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The brown marmorated stink bug, Halyomorpha halys (Hemiptera: Pentatomidae), is an invasive pest 
causing major economic losses to crops. Since its outbreaks in North America and Europe, H. halys has 
been controlled with synthetic pesticides. More sustainable methods have been proposed, including 
biocontrol and use of natural products. Here, we conducted laboratory and field investigations to 
evaluate organically registered products for their effectiveness against H. halys and their non-target 
effect on the egg parasitoid, Trissolcus japonicus (Hymenoptera: Scelionidae). In the laboratory, 
azadirachtin, orange oil, potassium salts of fatty acids, kaolin, basalt dust, diatomaceous earth, 
zeolite, sulphur formulations, calcium polysulfide, and mixtures of sulphurs plus diatomaceous earth 
or zeolite demonstrated higher lethality against H. halys nymphs compared to control. Calcium 
polysulfide, azadirachtin and sulphur achieved more than 50% mortality. All treatments except 
azadirachtin and kaolin had negative effects on T. japonicus, with mortality exceeding 80% for 
calcium polysulfide and sulphur. Field experiments were conducted in 2021 and 2022 in pear orchards. 
Diatomaceous earth alone or alternated with sulphur or calcium polysulfide provided similar H. halys 
control, when compared to farm strategies based mostly on neonicotinoid (acetamiprid) treatments. 
Implications for H. halys control in integrated pest management are discussed.
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The spread of invasive species is one of the most relevant biosecurity problems of recent years, and it is expected 
to increase over time1. The introduction of exotic plants, animals, pathogens or other organisms is often a result 
of accidental events caused by human activities, with globalisation further promoting their spread2,3. Depending 
on the species, biological invasions may pose a significant threat to agriculture, local biodiversity, human and 
animal health4,5. Many invasive species are herbivorous insects that damage agricultural crops6, and although 
integrated pest management promotes the use of both biological and chemical strategies for a more sustainable 
crop protection approach7,8, conventionally, the prevalent method used against invasive pests is the use of 
synthetic insecticides9–11. However, repeated applications of chemicals cause several side effects, as for example 
the development of resistance in target pests and the consequent reduction of pesticide efficacy12–14. Likewise, 
the extensive use of synthetic products has adverse effects on non-target organisms, human health, and the 
environment15,16. Therefore, products such as organophosphates and several neonicotinoids have been banned 
in Europe17–19. Meanwhile, more eco-friendly, natural, pesticides are being developed, and several products have 
proven as excellent alternatives to synthetic chemicals for pest control. These substances originate from various 
sources, and include natural dusts, essential oils20–22, and bioinsecticides derived from microorganisms23,24. 
For example, rock powder, a dust of natural origin allowed in organic agriculture, was shown to be effective 
in preventing and reducing the attack of the olive pest Bactrocera oleae (Rossi) (Diptera: Tephritidae)25,26. 
Bioinsecticides based on Beauveria bassiana were also highly effective in controlling the western flower thrips, 
Frankliniella occidentalis (Pergande) (Thysanoptera: Thripidae)27–29.
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However, the natural origin of a pesticide does not necessarily correlate with its safety to non-target 
beneficial insects30–33. Though generally considered safer than synthetic insecticides, still natural insecticides 
may be associated to lethal and sublethal effects on predators and parasitoids34–38. These effects should not 
be overlooked, as both in organic farming and in integrated crop production a key element for managing 
invasive agricultural pests is biological control39,40. This includes classical biological control, which refers to 
the introduction and release of natural enemies, native from the same geographic area of the invasive pest41,42. 
Hence, when utilizing natural products in conjunction with biological control, it is crucial to assess their lethal 
effects on the introduced natural enemy.

Currently, one of the most important invasive herbivorous insects in the Northern Hemisphere is the brown 
marmorated stink bug Halyomorpha halys Stål (Heteroptera: Pentatomidae), native from Asia and distributed 
also in the American continent, Europe, and North Africa43–45. Being highly polyphagous, its host range in the 
native and invaded areas includes fruit trees, vegetables, horticultural crops, ornamental plants, and natural 
vegetation43,46. In Europe, H. halys was first found in Switzerland in 2004 and has since spread across the 
continent47. It was detected in Italy in 2012, causing severe damage to the agricultural sector48.  The egg parasitoid 
Trissolcus japonicus (Ashmead) (Hymenoptera: Scelionidae) has been recognised as the main natural enemy of 
H. halys in its native area, and therefore it has been evaluated and released for classical biological control49–51.

The first aim of this research was to test in the laboratory the efficacy of different natural products for possible 
use as a farm strategy, alternative to synthetic pesticides, against H. halys. A second objective was to assess 
possible side effects of the same products on T. japonicus. All tested products are allowed in organic farming, 
as they are listed in the Regulation (EU) 2018/848 and Commission Implementing Regulation (EU) 2021/1165. 
Most of them (azadirachtin, orange oil, potassium salts of fatty acids, sulphurs, diatomaceous earth, and calcium 
polysulfide) are included and approved in the EU pesticide database (​h​t​t​p​s​:​​​/​​/​e​​c​.​e​u​r​o​p​​a​.​​e​u​/​f​​o​​o​d​/​p​​l​​a​n​t​/​p​​e​s​t​i​c​i​​​
d​e​​s​/​​e​u​-​p​e​s​t​i​c​​i​d​​e​s​-​d​b​_​e​n). Previous experiments on H. halys focused on the effects of entomopathogens52–54. 
Lethality effects of azadirachtin and potassium salts of fatty acids were also investigated against adults of H. 
halys, but showed contrasting effects when applied alone, in either direct application or contact assays55,56. A 
few investigations of non-target effects on T. japonicus explored the impact of natural products, such as spinosad 
and pyrethrins57–59. A third objective was to test the efficacy of promising products in reducing fruit damage in 
pear orchards over two consecutive seasons, with comparison to the current management strategies commonly 
adopted in each orchard, that were mostly based on acetamiprid applications. Considering the expected future 
limitation in the use of acetamiprid60 and the increased presence of egg parasitoids in field orchards, due to the 
ongoing biological control programme61, our results will help to implement pest management strategies with 
lower risks for biocontrol agents.

Results
Laboratory lethal effect assays on Halyomorpha halys
All tested products caused lethal effects on H. halys nymphs (Table 1). Concerning Experiment 1, the liquid 
insecticides azadirachtin, potassium salts of fatty acids, and orange oil were equally effective in causing mortality 
after 4 days from application, and their effects were significantly higher than control (Linear model; comparison 
of treatments: F(2,12) = 0.11, P = 0.89; treatments vs. control: t = 17.17, df = 1, P < 0.0001). Percentages increased 

Exp. Treatment

Mortality at 4 days Mortality at 7 days

Mean % ± SE

Comparison 
among 
treatments

Comparison of 
treatments vs. control Mean % ± SE

Comparison 
among 
treatments

Comparison of 
treatments vs. control

1

Azadirachtin 36.00 ± 5.10
F(2,12) = 0.11, 
P = 0.89

All treatments vs. 
control: t = 17.17, df = 1, 
P < 0.0001

53.02 ± 9.16
F(2,12) = 2.21, 
P = 0.15

All treatments vs. 
control: t = 7.68, df = 1, 
P < 0.0001

Potassium salts of fatty acids 32.00 ± 5.83 49.81 ± 12.15

Orange oil 34.00 ± 6.78 26.67 ± 11.74

2

Basalt dust 32.39 ± 6.31

F(3,16) = 1.68, 
P = 0.21

All treatments vs. 
control: t = 8.51, df = 1, 
P < 0.0001

44.17 ± 14.71

F(3,16) = 0.69, 
P = 0.57

All treatments vs. 
control: t = 9.71, df = 1, 
P < 0.0001

Kaolin 21.61 ± 7.16 30.00 ± 9.35

Diatomaceous earth 14.89 ± 7.16 31.67 ± 6.26

Zeolite 32.17 ± 8.22 43.33 ± 8.08

3

Sulphur type 1 28.89 ± 7.87

F(4,20) = 1.63, 
P = 0.21

All treatments vs. 
control: t = 7.05, df = 1, 
P < 0.0001

40.63 ± 15.57

F(4,20) = 0.68, 
P = 0.61

All treatments vs. 
control: t = 11.77, df = 1, 
P < 0.0001

Sulphur type 1 + Zeolite 21.39 ± 7.40 44.33 ± 10.12

Sulphur type 2 29.72 ± 8.62 50.60 ± 6.31

Sulphur type 2 + Diatomaceous earth 9.44 ± 5.80 47.82 ± 5.13

Sulphur type 2 + Zeolite 12.22 ± 5.60 29.44 ± 12.32

4

Calcium polysulfide 20 g/L 2.22 ± 2.22 c
F(2,12) = 13.43, 
P = 0.0009

Polysulfide 20 g/L vs. 
control: t = 0.57, df = 1, 
P = 0.58

10.16 ± 5.23 c
F(2,12) = 12.41, 
P = 0.001

Polysulfide 20 g/L vs. 
control: t = 2.11, df = 1, 
P = 0.056

Calcium polysulfide 30 g/L 19.17 ± 5.00 b 33.85 ± 6.69 b

Calcium polysulfide 50 g/L 59.17 ± 13.53 a 71.90 ± 11.04 a

Table 1.  Mortality (mean % ± SE) of Halyomorpha halys nymphs treated with different products in laboratory 
conditions. Recorded mortality was corrected using Abbott’s formula. In the case of a significant treatment 
effect within an experiment, means followed by different letters are significantly different according to linear 
models followed by multiple comparisons procedure.
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after 7 days, and significant effects were confirmed (comparison of treatments: F(2,12) = 2.21, P = 0.15; treatments 
vs. control: t = 7.68, df = 1, P < 0.0001). Similar results were obtained in Experiment 2, when basalt dust, kaolin, 
diatomaceous earth, and zeolite were compared to each other and with the control, both at 4 days (comparison 
of treatments: F(3,16) = 1.68, P = 0.21; treatment vs. control: : t = 8.51, df = 1, P < 0.0001) and at 7 days from the 
treatment (comparison of treatments: F(3,16) = 0.69, P = 0.57; treatments vs. control: t = 9.71, df = 1, P < 0.0001). 
In Experiment 3, the efficacy of sulphur type 1 and type 2 at day 4 was similar, and when they were applied in 
mixture with zeolite or diatomaceous earth still no significant differences were observed, and they all caused 
higher mortality than control (comparison of treatments: F(4,20) = 1.63, P = 0.21; treatments vs. control: t = 7.05, 
df = 1, P < 0.0001). After 7 days overall efficacy increased, although with similar levels of significance (comparison 
of treatments: F(4,20) = 0.68, P = 0.61; treatments vs. control: t = 11.77, df = 1, P < 0.0001). In Experiment 4, the 
different doses of calcium polysulfide caused different levels of mortality, with the highest dose of 50 g/L being 
the most effective, the dose of 30 g/L showing an intermediate efficacy, and the lowest dose of 20 g/L being not 
different from the control (comparison of treatments: F(2,12) = 13.43, P = 0.0009; polysulfide 20 g/L vs. control: 
t = 0.57, df = 1, P = 0.58). At 7 days from the treatment, the overall efficacy of calcium polysulfide increased in all 
treatments, with the same trend among doses (comparison of treatments: F(2,12) = 12.41, P = 0.001) and the lowest 
dose of 20 g/L being not different from control (polysulfide 20 g/L vs. control: t = 2.11, df = 1, P = 0.056).

Laboratory lethal effect assays on Trissolcus japonicus
The tested products, except azadirachtin and kaolin, caused lethal effects also on the parasitoid, T. japonicus, but 
with highly variable percentages (Table 2). At 4 days from the treatment, calcium polysulfide had the highest 
effect among treatments, followed by sulphurs type 1 and type 2, zeolite, diatomaceous earth, potassium salts of 
fatty acids, and basalt dust (Linear model; comparison of treatments: F(9,30) = 3.86, P = 0.0025). Mortality caused 
by azadirachtin, kaolin, and orange oil did not differ from control (azadirachtin vs. control: t = 0.58, df = 1, 
P = 0.57; kaolin vs. control: t = 0.84, df = 1, P = 0.41; orange oil vs. control: t = 1.97, df = 1, P = 0.058). Overall, 
all mortality percentages increased at 7 days from the treatment, with calcium polysulfide and both sulphurs 
showing higher effects compared to all other products (comparison of treatments: F(9,30) = 8.16, P < 0.0001). 
Mortality caused by azadirachtin and kaolin did not differ from control (azadirachtin vs. control: t = 0.53, df = 1, 
P = 0.60; kaolin vs. control: t = 1.06, df = 1, P = 0.30).

Field experiments and fruit injury evaluation
The experimental strategies tested in the pear orchards in 2021 and 2022 showed variable efficacy in controlling 
fruit damage by H. halys compared to the farm strategies. Fruit injury varied between orchards and years and 
increased in all plots as the season progressed, with significant differences between treatments, particularly at 
the third sampling date (Table 3).

In 2021, a comparison between organic strategies was designed in orchard A. Both experimental treatments, 
Akanthomyces muscarius Ve6 and B. bassiana GHA, provided better control of fruit injury compared to the 
farm strategy based on diatomaceous earth and to the untreated control. These differences were observed 
along the whole season, except that efficacy of diatomaceous earth vs. untreated control emerged slowly and 
was significant only at second and third sampling dates (Linear Models; 29/06/2021: F(3,12) = 7.10, P = 0.0053; 
20/07/2021: F(3,12) = 37.18, P < 0.0001; 02/08/2021: F(3,12) = 48.41, P < 0.0001). During the same year, a similar 
comparison between a farm strategy based on synthetic insecticide and two organic alternative strategies was 
designed in orchards B and C. Remarkably, in orchard B the treatments with diatomaceous earth resulted in 
low injury values, similar to those of the acetamiprid-treated plots (farm strategy). Treatments with B. bassiana 
ATCC 74040 provided lower efficacy in reducing the injury, but still higher efficacy than the untreated control 
(02/07/2021: F(3,12) = 42.05, P < 0.0001; 23/07/2021: F(3,12) = 23.28, P < 0.0001; 05/09/2021: F(3,12) = 68.58, 
P < 0.0001). Unlike orchard B, in orchard C, both the diatomaceous earth and the B. bassiana GHA treatments 

Treatment

Mortality at 4 days Mortality at 7 days

Mean % ± SE
Comparison among 
treatments

Comparison of 
treatments vs. control Mean % ± SE

Comparison among 
treatments

Comparison of 
treatments vs. control

Azadirachtin 2.78 ± 2.78 c

F(9,30) = 3.86, 
P = 0.0025

Azadirachtin vs. control: 
t = 0.58, df = 1, P = 0.57; 
Kaolin vs. control: 
t = 0.84, df = 1, P = 0.41; 
Orange oil vs. control: 
t = 1.97, df = 1, P = 0.058

3.13 ± 3.13 b

F(9,30) = 8.16, 
P < 0.0001

Azadirachtin vs. control: 
t = 0.53, df = 1, P = 0.60; 
Kaolin vs. control: 
t = 1.06, df = 1, P = 0.30

Potassium salts of fatty acids 18.61 ± 7.90 abc 20.09 ± 9.15 b

Orange oil 10.83 ± 4.54 bc 19.30 ± 4.39 b

Basalt dust 13.61 ± 5.37 abc 30.41 ± 11.59 b

Kaolin 5.56 ± 5.56 c 11.11 ± 11.11 b

Diatomaceous earth 21.39 ± 13.41 abc 24.65 ± 13.61 b

Zeolite 35.28 ± 11.55 abc 35.07 ± 16.23 b

Sulphur type 1 43.33 ± 7.93 ab 81.25 ± 11.97 a

Sulphur type 2 49.44 ± 17.58 ab 84.38 ± 15.63 a

Calcium polysulfide 58.61 ± 11.70 a 93.75 ± 6.25 a

Table 2.  Mortality (mean % ± SE) of Trissolcus japonicus treated with different products in laboratory 
conditions. Recorded mortality was corrected using Abbott’s formula. Means followed by different letters are 
significantly different according to linear models followed by multiple comparisons procedure.
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provided lower control than acetamiprid (farm strategy), although all treatments were effective compared to the 
untreated control (02/07/2021: F(3,12) = 179.35, P < 0.0001; 23/07/2021: F(3,12) = 101.92, P < 0.0001; 05/09/2021: 
F(3,12) = 33.20, P < 0.0001).

In 2022, two combined organic experimental strategies were compared to synthetic insecticide-based farm 
strategy in both orchards B and C. In orchard B, efficacy of sulphur type 2 + diatomaceous earth mixture and 
calcium polysulfide + diatomaceous earth mixture was similar to acetamiprid (farm strategy) in containing fruit 
injuries, with lower values compared to the untreated control (11/07/2022: F(3,12) = 11.87, P = 0.0007; 16/08/2022: 
F(3,12) = 45.07, P < 0.0001; 02/09/2022: F(3,12) = 31.92, P < 0.0001). In orchard C, sulphur type 2 + diatomaceous 
earth mixture provided higher efficacy compared to acetamiprid + diatomaceous earth mixture (farm strategy). 
Intermediate efficacy was provided by calcium polysulfide + diatomaceous earth mixture (11/07/2022: 
F(2,9) = 5.80, P = 0.024; 16/08/2022: F(2,9) = 4.36, P = 0.048; 02/09/2022: F(2,9) = 4.91, P = 0.036).

Discussion
Our laboratory experiments prove that several natural products allowed in organic farming can effectively 
control juvenile H. halys. In addition, organic experimental strategies tested in pear orchards were effective 
in reducing stink bug injuries to fruits, often with similar efficacy compared to strategy based on a chemical 
insecticide (acetamiprid). However, most of the tested organic products were also lethal to T. japonicus, thus 
non-target effects in the field on this important biocontrol agent must be addressed.

All products tested in the laboratory caused a higher mortality of H. halys than control, both at 4 and 7 
days from application. Among the liquid insecticides, azadirachtin caused relevant mortality after 7 days, which 
was not significantly higher than that of potassium salts of fatty acids and orange oil. Azadirachtin, isolated 
from the seeds of Azadirachta indica (A. Juss), is a secondary metabolite with well-known insecticidal activity62. 
Our result is consistent with that obtained in a bioassay in which the application of the compound by insect 
submersion determined high mortality of H. halys nymphs (78%) and adults (55%)56. In another study, topical 
application of high concentrations of azadirachtin determined 86 to 100% mortality of Nezara viridula L. 
(Heteroptera: Pentatomidae) fifth instars63. Our data seem to controvert those by Lee, et al.55, who showed that 

Year, location Treatment Fruit injury (mean % ± SE)

29 Jun 20 Jul 02 Aug

2021, Orchard A

Diatomaceous earth 33.31 ± 2.37 a 40.18 ± 1.26 b 44.82 ± 1.25 b

Akanthomyces muscarius Ve6 27.56 ± 0.91 b 32.59 ± 1.30 c 36.94 ± 2.05 c

Beauveria bassiana GHA 26.28 ± 1.07 b 35.01 ± 1.82 c 39.89 ± 1.66 bc

Water 34.27 ± 1.33 a 51.08 ± 0.48 a 62.46 ± 1.39 a

F(3,12) = 7.10, P = 0.0053 F(3,12) = 37.18, P < 0.0001 F(3,12) = 48.41, P < 0.0001

02 Jul 23 Jul 05 Sep

2021, Orchard B

Acetamiprid 8.81 ± 1.73 c 13.08 ± 3.13 b 17.74 ± 1.73 c

Diatomaceous earth 11.83 ± 1.09 bc 15.51 ± 0.93 b 19.08 ± 2.16 bc

Beauveria bassiana ATCC 74040 13.11 ± 1.06 b 16.26 ± 1.00 b 23,23 ± 1,18 b

Water 31.57 ± 1.43 a 35.63 ± 0.59 a 48.45 ± 0.30 a

F(3,12) = 42.05 P < 0.0001 F(3,12) = 23.28, P < 0.0001 F(3,12) = 68.58, P < 0.0001

02 Jul 23 Jul 05 Sep

2021, Orchard C

Acetamiprid 11.69 ± 1.06 c 13.21 ± 2.09 c 30.55 ± 2.43 c

Diatomaceous earth 33.08 ± 0.38 b 36.94 ± 1.26 b 40.08 ± 1.57 b

Beauveria bassiana GHA 36.44 ± 1.36 b 37.87 ± 0.57 b 45.82 ± 1.05 b

Water 41.92 ± 0.66 a 50.62 ± 0.09 a 60.8 ± 3.01 a

F(3,12) = 179.35, P < 0.0001 F(3,12) = 101.92, P < 0.0001 F(3,12) = 33.20, P < 0.0001

11 Jul 16 Aug 02 Sep

2022, Orchard B

Acetamiprid 5.21 ± 0.34 a 7.78 ± 0.88 bc 9.97 ± 1.01 b

Calcium polysulfide + Diatomaceous earth 1.72 ± 0.25 b 11.08 ± 1.04 b 12.16 ± 1.12 b

Sulphur type 2 + Diatomaceous earth 4.96 ± 0.59 a 6.31 ± 0.95 c 8.15 ± 0.87 b

Water 4.8 ± 0.84 a 29.66 ± 2.87 a 30.88 ± 3.55 a

F(3,12) = 11.87, P = 0.0007 F(3,12) = 45.07, P < 0.0001 F(3,12) = 31.92, P < 0.0001

11 Jul 16 Aug 02 Sep

2022, Orchard C

Acetamiprid + Diatomaceous earth 4.14 ± 0.28 a 4.95 ± 0.73 a 5.99 ± 0.52 a

Calcium polysulfide + Diatomaceous earth 1.96 ± 0.68 b 3.53 ± 0.29 ab 4.53 ± 0.46 ab

Sulphur type 2 + Diatomaceous earth 1.90 ± 0.30 b 2.65 ± 0.56 b 3.09 ± 0.82 b

F(2,9) = 5.80, P = 0.024 F(2,9) = 4.36, P = 0.048 F(2,9) = 4.91, P = 0.036

Table 3.  Fruit injury level (mean % ± SE) in orchards managed with different treatments during 2021 and 
2022. For each year and location, means followed by different letters are significantly different according to 
linear models followed by multiple comparisons procedure.
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dried residues of azadirachtin caused no mortality on H. halys over a 7-day period after exposition. However, in 
this case H. halys was tested at the adult stage and was exposed for a very short time. Notably, azadirachtin acts 
as antifeedant and determines moulting defects64, therefore its effects might continue for a longer period than 7 
days, which thus should be investigated in future experiments. Interestingly, when we evaluated in the laboratory 
the effects of azadirachtin against T. japonicus, this insecticide caused the lowest percentage of mortality among 
all tested products. This is consistent with the lack of contact toxicity shown on the parasitoid Encarsia sophia 
(Girault and Dodd) (Hymenoptera: Aphelinidae)65. Regarding our results on potassium salts of fatty acids, their 
high lethal effect caused to H. halys nymphs is consistent with Lee, et al.55, who found a high mortality of H. 
halys adults in contact assays with this organic insecticide. Additionally it showed only moderate toxicity against 
T. japonicus. Suma, et al.66 noticed that Lysiphlebus spp. (Hymenoptera: Braconidae) emergence from sprayed 
parasitised aphids was not negatively affected by this insecticide. As regards orange oil, this product caused 
around 30% of H. halys juvenile mortality and low mortality to T. japonicus. Orange oil (Prev-Am) caused high 
mortality to soft-body insects, such as aphids and whiteflies, while only affected the behavioural response in the 
heteropteran predator Nesidiocoris tenuis (Reuter) (Heteroptera: Miridae)67,68. When Bracon nigricans Szépligeti 
(Hymenoptera: Braconidae) was exposed to 1-h pesticide residues, survival was higher than 80% and did not 
cause sub-lethal effects on parasitoid longevity and production of progeny compared to control69.

Among the dust products tested in our study, we observed high mortality of kaolin and zeolite on H. halys 
nymphs. Their repellent or deterrent activity on other pests, as psyllids, aphids, mites, fruit flies and also nymphs 
and adults of H. halys, has been investigated26,70–72. The other tested products, namely diatomaceous earth and 
basalt dust, are used for controlling stored product pests, for example 73–75, and are composed of silica, which 
determines insect desiccation76,77. In our experiments, both products induced mortality of H. halys nymphs at 
4 and 7 days after application. However, although not at high level, all tested dusts induced lethal effects on the 
parasitoid T. japonicus. A few studies report on the lethal effects of these dusts on parasitoids, showing distinctive 
results. For example, contact with kaolin-treated surfaces did not induce mortality in Psyttalia concolor (Szèpligeti) 
(Hymenoptera: Braconidae), an endoparasitoid of Bactrocera oleae (Rossi) (Diptera: Tephritidae)78. On the 
contrary, a diatomaceous earth-based formulation induced high mortality rate on Anisopteromalus calandrae 
(Howard) (Hymenoptera: Pteromalidae), ectoparasitoid of Sitophilus oryzae (L.) (Coleoptera: Curculionidae)79.

Two types of sulphurs and their mixtures with zeolite and/or diatomaceous earth induced remarkable levels of 
nymph mortality. Exploitation of sulphurs for their fungicidal activity has a long history80,81. Moreover, sulphur-
based formulations have been used for managing pests, especially mites82,83 and they are also known to have a 
deterrent/repellent effect on H. halys adults84,85. The efficacy of diatomaceous earth against H. halys was increased 
when combined with sulphur type 2 (Mannino) in laboratory conditions. The enhanced effect of diatomaceous 
earth on entomopathogenic activity is well known, so we can hypothesise that a similar mechanism may also 
occur with sulphur, which can induce arthropod mortality but whose true mode of action is still unknown (86–88 
and references therein). Conversely,  the high mortality of T. japonicus confirmed the side effects of sulphurs on 
parasitoids and predators31,89,90. Concerning calcium polysulfide, this product induced high H. halys mortality, 
thus confirming its already known toxicity against herbivores, such as mites, scales, and fruit flies91–93.

In 2021 field experiments, treatments with diatomaceous earth and acetamiprid (orchard B) showed similar 
efficacy, which indicates that the organic compound can be a safer alternative to the synthetic insecticide. 
Considering the future restrictions on the use of acetamiprid in the EU60 and reports of its side effects on T. 
japonicus behaviour94, this result can be of high relevance. Moreover, in the presence of high infestations of 
H. halys (> 60% of damaged fruits in the untreated plots of orchard A and B in 2021), treatments with both 
the diatomaceous earth and the two tested entomopathogens were effective in reducing fruit injuries, which 
highlights their efficacy in controlling pest attacks. Notably, in the 2022 field experiments, treatments of 
diatomaceous earth alternated with sulphur or calcium polysulfide were also effective in reducing fruit injury 
compared to the control plots (orchard B), or even to acetamiprid based farm strategy (orchard C). Because 
growth, and therefore efficacy, of entomopathogenic fungi are negatively affected by high temperatures that can 
be reached in field conditions (Supplementary materials Figure S2;95), the use of diatomaceous earth alternated 
with sulphur-based formulations could be preferred in field applications. In addition, such products may be more 
persistent than botanicals. For example, essential oils lack persistence and may undergo more rapid thermal and 
photodegradation than natural powders96.

Combining laboratory and field studies is pivotal to improve pest management strategies. Results from our 
research might suggest the use of diatomaceous earth in combination with sulphur-based biopesticides for 
management of H. halys. However, the persistence of these products should be evaluated in future studies as this 
may determine the frequency of field applications and the resulting economic and environmental impacts58,97. 
Side effects of these products on the biocontrol agent T. japonicus have been highlighted. This emphasizes that 
specific risk assessment on possible non-target effects is necessary even when combining organic management 
and natural enemies. Future studies should also evaluate parasitoid mortality at the larval stage, protected inside 
the host eggs58,97. The current parasitoid release strategy consists in the inoculation of physogastric females 
during the peaks of H. halys oviposition in natural areas, field edges, and green corridors98. In areas where it is 
necessary to ensure the establishment of T. japonicus, to avoid direct contact of foraging parasitoids with chemical 
pesticides, it is recommended that parasitoids are released at a safe distance of at least 100 m from herbaceous 
crops and orchards99. The effect of exposure to low (sublethal) doses of natural products on parasitoid foraging 
behaviour should also be evaluated, as non-lethal effects may alter parasitoid efficacy in the field69,100. Evaluation 
of residual toxicity after application of natural products would provide information on the safe interval for 
parasitoid release. Finally, further field experiments should consider additional products, like azadirachtin and 
potassium salts of fatty acids, which provided good levels of lethality against H. halys juveniles.
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Methods
Insect rearing
Halyomorpha halys
The H. halys colony was established by collecting adults during spring and summer 2021 from herbaceous crops, 
uncultivated areas, and fruit orchards in Northern Italy. Collections were carried out by means of sweeping nets 
or visual hand picking on grasses, bushes, and trees. About 60 adults collected in the field were transferred to the 
laboratory and reared in mesh cages (Kweekkooi, 40 × 40 × 60 cm, Vermandel, Hulst, The Netherlands) under 
controlled environmental conditions (25 ± 1 °C, 60 ± 5% RH and 16/8 h L/D). Daily collected egg masses were 
used fresh, to maintain the stink bug colony, or frozen at -20 °C to rear the parasitoids. Stink bugs were reared 
as follows. An upside-down glass jar filled with water and sealed with cotton to the bottom of a Petri dish was 
used for water supply. Diet consisted of tomato fruits, carrots, sunflower seeds and green bean pods. The diet was 
changed three times a week. For the laboratory experiments, groups of ten 2nd instars H. halys were exposed to 
treatments or control. Diet of nymphs used for the experiments included only a fresh green bean pod.

Trissolcus japonicus
The T. japonicus colony derived from the original strain provided by the United States Department of Agriculture 
(USDA) (details in51,101). The population was maintained by exposing frozen H. halys egg masses to mated 
female parasitoids (one female per egg mass). Parasitoids were reared in Falcon TM tubes (50 ml) and kept in a 
climatic chamber at controlled conditions (25 ± 1 °C, 60 ± 5% RH, 16/8 h L/D). The diet consisted of pure honey 
droplets dispensed on a piece (2 × 2 cm) of laboratory film (Parafilm, Bemis, USA). Tests were performed with 
groups of ten T. japonicus females, approximately 7-days old.

Laboratory lethal effect assays on Halyomorpha halys
The laboratory experiments were designed to provide an evaluation of the lethal effects of different natural 
products on H. halys nymphs exposed by contact. Nymphs were placed in treated or untreated 280 ml transparent 
polypropylene cups with seal lid (Plastitalia Group s.r.l., Florence). The lid presented opening holes (1.5 mm 
diameter) to allow air exchange. Four experiments were carried out based on the type of product tested, which 
were: (1) liquid insecticide formulations; (2) siliceous rock and clay dusts; (3) dust-formulations of sulphur 
products and their mixtures with dusts; and (4) liquid formulation of calcium polysulfide. All products were 
applied simulating the recommended field doses for fruit trees. Liquid formulations were distributed on the 
internal cup surface using a low-pressure airbrush at the volume of 1.4 ml of solution (biopesticide plus distilled 
water). Instead, dusts were distributed using a paint brush at the amount of 15 mg to cover the internal cup 
surface. Water-treated or clean plastic cups were used as control. In details, in Experiment 1, the following liquid 
insecticides were tested: azadirachtin (Oikos, Sipcam Oxon S.p.A, Milan, Italy; field dose: 1.2 ml/L), orange oil 
(Prev-Am Plus, Oro Agri Europe S.A., Portugal; field dose: 3 ml/L), and potassium salts of fatty acids (Flipper, 
Alpha Biopesticides Ltd, United Kingdom; field dose: 20 ml/L). In Experiment 2, different dust products were 
used. These were kaolin (“Polvere di roccia”, CBC Europe S.r.l. Biogard division, Bergamo, Italy), basalt dust 
(“Farina di Basalto XF”, Basalti Orvieto S.r.l., Terni, Italy), zeolite with more than 50% chabazite (“Zem 70”, 
Bal-co Spa, Modena, Italy), and diatomaceous earth (“Farina fossile”, Palumbo Trading srl, Milan, Italy); all 
dusts were applied at a field dose of 30  kg/ha. In Experiment 3, sulphur-based products and their mixtures 
with dust insecticides were evaluated. Specifically, we tested ventilated sulphur type 1 (“Zolfo doppio ventilato 
raffinato”; Manica Spa, Trento, Italy), ventilated sulphur type 2 (“Zolfo triventilato scorrevole 95% S”; Zolfi 
Ventilati Mannino Spa, Agrigento, Italy), sulphur type 1 plus zeolite (40–60% mixture), sulphur type 2 + zeolite 
(50–50% mixture), and sulphur type 2 + diatomaceous earth (50–50% mixture); all were tested at the dose of 
30 kg/ha. In Experiment 4, calcium polysulfide (Polisenio S.r.l, Ravenna, Italy), a fungicide normally obtained 
adding quicklime (CaO) to sulphur91, was used. The tested concentrations were 20, 30, and 50 g/L, which are 
those recommended for field application on different crops. In all trials, H. halys nymphs were kept in a climatic 
chamber at 25 ± 1  °C, 70 ± 5% RH, and at 16/8  h L/D. Five replicates were conducted for each product and 
control, and 10 insects were tested in each replicate. The mortality rate was evaluated after 4 and 7 days from 
product application. Insects were considered dead when not moving after being touched with a paintbrush.

Laboratory lethal effect assays on Trissolcus japonicus
Munger cells were used to assess the lethal contact effects of natural products on parasitoid females102,103. The 
experiments were conducted in a closed arena consisting of a polycarbonate plate (90 × 90 × 8 mm thickness, 
with a central circular hole of 60 mm diameter) with two brass net-covered ventilations holes (0.4 cm diameter) 
vertically located in two opposite sides of the plate. The arena was sandwiched between two glass plates 
(90 × 90 × 5 mm thick), and the lower part was covered with filter paper used as the walking contact surface, 
both in treatments and control. All products tested on H. halys were also tested on the parasitoid, except for the 
dust-sulphur mixtures. As for H. halys, the field doses of each product were used also for the parasitoid according 
to manufacturer’s specifications. Liquid formulations of the products or distilled water (for control) were applied 
to filter paper at the volume of 0.4 ml. Filter papers were then left to dry under a hood for 1 h. Tested products, 
formulations and doses (or concentrations in the case of solutions) were as follows. Liquid insecticides were: 
azadirachtin (1.2 ml/L), orange oil (3 ml/L), potassium salts of fatty acids (20 ml/L). Kaolin, basalt dust, zeolite, 
diatomaceous earth, as well as sulphur type 1 and 2 were applied at 0.0085 g dosage. The only liquid fungicide 
was polysulfide (30 g/L). Adults of T. japonicus were exposed to the products for a period of 7 days, and, as for 
H. halys, lethality was observed at 4 and 7 days. A diet of honey droplets was dispensed on the walls of the arena. 
Four replicates were carried out for each product and ten parasitoid females were tested for each replicate. As for 
stink bugs, insects were considered dead when not moving after being touched with a paintbrush. Bioassayed 
insects were kept at the same controlled conditions of the parasitoid colony.
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Field experiments and fruit injury evaluation
The field experiments were performed in pear orchards along two years and involved three farms in 2021 
(orchards A, B and C) and two farms in 2022 (orchards B and C) (Table 4). The orchards are located in the 
Modena and Ferrara provinces (North Italy; orchard A: 44°52’18.8"N 10°59’45.4"E; orchard B: 44°50’08.6"N 
11°48’49.6"E; orchard C: 44°50’26.9"N 11°48’54.4"E). Orchard A is an organic cultivation of Pyrus communis L. 
var. William (1200 m2; 8 rows; trees are planted at 1 m distance and rows are interspaced by 4 m; 8 years old), 
while orchards B (1152 m2; 12 rows; trees at 0.8 m distance, interspace 2.4 m between rows; 11 years old) and C 
(1152 m2; 12 rows; trees at 0.8 m distance, interspace 2.4 m between rows; 9 years old) are integrated cropping 
systems with P. communis var. Abate Fétel. For the experiments, orchards were divided into 4 plots (3 in the case 
of orchard C in 2022), each used for a different treatment (in orchard A each plot was 300 m2, 2 rows; in Orchard 
B and C each plot was 288 m2, 3 rows). To achieve a satisfying coverage of plants, liquid treatments were applied 
using a Maruyama MS0835W backpack motor pump with “CONHOLE 03” nozzles at a pressure of 5 bar, while 
for powder applications, a Stihl SR 450 was used. To evaluate and count damaged fruits, each plot was further 
divided into four sub-plots where a sample of about 100 fruits per sub-plot was examined for possible presence 
of feeding damage by H. halys.

Details of the experiments are shown in Table  4. In each orchard the farm strategy for organic (treated 
control, organic management) or integrated management of H. halys (treated control, integrated management) 
was compared with alternative experimental strategies (experimental treatments) and with plots treated with 
water (untreated control). Six different experimental strategies were chosen according to literature data and 
preliminary in-farm experiments, combined with unavoidable farm constraints and market-based choices. 
Because the laboratory and field experiments were conducted simultaneously, it was not possible to design field 
experiments based to laboratory results.

In 2021, the experimental treatments contemplated the diatomaceous earth and the entomopathogenic 
fungi B. bassiana (strains ATCC 74040 and GHA) and A. muscarius, both species known for their use against 
several insect taxa104–107. Beauveria bassiana was previously found causing high lethality in nymphs and adults 
of H. halys under laboratory conditions52,108. Akanthomyces muscarius was effective in the laboratory against a 
related stink bug species, Palomena prasina (L.) (Hem.: Pentatomidae)109. The farm strategies and experimental 
treatments were different in the three orchards. In orchard A the organic farm strategy was diatomaceous earth 
(Palumbo; 10 applications), whereas the experimental treatments were A. muscarius Ve6 (Mycotal, Koppert 
B. V., Netherlands; 10 applications) and B. bassiana GHA (Botanigard OD, Certis Europe B.V., Utrecht, 
Netherlands; 10 applications). Only water was applied in the untreated control. In orchard B the farm strategy 
was based on acetamiprid (Epik SL, Sipcam Italia S.p.A., Milan, Italy; or Kestrel, Nufarm Italia S.r.l., Milan, 
Italy; or Gazelle, Sipcam Italia S.p.A., Milan, Italy; 5 applications totally) while the experimental treatments 
consisted of diatomaceous earth (Palumbo; 11 applications) and B. bassiana ATCC 74040 (Naturalis, CBC 
Europe S.r.l., Bergamo, Italy; 11 applications). Only water was applied in the untreated control. In orchard C 
the farm strategy was also based on acetamiprid (Epik SL or Kestrel; 4 applications), whereas the experimental 
treatments consisted of diatomaceous earth (Palumbo; 12 applications) and B. bassiana GHA (Botanigard OD; 
12 applications). This orchard also included an untreated control plot.

Year, location Product Dosage

2021, Orchard A

Diatomaceous earth (Palumbo) (farm strategy) 30 kg/ha

Akanthomyces muscarius Ve6 (Mycotal) 4 kg/ha

Beauveria bassiana GHA (Botanigard OD) 2 L/ha

Water (untreated control)

2021, Orchard B

Acetamiprid (Epik SL, Kestrel, or Gazelle) (farm strategy) Label doses

Diatomaceous earth (Palumbo) 30 kg/ha

Beauveria bassiana ATCC 74040 (Naturalis) 2 L/ha

Water (untreated control)

2021, Orchard C

Acetamiprid (Epik SL or Kestrel) (farm strategy) Label doses

Diatomaceous earth (Palumbo) 30 kg/ha

Beauveria bassiana GHA (Botanigard OD) 2 L/ha

Water (untreated control)

2022, Orchard B

Acetamiprid (Epik SL or Kestrel) (farm strategy) Label doses

Calcium polysulfide (Polisenio) + Diatomaceous earth (Palumbo) 3 L/hl + 30 kg/ha

Sulphur type 2 (Mannino) + Diatomaceous earth (Palumbo) 30 kg/ha + 30 kg/ha

Water (untreated control)

2022, Orchard C

Acetamiprid (Epik SL or Kestrel) + Diatomaceous earth (Palumbo) (farm strategy) Label doses + 30 kg/ha

Calcium polysulfide (Polisenio) + Diatomaceous earth (Palumbo) 3 L/hl + 30 kg/ha

Sulphur type 2 (Mannino) + Diatomaceous earth (Palumbo) 30 kg/ha + 30 kg/ha

Table 4.  Overview of the different field experiments conducted in three orchards in 2021 and two orchards in 
2022 for Halyomorpha halys management.
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In 2022, the experimental treatments were different from 2021 and were focused on diatomaceous earth 
combined with calcium polysulfide or sulphur. The experiments were conducted only in orchards B and 
C. In orchard B, the farm strategy was based on acetamiprid (Epik SL or Kestrel; 3 applications), while the 
experimental treatments were diatomaceous earth (Palumbo; 30 kg/ha) in an alternated weekly application with 
calcium polysulfide (Polisenio; 600 L/ha; 15 combinate applications), or with sulphur type 2 (Mannino; 30 kg/ha; 
15 combinate applications). An untreated control plot was included. In orchard C the farm strategy was different 
from prior year, as acetamiprid (Epik SL or Kestrel; 3 applications) was alternated with diatomaceous earth 
(Palumbo; 7 applications). The experimental treatments were as in orchard B, whereas no untreated control was 
included.

As a general rule, in both years the timing of the first application coincided with the emergence of H. halys 
from the overwintering sites, based on the captures recorded in the monitoring traps (Supplementary materials 
Figure S1), and treatments continued until harvest. Samples of about 400 fruits were randomly collected for each 
treatment and control. Only fruits located in the central part of row were sampled, thus excluding the border. 
Three injury evaluations were performed during the season. Each fruit was inspected for fruit injuries. External 
fruit injuries were evaluated using one of the following code: 0 (intact fruit), 1 (damaged fruit), 2 (severely 
deformed fruit) (similarly to110).

Statistical analysis
Mortality of H. halys and T. japonicus in laboratory conditions was corrected using Abbott’s formula111,112. 
Differences between treatments (arcsine transformed) were analysed by means of linear models (LMs) followed 
by multiple comparisons procedure (significance level, alpha = 0.05). For each experiment, the significance vs. 
the untreated control was extrapolated from the model. For 2021 and 2022 field trials, percentages of injured 
fruits were calculated using the Townsend–Heuberger formula113,114. Data were analysed by means of linear 
models in R statistical environment115.

Data availability
The data generated during the current study are available from the corresponding author on request.
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