin ([M+Na]+,
m/z 293.0), oxypeucedanin ([M+Na]+, m/z 309.1), astragalin ([M+H]+, m/z 449.1), and
kaempferitrin ([M+K]+, m/z 617.1), were found to be homogeneously distributed across
the whole leaf. In contrast, cathinone ([M+H]+, m/z 150.1), caffeic acid ([M+K]+, m/z 219.0),
and hesperidin ([M+K]+, m/z 649.2) were co-localized with a tissue-specific distribution
pattern and accumulated near the leaf stalk. A representative mass spectrum acquired
via SALDI-MSI is shown in Figure S12. Some typical tandem mass spectra of secondary
metabolites are displayed in Figure S13. Taken together, these results support the idea
that leaf-imprinted MSI can be used for the investigation of bioactive compounds in some
functional plants.
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Figure 2. Spatial distribution of various small-molecule metabolites resulting from an imprinted
citrus leaf. Optical image of a citrus leaf and the corresponding image imprinted onto the surface
of the AuNP-hPDA-TDNT substrate and representative ion images of a citrus leaf obtained via
SALDI-MSI. The colored bars indicate the relative signal intensity. Scale bar: 10 mm.

3.3. Stress Response of Citrus Leaves to Insect Feeding and Mechanical Damage

Having optimized the AuNP-hPDA-TDNT-based SALDI-MSI, we investigated its
potential for mapping stress-responsive metabolites of citrus leaves in real cases. As a proof-
of-concept study, we visualized the spatial distribution of some secondary metabolites in
citrus leaves subjected to insect feeding and mechanical damage by imprinting MSI based
on the AuNP-hPDA-TDNT substrate. Figure 3 shows that when citrus leaves were damaged
by insect feeding and mechanical damage for 12 h, some metabolic marker substances
exhibited specific distributions. Specifically, the levels of protocatechuic acid ([M+Na]+, m/z
177.0), trigonelline ([M+Na]+, m/z 160.0), and caffeic acid ([M+Na]+, m/z 203.0) decreased
after citrus leaves were subjected to mechanical damage, but increased to a great extent after
insect feeding. Figure 3 shows that these compounds significantly accumulated at insect
feeding sites, but did not significantly change at mechanically damaged sites or in the CK
group. Previous studies have reported that an increase in the levels of protocatechuic acid
and caffeic acid may be the main stress defense substance produced in response to insect
mouth injury [4]. Interestingly, trigonelline is a plant alkaloid that is closely related to coffee
and fenugreek, the main components of which have antioxidant, anti-inflammatory, and
neuroprotective effects. This study suggested that trigonelline has important antioxidant
effects in response to damage caused by insect feeding. On the other hand, oxypeucedanin
([M+K]+, m/z 325.0) obviously accumulated at sites of mechanical damage, which may
be closely related to tissue damage and repair. Additionally, given that the levels of most
amino acids also tend to increase in leaves damaged by larval bites [48], proline ([M+Na]+,
m/z 138.1) significantly accumulated at sites of larval damage, but there was no significant
change at sites of mechanical damage.
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Figure 3. Mass spectrometry images of mechanically damaged and larva-fed citrus leaves. Optical
images of citrus leaves, corresponding imprinted images of the surface of the AuNP-hPDA-TDNT
substrate, and representative ion images of the citrus leaves obtained via SALDI-MSI with a pixel size
of 160 μm. The red dashed ellipses indicate the specific locations that are mechanically damaged and
larva foraged. The blue and red data points indicate the reasonable values and outliers, respectively.
Scale bar: 20 mm.

3.4. Stress Response of Citrus after Mechanical Damage for Different Repair Durations

In addition to the static spatial distribution variation in mechanically damaged leaves,
we further investigated the dynamic stress response of citrus leaves in the face of me-
chanical damage after different repair durations (i.e., 2 h, 12 h, and 24 h). Using the
AuNP-hPDA-TDNT-based imprinting MSI method, we visualized several metabolic mark-
ers with specific spatial distributions in citrus leaves at different repair times (Figure 4).
The results revealed that the levels of various amino acids, such as leucine ([M+Na]+, m/z
132.1) and methionine ([M+Na]+, m/z 172.0), increased, and that the methionine content
in the CK group was greater than that at different repair times, indicating that the level
decreased sharply after mechanical damage and then gradually increased. Although the
defensive role of the amino acid methionine in mechanical damage is not yet fully under-
stood, the dynamic variations in methionine levels for different durations of repair are
interesting. Several studies have revealed that Met, a fundamental metabolite in plant cells,
controls the levels of several essential metabolites, such as polyamines, biotin, ethylene,
and phytosiderophores, after its conversion to S-adenosylmethionine (SAM) [49–51]. SAM,
which serves as a primary methyl group donor, can regulate key processes, including the
formation of chlorophyll and the cell wall, as well as the synthesis of many secondary
metabolites [52]. Additionally, Met can also be catabolized to produce a group of plant
secondary metabolites (e.g., glucosinolates), which exhibit repellent activity against her-
bivorous insects and pathogens [8,53]. When a leaf is mechanically damaged, the cell
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wall can be severely destroyed so that Met levels can decrease within damaged regions.
As the repair mechanism is triggered, the level of the amino acid methionine gradually
recovers to a normal level. More specifically, the leucine content increased significantly
at the injury site after mechanical damage, while its contents at 2 h, 12 h, and 24 h were
not significantly different, which was in agreement with previous studies showing that
tryptophan and serine are common biomarkers of wound stress in citrus plants [54]. In
sharp contrast, N-formylglycine ([M+H]+, m/z 104.1) increased slowly after mechanical
damage and peaked at 12 h but began to decrease slowly from 12 h to 24 h. Notably, both
the oxobutanedioic acid ([M+K]+, m/z 171.0) and citric acid ([M+H]+, m/z 193.0) levels
increased after mechanical damage, which is part of the TCA cycle. Taken together, these
results suggest that the TCA cycle produces increased amounts of energy in response to
the threat posed by mechanical damage.

 

Figure 4. Imprinting MS images of mechanically damaged citrus leaves for different durations
after repair. Optical images of citrus leaves, corresponding imprinted images of the surface of the
AuNP-hPDA-TDNT substrate, and representative ion images of the citrus leaves obtained via SALDI-
MSI with a pixel size of 160 μm. The red dashed ellipses indicate the specific locations that are
mechanically damaged. The blue and red data points indicate the reasonable values and outliers,
respectively. Scale bar: 20 mm.

3.5. Stress Response of Citrus Leaves during Infection with HLB

In this study, in addition to insect feeding and mechanical damage, the spatial dis-
tribution of some secondary metabolites in citrus leaves before and after HLB infection
was also visualized by imprinting MSI based on the AuNP-hPDA-TDNT substrate. We
found that some metabolic markers related to defense response processes were generated
when citrus leaves were infected by HLB and exhibited a specific distribution on the leaves
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(Figure 5). The MSI results revealed that the contents of several metabolites, such as guaiacol
([M+Na]+, m/z 147.0), quinic acid ([M+K]+, m/z 231.0), dehydroabietic acid ([M+Na]+, m/z
323.2), mignonette glycosides ([M+K]+, m/z 487.1), and hesperidin ([M+K]+, m/z 649.2),
were greater in the HLB-infected citrus leaves than in the healthy leaves. Notably, the
concentration of quinic acid markedly increased throughout the infected leaves, whereas
guaiacol was present throughout the whole leaf except in the vein. Previous studies have
demonstrated that guaiacol and quinic acid can be candidate biomarkers of HLB disease
infection [55], but their specific spatial distributions are poorly understood. Specifically,
Hijaz et al. and Jones et al. demonstrated that the organic acid quinic acid can be detected at
a relatively high level in symptomatic or CLas-infected leaves, corroborating our imprinting
MSI results [56,57]. As a key metabolite associated with plant stress and defense, quinic
acid has been reported to exhibit a significantly different profile in asymptomatic leaves
of Citrus sinensis [54,55], suggesting that quinic acid can be a vital biomarker candidate
with potential for HLB infection recognition, even in the asymptomatic stage. Additionally,
dehydroabietic acid, a natural product isolated from the nonvolatile residue of citric acid
essential oil, was markedly increased in symptomatic citrus leaves, suggesting that it might
be another candidate biomarker that is directly associated with HLB disease [55]. Given
that HLB is a disease of worldwide incidence that could result in great losses to the citrus
industry, the early diagnosis and detection of HLB disease-associated biomarkers can
facilitate the prevention of citrus HLB diseases.

 

Figure 5. Imprinting MS images of leaves infected with citrus HLB and healthy leaves. Optical
images of citrus leaves, corresponding imprinted images of the surface of the AuNP-hPDA-TDNT
substrate, and representative ion images of the citrus leaves obtained via SALDI-MSI with a pixel
size of 160 μm. The blue and red data points indicate the reasonable values and outliers, respectively.
The colored bars indicate the relative signal intensity. The asterisks indicate the level of significance:
** p < 0.01, *** p < 0.001, and p > 0.05 (not significant, n.s.). Scale bar, 20 mm.
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4. Conclusions

In summary, this work demonstrates a AuNP-hPDA-TDNT-based SALDI-MS method
for the detection of a wide range of pesticides and the spatial visualization of primary and
secondary metabolites during various plant defense processes by imprinting MSI. This
nanostructured substrate, with the synergistic advantages of imprinting capability toward
plant tissues and enhanced ionization efficiency, enables simplified sample preparation in
real-case MSI applications, particularly for plant leaves that are incompatible with conven-
tional histologic sectioning procedures. Moreover, the results presented here revealed that
various nonuniform and tissue-specific distribution patterns of stress-induced metabolites
can be clearly visualized in citrus leaves facing mechanical damage, insect feeding, and
HLB disease infection via AuNP-hPDA-TDNT-based SALDI-MSI. Intriguingly, several
potential biomarkers associated with the stress response of citrus leaves, such as quinic
acid, could be visualized during mechanical damage and HLB disease infection, opening
new avenues for a deeper understanding of crucial metabolites that participate in plant
defense and infection processes. Efforts will be made in the future to decipher the biosyn-
thesis, accumulation, and defensive role of various bioactive metabolites in economically
important plants.
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Abstract: The cabbage whitefly has become an important pest on brassica vegetables in Central
Europe. It does not destroy the affected plants, but the product becomes unmarketable, causing
considerable economic losses. The pest is also difficult to control due to its way of life and because it
develops resistance to some of the active components of insecticides. In organic farming systems,
insecticides are strictly restricted, but neither predators nor whitefly parasitoids are able to keep the
pest at a tolerable level. It is, therefore, necessary to become familiar with the whitefly’s life cycle and
habits, including mass migration from winter hosts to vegetables. We inspected 44 rapeseed fields
across the republic in the period 2014–2021 in order to find the connection between the presence of
oilseed rape fields near vegetable growing areas (VGAs) and the abundance of the overwintering
cabbage whiteflies. We also conducted regular weekly monitoring of whitefly occurrence in the main
cultivation area of the Czech Republic (Polabí) with the aim of specifying critical data important for
the successful control of this pest. We found that the cabbage whitefly incidences were many times
higher in rapeseed fields close to VGAs compared to areas where the crops are not adjacent. The
average number of whiteflies was 0.59 individuals per plant in VGA-1 (oilseed rape grown inside
this area or up to 1 km far), 0.052 in VGA-2 (distance 3–10 km from vegetable fields) and 0.014 in
VGA-3 (more than 20 km). In the extremely warm year 2016, the difference was up to sixty times.
The first CW eggs laid on cruciferous vegetables were usually found around 20 May. The period of
mass migration of CW adults to cruciferous vegetables was between 6 June and 2 August. At this
time, vegetables are most vulnerable to damage. Successful control of the cabbage whitefly requires
the use of fabric netting, combined with an insecticide as needed and trap plants as needed; the latter
have to be destroyed before adult whiteflies hatch—typically in early July.

Keywords: Aleyrodes proletella; brassica crops; oilseed rape; ecology; migration; cabbage whitefly;
Czech Republic

1. Introduction

The cabbage whitefly (CW) Aleyrodes proletella L. (Hemiptera: Aleyrodidae) is an
oligophagous species causing economic losses to brassica vegetables. It is a native species
of the Palearctic realm but has also spread to other continents, where it has the invasive
species status. It is currently present on all the continents except Antarctica [1]; for example,
its occurrence has been reported in Angola, Australia [2], India, the United States, Mexico,
Brazil, China [3] and New Zealand [4]. It was regarded as a minor pest in Europe, so
little research has focused on this species in the past [5], but its importance as a pest has
increased considerably in recent decades [6–13]. Den Belder et al. [14] stated that Aleyrodes
proletella is slowly spreading from Central to Western Europe and has recently become a
serious pest in commercial brassica fields in the Netherlands.

The CW spreading is probably associated with an increase in winter rapeseed (B. napus
L.) cultivation areas. Askoul et al. [15] examined the effects of various host plants on the
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reproductive parameters of A. proletella, such as fertility, survival rate and preoviposition
period, and all of the parameters were significantly the best in winter rapeseed. In the UK,
for example, the oilseed rape cultivation area increased only in the mid-1970s; brassicas
as vegetables clearly dominated until then [16]. In the Czech Republic, the size of the
rapeseed growing areas was under 50 thousand hectares until the end of the 1970s. After
the 1990s, there was a jump shift when the cultivation area skyrocketed to 350 thousand
ha. After 2000, the area decreased to 250 thousand ha, and there was another shift to about
340 thousand ha in 2007 in connection with EU directives on organic additives in diesel fuel.
The rapeseed growing area was between 350 and 420 thousand hectares in 2010–2020 [17].
The oilseed rape area grew by 20% from the Czech Republic’s ascension to the EU (1 May
2004) to 1 May 2016, and the total increase has even been 283.9% since 1989 [18].

In the Czech Republic, CW had no pest status in the past [19]. Until the beginning of
the 21st century, no significant damage to crops existed in the Czech Republic. The first
damage was recorded around 2008 in the southeastern part of the Czech Republic (Moravia
region), where the climate is warmer. In the Polabí region, with a high concentration of
vegetable fields, the damage occurred 1–2 years later (depending on location). Since 2012,
A. proletella has been a regular pest on cruciferous vegetables in all lowland regions of the
Czech Republic [20] and is also abundant in all oilseed rape fields.

Winter rapeseed provides a suitable shelter for the cabbage whitefly during the winter
as well as a food source for the period when no vegetables grow in the fields. Its widespread
cultivation results in so-called green bridges and, along with milder winters, has a critical
influence on the current success rate of the cabbage whitefly [14,16]. CW does virtually no
harm to rapeseed, but it creates numerous colonies there [13], from which the adults migrate
en masse to vegetable fields in the course of June [16], where they pose a major problem. It
has been noted that CW has two morphs with different specific flight capabilities [21]. While
one of them can spread over a range of several hundred meters, the other migrates from
origins up to several kilometres distant. The migrating morph (around 5 km) appears to be
much more important in colonising vegetable fields than the local one (200–1000 m) [22].
Typically, the cabbage whitefly life cycle from egg (laid after wintering) to adult is completed
within 3–6 weeks, depending on the temperature [13,23]. The number of generations that
the whiteflies can achieve differs depending on the geographic location. While there tend to
be 3–5 generations in the UK [24], there may be up to 10 generations under ideal conditions
in Southern Europe [11].

Infested plants are characterised by the presence of CW or later by the appearance of
honeydew; sap sucking has little effect on the crops, so no retarded or dead plants due to
CW sucking have been observed, and no colour changes are visible on the leaves. After
the registration of insecticides containing the active ingredient spirotetramat in 2008 and
other effective insecticides such as spinosyns or cyantraniliprole [25], CW was a problem
only in a small part of less intensively sprayed fields, but especially in organic vegetable
production. A recent study by Müller et al. [26] detected field resistance to ketonenol
insecticides in some CW populations in Belgium and Germany with cross-resistance to
spirotetramat and spiromesifen, indicating an increased risk that insecticide protection
against CW may become less reliable and the situation may worsen.

To draw an appropriate sensitive crop protection strategy, it is important to know the
CW population trends. Critical data include knowledge of when whitefly populations peak
on rapeseed and when they migrate to vegetables [5]. The objective of this investigation
was to obtain a better understanding of cabbage whitefly migration and population de-
velopment on sites selected based on their proximity to vegetable growing areas, validate
the biological data for the Czech Republic and help complete missing information about
the pest.
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2. Materials and Methods

2.1. Spring Abundance of Whiteflies on Oilseed Rape

The survey of the spring abundance of whiteflies was carried out in March or early
April in 2014, 2016–2018 and 2021, up to a plant height of 40 cm. The assessment of the
fields each year was carried out within a few days. The date was different each year
depending on the weather, but the plants were always in the same phenophase.

Forty-four oilseed rape fields across the Czech Republic (Central Europe, 48◦39′–50◦59′ N,
12◦19′–18◦29′ E) were inspected for the presence of A. proletella (Figure 1). Nine selected
sampling sites were located in (1) a vegetable growing area (VGA-1) with oilseed rape
grown inside this area or up to 1 km away; twenty-two sites were (2) close to VGA at
3–10 km (VGA-2); and thirteen sites were considered controls with (3) no proximity of VGA
at more than 20 km (VGA-3). At each site, ten oilseed rape plants with four repetitions
were inspected, and numbers of adults, eggs and nymphs were recorded.

 

Figure 1. Schematic map of locations of investigated winter rapeseed fields in European context.

The location of the rapeseed fields changed a little from year to year due to crop
rotation, but their distance was always within 2 km. The altitude of the sites ranged from
150 to 200 m a.s.l. for (1), 166 to 350 m a.s.l. for (2) and 175 to 530 m a.s.l. for (3). Mean
temperatures in the Czech Republic for a given year and deviations from the long-term
normal are summarised for selected months in Table 1.

Table 1. Mean temperatures and deviations from the long-term normal for the Czech Republic. Data
taken from CHMI [27].

Mean Temperatures and Deviations
from the Long-Term Normal for the

Czech Republic
January February March April Annual Year

Temperature 0.5 2.1 6.2 9.8 9.4
2014Deviation 2.5 3 3.3 1.9 1.5

Temperature –1.4 3 3.3 7.7 8.7
2016Deviation 0.6 3.9 0.4 –0.2 0.8
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Table 1. Cont.

Mean Temperatures and Deviations
from the Long-Term Normal for the

Czech Republic
January February March April Annual Year

Temperature –5.6 1.1 5.9 6.9 8.6
2017Deviation –3.6 2 3.4 –1 1.1

Temperature 1.8 –3.5 0.8 12.7 9.6
2018Deviation 3.8 –2.6 –2.1 4.8 1.7

Temperature –1.1 –0.8 2.6 5.4 8
2021Deviation 0.3 –0.4 -0.6 –3.1 –0.3

2.2. Monitoring of Whiteflies, Their Natural Enemies and Migration Period of Whiteflies

Regular monitoring of cruciferous vegetables was carried out from April to October
2018–2023 as a service for the growers and the Vegetable Union of Bohemia and Moravia
(Czech Republic) to prepare a weekly report with the current occurrence of pests, their
natural enemies and recommendations for crop protection. During the monitoring of
vegetable pests, the first occurrence of adults, eggs and nymphs, as well as the first hatching
of whitefly adults from the puparia on cruciferous vegetables, was recorded. The onset of
mass migration from oilseed rape was estimated as the presence of more than five adult
whiteflies per vegetable plant on at least 90% of the plants in the field.

The fields in the “Polabí” region were inspected once a week. Polabí is an area along
the Elbe River where vegetable cultivation predominates. It has the highest concentration
of vegetable fields in the Czech Republic. Three sites were monitored: the vicinity of Lito-
měřice (GPS: 50.5221728 N, 14.1204472 E), Obříství (GPS: 50.3071008 N, 14.4655750 E) and
Semice (GPS: 50.1527447 N, 14.8755667 E) with numerous fields with different cruciferous
vegetables (cabbage, kale, cauliflower, kohlrabi, etc.). A visual examination of plants was
performed. In each site, three to five fields were inspected, depending on year and season.
Therefore, a minimum of 40 plants per field was visually inspected in four different places
of the field, and the abundance of pests and natural enemies was recorded.

From April to June, all life stages of CW were recorded; however, in this work,
we mainly mention the first occurrences of whitefly stages in rapeseed and vegetables.
After the mass migration had started, the number of adults was only estimated (increas-
ing/decreasing from week to week) because after the beginning of mass migration, growers
started spraying insecticides against CW adults regularly until harvest, and the abundance
of adults thus depended more on the spray programme than on migration. All of the
monitored fields were used for vegetable production, so no untreated control was available.
Monitoring of CW larvae continued until the first adults developed on cruciferous vegeta-
bles. This is important because, from this period, cruciferous vegetables are an important
source of CW for new vegetable plantings.

Predators of CW were recorded during visual examination of vegetable plants from the
first occurrence of CW until the end of October. Hymenopteran parasitoids were examined
only from puparia. Leaves with puparia of CW were collected from all three sites (more
than 100 puparia on each site) at least twice per season; afterward, the leaves were placed
in a plastic cup with mesh on the top and stored in laboratory conditions (23 ± 3 ◦C) until
adults of CW or parasitoids hatched.

2.3. Data Analysis

The “spring abundance” data were statistically analysed with R version 4.3.1 [28].
The count data (numbers of adult whiteflies per plant) were fitted with a negative bino-
mial family using the “glmmTMB” package model [29]. The proximity to VGA (1 = yes,
2 = between, 3 = no) and the year were set as the explanatory variables. Repetition was
taken as a random effect. Residual plots from the package “DHARMa” [30] and AIC values
were used to select the best model, which was chosen to calculate the variance analysis
table (ANOVA function). Tukey’s post hoc test (“emmeans” package) was applied for
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multiple comparisons [31]. The “multcomp” package was used to assign letters to indicate
significant differences [32]. A total of 8400 observations were made.

3. Results

3.1. Spring Abundance of Whiteflies on Oilseed Rape

Observation of the first laid eggs on rapeseed was recorded at the beginning of March,
specifically on 4 March 2014 in Mochov–VGA 1, when the plants were mostly 10–15 cm
high. CW always lay fewer than 10 eggs per clutch initially. The first grey coloration of
the eggs, indicating impending hatching, and more than 10 eggs per clutch were observed
in mid-March, but usually in early April, when the plants reached a height of more than
20 cm. This period roughly corresponded to the beginning of apricot blossom.

The numbers of CW adults were significantly different on the sampled sites depending
on their proximity to vegetable growing areas (χ2

2 = 905.77, p < 0.001). The effect of the
year was also significant (χ2

4 = 136.53, p < 0.001). The highest number of CW individuals
was found on oilseed rape plants in VGA-1 in all the sampling years. More details are
shown in Table 2. No overwintering whitefly nymphs and puparia were found on the
oilseed rape during our survey.

Table 2. Mean numbers of CW adults per plant (mean ± SE) per year over all experimental sites.

Mean Number of Aleyrodes proletella Adults in Rape Fields per Plant in Early Spring during
the Survey. Different Letters Mark Significant Differences in CW Numbers between

Vegetable Growing Areas (VGAs)

Year In VGA Close to VGA Far from VGA

2014 0.76 ± 0.08 c 0.06 ± 0.01 b 0.02 ± 0.01 a

2016 1.28 ± 0.12 c 0.05 ± 0.01 b 0.02 ± 0.01 a

2017 0.09 ± 0.02 b 0.02 ± 0.00 a 0.01 ± 0.00 a

2018 0.49 ± 0.06 c 0.07 ± 0.01 b 0.01 ± 0.00 a

2021 0.33 ± 0.04 c 0.06 ± 0.01 b 0.01 ± 0.0 a

3.2. Monitoring of Whiteflies, Their Natural Enemies and Migration Period of Whiteflies

The first adults of the generation, which developed on oilseed rape and herbs, usually
appeared and laid eggs in cruciferous vegetable around 20 May (Figure 2). Due to cold
temperatures in the spring of 2021 and 2023, the occurrence was delayed until early June.

The number of migrating adults gradually increases, and as the oilseed rape dries, a
mass migration occurs. The beginning of the mass migration to cruciferous vegetables was
usually around 10 June; in 2021, it was postponed until the second half of June. Intense
storms at the beginning of July 2021 killed most of the adults in the vegetables, so a
significant increase in damage appeared later that year—from the end of July/beginning
of August. Mass migration can be recognised by a sudden increase in the number of
individuals on brassica plants. Adults can be observed during mass migration and also
in other crops (e.g., celery, zucchini) in some years. Mass migration from oilseed rape
usually lasted until the beginning of July; in 2021–2023, it was postponed until the end of
July/beginning of August due to the late harvest. The rapeseed plants were still green at the
beginning of July. The end of the mass migration to cruciferous vegetables is gradual, and
it corresponds with the end of the rapeseed harvest in the surrounding fields. During July,
individuals hatched from the rapeseed in uplands may also probably migrate to vegetables,
up to tens of kilometres. The next generations overlap, and they develop on vegetables
and partly on newly germinated rapeseed oil plants on the harvested fields. The main
autumn migration from vegetables to new oilseed rape fields in the Czech Republic usually
appears around mid-October, but in 2022 it happened at the beginning of September before
an unusually long cold and rainy period from 17 September to 13 October appeared.

During our survey of the occurrence of natural enemies of CW in Czech fields since
2011, no significant predator or parasitoid was observed. The dominant syrphid species
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was Episyrphus balteatus. Coccinellidae and other predators were usually low in numbers.
Encarsia tricolor was recorded on unsprayed vegetables only in 2011.

 

Figure 2. Population dynamics of Aleyrodes proletella on cruciferous vegetables over the course of the
monitored years.

4. Discussion

Richter and Hirthe [13] reported that overwintering A. proletella adults in Germany
began ovipositing on oilseed rape, notably at the end of April, and dispersed to new host
plants in June. In our case, the first eggs laid on rapeseed were found at the beginning of
March 2014, which was a little earlier, but this might have been an effect of different weather.
More eggs are usually laid at the end of March or the beginning of April. Also, in contrast to
the observations of Iheagwam [21] in southern England, we found no fourth-instar larvae
on overwintering rapeseed in March/April. On the contrary, the author states that during
winter, there are often many of them, which is due to different winter temperatures in
both regions. Because there are no cruciferous vegetables left in the field from autumn to
spring in the Czech Republic, we assume that the first generation of CW develops mainly
on winter oilseed rape and wild plants (March–May). The second CW generation then
develops on rapeseed and partly on wild herbs and vegetables (May–July). The number of
generations is generally dependent on the geographic region (temperature) and may also
overlap [24]. Therefore, it is not easy to determine the exact order.

Whitefly migration occurs for several reasons–plant death, drying up, or overcrowding–
more than six adults per approx. 6.5 cm2 [33]. Iheagwam [21] also stated that the high
density of larvae slows down the development. In our case, the trigger was probably the
ripening of rapeseed when the plants were still green but no longer provided favourable
conditions for the development of the next CW generation. This was also stated by Richter
and Hirthe [13]. Our findings are similar to the results of Richter and Hirthe [13]. Between
the years 2014 and 2021, the average number of whiteflies per 10 plants varied between 1
and 13 individuals on winter rapeseed. Let us say that the average number was five indi-
viduals per 10 plants in normal years, whilst 2016 and 2017 were exceptionally warm and
cold, respectively. This means that CW numbers in the spring did not grow substantially
from 2009 to 2011.

Migration and damage rates depend on the weather. During a cold and rainy period in
June and July, the mass migration is often interrupted for one or two weeks. Also, intensive
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rain can reduce the CW population in vegetables. Cruciferous vegetable damage usually
occurs from the end of June or the beginning of July. Autumn migration from vegetables to
overwintering sites takes place during September/October. In some years, mass migration
can actually be observed during warm October days, when adults can be found even in
city centres (e.g., in the centre of Prague), far away from the fields. Prague city centre is at
least 7 km from the nearest field.

We assume that less than 1% of CW adults are killed by predators (mainly syrphid
larvae). Syrphid larvae prefer to feed on cabbage aphids (Brevicoryne brassicae); only after
eating all the aphids do they start feeding on CW adults. Other predators were usually
low in numbers, probably due to frequent spraying with broad-spectrum pyrethroids
and better migration capability. Unlike syrphid larvae, they can fly to other nearby crops
after aphid predation. In neighbouring Germany, mainly Encarsia tricolor parasitises CW
nymphs [34,35]. This species was recorded on unsprayed vegetables in the Czech Republic
only in 201120. Since then, no additional CW parasitoids (adults or parasitic whitefly
nymphs) have been observed, even in fields without pesticide application. Interestingly,
the mass occurrence of CW did not lead to an increase in the activity of predators or
parasitoids, and this rich food source remained unused.

The first cruciferous vegetables are planted in March, and, depending on the weather,
they are covered with netting until mid/late April. Field edges are especially vulnerable
to whitefly infestation [5]. The mesh is very effective protection of young plants against
colonisation by overwintering CW females. To some extent, it is also possible to use
systemic insecticides. With contact insecticides, it is necessary to wet the underside of the
leaves well using droplegs [36]. Trap plants can be used to reduce the pest population [37].
On the other hand, trap plants can also be a source of CW, so it is necessary to know when
the first adults of the generation who are developing cruciferous vegetables usually appear.
According to our observation, it is usually in the first half of July. Remains of cruciferous
vegetables on harvested fields can be a habitat for CW and other pests if they are not
removed. For this reason, it is necessary to remove post-harvest residues immediately
after harvest from the beginning of July and carefully plough them into the soil without
leaving plant remains on the surface because adults would hatch from puparia even on
dead leaves. The landing behaviour of whiteflies can also be reduced by using reflective
and contrast-minimising foils [38]; this method should also be included in integrated and
organic farming systems.

The present findings can contribute to whitefly management, especially in organic
farming, where the use of pesticides is limited. Suitable means of CW control appear
to be (1) a netting system at the right time (before the mass migration), which can be
combined with the application of insecticides if necessary, (2) the use of trap plants that
can be destroyed by ploughing in shortly before new adults hatch. Several studies [35,39],
including the present one, have shown that successful whitefly control cannot be based on
naturally occurring predators and parasitoids because their contribution is not sufficient.
Laurenz and Mayhöfer [35] tested the implementation of banker plants with Aleyrodes
lonicerae as an alternative host for natural enemies. Due to the high labour costs, we do not
foresee outdoor use of this method.

5. Conclusions

Oilseed rape is a source of CW for surrounding fields with cruciferous vegetables. The
first adults migrate from oilseed rape to cruciferous vegetables at the end of May, and a
mass migration usually begins between the beginning of June and the beginning of July.
Migration to overwintering sites takes place in September–October, and a mass migration
usually takes place in October. No significant reduction in CW population by parasitoids
or predators was observed in any of the monitored areas.
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Abstract: Pests have caused significant losses to agriculture, greatly increasing the detection of
pests in the planting process and the cost of pest management in the early stages. At this time,
advances in computer vision and deep learning for the detection of pests appearing in the crop open
the door to the application of target detection algorithms that can greatly improve the efficiency
of tomato pest detection and play an important technical role in the realization of the intelligent
planting of tomatoes. However, in the natural environment, tomato leaf pests are small in size, large
in similarity, and large in environmental variability, and this type of situation can lead to greater
detection difficulty. Aiming at the above problems, a network target detection model based on deep
learning, YOLONDD, is proposed in this paper. Designing a new loss function, NMIoU (Normalized
Wasserstein Distance with Mean Pairwise Distance Intersection over Union), which improves the
ability of anomaly processing, improves the model’s ability to detect and identify objects of different
scales, and improves the robustness to scale changes; Adding a Dynamic head (DyHead) with an
attention mechanism will improve the detection ability of targets at different scales, reduce the
number of computations and parameters, improve the accuracy of target detection, enhance the
overall performance of the model, and accelerate the training process. Adding decoupled head to
Head can effectively reduce the number of parameters and computational complexity and enhance
the model’s generalization ability and robustness. The experimental results show that the average
accuracy of YOLONDD can reach 90.1%, which is 3.33% higher than the original YOLOv5 algorithm
and is better than SSD, Faster R-CNN, YOLOv7, YOLOv8, RetinaNet, and other target detection
networks, and it can be more efficiently and accurately utilized in tomato leaf pest detection.

Keywords: attention mechanism; pest images; small targets; target detection

1. Introduction

With a growing global population and accelerated urbanization, the sustainability
of agricultural production has become a global challenge. Tomato is one of the most
important cash crops, while tomato yield is affected by insect pests of tomato leaves, among
which leafminer flies, thrips, tabacco budworm, and spider leaf mite [1–3] have a greater
impact on tomato yield. However, traditional pest detection methods [4–6] rely on manual
visual inspection, which is not only time-consuming and labor-intensive but also subject to
subjective judgment, making it difficult to achieve wide-scale and efficient monitoring.

In recent years, deep learning has achieved significant results in pest identifica-
tion [7–9], which can better overcome the challenges of traditional machine learning.
Research on deep learning in pest detection can be categorized into two approaches: pest
detection and classification and pest-induced leaf infestation feature detection. The research
on pest detection and classification mainly focuses on improving the classical deep learning
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methods, such as P. Venk et al. [10], which achieved good results on pest datasets of three
peanut crops by integrating VIT, PCA, and MFO; Pattnaik G et al. [11], which feature
extraction of pests by HOG and LBP, and the extracted feature maps are fed into SVM [12]
classifiers for training; In contrast, leaf damage caused by insect pests can be detected in two
ways: by quantifying the extent of insect damage to the leaf and by detecting the location of
the insect-damaged leaf. For example, Liang et al. [13] developed polynomial and logistic
regression models for leaf extraction to estimate leaf damage; Da Silva et al. [14] used image
segmentation to preserve the leaf region, augmented the dataset with a synthesis technique,
and trained the network with a model for detecting pest-induced damage to leaves; Fang
et al. [15], Zhu R et al. [16], Zhu L et al. [17], and others used the improved YOLO series of
models to identify pest-induced leaf damage and achieved good detection results.

The detection process of pests is found to have low resolution, and small pest detection
is much more difficult and less accurate than large pest detection. Therefore, the detection
of small target goals is challenging in agricultural production environments. Currently,
mainstream detection methods are added to the mainstream target detection model through
multi-scale feature fusion, anchor frame optimization, and loss function optimization. For
example, Ye et al. [18] improved YOLOv8 by proposing slice-assisted fine-tuning and
slice-assisted hyper-inference (SAHI), designing a generalized efficient layer aggregation
network (GELAN), introducing the MS structure, introducing the BiFormer attention
mechanism, and using the MPDIoU loss function in order to solve the small targets in
tea pests, and achieved a better detection effect in tea pests. Tian Y et al., [19] in order to
solve insect pests in agriculture by improving the network in the feature extraction and
feature fusion parts, the method is indeed feasible and has better results in the detection of
small targets. However, the existing target detection algorithms still have limitations for
small target pests. The occlusion and light caused by leaves, etc., bring difficulties in model
detection, which affects the feature extraction ability of the network model.

In natural environments, tomato pests are small in size, large in similarity, and large in
environmental variability, and these types of situations can make detection more difficult.
Lippi M et al. [20], Mamdouh N et al. [21]. Yang S et al. [22]. performed algorithmic
improvements based on the YOLO series for target detection of hazelnut pests, olive fruit
fly, and maize pests. Their study proved that the YOLO series of algorithms has a better
detection effect. Although the YOLO series of primary target detection models offers
better advantages in terms of detection speed and model size, they are more suitable as
benchmark models for pest detection. However, the Mosaic data augmentation used in
YOLOv5 causes the originally smaller targets to become even smaller, resulting in poorer
generalization ability of the model. Moreover, YOLOv5 is not very stable at detecting small
targets and requires a large amount of training data to achieve high accuracy.

In response to the above issues, this paper proposes a deep learning-based target
detection model, YOLONDD, for tomato leaf pest detection. The model is based on the
YOLOv5 structure. Firstly, we design a new loss function NMIoU by borrowing the idea
of loss function NWD and loss function MPDIoU to enhance the ability of the model to
detect and recognize objects at different scales and to improve the robustness of the model.
Meanwhile, we added the Dynamic head [23] module in order to improve the multi-scale
feature extraction capability of the network model and to solve the challenge of too small a
target in tomato leaf pest detection. Finally, we found that the number of parameters in
the network model increased, and the training time was too long. In order to reduce the
number of parameters and computational complexity of the network model, we introduce
the Decoupled head [24] module in YOLOv5, which enhances the generalization ability
and robustness of the model. The main contributions of this study include:

• We propose an improved tomato leaf pest detection model, YOLONDD, to solve the
problems of uneven pest scales and low detection accuracy in the detection process.

• To enhance the ability of the model to detect and recognize objects at different scales,
we design a new loss function NMIoU, which is adaptive to changes in different scales.
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This loss function enhances the model’s detection and recognition of small targets in
the feature map.

• In order to better extract the feature information of small targets, we add the Dynamic
head module, which gradually extracts the information of the feature map through the
scale-aware module, spatial-aware module, and task-aware module. This method can
adaptively adjust the size of the sensing field to adapt to the scale change in different
targets and improve the detection ability of different scale targets.

• In order to reduce the number of parameters and training time of the model, we
introduce the decoupling head module, the decoupling head helps the model to extract
the target location and category information, learn the feature map information, and
fuse it through different network branches, so that the model’s generalization ability
and robustness are enhanced.

In addition, in order to verify the robustness of the proposed method, experiments
were conducted using tomato pest images as well as infestation images in a real environ-
ment. The experimental results show that the method proposed in this paper is able to
meet the requirements in terms of accuracy and other aspects of the dataset and has a better
detection effect on tomato pest images.

2. Materials and Methods

2.1. Main Ideas

In this paper, a deep learning-based detection model, YOLONDD, is proposed, and its
structure is shown in Figure 1.

 

Figure 1. Network structure diagram of YOLONDD, where the green rectangles are the improvement
aspects of the model.

According to Figure 1, the main ideas of YOLONDD include three aspects: designing
a new loss function NMIoU, adding a DyHead with an attention mechanism, and adding a
decoupled head to Head.

Using the NWD [25] (Normalized Wasserstein Distance) metric in combination with
MPDIoU [26] (Mean Pairwise Distance Intersection over Union), the NMIoU loss function
is proposed, which can improve the sensitivity to the target frame and the small-scale
detection ability, and the balance coefficient can be adjusted to achieve the weight of Loss.

DyHead is a target detection framework based on an attention mechanism. It can
adaptively adjust the receptive field size to adapt to the scale change in different targets
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and improve the detection ability of targets at different scales. Meanwhile, DyHead utilizes
a shared feature extraction network to reduce the number of computations and parameters.

The coupled head used in YOLOv5 has a simple design idea, which requires a large
number of parameters and computational resources and is prone to overfitting. The de-
coupled head can extract the target location and category information separately, learn
them through different network branches separately, and finally fuse them. It can effec-
tively reduce the number of parameters and computational complexity and enhance the
generalization ability and robustness of the model.

2.1.1. Designing a New Loss Function NMIoU

Small target detection is a very challenging problem in target detection in pest data
where the pests are only a few pixels in size in the image. As the appearance information
of small target pests is more difficult to detect, the current state-of-the-art detectors cannot
get better results on small targets. We can also see from our experiments that loss functions
such as IoU [27], CIoU [28], and DIoU are very sensitive to the positional deviation of
small targets and greatly reduce the detection performance when they are used in anchor-
based detectors. In order to solve this problem, we propose a loss function based on
the combination of the NWD metric and the MPDIoU loss function-NMIoU, where the
MPDIoU loss function is schematically shown in Figure 2.

Figure 2. Schema of the MPDIoU loss function. Red rectangle means the ground truth and yellow
one is the predicted result, where x and y represent the coordinates.

The loss function used in YOLOv5 is CIoU, which takes into account the distance be-
tween the target frame and the Anchor, the overlap, the scale, and the penalty term to make
the target frame regression more stable. However, CIoU suffers from high computational
complexity, does not take into account the case where the correct frame has the same aspect
ratio as the predicted frame, is highly sensitive to the target frame, and is not applicable to
large-scale differences.

The CIoU loss function cannot be optimized when the predicted box has the same
aspect ratio as the actual labeled box, but the width and height values are completely differ-
ent. MPDIoU can solve the above problem well; it is a comparative measure of bounding
box similarity based on the distance of the minimum point, which takes into account all
the relevant factors considered in the existing loss functions, such as the overlapping or
non-overlapping area, the distance of the centroids, and the deviation of width and height.
MPDIoU is determined by the four vertices of the bounding box in the upper left corner
(x1, y1), upper right corner (x2, y1), lower left corner (x1, y2), and lower right corner (x2, y2).
The general bounding box is determined by the center coordinates (cx, cy) and the width w
and height h. For this reason, we can calculate the four vertex coordinates as shown in the
formula. The four vertex coordinates are obtained [29], and the distance between the two
sets of vertices is calculated, and the minimum of these distances is chosen MPD. Then,
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the ratio of the overlapping region of the predicted and real boxes to their concatenated
region is calculated. The final MPDIoU loss function can be defined as Equation.

x1 = Cxpred − w1

2
(1)

y1 = Cypred − h1

2
(2)

x2 = Cxgt − w2

2
(3)

y2 = Cxgt − h2

2
(4)

DIoU =
Bpred

⋂
Bgt

Bpred
⋃

Bgt
(5)

LMPDIOU = 1 − MPD
DIoU

(6)

In Equation, x1, y1, x2, y2 are the coordinates of the four vertices of the bounding box,
C is the coordinate of the center of the bounding box, w is the width of the bounding box,
and h is the length of the bounding box.

The NWD metric is introduced to address the problem of high sensitivity to target
boxes and its inapplicability to large-scale differences. The traditional IoU and its variants
are discarded for the boxes with low confidence in the bounding box because, in these
bounding boxes, the foreground and background pixels are concentrated on the center and
the boundary of the bounding box, respectively, which leads to the low useful information
in the box, and to this point, it affects the low confidence. NWD solves this problem well
by assigning different weights to the pixels in the bounding box, with the center having
the highest weight and decreasing from the center to the boundary. For this purpose,
the bounding box is modeled as a two-dimensional Gaussian distribution, and then the
distance of the distribution is calculated by the Wasserstein distance. The two-dimensional
Gaussian distribution of the bounding box is defined by the centroid (x, y), width w, and
height h. For the two-bounding box Na, Nb Gaussian distributions, the Wasserstein distance
can be obtained by calculating the difference between their means and covariances, and
finally, the value domain of the Wasserstein distance is restricted to be between 0 and 1 by
normalization, and the normalization factor C is the maximum value of the two maximum
values of the diagonal lengths of the bounding box.

W2
2(Na,Nb)

=

∥∥∥∥∥
(
[cxa , cya,

wa

2
,

ha

2

]T
, [cxb , cyb,

wb
2

,
hb
2

]T
)∥∥∥∥∥

2

2

(7)

NWD(Na,Nb) = exp

⎛
⎝−

√
W2

2(Na,Nb)

C

⎞
⎠ (8)

In addition, NWD integration into YOLO is improved based on the label assignment,
NMS, and regression loss function of IoU. In the NWD-based label assignment strategy,
for training RPNs, positive labels will be assigned to two types of anchors: anchors with
the highest NWD values and NWD values greater than θn and anchors with NWD values
higher than the positive threshold θp for any real frame. Therefore, negative labels will be
assigned to anchors if their NWD values are lower than the negative threshold θn for all
real frames. In addition, anchors with neither positive nor negative labels assigned do not
participate in the training process. where θp and θn are the original detectors. NMS is based
on NWD. First, it sorts all the prediction frames based on their scores. The highest-scoring
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prediction frame M is selected, and all other prediction frames with significant overlap with
M are suppressed. This process is recursively applied to the remaining boxes. Based on
the regression loss of NWD, IoU-Loss is not able to provide gradients for the optimization
network in some cases, and for this reason, the NWD metric is designed as a loss function:

NWD = 1 − NWD(Na,Nb) (9)

As mentioned above, the NMIoU loss function is obtained by combining MPDIoU
and NWD, and we just need to give reasonable balance coefficients to the NMIoU loss
function to regulate the loss weights of MPDIoU and NWD. The formula for the NMIoU
loss function is as follows:

NMIoU = λMPDIoU + (1 − λ)NWD (10)

In Equation, λ is the equilibrium coefficient that regulates the loss weights of MPDIoU
and NWD.

2.1.2. Adding a DyHead with an Attention Mechanism

The detection head is a crucial component of the target detection model, whose role is
to process the features of the last layer of the network and generate the results of target
detection. In the target detection task, the detection head assumes several important roles.
First, the detection head is responsible for target localization. The location information
of the target frame is predicted through regression. Second, the detection head is also
responsible for target classification. By predicting the category to which the target belongs
through a classifier, the model is able to identify and label different objects in the image
through the classification function of the detection head. In addition, the detection head
is also responsible for generating the target score. The target score is used to measure the
confidence or importance of each target in the detection results. This helps in filtering out
the targets with high confidence levels, thereby improving the accuracy and reliability
of the detection results. The role of the detection head in the target detection task is
critical and indispensable. Through the functions of target localization, target classification,
and target score generation, the detection head is able to achieve accurate localization
and classification of targets in an image, providing important target detection results for
real-world application scenarios.

For this reason, this paper introduced the detection head DyHead in YOLOv5, which
contains an attention mechanism. Dyhead consists of a scale-aware attention module, a
spatial-aware attention module, and a task-aware attention module. When the scale-aware
attention module processes the original feature map F1, it performs a global average pooling
operation on the feature map, which aggregates features on different scales to obtain a
multi-scale global representation. Subsequently, the above multi-scale feature maps are
integrated using 1 × 1 convolution to fuse the features on different scales. Relu and Hard
Sigmoid functions are used to enhance the nonlinear representation of the model for the
multi-scale feature maps. Finally, the computed weights are multiplied with the original
feature map to obtain the new feature map F2. When the Perceptual Attention module
processes F2, the Index function extracts the positional information of the feature map,
and subsequently, the extracted positional information is processed by a 3 × 3 deformable
convolution and used to adjust the offsets of the convolution kernel, the sparse sampling,
and the aggregation of the feature elements by the Sigmoid function. The offset function
uses the obtained offsets to increase the weight share of the target shallow contour and edge
information in the network. Finally, the acquired position information is appended to a new
feature map F3. F3 is fed into the task-aware attention module, which reduces the spatial
dimensionality of the feature map through an average pooling operation, followed by two
fully connected layers to learn the inter-channel relationships. After the fully connected
layers, the ReLU activation function is introduced to enhance the nonlinear representation
of the features, and the scaling of the features is adjusted by a normalization operation.
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The normalization uses the scaling factor and offset factor in Batch Normalization for
task-awareness, and the output of the task-aware attention module is used to obtain the
desired feature map F4 through a composite operation, as shown in Figure 3.

Figure 3. DyHead structure. (a) Scale-aware attention module. (b) Spatial-aware attention module.
(c) Task-aware attention module.

It uses the attention mechanism to unify the different target detection heads. As can be
seen in Figure 4, the initial features are noisy due to domain differences, and for this reason,
they cannot focus on the target well; firstly, after the original features are processed by the
scale-aware attention module, the features become more sensitive to the targets at different
scales; secondly, when the feature maps processed by the scale-aware attention module
are processed by the spatial location-aware attention module, the features become more
sparse, focusing on the foreground targets at different locations; Finally, after processing
by the task-aware attention module, the features will form different activations based on
different downstream tasks through the attention mechanism between feature levels for
scale perception, between spatial locations for spatial perception, and within the output
channel for task perception, as shown in Figure 4.

W(F ) = πC(πS(πL(F )·F )·F )·F (11)

πL(F )·F = σ

(
f

(
1
SC∑

S,C
F
))

·F (12)

πS(F )·F = 1
L

L

∑
l=1

K

∑
k=1

Wl,k ·F (l; pk + Δk;C)·Δmk (13)

πC(F )·F = max
(
α1(F )·F c + β1(F ),α2(F )·F c + β2(F )

)
(14)

In Equation, L is the number of layers, f (·) is a linear function with 1 × 1 convolutional
approximation, σ(x) is the hard_sigmoid activation function, k is the number of sparsely
sampled positions, Wl,k is the weight of the convolutional kernel, Δk is the positional offset,
pk is the spatial offset, Δmk is a self-learnable importance metric factor with respect to the
position pk, Fc is the slice of the feature tensor F on a particular channel C, α1(F ) and
α2(F ) the weights obtained by network learning, and β1(F ) and β2(F ) are bias terms.

DyHead is introduced into YOLOv5, which is applied to a one-stage detector. The
scale-aware attention module, the spatial location-aware attention module, and the task-
aware attention module are combined as a group, and then the number of their cycles is
selected for image processing, as shown in Figure 5.
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Figure 4. DyHead image processing process. (a) Original feature map. (b) The scale-aware attention
module processes the a-map. (c) The spatial-aware attention module processes the b-map as a feature
map. (d) The task-aware attention module processes the c-map as a feature map. Where πL is a
scale-aware attention module, πS is a spatial-aware attention module, and πC is a task-aware attention
module. The feature map’s blue and cyan colors indicate regions with low detection values, while
yellow, orange, and red indicate regions with higher detection values. They are in a progressive order.

Figure 5. DyHead applied a one-stage detector. πL is a scale-aware attention module, πS is a
spatial-aware attention module, and πC is a task-aware attention module.

Normalization in DyHead uses the configuration of Group Normalization [30] (GN).
GN aims to address the problem of performance degradation of Batch Normalization [31]
(BN) on small batches of data or when the batch size varies, especially in non-convolutional
layers of RNNs and CNNs. The core idea of GN is to perform normalization on each
training batch to divide the channels in each feature map of the network into groups and
normalize the channels within each group. Doing so reduces the model’s dependence
on the batch size while maintaining the efficiency and effectiveness of the normalization
operation. Specifically, the channels of the feature map are divided into G groups, each
containing C/G channels. If the size of the feature map is [N, H, W, C], where N is the
batch size, H and W are the height and width of the feature map, and C is the number of
channels, then each group will contain C/G channels; the mean and variance are calculated
for the channels within each group, and the channels in each group are normalized using
these statistics. The normalization formula is as follows:

x̂g =
xg − μg√
σ2

g + ε
(15)

yg = γ·x̂g + βg (16)

In Equation, x̂g is the input to the g layer of the network, μB is the mean of feature i
for all samples in the current batch g, σ2

B is the variance of feature g for all samples in the
current batch g, and ε is a very small constant that prevents dividing by zero and ensures
numerical stability. γ and β are the learnable scaling and offsetting parameters.

The final normalized feature map is fed into the next layer of the network. It does
this by calculating the mean and variance of all the samples in each batch and then using
these statistics to normalize the inputs for the current batch. This results in a more stable
distribution of inputs to the network and reduces the internal covariance bias, thus allowing
the use of larger learning rates, faster training, and less sensitivity to initialization weights.
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2.1.3. Adding Decoupled Head to Head

There is no decoupled head in YOLOv5, only a coupling header. The coupling head
typically requires the feature map output from the convolutional layers to be fed directly
into several fully connected or convolutional layers in order to generate outputs for the
target locations and categories. Such a design brings a lot of parameters and computational
resources to the model, and the model is also prone to overfitting. In contrast, a more
efficient decoupled head structure is designed in YOLOv6 with the help of a hybrid channel
strategy, which reduces the number of 3 × 3 convolutional layers in the decoupled head
of YOLOX to only one. The width of the head is jointly scaled by the width multipliers of
the Backbone and Neck. The delay is reduced while maintaining accuracy, mitigating the
additional delay overhead associated with the 3 × 3 convolution in the decoupled head.
This is shown in Figure 6.

 
(a) 

 
(b) 

 
(c) 

Figure 6. Decoupled Head. (a) YOLOv5-coupled head. (b) YOLOX-decoupled head. (c) YOLOv6
decoupled head.
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In this paper, with the help of YOLOv6’s decoupled head idea, the decoupled head is
introduced for YOLOv5. The feature maps of P3, P4, and P5 in YOLOv5 are inputted, and
the feature maps are processed by a 1 × 1 convolution and divided into two branches, and
then the processed features are all processed by a 3 × 3 convolution, and the final output
of the feature maps is processed by another 1 × 1 convolution, and the classification maps
are obtained, respectively, a coordinate position map and a target frame confidence map.

2.2. Datasets
2.2.1. Data Acquisition and Preprocessing

The original 1426 images of the pest dataset used in the experiments in this paper
were obtained from Kaggle [32]. Among them, the Leafminer flies were not included in the
original dataset, which was collected by ourselves from the Internet, totaling 192 images.
The Kaggle dataset was collected from inside the greenhouse, and in order to be closer to
tomato leaf pests in the natural environment, we collected tomato leaf pests through the
cultivation help grower website, where tomato pests were collected from tomato leaf pests
photographed by the technicians in the natural environment, and we added the collected
images to the public dataset. The tomato leaf pests on the website are all from the tomato
leaf pests photographed by technicians in the natural environment, and we added the
collected images to the public dataset, including 89 images of leafminer flies, 63 images of
thrips, 68 images of tabacco budworm, and 510 images of spider leaf mite.

Secondly, data augmentation techniques such as rotation, mirroring, cropping, and
scaling are used to increase the sample capacity and improve generalization. Some of the
data are shown in Figure 7.

     
(a) (b) (c) (d) (e) 

Figure 7. Data augmentation. (a) Original image. (b) Rotation. (c) Mirroring. (d) Cropping.
(e) Scaling.

Finally, the pest images in the dataset were labeled by the annotation software La-
belImg 1.8.6 (EASY EAI, China) [33] to generate XML files. Although the YOLO series
has provisions for dataset labeling files, the dataset was uniformly stored in PASCAL
VOC8 [34] data format for better comparison experiments of various methods as well as
experimental efficiency.

2.2.2. Pest Image Datasets

The images in this dataset were collected based on the pathological features, eggs,
larvae, and adults caused by the pests on the leaves. Also, according to the type of pests in
the images, the tomato pest images in this dataset are divided into leafminer flies, thrips,
Tabacco Budworm, and spider leaf mite datasets, and the images are divided into a training
set, a testing set, and a validation set according to 8:1:1, and some of the data are shown in
Figure 8.

Among them, 1426 images of pests containing 192, 180, 167, and 887 images of
Leafminer flies, Thrips, Tabacco Budworm, and spider leaf mite tomato leaf pests, re-
spectively. This dataset was expanded to 3479 images by image enhancement, as detailed
in Table 1.
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(a) (b) (c) (d) 

Figure 8. Images of infested tomato leaves and their labels. (a) Leafminer flies. (b) Thrips. (c) Tabacco
Budworm. (d) Spider leaf mite. Red boxes are labeled boxes.

Table 1. Size of pest datasets.

Pest Raw Data Enhanced Data Training Set Testing Set Validation Set

Leafminer flies 192 768 614 77 77
Thrips 180 720 576 72 72

Tabacco Budworm 167 668 534 67 67
Spider leaf mite 887 1323 1058 132 132

Total 1426 3479 2783 348 348

2.3. Experiment Scheme

This section carries out the experimental design in order to test the performance of
the YOLONDD model proposed in this paper. Firstly, software and hardware equipment
configuration is followed by dataset production and preprocessing required for this ex-
periment, as well as the hyperparameter setting of the experimental network. Finally, the
robustness test and ablation experiment.

2.3.1. Hardware and Software Configuration

In this paper, the PyTorch deep learning framework is used to train and test the
network model, and the specific experimental configuration is shown in Table 2.

Table 2. Experimental software and hardware configuration.

Item Detail

CPU Ryzen 5 5600X 6-Core Processor @3.70 GHz
(AMD, CA, USA)

GPU RTX3060Ti (8 G) (NVIDIA, CA, USA)
RAM 16 GB

Operating system Windows 11 64-bit (Microsoft, WA, USA)
CUDA CUDA12.2
Python Python 3.7

2.3.2. Determination of Training Parameters

The original YOLOv5 model, under the premise of the initial learning rate of 0.0001
and a Batch-size of 8, performed well on the PASCAL VOC2012 and COCO datasets.
On this basis, according to the commonly used empirical values of network training
hyperparameters, the hyperparameters of the YOLONDD network are finally determined
after repeated tests, as shown in Table 3.
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Table 3. The optimized hyperparameters.

Epoch Batch Lr Input-Shape

100 16 0.0001 256 × 256/640 × 640

2.3.3. Comparison Experiments

(1) In order to determine the base loss function of this paper, a variety of different loss
functions were added to the tomato leaf pest images for comparison experiments, and
AP was selected as an index to test the detection performance of this paper’s Model.

(2) In order to determine the equilibrium coefficient between NWD and MPDIoU, values
are taken in the interval [0, 1], comparison experiments are conducted, and AP is
selected as an indicator to test the detection performance of the model in this paper.

(3) In order to test the normalization functions GN and BN in DyHead as well as the
number of cycles of DyHead on the tomato leaf pest images, comparative experiments
were conducted, and AP and training time were selected as indicators to test the
detection performance of the model in this paper.

(4) In order to test the performance of the model YOLONDD proposed in this paper
in the tomato pest image detection task, comparative experiments are conducted
with YOLONDD with traditional target detection models such as Faster R-CNN [35],
SSD [36], YOLOv7 [37], RetinaNet, YOLOv5, and YOLOv8. The experiment divides
the total dataset into a training set, testing set, and validation set according to the
ratio of 80%, 10%, and 10%, which are used to train the model and conduct the test,
and selects AP and F1 as the indexes to test the detection performance of this paper’s
model, and FPS, training time, and single-image prediction time are selected as the
indexes to verify the detection efficiency of the YOLONDD proposed in this paper.

In addition, detection comparison experiments are conducted on the constructed
tomato pest dataset to test the generalization ability of the model and verify the robustness
of YOLONDD proposed in this paper.

2.3.4. Ablation Experiments

To verify the effectiveness of the designed new loss function MNIoU, the introduction
of the detection head DyHead with an attention mechanism, and the introduction of the
decoupled head, seven sets of ablation experiments are performed on the total dataset.

(1) YOLON: On the basis of the original YOLOv5 network, the original loss function
CIOU is replaced by the loss function NMIOU designed in this paper.

(2) YOLOD1: On the basis of the original YOLOv5 network, introducing the DyHead.
(3) YOLOD2: On the basis of the original YOLOv5 network, adding a decoupled head.
(4) YOLOND1: On the basis of YOLON, the DyHead detection head is introduced into

the network model.
(5) YOLOND2: On the basis of YOLON, a decoupled head is introduced in the net-

work model.
(6) YOLOD1D2: On the basis of YOLOD1, a decoupled head is introduced in the net-

work model.
(7) YOLONDD: Based on YOLOND1, a decoupled head is introduced in the network

model, which is the method proposed in this paper.

2.4. Evaluation Indicators

In this paper, Average Precision (AP), Frames Per Second (FPS), and F1 score (F1) are
used as important evaluation metrics for the detection of tomato leaf pests to analyze the
network detection performance.

(1) Average Precision (AP)
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AP is the area enclosed by the PR curve and the coordinate axis, and is calculated
as follows:

Precision =
TP

TP + FP
(17)

Recall =
TP

TP + FP
(18)

AP =
∫ 1

0
p(r)dr (19)

In Equation, TP is the number of predicted bounding boxes that are correctly catego-
rized and have the correct coordinates of the bounding box, FP is the number of predicted
bounding boxes that are incorrectly categorized, FN is the number of bounding boxes that
are not predicted, p (Precision) is the precision rate, and r (Recall) is the recall rate.

(2) Frames Per Second (FPS)

FPS is the number of frames per second transmitted, which indicates the number of
images that can be processed in a second or the time it takes to process an image to evaluate
the detection speed, the shorter the time, the faster the speed. The calculation formula is
as follows:

FPS = 1/Latency (20)

(3) F1 score (F1)

The F1 score is a kind of reconciled average of model precision and recall, calculated
as follows:

F1 =
2PrecisionRecall

Precision + Recall
(21)

3. Results

3.1. Loss Function Analysis

In order to explore the advantages and disadvantages of different loss functions in
detecting the dataset, this paper conducts controlled experiments on CIoU, EIoU, DIoU,
GIoU, WIoU, SIoU, and MPDIoU to select the optimal loss function. The results are shown
in Table 4.

Table 4. Comparison of different loss functions.

Loss Function mAP/%

CIoU 87.2
EIoU 87.9
DIoU 88.9
GIoU 89.2
SIoU 89.0

MPDIoU 89.4

As can be seen from Table 4, MPDIoU is 2.52%, 1.71%, 0.56%, 0.22%, and 0.45%
higher than CIoU, EIoU, DIoU, GoU, and SIoU. Therefore, MPDIoU is adopted as our base
loss function.

3.2. NMIoU Balance Coefficient Analysis

In order to explore the advantages and disadvantages of different Losses of NDW and
Losses of MPDIoU-specific gravity for the detection of the dataset, we conducted controlled
experiments on different Loss-specific gravity to select the optimal Loss-specific gravity.
The results are shown in Table 5.
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Table 5. Comparison of the NMIoU balance factor.

Ratio mAP/%

CIoU 87.2
NMIoU (λ = 0) 88.4

NMIoU (λ = 0.1) 88.6
NMIoU (λ = 0.2) 88.4
NMIoU (λ = 0.3) 88.4
NMIoU (λ = 0.4) 88.6
NMIoU (λ = 0.5) 87.9
NMIoU (λ = 0.6) 89.1
NMIoU (λ = 0.7) 88.3
NMIoU (λ = 0.8) 88.5
NMIoU (λ = 0.9) 89.0
NMIoU (λ = 1) 88.9

From Table 5, it can be seen that when the balance coefficient λ of MPDIoU and NWD
in YOLOv5 is 0.6, NMIoU is higher than the others. Therefore, λ = 0.6 is used as the balance
coefficient of the loss function NMIoU.

3.3. Comparison of DyHead Normalization Functions GN and BN

In order to explore the advantages and disadvantages of different DyHead normal-
ization functions for the detection of the dataset, this paper added the BN normalization
function, and conducted controlled experiments on GN and BN to select the optimal
normalization function and the number of cycles. The results are shown in Table 6.

Table 6. Comparison of DyHead normalization functions GN and BN.

Normal Function Cycle Times mAP/% Training Time/h

Auto(YOLOv5) 0 87.2 2.098

GN
2 88.9 3.693
4 88.7 4.201
6 87.8 5.090

BN
2 88.5 3.215
4 87.9 4.066
6 88.2 4.763

As can be seen from Table 6, DyHead achieves better results in the tomato leaf pest
dataset when DyHead in YOLOv5 uses the GN normalization function and achieves an
accuracy of 88.90% at a cycle time of 2, which is higher compared with YOLOv5, GN4,
GN6, BN2, BN4, and BN6. GN2 has a time of 3.693 h, which is improved relative to the
others. Relative to YOLOv5 itself, YOLOv5 uses a DyHead detection head, which needs
to be processed cyclically through the scale-aware attention module, the spatial location-
aware attention module, and the task-aware attention module, resulting in an increase in
time, which is an unavoidable time increase. Relative to the short training time of BN = 2,
the difference of the main normalization module GN needs to group the channels when
calculating the mean and variance, which will introduce some additional computational
overhead. Furthermore, GN introduces the concept of groups, which will increase the
total number of parameters of the model, thus affecting the training speed. However, from
Table 6, it can be seen that the mAP of GN = 2 has the highest accuracy. Therefore, the
GN normalization function is adopted and looped twice as the optimal parameter pairing
for DyHead.

3.4. Detection Performance of the YOLONDD Model

The detection results of YOLONDD and other models are shown in Table 7, and the
thermal effects of them are shown in Table 8.
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Table 7. Effect of detection using different models.

Model Leafminer Flies Thrips
Tabacco

Budworm
Spider Leaf

Mite

Original image

    

Labeled image

    

Faster R-CNN

    

SSD

    

RetinaNet

    

YOLOv7

    

YOLOv5
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Table 7. Cont.

Model Leafminer Flies Thrips
Tabacco

Budworm
Spider Leaf

Mite

YOLOv8

    

YOLONDD

    

Table 8. Thermal effects of different models. The red box is the labeled box. The blue and cyan colors
in the detection box indicate areas with low detection values, and the yellow, orange, and red colors
indicate areas with high detection values. Their order is progressive.

Model Leafminer Flies Thrips
Tabacco

Budworm
Spider Leaf

Mite

Labeled images

 

   

Faster R-CNN

    

SSD

    

RetinaNet
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Table 8. Cont.

Model Leafminer Flies Thrips
Tabacco

Budworm
Spider Leaf

Mite

YOLOv7

    

YOLOv5

    

YOLOv8

    

YOLONDD

    

From Table 7, it can be seen that YOLONDD has a higher detection accuracy for
tomato leaf pests compared with the other six models, and there is less leakage of pests for
small targets.

From Table 8, it can be seen that YOLONDD performs better in tomato leaf pests
compared with the other six models, and the red and yellow high-value areas are more con-
centrated.

The performance of tomato leaf pest image detection using YOLONDD and the other
six models was compared using mAP, FPS, training time, F1, and single image prediction
time as metrics, and the results are shown in Tables 9–11.

Table 9. mAP of different models for tomato leaf pest detection.

Model Leafminer Flies Thrips
Tobacco

Budworm
Spider Leaf Mite mAP/%

Faster R-CNN 60 71 95 84 77.5
SSD 59.93 85.19 96.56 85.19 77.58

YOLOv5 79.8 84.5 95.8 88.5 87.2
RetinaNet 65 79 98 87 82.35
YOLOv7 81.8 90.3 96.8 89.6 89.6
YOLOv8 62.9 76.3 93 88.3 80.1

YOLONDD 83.6 90.6 96.3 89.9 90.1

As can be seen from the table, the mAP of YOLONDD is 16.14%, 16.25%, 3.33%,
9.41%, 0.56%, and 12.48% higher than SSD, Faster R-CNN, YOLOv5, RetinaNet, YOLOv7,
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and YOLOv8, respectively. The experimental data proves that the proposed NMIoU loss
function improves target frame sensitivity and small-scale detection ability.

Table 10. Efficiency of different models for tomato leaf pest detection.

Model Training Time/h
Single Image
Prediction/ms

FPS

Faster R-CNN 7.45 72.21 13.87
SSD 1.89 11.24 88.95

YOLOv5 2.098 11.80 84.75
RetinaNet 6.18 31.99 31.25
YOLOv7 4.41 19.80 50.50
YOLOv8 0.68 15.5 64.52

YOLONDD 3.347 18.90 52.91

Table 11. F1 scores of different models for tomato leaf pest detection.

Model Leafminer Flies Thrips
Tobacco

Budworm
Spider Leaf Mite mF1/%

Faster R-CNN 50 59 84 65 64.50
SSD 54 46 90 81 67.75

YOLOv5 74.75 82.19 93.42 86.28 84.16
RetinaNet 67 81 95 84 81.75
YOLOv7 78.79 86.88 93.02 85.63 86.08
YOLOv8 65.04 72.81 87.55 83.69 77.27

YOLONDD 81.39 87.15 98.94 86.94 88.60

From the table, we can see that the training time of YOLONDD is 3.347 h, which is
faster than the other models. The single-image prediction time of YOLONDD is 18.90 ms,
which is the fastest. The FPS of YOLONDD with Batch size = 1 is 52.91 ms, which is faster
than Faster R-CNN, RetinaNet, and YOLOv7. YOLOv8 is faster than this model because
it uses a more efficient architecture, a better feature extractor, and a more effective neck
and head structure to improve training efficiency. SSD uses a more lightweight network
structure, and SSD performs target detection on multiple scales of feature maps, which
allows the model to capture targets at different resolutions and will improve the efficiency
of training.

Compared with the YOLOv5 model, the training time of YOLONDD is 59.53%, and
the single-image prediction time is increased by 7.1 ms, which is due to the fact that the
YOLOv5 model itself has a simpler model structure and a smaller number of parameters,
which reduces the model training time as well as the single-image prediction time. The
slow training speed of YOLONDD is due to the use of the DyHead detection head, which
extracts the feature maps several times for optimization, thus reducing the training speed.
However, it can be seen from Tables 7–9 that its detection accuracy is not as good as that
of the present model, YOLONDD. Overall, in the present model, by replacing the loss
function NMIoU with CIoU, adding the detection head with the attention mechanism
DyHead as well, and changing the coupling head of YOLOv5 to a decoupled head, the
detection time is increased compared with the YOLOv5 model, but the model detection
accuracy is also improved.

As can be seen from the table, the mF1 of YOLONDD is 88.60%, which is faster than
the other models. Especially in Leafminer flies, there is an 8.88% improvement relative to
the original YOLOv5. It shows that the YOLONDD can extract the features of pests well
and improve the detection ability of images.

3.5. Results of Ablation Experiments

Ablation experiments were carried out based on the ablation experiment scheme
described in Section 2.3.4. The results of the experiments are shown in Table 12.
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Table 12. Performance of different ablation methods.

Method mAP/%

YOLOv5 87.2
YOLON 89.1
YOLOD1 88.9
YOLOD2 89.0

YOLOND1 88.0
YOLOND2 88.9
YOLOD1D2 87.7
YOLONDD 90.1

From the results of the ablation experiments in Table 12, it can be seen that the mean
average precision (mAP) of YOLON, YOLOD1, and YOLOD2, when paired individually, are
all improved compared with that of YOLOv5, which illustrates the fact that the replacement
of the loss function CIoU by the loss function NMIoU, the introduction of the detection
head with an attentional mechanism, DyHead, and the introduction of a decoupled head,
can improve the model’s detection precision to some extent.

It can be seen that the accuracy decreases relative to YOLON, YOLOD1, and YOLOD2,
indicating that DyHead and decoupled heads have different focuses in feature extraction
and representation. When they are combined, feature incoherence occurs, resulting in a
model that does not effectively utilize all the useful information. The loss function NMIoU
is combined with DyHead, while the NMIoU loss function focuses on optimizing the
positioning accuracy of the bounding box.

Combining the three, it can be seen that the accuracy is at its highest, and the decou-
pled head processes the feature maps of P3, P4, and P5 in batches, which can result in
classification maps, coordinate position maps, and target box confidence maps. Whereas
DyHead enhances the feature representation through the attention mechanism, the NMIoU
loss function focuses on optimizing the positioning accuracy of the bounding box. The
decoupled head can just bring out the focused advantages of DyHead and NMIoU.

The training detection efficiency of each ablation experiment model was also compared,
and the results are shown in Table 13.

Table 13. Efficiency of different ablation methods.

Method Training Time/h
Single Image Prediction

Time/ms

YOLOv5 2.098 11.8
YOLON 2.204 12.6
YOLOD1 3.693 23.1
YOLOD2 2.594 13.5

YOLOND1 3.10 23.3
YOLOND2 2.209 13.5
YOLOD1D2 3.189 26.6
YOLONDD 3.347 18.9

As can be seen from Table 13, the training time and prediction time of the YOLON,
YOLOD1, and YOLOD2 models increased relative to the traditional YOLOv5, indicating
that the inclusion of the detection head DyHead with attention mechanism, loss function,
and the introduction of the decoupled head alone increase the computational complexity
of the model, which in turn increases the training time of the model. With YOLOD1,
the training time of the model is reduced by adding the decoupled head and NMIoU
separately. Because YOLOv5 adopts the structure of a coupled head, adding DyHead for
this purpose will increase the complexity of the model, and DyHead will perform cyclic
feature extraction on the image twice, which will enhance the number of parameters in
the model even more and increase the training time. However, the decoupled head will
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process the feature maps of P3, P4, and P5 in batches, which will save a lot of time. Adding
the NMIoU loss function can simplify the process of calculating the target position, and the
structure of NMIoU can improve the convergence speed. Therefore, adding a decoupled
head and NMIoU loss function can relatively reduce the training time of the model.

4. Discussion

In traditional pest management, the identification of pests relies on the farmers’ empir-
ical judgment, which is the disadvantage of the approach that could be more efficient and
more balanced on subjective judgment. According to the characteristics of pests in natural
environments, factors such as the occlusion of pests, complex backgrounds, colors, and
target size can affect the model’s effectiveness for detection and identification. Therefore,
there are challenges in detecting small target pests accurately and quickly. Currently, there
are several studies on crop pest detection and recognition, but there are fewer studies on
small-target crop pests. Hu et al. [38] improved YOLOv5 for tomato pest detection, and the
model’s mAP could reach 98.10%. Still, because the authors’ dataset was annotated with
the entire diseased leaf, they could not verify that the model performed well in complex
scenarios and with small targets. Wang et al. [39] improved YOLOv3 for early detection
of tomato pests and diseases in complex backgrounds, and the model achieved better
detection results, but the model has leakage in small targets. Although all these studies
have excellent performance in pest and disease detection, they need more research on small
targets with complex backgrounds. For this reason, this paper proposes a method for pest
detection of small targets in complex contexts. The validation results on the self-constructed
dataset show that YOLONDD is better than other models in detecting small targets under
complex backgrounds, which can effectively detect pests and improve the accuracy of
pest detection.

Although YOLONDD has a mAP of 90.1% in the dataset, which can satisfy the current
detection task, there is still a leakage of detection, indicating that there is still room for
improvement in the model’s ability to detect small-target pests in complex backgrounds.
Combined with the heat map, it can be seen that YOLONDD pays attention to the areas
where pests or pest infestation parts exist, which indicates that some pests or pest infestation
parts cannot be detected. The main reason for this may be that although the newly designed
NMIou loss function reduces some of the missed detections due to leaf occlusion, some of
the frames with low scores are still filtered when the vertex coordinates are calculated for
the overlapping frames, which is a problem that needs to be paid attention to in the future.

Currently, some tomato leaf pests are used as research objects in this paper, but
many pests still have practical applications, and more pest datasets are needed to improve
the model’s applicability. The pest collection method must also be further standardized,
considering factors such as shading and light conditions to enhance the model’s generaliza-
tion ability.

5. Conclusions

Fast and accurate identification of tomato pests can help tomato farmers detect pests
in their tomato crops and improve tomato yields, as well as agro-horticultural to improve
plant health and visual perception, and can help specialist experts easily determine the
type of pests.

A network target detection model based on deep learning, YOLONDD, was proposed
in this paper. A new loss function NMIoU is designed in the model to improve the ability
of anomaly processing, improve the model’s ability to detect and recognize objects at
different scales, and improve the robustness to scale changes; the detection head DyHead
containing an attention mechanism is introduced to improve the ability to detect targets at
different scales. Adding a DyHead with an attention mechanism improves the detection
ability of targets at different scales, reduces the number of computations and parameters,
improves the accuracy of target detection, improves the overall performance of the model,
and accelerates the training process. Adding a decoupled head to Head can effectively
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reduce the number of parameters and the computational complexity, and enhance the
model’s generalization ability and robustness.

The model proposed in this paper, YOLONDD, was shown to detect tomato leaf pests
more effectively in images than other test models. The mAP of the whole dataset of tomato
pest images reached 90.1%. All of these are better than the target detection models such
as Faster R-CNN, SSD, YOLOv5, RetinaNet, YOLOv7, YOLOv8, etc., and realize more
efficient and accurate detection on tomato leaf pest images.

In this paper, we achieved a more accurate detection effect on the results of pest
images, but there are still some issues to face. The future directions of related research
include the following aspects: how to detect and eliminate the shades in the tomato leaf
images; how to accurately detect pests if the colors of pests and leaves are similar; and
how to recognize pests if there are some obstacles on parts of pests, such as other leaves or
stalks, so as to reduce the influence of shadows, colors, and occlusions on the detection of
tomato pests in complex backgrounds of real environments.
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Abstract: Outbreaks of the oriental fruit fly, Bactrocera dorsalis (Hendel), present significant challenges
to global fruit production, necessitating effective control measures that minimize environmental
risks and pesticide resistance. This study aimed to develop and evaluate the effectiveness of four
distinct push–pull control strategies for managing B. dorsalis outbreaks in a Nephelium lappaceum
orchard. These strategies involved the inclusion of low-concentration abamectin, spraying repellent
with a drone or manually, using methyl eugenol (ME) or food bait and employing either two types
of attractants and repellents or a single type. The findings indicated that incorporating the low-
concentration abamectin into the push–pull system, utilizing ME as an attractant instead of food
lures and manually applying abamectin and attractants were all effective in reducing the B. dorsalis
population size and minimizing fruit damage. While increasing the diversity of repellents and
attractants enhanced the long-term effectiveness of the system, it did not result in a significant
decrease in B. dorsalis population size or fruit damage rate compared to using a single repellent
or attractant. In conclusion, the push–pull strategy emerged as a viable method for managing B.
dorsalis outbreaks, offering potential benefits in reducing environmental risks and pesticide resistance.
However, the study underscored the importance of the context-specific construction of push–pull
strategies to optimize their effectiveness in orchard settings.

Keywords: integrated pest management; invasive pests; tropical fruits; pest behavior

1. Introduction

The oriental fruit fly (Bactrocera dorsalis) is a highly destructive pest that poses a sig-
nificant threat to global fruit production [1–4]. Originating from tropical and subtropical
regions of Asia, this pest has a broad adaptability to various host plants [5] and exhibits
robust reproductive capacities [6,7]. As a result, it has significantly expanded its geo-
graphical range from China, Southeast Asia and India to the Hawaiian Islands [8]. Due to
its widespread distribution and economic impact, it is considered a globally recognized
quarantine pest [1,4].

There are various methods available for controlling B. dorsalis, typically employed pre-
emptively before outbreaks occur [9,10]. These methods include biological control [11,12],
pheromone traps [10,13] and the sterile insect technique [14,15]. While chemical control
is widely recognized as an effective measure for managing pest outbreaks [16], it also
poses risks of environmental contamination and can contribute to the development of
insecticide resistance [17], thereby hindering sustainable long-term pest management
efforts. Consequently, there is an urgent need to develop effective integrated B. dorsalis
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management methods that can reduce pesticide resistance development and systemic
resistance in insects [18], thus, reducing damage in fruit production.

The push–pull strategy is an integrated behavioral control method that is widely
applied in agricultural and medical insect control [19–23]. Its core concept is to repel
pests from protected resources while simultaneously attracting them to an alternative
attractive source, resulting in pest elimination [20], and to manipulate the abundance
and distribution of natural enemies [24]. There are two implementation approaches for
the push–pull strategy [20]. The first involves planting non-crop plants with repellent
properties and combining them with trap crops [25]. The second approach utilizes the
combination of repellents and attractants to lure and trap pests [26]. Usually, non-toxic
components are used in the push–pull strategy, aiming to reduce pesticide usage, while
combining different stimuli and coordinating pest distributions to enhance efficiency [20].

The push–pull strategy has demonstrated significant effectiveness in controlling crop
pests such as fall armyworm Spodoptera frugiperda (J.E. Smith) [27], cotton bollworm Helicov-
erpa armigera (Hübner) [28] and Colorado potato beetle Leptinotarsa decemlineata (Say) [29].
It has also shown success in the integrated management of medical insects [30] and B.
dorsalis [31]. In conclusion, the push–pull strategy holds promise as an integrated pest
control method for managing B. dorsalis [31]. It has the potential to reduce pesticide resis-
tance and mitigate environmental pollution [20]. However, there is currently no literature
available regarding the effectiveness of the push–pull strategy during pest outbreaks or
how to construct a push–pull system suitable for outbreak control.

The objective of this study was to develop an effective push–pull strategy to manage
B. dorsalis in a commercial rambutan orchard. The approach was to test four variations
of a push–pull strategy in comparison to the use of a standard insecticide. The four
experiments (Experiments 1–4) were systematically conducted in a single orchard, with
a 30-day respite between each experiment. According to the different push–pull strategy
designs (see below), the “push” was established by using allicin and/or d-limonene as the
repellents. Allicin has been proven to repel B. dorsalis and other fruit fly species, acting as
a repellent [32–34]. Additionally, d-limonene, a natural compound found in plants of the
Rutaceae family, can also serve as a deterrent for B. dorsalis [35]. The “pull” was established
by using methyl eugenol (ME bait) and/or food bait.

The first push–pull strategy compared the effectiveness of a push (allicin)–pull (ME)
system with and without the use of low-concentration abamectin in controlling the outbreak
of B. dorsalis. Abamectin is considered environmentally friendly, displaying minimal
residue levels in water and easy biodegradability by soil microorganisms [36]. It is also
known to have low toxicity towards avian species and humans [37,38]. However, certain
studies show that it is classified as a highly toxic pesticide for mice and rats and has
negative effects on soil microbial communities in the short term [39]. To preserve the eco-
friendliness of these push–pull strategies, a low concentration of abamectin was used in all
the experiments. The second approach compared the effectiveness of a manually sprayed
repellent (allicin) and abamectin in the push–pull system (with ME as the attractant) with
drone spraying in controlling B. dorsalis. The third approach compared the control efficacy
of push–pull systems using food bait as an attractant to those using ME as an attractant,
with allicin as the repellent in both systems. Finally, the fourth approach evaluated the
impact of increasing the variety of attractants (ME + food bait) and repellents (allicin + d-
limonene) on the effectiveness of the push–pull system.

The series of research holds substantial implications for implementing context-specific
push–pull control strategies to manage B. dorsalis outbreaks and reduce pesticide usage.

2. Materials and Methods

2.1. Study Site

These experiments were conducted in a commercial rambutan, Nephelium lappaceum
(Sapindales: Sapindaceae), orchard located in Baotang Li and Miao Autonomous County,
Hainan Province, China (18◦36′39.0′′ N, 109◦43′12.9′′ E). The orchard spanned an area of
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approximately 60,000 m2 and comprised approximately 450 N. lappaceum trees, all of which
were over 5 years old. Situated in a hilly area at an elevation ranging from 120 to 150 m, the
orchard experienced severe infestations by B. dorsalis during the fruit maturation period
from May to October. Based on our preliminary investigations, the B. dorsalis infestation
began in early May, with trap counts ranging from 30 flies/trap/day. By early June, this
count escalated to 300–500 flies/trap/day, and this peak infestation period persisted until
late September when fruit harvesting was completed. Importantly, the orchard had not
utilized chemical pesticides for approximately 8 months (from October 2022 to June 2023).

In the orchard, a total of 9 large plots (Figure 1a) were selected, with each plot covering
an area of approximately 2500 m2 and containing approximately 35 trees. The distance
between these plots exceeded 100 m. To minimize variability between plots, treatments in
each experiment (Experiments 1–4) were randomly allocated to different plots, with each
treatment having 3 replicates (plots). Furthermore, measures were taken to position the
plots as far away from the edges of the orchard as feasible.

Figure 1. The orchard was divided into nine plots (a). In Experiments 1, 2, 3 and 4, each plot was
randomly assigned a different push–pull strategy or a control treatment using bromophos + β-
cypermethrin without employing the push–pull strategy. (b) The schematic representation of the
trap distribution in the push–pull system. In Experiments 1 and 2, methyl eugenol (ME) bait traps
(red) were used as attractants in the push–pull systems, while food bait traps (green) were not used.
In Experiment 3, the ME traps were removed from the push–pull strategy with only food bait. In
Experiment 4, both ME traps and food bait traps were deployed for the push–pull strategy using two
types of attractants and repellents. For strategies using a single type of repellent and attractant, the
food bait traps were not utilized.

2.2. Works Taken before All Experiments

Prior to each of the four experiments (on 1 June, 8 July, 15 August and 22 Septem-
ber 2023), the initial population of B. dorsalis was monitored across the 9 plots. The ME
trap method described by Biasazin et al. [40] was employed. Unlike their use of McPhail
traps, we utilized a white bottle and covered it with a black lip (h = 20 cm, d = 10 cm, see
Figure S1a in the Supplementary Material) and treated it with 1 mL of methyl eugenol
(ME, Pherobio Technology Co., Ltd., Beijing, China). Eight traps were suspended at a
height of 1.8 m above the ground, positioned approximately 30 m apart within the plot (see
Figure 1b). After a one-day period, the numbers of captured B. dorsalis were counted.

Subsequently, four independent experiments were conducted in a single orchard from
2 June to 29 September 2023, with a 30-day interval, while comparing the reduction rates
of B. dorsalis populations and the rates of fruit damage among them (calculation of these
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rates was provided below). The investigations revealed that treatments involving early
spraying did not yield a significant impact on the B. dorsalis population after a period of
30 days. The average initial number among the four experiments was 502.5, 466.2, 507.5
and 483.8 flies, respectively, and no significant differences were found (Kruskal–Wallis
test: χ2 = 2.43, df = 3, p = 0.225; performed using GraphPad Prism software version 8.0 for
Windows (San Diego, CA, USA, www.graphpad.com (accessed on 4 September 2023))) as
the population returned to pre-spraying levels. Concurrently, the 30-day break aligned
with the harvest cycle of mature N. lappaceum fruits, effectively curtailing the interference of
residual fruit bodies on the potency of ensuing treatments. Moreover, within this temporal
scope, the tropical climate of Hainan Island provided a relatively stable thermal range of
28 to 32 ◦C, mitigating the potential distortion of experimental outcomes attributable to
thermal fluctuations. Additionally, the methods summary for these four experiments is
shown in Table 1.

Table 1. The methods summary for these four push–pull strategies involved the use of repellents and
attractants to represent the push and pull components, respectively.

Push (Repellent Used) Pull (Attractant Used)

Experiment 1: Push–Pull System with and without Low-Concentration Pesticide
Allicin Methyl eugenol
Allicin + abamectin Methyl eugenol
Experiment 2: Drone-Based System vs. Manual-Based System
Drone-applied allicin + abamectin Methyl eugenol
Manually applied allicin + abamectin Methyl eugenol
Experiment 3: Food Bait vs. ME Bait
Manually applied allicin + abamectin Food bait
Manually applied allicin + abamectin Methyl eugenol
Experiment 4: Two Types of Repellents and Attractants vs. a Single Type
Allicin + d-limonene + abamectin Food bait + methyl eugenol
Allicin Methyl eugenol

2.3. Experiment 1: Push–Pull System with and without Low-Concentration Pesticide

Based on our pre-experimental monitoring, we found a high population density of
B. dorsalis in the orchard, with 502.5 flies per trap per day at the beginning of June 2023. The
traditional push–pull system is typically most effective as a preventive measure against
pest outbreaks when pest populations are relatively low [20,38,41,42]. However, when pest
populations become too high, they can overwhelm the control system, leading to saturation
and reduced efficacy. To mitigate the issues associated, we incorporated low-concentration
abamectin into the push–pull strategy.

The experiments were conducted from 2 June to 9 June 2023. Out of nine plots, three
were randomly selected for the implementation of push–pull systems without the use of
abamectin in each plot. Within each selected plot, manual spraying of the repellent (allicin)
was performed, while attractants (ME traps) were placed around the plot’s perimeter.

For the spraying application, allicin (80%, Xinwolong Biochemical Co., Ltd., Nanyang,
China) was dissolved in water at a concentration of 3.2 ppm (recommended concentration:
3–5 ppm). A volume of 360 mL per hectare was applied (recommended rate: 300–900 mL/ha).
This solution was evenly sprayed on the tree canopy and lower levels between 10:00 a.m. and
11:00 a.m. The spraying process utilized a high-pressure agricultural sprayer (YL-160Lsnx2,
Fujiwara, Taizhou, China) (refer to Figure S1b in the Supplementary Material).

Three additional plots were randomly selected, maintaining the same treatment proce-
dure but including a low concentration of abamectin in the allicin spray. Initially, a mixture
was prepared by combining allicin (3.2 ppm) and abamectin (0.2 ppm, Guanyongqiaodi
Agricultural Technology Co., Ltd., Zhoukou, China) at a 1:1 ratio. Subsequently, 720 mL
of the resulting blend was applied per hectare (each component at 360 mL per hectare).
The abamectin concentration recommended by the manufacturer for application on fruit
trees ranged from 2 to 5 ppm, with an application rate of 800 to 1200 mL per hectare. In
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this experiment, a lower concentration of abamectin was used than the recommended
level to maintain the non-toxic nature of the push–pull system. The resulting solution was
manually sprayed within the orchard, following the previously outlined procedure.

In the three remaining plots, a standard insecticidal control mixture commonly used
in China was applied. This mixture comprised 22% β-cypermethrin (2 ppm, Henglida
Technology Co., Ltd., Jinan, China) and 50% bromophos (2 ppm, Xianda Technology Co.,
Ltd., Zhoukou, China) pesticides in a 1:1 ratio. Each component was applied at a rate of
360 mL and 300 g per hectare, respectively (recommended concentrations for both were 2–
5 ppm and the application rates were 300–1200 mL and 300–1000 g per hectare, respectively).
The application was carried out manually, following established methodologies. It is worth
noting that as this experiment was conducted in a commercial orchard, there was no blank
control group, as non-treatment was not permitted by the farmers due to economic reasons.

We deployed 12 attraction ME traps around the perimeter (Figure 1b). These traps were
hung at a height of 1.8 m and positioned 3–5 m away from the edge of each plot to serve as
the “push” attractant. On the third and seventh day of the experiment, 8 monitoring
traps were suspended inside each plot (Figure 1b), following the same procedure as
described earlier.

For assessing the fruit damage rate, we employed the five-point sampling method,
which entailed selecting five N. lappaceum trees from each plot and collecting five mature
fruits from each cardinal direction (east, south, west and north; height = 1–2 m) per tree,
totaling twenty fruits per tree. These fruits were peeled and meticulously examined to
detect B. dorsalis larvae and calculate the damage rate. Since most larvae did not hatch
within the first three days and did not cause visible damage symptoms (visible damage
symptoms typically appeared after five days of infection), we assessed the fruit damage
rate only on the seventh day. This technique was also applied in Experiments 2, 3 and 4.

2.4. Experiment 2: Drone-Based System vs. Manual-Based System

In these experiments, we incorporated drone or manual spraying techniques to apply
repellent and abamectin. The experiments took place across identical nine experimental plots
spanning from 9 July to 16 July 2023, precisely one month after the conclusion of Experiment
1. Due to finding out in Experiment 1 that including abamectin in the spraying system could
reduce the fruit fly population and fruit damage rate (see Section 3 and Figure 2) more efficiently
than without, in Experiments 2, 3 and 4, all the spraying systems included abamectin.

Figure 2. The effects of incorporating abamectin into the push–pull system on the population
reduction rate of B. dorsalis after 3 days (a) and 7 days (b), as well as the fruit damage rate (c), were
tested by using the Kruskal–Wallis tests. “Allicin” indicates the system with allicin as the push
repellent, while “allicin + abamectin” refers to the push repellent incorporating abamectin. Both
systems used ME as the attractant. “Control” represents the pesticide treatment (bromophos + β-
cypermethrin) without using the push–pull strategy. The absence of significant differences between
treatments is indicated by the same letters above the distinct bars (p < 0.05).
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For the drone spraying method, we employed a DJIT30 drone (Dajiang Innovation
Technology Inc., Shenzhen, China; see Figure S1c) in three randomly selected plots. The
drone featured a flow rate of 0.379 L/min, producing fog droplets ranging from 130 to
250 μm in size. The spray mixture, comprising 80% allicin (repellent) and 5% abamectin
(3.2 ppm and 0.2 ppm, respectively), was prepared following the procedures outlined in
Experiment 1. Spraying operations were conducted by the drone at a height of 1.8 m above
the tree canopy, with application occurring between 10:00 a.m. and 11:00 a.m.

For the manual-based system, we utilized the same materials (allicin, abamectin and
ME) and preparation methods as in the drone spraying method. However, we applied the
repellents and abamectin manually within the experimental plots (three plots), following
the manual spraying treatment outlined in Experiment 1. The remaining three plots served
as the standard insecticidal control, with the same preparation and application protocols as
outlined in Experiment 1.

2.5. Experiment 3: Food Bait vs. ME Bait

The study aimed to ascertain the most suitable bait type for establishing an effective
pull–push control system for B. dorsalis. Food baits typically consist of hydrolyzed proteins
or sugars, which appeal to both male and female flies [43–45]. In contrast, ME bait contains
components of sex pheromones, specifically targeting male flies [10,13]. Therefore, these
baits operate through distinct mechanisms [1,46].

The experiments took place from 16 August to 23 August 2023. In this trial set,
three random plots received the same treatments as outlined in the manual-based system
described in Experiment 2. Additionally, three other plots were subjected to a combination
of food bait and ME bait, forming a food and ME bait system. The food bait used was a
commercial product (Q/BI001-2022, Bioglobal Agricultural Science Co., Ltd., Shenzhen,
China), primarily composed of fermented sucrose. These food baits were mixed with
abamectin and water at a ratio of 1:0.1:20, resulting in a solution of 3000 mL of food bait,
300 mL of abamectin (0.2 ppm) and 60 L of water per hectare. This mixture was then added
to the food bait traps (each containing 30 mL). The food baits were suspended according
to the depiction in Figure S1d and arranged following the layout illustrated in Figure 1b.
The remaining three plots functioned as the standard insecticidal control, following the
previously described protocols.

2.6. Experiment 4: Two Types of Repellents and Attractants vs. a Single Type

In the fourth experiment, conducted from 23 September to 29 September 2023, we
introduced 95% d-limonene (Macklin Biochemical Co., Ltd., Shanghai, China) as an addi-
tional repellent and food bait (as described previously) as an additional attractant. The aim
was to evaluate whether incorporating multiple types of repellents and attractants could
enhance the efficacy of the push–pull system.

For the push–pull systems incorporating two types of repellents and attractants, we
prepared a concoction comprising allicin (repellent 1, 3.2 ppm), d-limonene (repellent 2) and 5%
abamectin (0.2 ppm) mixed in a ratio of 1:0.5:1. This mixture was then diluted at a ratio of 1:2500,
resulting in 360 mL per hectare, and manually applied to the N. lappaceum trees. Additionally,
12 food bait traps (as attractant 1) and ME bait traps (as attractant 2) were strategically positioned
around the plot’s perimeter, following the layout depicted in Figure 1b.

For treatments utilizing a single type of repellent (allicin) or attractant (ME), the “push”
involved manually applying allicin combined with abamectin, while the “pull” utilized
ME bait. The remaining three plots functioned as the standard insecticidal control.

2.7. Data Analysis

For each plot, the reduction rate of B. dorsalis population was calculated by subtracting
the final average number of flies caught in the 8 ME monitoring traps from the initial
average number, then dividing the result by the initial average number. The fruit damage
rate was determined by counting the number of damaged fruits and dividing it by the total
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number of fruits collected from five trees. To assess the normality and homogeneity of
variance, the Shapiro–Wilk test and Levene’s test were employed, respectively. Due to the
non-normal distribution of the data, the variance analysis of B. dorsalis population reduction
rates and fruit damage rates among different treatments within the same experiment
(Experiment 1, 2, 3 or 4) and days (third or seventh day) was conducted using the Kruskal–
Wallis test [47]. Multiple comparisons were carried out using the two-stage linear step-up
procedure of Benjamini, Krieger and Yekutieli. All statistical analyses were performed
using GraphPad Prism software version 8.0 for Windows (San Diego, CA, USA, www.
graphpad.com (accessed on 4 September 2023)).

3. Results

3.1. Push–Pull System with and without Low-Toxicity Pesticide

The incorporation of abamectin into the push–pull system significantly influenced
both the population reduction rates and fruit damage rates of B. dorsalis. The statistical
analysis revealed significant effects at both 3 days (χ2 = 6.15, df = 2, p = 0.046) and 7 days
(χ2 = 8.67, df = 2, p = 0.013) on the population reduction rates. After a 3-day period, the push–
pull system with abamectin achieved a 74.9% reduction rate in the B. dorsalis population,
which was significantly higher than the 54.6% reduction observed in the push–pull system
without abamectin (Figure 2a). After 7 days, the system containing abamectin had a notable
reduction rate of approximately 60%, significantly outperforming both the system without
abamectin and the control (Figure 2b). Additionally, the inclusion of abamectin resulted in
a significant decrease in the fruit damage rate to 13.0% after 7 days, markedly lower than
that observed in the system without abamectin (Figure 2c).

3.2. Drone-Based System vs. Manual-Based System

The method of manual spraying exhibited significant effects on the population re-
duction rate (3d: χ2 = 10.59, df = 2, p = 0.005; 7d: χ2 = 8.84, df = 2, p = 0.012) of B. dorsalis
and fruit damage rates (χ2 = 6.03, df = 2, p = 0.042) compared to drone spraying. After
3 days, the reduction rate of B. dorsalis populations in the drone spraying treatment was
only 35.4%, significantly lower than both manual spraying (65.5%, Figure 3a) and the
control (62.4%, Figure 3a). Following 7 days, the reduction rate of B. dorsalis populations
in the manual spraying treatment was 57.4%, whereas the drone spraying treatment had
declined to 28.0%, significantly lower than the manual spraying treatment (Figure 3b). In
terms of fruit damage rate, although the variance analysis revealed differences, multiple
comparisons indicated no significant distinctions among the fruit damage rates of drone
spraying, manual spraying and control treatments (Figure 3c).

Figure 3. The impact of a drone-based push–pull system and a manual-based push–pull system on the
population reduction rate of B. dorsalis after 3 days (a) and 7 days (b), as well as the fruit damage rate
(c), was tested by using Kruskal–Wallis tests. “Drone” refers to the push–pull system utilizing drones,
while “Manual” denotes the push–pull system operated manually. “Control” represents the pesticide
treatment (bromophos + β-cypermethrin) without using the push–pull strategy. The absence of significant
differences between treatments is indicated by the same letters above the distinct bars (p < 0.05).
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3.3. Food Bait vs. ME Bait

The choice of bait (ME bait or food bait) employed to establish the push–pull system
significantly affected the population reduction rate (3d: χ2 = 6.41, df = 2, p = 0.040; 7d:
χ2 = 8.14, df = 2, p = 0.018) of B. dorsalis and fruit damage rate (χ2 = 8.72, df = 2, p = 0.006).
After 3 days, the push–pull system established with food bait resulted in a population
reduction rate of 45.5% for B. dorsalis, significantly lower than the reduction rates of 70.9%
in the ME bait system and 63.4% in the control (Figure 4a). After 7 days, the reduction rate
of B. dorsalis populations in the push–pull system using food bait remained significantly
lower than that of the ME bait system (Figure 4b). In terms of the fruit damage rate, both
the ME bait system and the control demonstrated notably lower rates compared to the
push–pull system using food bait (Figure 4c).

Figure 4. The influence of a food bait push–pull system and a ME bait push–pull system on the
population reduction rate of B. dorsalis after 3 days (a) and 7 days (b), as well as the fruit damage rate
(c), was tested by using Kruskal–Wallis tests. “Food bait” refers to the push–pull system employing
food bait, while “ME bait” indicates the push–pull system using ME bait. “Control” represents
the pesticide treatment (bromophos + β-cypermethrin) without using the push–pull strategy. The
absence of significant differences between treatments is denoted by the same letters above the distinct
bars (p < 0.05).

3.4. Two Types of Repellents and Attractants vs. A Single Type

Comparing push–pull systems established with two types of repellents and attrac-
tants to the push–pull system established with a single type, no significant impact on
the reduction rate of B. dorsalis populations was observed after 3 days (χ2 = 4.47, df = 2,
p = 0.107; Figure 5a). However, after 7 days, the push–pull systems constructed with two
types exhibited higher reduction rates than the single-type system (χ2 = 13.93, df = 2, p =
0.001; Figure 5b), although the differences were not statistically significant. Nevertheless,
all three treatments displayed similar fruit damage rates of approximately 20%, with no
significant distinctions observed among them (χ2 = 0.08, df = 2, p = 0.968; Figure 5c).

Figure 5. The effects of a push–pull system with two types of repellents and attractants and a
push–pull system with a single type on the population reduction rate of B. dorsalis after 3 days (a) and
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7 days (b), as well as the fruit damage rate (c), were tested by using Kruskal–Wallis tests. “Two types”
refer to the push–pull system utilizing two types of repellents and attractants, while “Single type”
indicates the push–pull system using a single type of repellents and attractants. “Control” represents
the pesticide treatment (bromophos + β-cypermethrin) without using the push–pull strategy. The
absence of significant differences between treatments is indicated by the same letters above the
distinct bars (p < 0.05).

4. Discussion

The current study, conducted within a rambutan orchard, aimed to compare and
evaluate various push–pull strategies for mitigating the outbreak of B. dorsalis and mini-
mizing damage to fruit crops. The results indicated that integrating the low-concentration
pesticide abamectin into the push–pull system, along with using methyl eugenol (ME) as
an attractant instead of food bait and employing manual application, effectively reduced
the population of B. dorsalis and fruit damage. Additionally, the introduction of a variety of
attractants and repellents did not enhance the control’s effectiveness compared to systems
containing only single attractants and repellents.

The outcomes of this investigation clearly demonstrated an improvement in suppress-
ing the B. dorsalis population with the integration of abamectin into the push–pull system.
In scenarios without abamectin, the reduction rate of B. dorsalis population did not exceed
60%, whereas with abamectin, it surpassed 70%, accompanied by a significant reduction
in fruit damage. While prior literature often favored non-toxic practices in push–pull
strategies to align with their underlying philosophy [20,32], this investigation provided
evidence that incorporating low-concentration compounds like abamectin during pest
outbreaks offers a practical and effective approach. This strategy deviated from conven-
tional push–pull usage, which typically focuses on pre-outbreak prevention. However, this
study highlighted the need for further research to elucidate the mechanisms underlying
abamectin-induced population regulation and to explore potential synergistic effects. To
achieve this, subsequent experiments should employ a factorial design with main factors
of interest: abamectin (with and without), attractant (ME and food) and repellent (allicin
and d-limonene).

In comparing methodologies within the push–pull system, manual spraying emerged
as more effective than drone-assisted spraying. While the latter offered benefits such
as labor reduction and the ability to reach elevated areas [48,49], its application was less
effective in orchards characterized by complex terrains and dense foliage, particularly when
addressing the upper canopy layers, where insecticides’ penetration is obstructed [50].
Migratory pests such as B. dorsalis, which might retreat to the lower canopy, thereby
circumvent drone-delivered treatments, presenting an ongoing risk. As a result, drone
spraying manifested a suboptimal control efficiency. In contrast, manual spraying, although
labor-intensive, allowed for a more targeted dispersion of insecticides throughout the
various strata of the canopy, effectively pressing the residual pest population to vacate the
orchard, thus, bolstering the overall efficacy of pest control.

The choice of suitable repellents and attractants is crucial when designing a push–
pull system. Our study demonstrated the superiority of using methyl eugenol (ME) in
constructing the push–pull system for controlling B. dorsalis, which was consistent with the
findings of Ugwu [51]. One possible reason for this is that the odor of food baits is more
easily affected by environmental factors such as vegetation type and tree canopy density
compared to ME [52]. Therefore, ME should be preferred in constructing a push–pull
system for managing B. dorsalis.

While the integration of d-limonene and food bait did not significantly enhance the
immediate efficacy of the push–pull system in mitigating B. dorsalis infestations, their
inclusion was observed to extend control effectiveness for up to 7 days. Notably, even after
seven days, the system’s ability to control the pest population remained robust, exceeding

206



Agronomy 2024, 14, 890

a 70% threshold. The underlying factors for this sustained effectiveness are yet to be
fully elucidated; however, it may be attributed in part to the short-range killing effect of
d-limonene on dipteran species, as demonstrated by Showler et al. [53]. Nevertheless,
increasing the variety of attractants or repellents inevitably raises labor and material costs.
Therefore, if cost efficiency is a concern, employing a single type of attractant or repellent
can still yield satisfactory results. However, if a more long-lasting pest control effect is
desired, it may be worth considering increasing the variety of attractants and repellents.

In this experiment, the implementation of a push–pull control system proved to be
more effective in reducing both the B. dorsalis population and fruit damage compared
to relying solely on chemical pesticides. This effectiveness may have stemmed from
the push–pull system’s ability to decrease B. dorsalis resistance, as noted by Hassanali
et al. [54], through the integration of various control measures from different perspectives.
This integration reduced the prolonged exposure of pests to specific control methods,
thereby decreasing the frequency of contact and adaptation time to a single control method,
ultimately, slowing down the development of resistance [20].

Although we used abamectin in this experiment, the concentration we employed
(0.2 ppm) was significantly lower than the recommended concentration. Additionally,
individuals not killed by low-concentration abamectin, such as those with higher resistance,
are still regulated by the push–pull system, being lured into traps and subsequently killed,
thereby reducing the opportunity for resistant individuals to reproduce. Consequently, this
approach would aid in slowing the development of pesticide resistance in B. dorsalis. From
an environmental pollution perspective, using abamectin alone at high concentrations
for controlling B. dorsalis requires substantial amounts and yields poor control efficacy.
Preliminary experiments showed that using abamectin alone at 5 ppm (recommended
concentration) resulted in only a 61.44% reduction in the pest population after 7 days.
Achieving a higher reduction rate (e.g., exceeding 70%) required combining abamectin
with other pesticides like β-cypermethrin (unpublished data). In contrast, utilizing the
push–pull system (see Figure 5a) with a low concentration of abamectin (0.2 ppm) achieved
over a 70% reduction in pest population. Thus, our push–pull system reduced the need
for abamectin and other pesticides, contributing to a reduction in pesticide resistance
development and pesticide pollution.

5. Conclusions

These series of comparative experiments provided compelling evidence that inte-
grating low-concentration abamectin into the push–pull system, along with using methyl
eugenol (ME) as an attractant instead of food bait, combined with manual application,
constituted an optimal push–pull strategy for reducing B. dorsalis populations and preserv-
ing fruit quality during pest outbreaks. Moreover, this integrated approach demonstrated
potential in mitigating the development of B. dorsalis resistance and reducing pesticide
usage, thereby minimizing environmental pollution. However, the push–pull system
incurred higher labor and material costs and presented challenges in design and imple-
mentation compared to conventional control methods, necessitating professional training
and guidance for farmers. Additionally, this optimal system may be more advantageous
in mountainous terrains, while the use of drones may be a more ideal option in large, flat
areas, emphasizing the need for context-dependent push–pull strategies [20,42].
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Abstract: Locusts represent a persistent global agricultural pest, responsible for significant
crop losses and socio-economic repercussions. The initiation of chemical control measures
dates back to the late 19th century, with the use of poisoned baits, before advancing in
the mid-20th century with the introduction of organochlorines, such as dieldrin. Despite
their efficacy, the associated environmental, ecological, and human health risks led to the
prohibition of dieldrin by the United States and the FAO by 1988. The demand for insecti-
cides with reduced persistence and toxicity prompted the establishment of international
organizations to coordinate locust research and management. In recent decades, chemical
control has transitioned towards compounds with diminished persistence and selective
agents. Concurrently, research has progressed in the development of bioinsecticides, no-
tably Metarhizium acridum, and has reinforced preventive strategies. Emerging technologies,
including remote sensing and machine learning, have facilitated early monitoring and pre-
dictive modeling, thereby enhancing outbreak forecasting. These tools support proactive,
targeted interventions and are consistent with Integrated Pest Management principles,
promoting more sustainable and ecologically responsible locust control strategies.

Keywords: locust control; preventive management; biological control; remote sensing;
early warning systems

1. Introduction

Locusts represent a specific subset of grasshoppers within the Acrididae family [1–3],
distinguished by their ability to undergo density-dependent phase polyphenism, a phe-
nomenon initially described by Uvarov (1921) [4–6]. Under favorable environmental
conditions [1,2], locusts transition from a solitary phase to a gregarious one, forming highly
mobile hopper bands and swarms capable of consuming their body weight in vegetation
daily and traveling hundreds of kilometers [1,2,7,8]. Unlike most orthopterans, these
species exhibit polyphagous feeding behavior during outbreaks, targeting a wide array
of crops and wild plants [2,3,8,9], thereby ranking among the most destructive insect
pests globally [1,10,11]. Of the approximately twelve recognized locust species, the mi-
gratory locust (Locusta migratoria), desert locust (Schistocerca gregaria), Moroccan locust
(Dociostaurus maroccanus), and Italian locust (Calliptamus italicus) are the most economically
significant [1,8,10,11]. These species thrive in arid and semi-arid environments where
alternating droughts and rainfall promote breeding and gregarization [1,2,8,11]. Historical
records of locust plagues span Europe, Africa, and Asia, leading to recurrent food inse-
curity and socioeconomic disruption [1–3,12]. In the past two decades, significant events
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such as the 2003–2005 West African desert locust plague, which impacted over 8 million
people [1,8,13] and incurred costs exceeding $400 million in control operations [14], and the
2019–2021 East African upsurge, one of the most severe in recent history, have underscored
the persistent global threat posed by these insects [3,12].

Over the past century, strategies for managing locust populations have evolved sig-
nificantly, transitioning from initial mechanical methods to the extensive use of chemical
spraying in the mid-20th century [1]. Although chemical insecticides continue to be the
primary method of control [1,2,11], they are predominantly reactive and present substan-
tial risks to human health, biodiversity, and ecosystems [1–3,15]. These limitations have
prompted a gradual shift towards integrated pest management, incorporating the opera-
tional use of biocontrol agents such as Metarhizium acridum, as well as the implementation
of new technologies such as remote sensing technology, unmanned aerial vehicles (UAVs),
and machine learning to improve forecasting and early warning systems [2,11,16].

Despite these advancements, most control campaigns remain reactive [1,2], initiated
only when swarms pose a direct threat to crops [17–19]. Preventive control, as originally
conceptualized by Boris Uvarov, is often misconstrued as synonymous with “outbreak pre-
vention” [20–23]. In practice, preventive control involves early interventions in outbreak ar-
eas to safeguard major agricultural zones, whereas complete outbreak prevention is seldom
feasible [5,11,22,24,25]. This misunderstanding, along with financial, logistical, and political
constraints, has hindered the consistent adoption of preventive strategies [5,6,19,26,27].

This review critically examines the evolution of locust management, from historical me-
chanical and chemical approaches to contemporary biological and technological innovations.
By integrating historical and recent evidence, we highlight both key advances and persistent
challenges, particularly the difficulty of transitioning from reactive crisis responses to sustainable
preventive control. We argue that effective locust management in the 21st century must integrate
biocontrol, climate- and AI-informed forecasting, and strong institutional cooperation into a
coherent preventive framework that safeguards food security in vulnerable regions.

2. Literature Search and Selection Strategy

This article is organized as a narrative review that integrates research on locust man-
agement strategies, with a specific emphasis on methodologies endorsed or assessed by the
Locust Pesticide Referee Group (LPRG) of the Food and Agriculture Organization (FAO).
Although it does not adhere to a strict systematic review protocol, efforts were undertaken
to ensure transparency and comprehensiveness in identifying pertinent studies.

Search Databases and Keywords
Between 10 February and 12 September 2025, a comprehensive literature search was

systematically conducted across prominent scientific databases, including Google Scholar,
ResearchGate, ScienceDirect, Scopus, and Web of Science. The search strategy employed a
combination of keywords such as:

“locust control*”;

“integrated locust management”;

“biological control of locusts”;

“chemical control of locusts”;

“locust monitoring”;

“outbreak prevention”;

“remote sensing”.
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We also used species-specific terms, such as Locusta migratoria, Schistocerca gregaria,
and Dociostaurus maroccanus.

Inclusion and Exclusion Criteria
Eligible sources comprised peer-reviewed articles, review papers, technical reports,

and guidelines from international organizations such as the FAO, EFSA, and EPA. Excluded
from consideration were studies not available in English, conference abstracts lacking full
texts, and publications that did not directly pertain to locust management. An initial pool
of 112 records underwent title and abstract screening, followed by a full-text evaluation,
resulting in a final selection of sources that informed this review.

Data Extraction and Synthesis
Data were synthesized narratively rather than quantitatively, emphasizing

• The historical evolution of control strategies;
• The efficacy and ecological impacts of chemical, biological, and preventive methods;
• The role of emerging technologies such as biocontrol, remote sensing technology,

UAVs, and AI-driven forecasting.

3. The Institutionalization of Locust Control: Historical Milestones and
Global Cooperation

Locusts have been acknowledged as significant agricultural pests since ancient
times [1,10,11]; however, international initiatives to formalize their control commenced
only in the early 20th century. In 1905, Jules Künckel d’Herculais orchestrated one of
the initial international campaigns in Algeria [4,6,26], culminating in the 1916 global
locust report by the International Institute of Agriculture, which underscored the press-
ing necessity for cross-border collaboration [4]. The inaugural international conference
on locust control, convened in Rome in 1920, formally signified the commencement of
institutionalized management [4,26,28].

During this period, pivotal scientific advancements were achieved. In 1921, Boris
Uvarov identified phase polyphenism [4–6], a groundbreaking discovery that revolu-
tionized locust research and continues to underpin management strategies [29]. By the
1930s, cooperation expanded through a series of international conferences (Rome 1931,
Paris 1932, London 1934, Cairo 1936, Brussels 1938), which highlighted the necessity for
global action [4,6,17,24].

Institutional frameworks soon emerged. France established the Comité d’Etudes de la
Biologie des Acridiens in Algeria (1932) [4,6], which evolved into the ONAA (1943) [6,30],
while Britain founded the Anti-Locust Research Centre (ALRC) in 1945 [6,24,31], later
reorganized into several development institutes before becoming today’s Natural Resources
Institute [6]. The establishment of the FAO in 1945 was a pivotal moment, providing a
permanent platform for global coordination [6,26]. Major initiatives included the Desert
Locust Control Committee (DLCC, 1954), the Desert Locust Information Service (DLIS,
1978) [5,6], and the Emergency Prevention System (EMPRES, 1994), which emphasized
early warning and preventive action across Africa and the Near East [6,28,32,33].

More recently, regional commissions such as CLCPRO (2000) have reinforced col-
laboration among frontline states [26,28]. Today, FAO-led systems integrate satel-
lite imaging, AI-driven models, drones, and GIS platforms for real-time monitoring
and forecasting. These advancements represent the culmination of a century-long
institutional trajectory [5,6,13,26,28].

Despite these accomplishments, international coordination remains limited [6]. Con-
trol programs in numerous affected countries are hindered by inadequate funding, fragile
governance, and insufficient preparedness, which delay responses [6,11,17,34]. Donor
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funding remains cyclical—peaking during plagues but diminishing during economic
downturns—thereby undermining the long-term preventive ethos originally envisioned
by Uvarov [6,10,17].

Furthermore, the uneven adoption of modern technologies such as satellite-based
early warning systems, UAVs, and predictive modeling highlights capacity disparities
between well-resourced and resource-poor countries. Political instability and bureaucratic
inertia further impede effective cross-border coordination [6,17].

Critically, while the institutional framework for locust control has become increasingly
sophisticated, its effectiveness still relies more on sustained political will and financing
than on technical capacity. Without addressing these structural bottlenecks, global locust
control remains susceptible to the same reactive cycles documented for over a century.

4. Locust Control Approaches

The management of locust populations has traditionally been categorized into two
primary strategies: the reactive approach and the preventive approach [18,23]. Although
recent literature has introduced the term “proactive” as an intermediate concept, this has
frequently led to confusion [21,23,35]. Consistent with Uvarov’s original framework and
the prevailing consensus among locust specialists [5,22,24,25], we identify only two princi-
pal approaches—reactive and preventive—while elucidating the limitations of “outbreak
prevention” as a distinct concept [21–23].

4.1. Reactive Approach

The reactive approach pertains to interventions initiated only after swarming has occurred
and substantial populations are already in motion. This approach characterized much of the
20th century and continues to be the standard response during emergency plague situations [17–
19,23]. Typically, reactive operations involve large-scale aerial or ground spraying of broad-
spectrum insecticides over extensive infested areas [1,2,11], necessitating considerable financial
resources and logistical coordination [5,10,27,36,37]. The efficacy of such operations in mitigating
immediate crop damage has been consistently demonstrated; however, they are accompanied
by several significant drawbacks: high operational costs [1,2,14], reliance on international
donor funding [6,10,17,34,36], risks to human health and non-target biodiversity, and the
challenge of containing highly mobile swarms that may traverse political borders within days [1–
3,15]. Consequently, reactive campaigns are frequently criticized as being untimely, costly, and
environmentally unsustainable, although they remain indispensable when early control efforts
fail or are not implemented in a timely manner [2,14,16].

4.2. Preventive Approach

Preventive control, as initially conceptualized by Uvarov in the early 20th century,
represents a strategic shift from reactive crisis management to proactive early interven-
tion [5,22,23,37]. The core principle of this approach is the timely identification and man-
agement of nascent outbreaks in established breeding areas to prevent their escalation into
widespread plagues [5,22,24,25]. It is crucial to distinguish preventive control from the
absolute prevention of outbreaks, as outbreaks are an inherent aspect of locust ecology and
cannot be entirely averted in practice [5,20,21,23]. Instead, as emphasized by Uvarov, the
objective is to manage outbreaks and safeguard key agricultural regions through ongoing
monitoring, forecasting, and swift localized interventions [5,22,23,37].

The practical application of preventive control is founded on three main components:
(1) early warning systems that integrate field surveys with meteorological and remote-
sensing data to detect breeding conditions [6,38–41]; (2) institutionalized monitoring and
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coordination, often facilitated by the FAO or regional organizations [4–6,17,27,31]; and
(3) targeted interventions, typically employing insect growth regulators or biological agents,
applied in barrier treatments rather than extensive blanket spraying [1,5,6,11,39,40,42,43].
This model has been progressively institutionalized since the mid-20th century and is
regarded by many experts as the “best practice” in locust management [11].

The efficacy of preventive control has varied considerably across different locust species and
regions. For species with relatively confined outbreak areas, such as the red locust (Nomadacris
septemfasciata) in southern Africa, the African migratory locust (Locusta migratoria migratorioides)
in the Sahel, and the South American locust (Schistocerca cancellata), preventive measures have
often been successful in preventing plagues for extended durations, sometimes spanning
decades. In these instances, the ability to focus surveillance and interventions within limited
outbreak zones significantly enhances the likelihood of success [10,36,37].

In contrast, for more widespread and highly mobile species such as the desert locust
(Schistocerca gregaria) and the Australian plague locust (Chortoicetes terminifera), preventive control
measures can only partially mitigate outcomes. Although preventive programs have succeeded
in reducing the size, duration, and frequency of plagues in these species, complete prevention
remains elusive. Environmental variability, extensive breeding ranges, and the rapid mobility of
swarms often exceed the capabilities of even well-funded surveillance systems [10,36,37].

Thus, distinguishing between preventive control and outbreak prevention is crucial.
While outbreak prevention has occasionally been proposed as the ultimate objective, it
has proven unattainable in practice, particularly for species with continental distributions.
Misunderstandings of these terms have led to debates regarding program effectiveness and
resource allocation [5,20–23]. As Hunter, 2024 emphasizes, the true measure of success lies
not in preventing outbreaks entirely, but in mitigating their impact and protecting major
agricultural areas through accurate forecasting and timely, targeted interventions [11].

Over recent decades, preventive control has largely met this benchmark in numerous
regions. Uvarov’s original vision—safeguarding key agricultural zones from devastating
plagues—has been realized through the establishment of early warning systems, regionally
coordinated monitoring, and increasingly sustainable intervention strategies [3,5,13,23,40].
Nonetheless, challenges persist, particularly the reliance on organophosphate insecticides,
the underutilization of biological agents [23,25,26,41,44], and the susceptibility of preven-
tive programs to funding shortages and political instability [6,17,37].

The dual framework of reactive versus preventive control remains the most effective
conceptual model for locust management [37]. While reactive measures will continue to be
necessary during crisis situations [1,2,17–19,23,37], preventive control represents the most
sustainable approach, contingent upon adequate resourcing, scientific support, and institu-
tional integration [6,17–19,23,36,37]. Although outbreak prevention may be an aspirational
goal, in practice, the true measure of success lies in impact mitigation and the protection of
agriculture, rather than the ecological suppression of the outbreaks themselves [5,20–23].

5. Preventive Methods

The foundation of modern preventive locust control strategies can be traced back to
1921, when Uvarov introduced the phase polyphenism theory to elucidate the recession
and upsurge of locust populations [22,23,45]. This theory significantly enhanced the
understanding of locust biology and laid the groundwork for the development of effective
preventive measures [5,22,23]. Over a decade later, Uvarov proposed the original plague
prevention strategy to avert crop damage in the principal agricultural regions of Africa,
the Near East, Iran, and Indo-Pakistan [5,22,24,25]. According to this original preventive
strategy, crop damage could be mitigated by managing hopper bands and swarms in
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outbreak areas [5,22,24,25]. Thus, preventive control and outbreak prevention should not
be conflated [22]. On one hand, preventive control methods aim to reduce crop damage,
as Uvarov proposed [20,22,24]. On the other hand, outbreak prevention endeavors to
maintain locust population densities at a minimal level indefinitely [21–23].

Historically, preventive campaigns relied on long-residual insecticides such as dieldrin,
which remained active in the soil for months and effectively suppressed hopper development.
However, increasing awareness of their environmental persistence and ecological impacts led to
their prohibition [5,46]. This shift created a critical gap: while the principle of preventive control
remains valid, its implementation has become increasingly challenging without comparable
alternatives [5].

Contemporary preventive strategies prioritize early detection, targeted biocontrol, and envi-
ronmentally sustainable interventions. Technological advancements in satellite imaging, remote
sensing, unmanned aerial vehicles (UAVs), and machine-learning models have significantly
enhanced the precision in identifying potential outbreak zones [3,5,13,23,47]. Biopesticides, such
as Metarhizium acridum, offer operationally viable and safer alternatives [48–51]; however, their
limited persistence, elevated costs, and logistical challenges, including cold-chain storage and
slower kill rates, constrain their scalability in preventive programs [26,41,51,52].

Despite its recognition as the most sustainable approach to locust management, preventive
control remains the least consistently implemented strategy. The primary obstacles are not
rooted in scientific knowledge but rather in structural and operational limitations [5,19,26].
Financial instability, characterized by donor-driven funding cycles that dissipate between
plagues, undermines long-term preparedness [6,17,34]. Logistical constraints, such as the
necessity for year-round surveillance, rapid deployment capacity, and cold-chain infrastructure
for biopesticides, render implementation particularly challenging in resource-limited regions [6,
11,17]. Technical bottlenecks also persist: although biopesticides and precision-monitoring tools
are available, their adoption in the field is impeded by formulation, storage, and cost barriers [6,
41,44]. Furthermore, political and institutional fragility, especially in frontline countries, restricts
cross-border cooperation and delays coordinated action [6,17,37]. Consequently, preventive
control remains more of an aspirational framework than an operational reality, with most
countries continuing to rely on proactive or reactive strategies. Bridging this gap necessitates
sustained financing, international commitment, and the translation of technological advances
into field-ready solutions [5,27,37].

6. Mechanical Control Methods

Mechanical control constitutes the earliest method of locust management, preceding the
advent of chemical and biological strategies [25]. Historically, communities employed direct
physical interventions to mitigate damage from hopper bands and swarms [25]. Common
techniques included excavating trenches to trap and bury hoppers, incinerating infested veg-
etation [25,33,51,53,54], and utilizing manual tools to crush or disorient locusts [24,25,33]. In
certain regions, specialized collection machinery was introduced [25,54], while other practices
involved the use of fire, smoke, or loud noise to repel swarms [24,35,53–55].

Paraffin-based sprays were occasionally applied to impair locust mobility and repro-
duction [54], while the destruction of egg pods through plowing or digging was employed
as a preventive measure [24], albeit often with limited success [24,25]. Other localized
measures included protective nets treated with natural repellents, such as garlic or neem
oil, to safeguard nurseries and small agricultural plots [33,53,56].

Although mechanical methods were indispensable prior to the pesticide era, they are
labor-intensive, locally constrained, and unsuitable for large-scale infestations [9,57]. Their
historical significance lies in providing immediate protection to farmers and laying the
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groundwork for subsequent, more advanced control practices. Presently, they retain value
primarily for smallholder farmers and localized outbreaks, particularly in contexts where
chemical or biological options are unavailable or unaffordable. However, their scalability
and sustainability are severely limited, precluding them from substituting modern inte-
grated approaches. Instead, their relevance is best understood as complementary measures
within broader Integrated Pest Management (IPM) strategies, where community-based
action can reinforce more systematic interventions [1,2,25,33,37].

7. Chemical Control

Since the mid-20th century, chemical insecticides have constituted the primary strategy
for locust management, facilitating rapid and extensive suppression of outbreaks [25,26,44].
Initial approaches utilized poisoned baits containing arsenic or organochlorines; however,
these methods were found to be either inefficient or environmentally persistent [24,51,54,58].
The introduction of dieldrin in the 1950s marked a significant advancement in locust control
due to its prolonged residual activity, which enabled effective “barrier spraying” against
hopper bands [25,31,54]. Nevertheless, its persistence, bioaccumulation, and toxicity to
wildlife [54,59] resulted in international prohibitions by the 1980s [40].

In response, the Food and Agriculture Organization (FAO) established the Locust
Pesticide Referee Group (LPRG) in 1989 [41,47] to assess insecticides for efficacy, safety,
and environmental impact [41,47]. This group formulated standardized guidelines, em-
phasizing barrier treatments over blanket applications and advocating for the adop-
tion of less toxic alternatives, such as insect growth regulators (IGRs) and biological
pesticides [32,43,46,48–50,60–63]. Despite these initiatives, the majority of operational
campaigns continue to rely on neurotoxic insecticides, including organophosphates and
pyrethroids, primarily due to their availability and cost-effectiveness [43].

Main Pesticide Groups

Organochlorines, including compounds such as DDT, dieldrin, aldrin, and BHC,
were the initial synthetic insecticides extensively employed in locust control from the
late 1940s onwards [25,54]. Their prolonged persistence and stomach-poison action facili-
tated barrier treatments and large-scale aerial spraying, thereby revolutionizing control
campaigns [25,31,51,53,54,64]. However, due to their bioaccumulation, ecological toxicity,
and associations with human health risks [41,65], widespread bans were initiated in the
1970s [25,54], with the FAO officially prohibiting the use of dieldrin in 1988 [40].

The Locust Pesticide Referee Group (PRG), established by the FAO in 1989 [41,47] and
renamed LPRG in 2021 [41], systematically reviewed insecticides for efficacy and environ-
mental safety [41,47]. Over time, it approved organophosphates, pyrethroids, carbamates,
insect growth regulators, fipronil, and the biopesticide Metarhizium acridum, gradually guid-
ing locust management towards safer compounds. Despite this progress, campaigns con-
tinue to rely heavily on organophosphates and pyrethroids due to their cost-effectiveness,
and few new products have been introduced in recent decades [32,43,46,48–50,60–63].

Organophosphates (OPs), such as fenitrothion, malathion, and chlorpyrifos, emerged
as the primary substitutes for organochlorines [25,61] and remain the cornerstone of mod-
ern locust control [43]. These compounds function as fast-acting cholinesterase inhibitors,
providing high efficacy in both hopper and adult stages [41]. They are widely avail-
able and relatively inexpensive, making them particularly valuable for large-scale emer-
gency campaigns [43]. However, they also pose acute toxicity risks to applicators, polli-
nators, and aquatic organisms, and chronic exposure has been linked to human health
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effects [41,48,66–68]. Increasing regulatory restrictions and public concern underscore the
urgent need for safer alternatives in future control programs [41,69,70].

Pyrethroids, including synthetic variants such as deltamethrin and lambda-cyhalothrin, are
preferred for emergency spraying due to their rapid knockdown effect on locust populations [62,
71]. These compounds are frequently applied in ultra-low-volume (ULV) formulations, which
allow for effective coverage with minimal quantities of active ingredient [25,26]. Despite their
operational appeal, the high toxicity of pyrethroids to non-target insects, particularly bees and
other pollinators, as well as their detrimental effects on aquatic organisms, poses significant
challenges to their long-term sustainability [49,50,71]. Additionally, sublethal effects on insect
physiology and the development of resistance in certain pest species further exacerbate these
concerns [72]. Nonetheless, pyrethroids remain among the most commonly utilized compounds
in reactive locust control efforts globally [41,71].

Insect Growth Regulators (IGRs), specifically benzoylurea-based IGRs, have been
endorsed over the years for locust control strategies by the LPRG [62]. The insecticidal
action of IGRs is predicated on the inhibition of chitin synthesis [41,64], rendering them
effective solely for hopper control, as adult locusts are not significantly impacted [51,62].
Due to their prolonged foliar persistence, IGRs have been deemed suitable for barrier
spray treatments since 1994 [23,62,73]. However, their slow mode of action renders them
inadequate for emergency responses during large swarms [63], and regulatory prohibitions
in the European Union have further restricted their availability [41,74]. Despite these
limitations, IGRs continue to play a crucial role in preventive control, particularly when
employed in targeted barrier treatments during the early stages of outbreaks [41].

Phenylpyrazoles: Fipronil, a phenylpyrazole insecticide, has demonstrated remarkable
efficacy against locusts at minimal dosages, rendering it a promising candidate for barrier
treatments [32,47,63,75]. However, research has underscored its significant toxicity to aquatic
arthropods, soil invertebrates, and other non-target organisms, thereby raising substantial
ecological concerns [47–50]. Consequently, its operational application has been confined to
limited use in non-crop areas [43,47,49,50]. Although fipronil remains on the FAO’s list of
recommended insecticides for locust control, its role has been considerably diminished as
international agencies increasingly prioritize environmental safety and sustainability. Its future
utilization is likely to decline further unless new, safer formulations become available [41,74].

Neonicotinoids: Compounds such as imidacloprid and thiamethoxam were evalu-
ated for locust management during the late 1990s and early 2000s [48], initially showing
promise due to their systemic action and relatively novel mode of activity [49,76]. How-
ever, evidence from both field and ecotoxicological studies has revealed risks to pollinator
health, particularly affecting honeybees and wild bees, as well as concerns regarding soil
and water contamination [41,76]. As a result, neonicotinoids were never widely adopted
for locust control and remain excluded from the FAO’s recommended list of operational
insecticides [49]. Their use has largely been abandoned in favor of safer compounds [76].

Spinosad: Spinosad, derived from the soil actinomycete Saccharopolyspora spinosa [77],
was first evaluated for locust control in 2004 as a bio-derived alternative with a favorable
ecotoxicological profile [49]. It acts primarily on the nicotinic acetylcholine receptor, of-
fering rapid knockdown with low mammalian toxicity [49,77]. Field trials have shown
encouraging results in terms of efficacy and safety, but its integration into large-scale opera-
tional campaigns has so far been limited [50]. Despite spinosad not being approved as a
control agent against locusts, the LPRG recommended further efficacy trials in 2023 [43].

The progression of chemical control strategies in locust management illustrates an
ongoing equilibrium between effectiveness, cost-efficiency, and sustainability [23,40].
Organochlorines, such as dieldrin, achieved near-complete control but were discontin-
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ued due to their ecological toxicity [40,54]. Although organophosphates and pyrethroids
are cost-effective and efficient, they continue to pose health and environmental concerns
and are subject to increasing regulatory constraints [41,43,48–50,66–68]. Insect growth reg-
ulators (IGRs), fipronil, and spinosad represent the potential of more selective compounds;
however, their adoption has been hindered by slow action, ecological side effects, or high
costs [41,43,47,49,50,62,74,75,78]. The Food and Agriculture Organization’s Locust and
Other Migratory Pests Group (LPRG) has played a crucial role in advocating for safer and
more sustainable options [28,32,41,43,48–50,60–63]. Nonetheless, the absence of new com-
pounds under evaluation underscores a concerning reliance on outdated chemistries [43].
Ultimately, while chemical control remains essential in crisis response, excessive depen-
dence on broad-spectrum insecticides perpetuates ecological risks [41,43]. Future initiatives
must prioritize investment in safer alternatives, large-scale validation of bio-insecticides,
and the integration of chemical tools into preventive, ecologically sound frameworks.

8. Biological Control

Biological control has gained recognition as a sustainable alternative to chemical pesticides,
presenting reduced risks to ecosystems, non-target organisms, and human health [16,27,44,52,79].
Since the 1990s, the Food and Agriculture Organization (FAO) has advocated for research into
biological agents [62], leading to the inclusion of Metarhizium acridum in the Locust and Other
Migratory Pests Group (LPRG)’s list of approved control agents [43,78].

Main Biological Approaches

Natural enemies: Locust eggs, nymphs, and adults are subject to predation and
parasitism by a variety of organisms, including birds, mammals, mites, and hymenopteran
wasps such as Scelio spp., with parasitism rates occasionally surpassing 25%. Despite this,
their effectiveness in curbing large-scale locust plagues is generally inadequate [68].

Botanical insecticides: Extracts from neem (Azadirachta indica), garlic, and cumin
have demonstrated repellent and toxic properties [26,55,62,80], yet inconsistencies in their
composition and delayed action reduce their dependability in field applications [26,62].

Semiochemicals: Pheromone-based methods hold promise for monitoring or disrupt-
ing locust aggregation, with compounds such as phenylacetonitrile being explored [26].

Entomopathogenic microorganisms: Since 1994, Metarhizium flavoviride has been identified
as a promising biological control agent against locust hoppers and adults in small-scale settings,
particularly in ecologically sensitive regions [32,47,62,68,78,81]. Since 1999, it has been referred
to as Metarhizium anisopliae var. acridum, and IT is currently known as Metarhizium acridum [48].
This fungus has emerged as a leading biopesticide, achieving 80–90% mortality within 2–3
weeks under optimal conditions and exhibiting strong environmental safety [26,41]. Commercial
products like Green Muscle® are now being utilized in certain areas [6,41,43,81,82]. Moreover,
microsporidia (Nosema locustae), bacteria (Serratia marcescens, Bacillus thuringiensis), and viruses
(Entomopoxvirus) have shown experimental success [68], but issues with formulation, stability,
and large-scale production limit their practical application [56,62,63,83]. Furthermore, nematode
species such as Steinernema sp. and Heterorhabditis bacteriophora have been shown to infect
locusts [68,84,85], with laboratory studies indicating high mortality rates [85]. However, their
susceptibility to UV radiation and desiccation restricts their use in arid environments. Biolog-
ical control remains the most promising strategy for sustainable locust management, yet its
widespread adoption is limited [84,85].

Operational efforts continue to rely heavily on chemical pesticides due to the slower action,
logistical challenges, and higher costs associated with biological alternatives. The case of M.
acridum illustrates both the potential and the limitations: while it is safe and effective in trials,
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its adoption has been slow outside of donor-funded initiatives [6,41]. Increased investment in
formulation technologies, long-term field research, and integration with monitoring systems is
essential to transition biological control from experimental to mainstream use [6,41,44].

9. Locust Harvesting for Consumption

Harvesting locusts for food and feed has been increasingly advocated as a sustainable
complement to conventional management strategies, offering the dual benefits of reducing
pest populations and providing a valuable protein source [35,51,86]. Locusts are highly
nutritious, comprising up to 60% protein along with essential amino acids, fatty acids,
vitamins, and minerals [86–90], rendering them suitable for animal feed in aquaculture,
poultry, and pig production [87,89,91]. In humans, entomophagy has a long-standing tradi-
tion in Africa, Asia, and Latin America [86–88,90], where over 120 locust and grasshopper
species are consumed [90]. Swarming behavior facilitates large-scale harvesting [35,86],
particularly at night when the insects are less active [35]. Recognizing their nutritional and
sustainability potential, the European Commission authorized migratory locust (Locusta
migratoria) products as novel foods in 2022 [74].

While harvesting presents a promising dual benefit of pest control and food secu-
rity, its large-scale adoption encounters several challenges. The outbreak-driven avail-
ability renders it an unpredictable protein source, cultural resistance in many regions
impedes broader acceptance, and pesticide contamination in wild-caught locusts raises
safety concerns [86–88,90]. Consequently, locust harvesting should be considered a com-
plementary tool within Integrated Pest Management (IPM), rather than a substitute for
preventive or chemical control strategies [90].

10. Future Challenges

Despite advancements in institutional frameworks and technological innovations,
the control of locust populations continues to encounter substantial challenges. These
challenges pertain not only to the biological characteristics of the pest but also to systemic
issues related to governance, funding, and the adoption of technology [6,10,19,23,36,37,92].

10.1. Preventive Control and Early Warning Systems

Preventive control is widely acknowledged as the most sustainable and cost-effective
approach to locust management [6,23,40]. It is crucial to note, however, that preventive
control does not equate to absolute outbreak prevention [5,20,22]. Outbreaks are an inherent
aspect of locust ecology and cannot always be averted [1,4–8,22,23,45,93], particularly for
species with extensive distributions such as the desert locust (Schistocerca gregaria) or the
Australian plague locust (Chortoicetes terminifera) [11]. Instead, as originally conceptualized
by Uvarov, preventive control emphasizes early detection and timely intervention in
outbreak-prone areas to curtail population growth and, most importantly, to safeguard
major agricultural regions from catastrophic losses [5,22–25].

The empirical evidence from preventive programs demonstrates both their poten-
tial and their limitations. For species with relatively confined outbreak areas, such as
the red locust (Nomadacris septemfasciata), the African migratory locust (Locusta migra-
toria migratorioides), and the South American locust (Schistocerca cancellata), preventive
strategies have successfully averted plagues for extended durations, in some instances
for decades [10,11,36]. Conversely, for more widely distributed species, preventive man-
agement has mitigated the magnitude, frequency, and duration of plagues, though it has
not eradicated them. This distinction highlights why equating preventive control with
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outbreak prevention fosters unrealistic expectations and risks undermining confidence in
otherwise effective programs [3,5,11,23,40].

Despite its conceptual clarity, the implementation of preventive control continues
to encounter systemic obstacles. Historically, Uvarov’s strategy of continuous surveil-
lance and early intervention has been compromised by a “boom-and-bust” funding cy-
cle: donor resources increase during crisis periods but diminish during recessions, leav-
ing national programs inadequately resourced for sustained surveillance. This finan-
cial instability, combined with governance challenges and political instability in several
frontline states, undermines the capacity to maintain the constant vigilance necessary for
effective prevention [6,10,17,36,37].

Concurrently, technological advancements have significantly enhanced the tools avail-
able for early warning systems. Innovations such as satellite imagery, UAVs, GIS mapping,
and machine learning now provide unparalleled capabilities to monitor breeding condi-
tions, detect hopper bands, and forecast gregarization risk [2,3,5,13,15,23,40,94]. However,
the operational adoption of these technologies remains inconsistent. Numerous affected
countries lack the necessary infrastructure, connectivity, and technical expertise to fully
implement these tools, and in regions affected by conflict, even basic field surveys may
be disrupted [6,10,17,36].

Looking ahead, the primary challenge is not merely to prevent outbreaks but to
consolidate and enhance preventive control as a comprehensive system of early warning
and early action. Three priorities are essential:

• Institutional reforms are necessary to ensure stable, inter-plague funding for surveil-
lance and control, rather than relying solely on emergency aid.

• It is imperative to bridge the technology–capacity gap through training, infrastructure
development, and equitable access to advanced monitoring systems.

• The integration of predictive analytics into decision-making processes, utilizing mod-
els that incorporate ecological, climatic, and socio-economic variables, is essential for
guiding timely interventions.

As [11] emphasizes, the true measure of success lies not in the eradication of out-
breaks, but in the protection of agriculture and the mitigation of socio-economic impacts
through accurate forecasting and early intervention. Without these systemic changes,
preventive control will remain underutilized, and the global community will continue to
oscillate between neglect during recessions and crisis-driven reactive campaigns during
plagues [11].

10.2. Future Research in Chemical Control

Chemical insecticides are anticipated to remain integral, particularly in emergency
situations [6]. Nonetheless, the dependence on organophosphates and pyrethroids is
problematic due to concerns about ecotoxicity, the development of resistance, and regula-
tory limitations [41,49,50,69,70]. Although spinosad and anthranilic diamides are under
investigation as more selective alternatives [43], progress in this area remains gradual.
Future research should focus on the development of insecticides characterized by reduced
environmental persistence, targeted specificity, and compatibility with integrated pest
management strategies.

10.3. Future Challenges in Biological Control

Biopesticides, such as M. acridum, have demonstrated safety and efficacy in trials;
however, their slow action, limited shelf life, and high costs constrain their large-scale
application [41,44]. Other agents, including N. locustae, entomopathogenic bacteria, and
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nematodes, remain predominantly experimental [84,95]. Future research should prioritize
enhancing formulations, scaling up production, and investigating synergies among various
biocontrol agents [6,41,44]. Integration with modern surveillance tools could facilitate more
targeted and cost-effective utilization [6,40].

10.4. Critical Synthesis

Locust management is currently at a pivotal juncture. While preventive and biological
strategies are increasingly acknowledged as crucial for sustainable practices, operational
realities continue to necessitate a reliance on reactive chemical control measures. To
bridge this gap, three significant shifts are required: (i) the institutionalization of stable
funding mechanisms that prioritize prevention over emergency aid, (ii) the assurance
of equitable access to advanced monitoring technologies, and (iii) the acceleration of
research on selective chemical and biological agents suitable for application at the field
scale. Without these systemic changes, locust control is at risk of remaining reactive,
perpetuating the costly cycles of outbreak and emergency response.

11. Conclusions

Locust management continues to pose a significant global challenge, exacerbated by
the climate crisis, which is anticipated to expand outbreak ranges and intensify swarm
dynamics. Following the prohibition of organochlorine insecticides such as dieldrin, sig-
nificant advancements have been achieved in the development of chemical alternatives,
biological agents, and preventive frameworks [5,23,25,26]. The implementation of Ultra-
Low Volume (ULV) spraying, UAV-based applications, and novel compounds with en-
hanced ecotoxicological profiles has mitigated some risks associated with older chemical
formulations [23,40,81]. Concurrently, the successful development of M. acridum and ad-
vancements in monitoring and forecasting models have contributed essential components
for more sustainable control [2,6,23,40,41,44].

The institutionalization of locust control, through the establishment of FAO-led frame-
works and regional commissions, has facilitated international collaboration and the stan-
dardization of protocols [6,43]. Nevertheless, significant weaknesses persist. Preventive
strategies, although conceptually robust, remain underfunded and inconsistently applied,
resulting in many countries being caught in a reactive cycle of “recession neglect” fol-
lowed by costly crisis response [6,17]. Biological agents, despite their potential, encounter
challenges related to cost, slow action, and production logistics, hindering their large-
scale adoption [6,37,41,44].

In considering future directions, the primary challenge lies not merely in the discovery
of novel tools but in the structural reorganization of locust management systems. Three
priorities are evident: the establishment of stable financing mechanisms to support preven-
tive surveillance during economic downturns; bridging the technology–capacity gap by
ensuring that innovations such as remote sensing and machine learning are complemented
by local infrastructure and training; and the integration of selective chemical and biological
tools within preventive frameworks to enable environmentally safer and more targeted
interventions. In summary, while locust management has made significant advancements
over the past century, it remains reactive and fragmented. Without sustained institutional
commitment and investment in sustainable technologies, future responses will likely per-
petuate the costly cycle of crisis and emergency control. Transforming management into
a proactive, integrated, and ecologically grounded system represents both the greatest
challenge and the most urgent priority.
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