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Abstract

BACKGROUND: The brown marmorated stink bug, Halyomorpha halys (Stål, 1855) (Hemiptera: Pentatomidae) is an invasive
pest that causes economic damage on crops, decreasing fruit yield and quality. Conventional insecticides are frequently used
to reduce infestations, but these are often with a limited residual effect, besides being costly and detrimental to nontarget
organisms and the environment. In integrated pest management, novel strategies against H. halys are proposed, such as the
use of alternative substances with an effect on insect behaviour and mobility. As one of the oldest multi-site fungicides applied
against fungal pathogens and as an insecticide and acaricide to control scales and mites, sulfur is proposed here to reduce H.
halys infestation in fruit orchards.

RESULTS: Field experiments were performed to evaluate the effect of repeated wettable sulfur applications on H. halys in apple
and pear orchards. Sulfur-induced plant phytotoxicity effects and quanti-qualitative parameters on apple fruits were also
recorded. Halyomorpha halys infestation was significantly reduced in sulfur-treated compared to untreated pears and apples.
Furthermore, sulfur sprays reduced fruit damage caused by H. halys. Besides, sulfur-mediated phytotoxicity such as symptoms
on leaves and fruit drop were not observed. Fruit quality was not influenced by sulfur treatments.

CONCLUSIONS: Wettable sulfur seems to be a promising formulation given the low phytotoxicity, considering the technical
aspects for an effective use of sulfur-based products to counteract H. halys in pome fruit orchards.
© 2024 The Author(s). Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.
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1 INTRODUCTION
The brown marmorated stink bug, Halyomorpha halys (Stål, 1855)
(Hemiptera: Pentatomidae) is a polyphagous pest native to East
Asia1,2 and an invasive species in several European countries,2–5

North America (Canada and USA) and South America.6 The estab-
lishment of breeding populations of H. halys in the United States
and Europe suggests the occurrence of multiple introductions in
the newly invaded areas.7–10 In Asia, H. halys is an occasional pest
in fruit orchards and often disperses amongmany host plants dur-
ing the season.1 Halyomorpha halyswas reported for the first time
in Europe (Liechtenstein and Switzerland) in 2004,11 whereas in
Italian orchards infestations have been observed since 2012.12

In territories where this species is invasive, H. halys population
dynamics are influenced by habitat composition that in turn
affects crop colonization and damage.13,14 Damage related to
H. halys infestations concerns major pome and stone fruits
(e.g. apple, pear, peach, cherry),3,15,16 kiwifruit,13,17,18 but also
nut crops,19–22 row crops, and ornamentals.1,2,23 Between spring
and autumn, H. halys can feed on plant tissue such as flowers,
leaves, trunks and twigs,24,25 but it needs to feed on fruit struc-
tures to complete its development.2 Early damage to developing

fruits causes fruit deformation and the endocarp fails to expand,
also causing early drop and fruit abortion.26–28 In the late season,
other damage includes blotchy symptoms, discoloration, and
necrosis on tissues and internal corky areas below the feeding
spot.2,29 The feeding activity of H. halys also was associated with
increased fruit damage by pathogens that can decrease yield
and fruit quality.16,23 These symptoms can strongly limit fruit
marketability.
Conventional insecticides belonging to chemical classes such as

pyrethroids (IRAC 3 A), neonicotinoids, butenolides (IRAC 4 A and
D) and diacylhydrazines (IRAC 18) are used in Europe to reduce
brown marmorated stink bug infestations. Synthetic compounds
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typically used for H. halys control are considered detrimental to
nontarget organisms and the environment, and are characterized
by a limited residual effects on this pest.30,31 Furthermore, organic
growers have few options, mostly pyrethrins (IRAC 3 A), to effec-
tively counteract H. halys infestation and damage. In the inte-
grated pest management (IPM) framework, novel strategies
against H. halys need to be considered, such as the use of alterna-
tive substances repelling the insect and deterring its feeding, aim-
ing also to reduce synthetic pesticide applications. These
substances, able to manipulate insect behaviour and mobility,
are not always effective in managing this pest.32,33 Insect repel-
lents are still rarely used in IPM strategies owing to practical issues
such as the high volatility of most molecules, the degradation pro-
cess in the environment and the limited residual effects in the
field, thus influencing the time and number of applications, and
in some cases the presence of residues.34

Recently, observations in the Veneto region (northeastern Italy)
showed a reduction of H. halys infestations in orchards sprayed
with sulfur-based pesticides, used against pathogens and other
pests. Sulfur is one of the oldest and the most used pesticides
worldwide,35 with first formulations developed in 1802 against
grape pathogens36,37 now broadly applied in agricultural prac-
tices as a multisite fungicide and to avoid resistance to other fun-
gicides.38 Sulfur is admitted for organic agriculture, considered
cheaper than other compounds39 and is often mixable with other
active ingredients. In Italy, for instance, sulfur is often applied as
insecticide and acaricide to control scales and mites,39 but also
as fungicide against pathogens of grapevine, peach, apple and
pear.38,40 Sulfur-based products can cause direct mortality to
pests such as mites and scale insects,41–43 also influencing insect
development and oviposition behaviour.44–46 As an essential
macronutrient for plant growth47 and being involved in plant
physiology development, regulation and abiotic stress resistance,
sulfur can play a role in defence mechanisms against pests and
pathogens, for example by producing secondary metabolites.48

In orchard management, sulfur application needs to be planned
carefully by considering possible detrimental effects like plant
phytotoxicity (i.e. tissue burning on plant organs) and the reduc-
tion of fruit production and quality, especially related to high air
temperature and droplet size application.49

This research aims to determine the effect of a sulfur-based
product on H. halys infestation in apple and pear orchards. Exper-
iments were performed to observe the effect on H. halys nymphs
and adults of repeated sulfur applications. Sulfur-induced phyto-
toxicity effects were also evaluated on leaves and fruits of sprayed
orchards. Additionally, quantitative and qualitative parameters on
apple fruit production were recorded comparing different
treatments.

2 MATERIALS AND METHODS
The experiments on sulfur effect on H. halys were conducted in
four organic apple orchards and a pear orchard in northeastern
Italy. All orchards were trained with the Spindel trellis system.
Experiments were conducted from May to October during two
growing seasons, in 2020 and 2021. In all the experiments, the
sulfur-based fungicide used was Microthiol Disperss® (UPL
Openag™ – distributed by UPL Italia s.r.l., Cesena, italy), which con-
tains 80% sulfur as active ingredient (a.i.). Microthiol Disperss is a
wettable fungicide registered for apple and pear against powdery
mildew, scab, blister mite, red spider mite, silver mite and two-
spotted mite. This sulfur-based product is admitted in organic

farming and has small particle size, minimal dust and
instantaneous dispersion that makes it easy to dissolve in water.
Microthiol Disperss applications were performed at the field rate
of 3 kg ha−1 (300 g hL−1 in 100 L water) on apple in spring and
autumn, and 2 kg ha−1 (200 g hL−1 in 100 L water) in summer
with temperature >28 °C, on both apple and pear. In all of the
experiments described below, sulfur treatments were applied
with an axial fan air blast sprayer commonly used for treatments
in orchards and in no-wind conditions, thus respecting the stan-
dard requirements for orchard sprays. These conditions were
maintained in each treated plot, where the axial fan air blast
sprayer uniformly applied the product to all plants within the
treatment area, where rows were sprayed on both sides.

2.1 Experimental design
A first experiment (orchard A) was performed during the growing
season in 2020. Orchard Awas located in Bevilacqua, Verona prov-
ince, northern Italy (45° 120 5.9300 N, 11° 240 1.9000 E), on 1.30 ha
apple cultivation (cv. Golden Delicious, grafted on M9). This
orchard was planted in 2004 and had a plant spacing of
2.0 m × 4.5 m (1110 trees ha−1). Two treatments were compared
for this experiment: untreated plots (CTRL) and plots treated with
sulfur (S). Plots were arranged in a randomized block design and
four replicates (replicate size: four rows of 18 trees) were included
for each treatment. Microthiol Disperss applications were per-
formed at the 3 kg ha−1 field rate according to seasonal fungicide
spraying against fungal pathogens (e.g. apple scab and powdery
mildew). Three sprays were performed on 6, 14 and 26 July, with
a working pressure of 16 bar, spray volume 1300 L ha−1 and
6 km h−1 driving speed.
The second experiment (orchard B) was performed in both

growing seasons, in 2020 and 2021. The orchard was in Bevilac-
qua, Verona province, northern Italy (45° 120 9.8800 N, 11°
240 2.8900 E), on 1.56 ha apple plants (cv. Golden Orange, grafted
on M9). This orchard was planted in 2014 and had a plant spacing
of 1.3 m × 4.0 m (1923 trees ha−1). Two treatments were com-
pared for this experiment: untreated plots (CTRL) and plots trea-
ted with sulfur (S). Plots were arranged in a randomized block
design and eight replicates (replicate size: four rows of 15 trees)
were included for each treatment and year. In 2020, sprays were
performed on 6, 14 and 26 July, whereas in 2021 there were seven
applications, on 10, 16, 21, 28 June, and 5, 17, 26 July. For all
sprays, the working pressure was 15 bar, with spray volume
1000 L ha−1 and driving speed 6 km h−1.
The experiment in orchard C was performed during the growing

season in 2021, andwas in Bosco di Zevio, Verona province, north-
ern Italy (45° 200 51.3400 N, 11° 90 14.6800 E), on 5.34 ha cultivated
apple trees (cv. Granny Smith, grafted on M9). This orchard was
planted in 2000 and had a plant spacing of 1.5 m × 4.5 m (1481
trees ha−1). Three treatments were compared in this experiment:
untreated plants (CTRL); sulfur-treated plants at ≤20 mm apple
diameter (T-20); sulfur-treated plants at ≥20 mm apple diameter
to harvest (T-harvest). Plots were arranged in a randomized block
design and six replicates (replicate size: four rows of 15 trees) were
included for each treatment. Sulfur applications started on 19May
and ended on 28 September. Sulfur-treated apple plants in the
T-20 plots were sprayed four times every 7–8 days, from 19 May
to 8 June, whereas those in the T-harvest plots were sprayed six
times every 10–12 days, from 8 June to 28 September. For all
sprays, the working pressure was 13–14 bar, with spray volume
500 L ha−1 and driving speed 6.1 km h−1.
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The experiment in orchard D was performed during the 2021
growing season. This orchard was in Legnago, Verona province,
northern Italy (45° 110 7.3000 N, 11° 200 29.8000 E) and consisted
of 1.45 ha cultivated apple plants (cv. Granny Smith, grafted on
M9). This orchard was planted in 1991 and had a plant spacing
of 2.0 m × 5.0 m (1000 trees ha−1). Two treatments were com-
pared: untreated plants (CTRL) and plants treated with sulfur (S).
Plots were arranged in a randomized block design and eight rep-
licates (replicate size: four rows of 15 trees) were included for each
treatment. Sulfur applications started on 17 June and ended on
1 October. Sprays were performed 11 times, applied every 10–
12 days. For all treatments, the working pressure was 18–19 bar,
with spray volume 1100 L ha−1 and driving speed 5.5 km h−1.
The field experiment on pear was performed in orchard E during

the 2021 growing season. The orchard was in Terrazzo, Verona
province, northern Italy (45° 90 28.6800 N, 11° 230 45.0400 E) and
consisted of 2.51 ha with different pear cultivars: White William,
Conference and Abate Fétel. The orchard was planted between
2000 and 2010, and mean plant spacing was 1.5 m × 4.0 m
(1670 trees ha−1). Two treatments were compared: untreated
plants (CTRL) and plants treated with sulfur (S). Plots (five in total)
were arranged in a randomized block design, and eight replicates
per cultivar (replicate size: four rows of 15 trees) were included for
each treatment. Sulfur sprays started on 10 June to finish on
30 July, with a total of six applications performed every 10–
12 days. For all treatments, the working pressure was 14–15 bar,
with spray volume 600 L ha−1 and driving speed 6.0 km h−1.
In each experimental orchard (A–E), the same fungicides

(i.e. calcium polysulfide and copper) were applied during growing
seasons to control the most important apple and pear diseases. A
pyrethrins-based insecticides was applied against H. halys infesta-
tion only in orchard B on 10 May 2020, without affecting data col-
lection for the present study. The late frost events occurring in
March and April 2021 caused loss of pear production of 100%
and >50% of apple fruits.50

2.2 Halyomorpha halys infestation
Halyomorpha halys abundance was periodically quantified in
apple and pear orchards. Orchards A and B were sampled every
7 days in July 2020, and every 7–10 days in 2021 (only orchard
B), from early June to the end of July. Orchard C was sampled
every 7–10 days from mid-May to the end of September 2021.
In orchard D, samplings were conducted every 7–10 days from
mid-June to mid-October, and in pear orchard E from early June
to the end of July 2021. The abundance of H. halys nymphs and
adults in each orchard and experimental plot was evaluated by
shaking apple or pear branches to collect insects that fell on a
1 × 1 m white beating sheet placed under the tree canopy. Beat-
ing samplings were performed on four plants located in the inner
part of the two central rows of each replicate (per treatment:
16 plants in orchard A, 32 in B, 24 in C, 32 in D and 32 in E). Every
plant was shaken once in each sampling date. The counts of all
brownmarmorated stink bug individuals found on the sheet from
the four plants were merged, differentiating adults from nymphs.
In all orchards, H. halys infestation level among plots also was
assessed before starting sulfur applications.

2.3 Fruit damage caused by Halyomorpha halys
The percentage of damage caused by H. halys feeding on apples
and pears was assessed at harvest time for each treatment by
observing the fruiting structures. Fruits were classified into four
categories51: healthy fruits with no damage caused by brown

marmorated stink bug (D0); fruits with ≤10% of their surface dam-
aged, thus representing a low feeding activity of H. halys that
makes the fruit still acceptable on the fresh market (D1); fruits
that presented ≤40% surface damaged, making these fruits not
marketable (D2); fruits with ≤100% of the fruit surface damaged
and deformed (D3). Orchard B was sampled on 25 August 2021
and 25 fruits per replicate were analyzed (200 apples per treat-
ment), collecting fruits from three or four plants located in the
inner part of the replicate. In orchard C, 100 fruits per replicate
(from three or four plants located in the inner part) were collected
on 22 October (400 apples per treatment), and in orchard D the
100 fruits per replicate (from three or four plants located in the
inner part) were collected on 28 September (800 apples per treat-
ment). Fruit damage was not estimated in the apple orchard A
and pear orchard E surveyed in 2021 owing to the spring frost
event, which caused the complete loss of fruiting structures on
these crops.

2.4 Sulfur-induced phytotoxicity
In the sulfur product label, a risk of phytotoxicity is reported for
Golden Delicious apple and for William pear. No information
was available for Granny Smith and the other pear cultivars. Thus,
we evaluated the phytotoxic effect of sulfur on Granny Smith in
apple orchard C, where we assessed the effects induced by wetta-
ble sulfur treatments on leaves and fruits. Observations on phyto-
toxicity on fruits and leaves were made from fruit set until
reaching swelling fruitlet of 20 mm in diameter, considered the
most sensitive phenological stage in pome fruits.52–55 This aspect
also emerged from preliminary observations conducted on differ-
ent apple cultivars in previous years. Phytotoxicity was assessed
by collecting 100 leaves per treatment and replicate (600 leaves
in total) on the whole leaf lamina following EPPO/OEPP standards,
so that leaf phytotoxicity assessments were rated on a 0–5 scale as
described by Holb et al.49 Measures on leaves were recorded as:
0 = no damage; 1 = leaf 60–80% of normal size and no leaf necro-
sis; 2 = leaf <60% of normal size and no leaf necrosis; 3 = leaf
<60% of normal size and with brownmargins (<3% leaf necrosis);
4 = leaf <60% of normal size and 3–6% leaf necrosis; 5 = bumpy
small leaf and >6% leaf necrosis.
Fruit phytotoxicity was evaluated as number of fruits dropped

following each sulfur treatment (T-20) compared to untreated
plots (CRTL). Fruit drop was calculated as the percentage of
dropped fruits on the total number of apples per plant, on four
plants per treatment and replicate – thus counting fruits on
24 plants per treatment. A band of white nonwoven tissue (TNT;
7.0 m × 1.20 m) was placed under the plants in orchard C to
count the number of dropped fruits. The number of apple fruits
still present on plants was counted at harvest (28 September).
Leaf and fruit observations were carried out six times from mid-
May to mid-July, on 19 and 26 May, 8 and 17 June, 8 and 21 July,
respectively. Phytotoxicity was not evaluated on pear cultivars as
a consequence of the lack of fruit following spring frost.
We also evaluate the effect of sulfur on apple Granny Smith fruit

quality. Specifically, fruit not showing external H. halys damage
were selected in orchards C and D. On 28 September and
22 October, these fruits were placed in a refrigerator at 3–4 °C
and transported to the laboratory of DAFNAE, University of Padua.
Apples were then visually inspected to asses any defect in colour
(e.g. russeting) and also the following parameters were evaluated:
weight (g), firmness (kg cm−2) and sugar content (°Brix; only for
fruits from orchard D). A skin portion was removed from two sides
of the same fruit, to test fruit firmness on the skinless sections
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using a handheld penetrometer (FT 30; Wagner Instruments,
Greenwich, CT, USA). The sugar content of each fruit was assessed
by placing a drop of fruit juice on a handheld optical brix refrac-
tometer (RHB-18ATC; Lumen Optical Instrument Co., Ltd, Fuzhou,
China). In these assessments, 40 fruits per treatment (10 per repli-
cate, in four replicates) were collected in orchard C, and 40 fruits
(10 per each replicate) in orchard D. All fruits were collected from
four plants located in the inner part of the replicate.

2.5 Data analysis
Data on the abundance of H. halys observed in each experiment
were analyzed with separated generalized linear mixed repeated
measures models with a lognormal error distribution and an iden-
tity link function, using the GLIMMIX procedure of SAS (v9.4).56

The same analysis was performed for the phytotoxicity data on
leaves and fruits (orchard C). The number of nymphs and adults
found in apple and pear orchards was considered as dependent
variable in two separate models. In these models, treatment
(orchards A, B, and E: CTRL versus S; orchard C: CTRL versus T-20
versus T-harvest) and sampling date were considered as categori-
cal independent variables. For orchard E, the three pear cultivars
were considered as a random term in the models.57 Degrees of
freedom (df) were projected using the Kenward and Roger
method. Data on nymphs and adults were checked for normality
assumption. The SLICE option of the LSMEANS statement was
used to test treatment effect variation during observation periods.
Untransformed data were used, and model assumptions were
evaluated by inspecting diagnostic plots of model residuals.
Data on damaged fruit categories (D0–D3; orchards B, C and D)

were analyzed by considering the percentage of fruit belonging
to each category and run separately with a logit regression model
using the GENMODprocedure of SAS (v9.4).56 Category rates were
considered as dependent variables in separate models, and the
effect was tested with a χ2 test (⊍ = 0.05). Differences among
treatments were evaluated with a χ2 test (⊍ = 0.05) on least-
square means.
For the evaluation of phytotoxicity on leaves and fruits, we ran

the analysis on CTRL versus T- 20 treatments. The effect of all inde-
pendent variables and their interactions were tested with an F-
test (⊍ = 0.05). Differences among treatments were evaluated
with a Bonferroni test (⊍ = 0.05) on least-square means. Data on
fruit weight, firmness and sugar content (orchards C and D) were
analyzed with a generalized linear model using the GLM proce-
dure of SAS (v9.4).56 In this model, the treatment was considered
as categorical independent variable, and the effect was tested
with a Tukey's honestly significant difference test (⊍ = 0.05) on
least-square means. Untransformed data were used, and model
assumptions were evaluated by inspecting diagnostic plots of
model residuals.

3 RESULTS
3.1 Halyomorpha halys infestation
Halyomorpha halys population was continuously observed
throughout the two growing seasons, in all experimental apple
and pear orchards. In apple orchard A, the abundance of H. halys
before starting sulfur applications did not differ among experi-
mental plots (F1,24 = 3.51, P = 0.073). The infestation of nymphs
was significantly influenced by the sulfur treatments and sam-
pling date (Table 1). A lower level of nymph infestation was
observed in sulfur-treated plots if compared to the untreated
ones (t = 5.51, df = 20, P < 0.001; data not shown). The

abundance of adults over the season was significantly influenced
by the sulfur treatments, sampling date and the interaction
between the two effects (Table 1). After beginning of the experi-
ment, a lower number of adults was observed in sulfur-treated
plots if compared to the untreated ones (t = 3.07, df = 24,
P = 0.005), with treated plots having a reduction of ≈80% in adult
infestation (Fig. 1).
In apple orchard B, the abundance of adult individuals did not

differ among experimental plots in either year (2020:
F1,22 = 0.01, P = 0.999; 2021: F1,76 = 0.61, P = 0.437) and nymphs
appeared only later in the season (data not shown). The infesta-
tion of H. halys nymphs was significantly influenced by sulfur
treatments in 2021 only, whereas this effect was not observed in
2020 (Table 1). The presence of H. halys nymphs did not show var-
iations depending on the sampling date in either year (Table 1). In
2021, a lower number of nymphs was observed in July in sulfur-
treated plots if compared to the untreated ones (t = 2.07,
df = 55, P = 0.043). The number of H. halys adults was signifi-
cantly affected by sulfur treatments in both years, with differences
among sampling dates (Table 1). The interaction ‘sampling date*-
treatment’ showed significant differences in H. halys adult infesta-
tion in 2020, but this was not observed in 2021 (Table 1). The
number of H. halys adults was lower in sulfur-treated plots if com-
pared to control ones (2020: t = 5.82, df = 22, P < 0.001; 2021:
t = 3.16, df = 76, P = 0.002), and this was observed in 2020 on
sampling dates following wettable sulfur applications (Fig. 2),
where there was a notable reduction in infestation exceeding
80% in sulfur-treated plots compared to untreated ones.
In apple orchard C, H. halys population density did not differ

among treatments in the first sampling date, before starting with
sulfur applications (nymphs: F2,150 = 0.01, P = 0.999; adults:
F2,150 = 0.01, P = 0.996). During the growing season, the number
of H. halys nymphs was significantly influenced by sulfur treat-
ments, sampling date and the interaction between these two fac-
tors (Table 1; data not shown). Nymph density was lower in
T-harvest plots than in control ones (t = 4.50, df = 150,
P < 0.001) and T-20 (t = 2.05, df = 150, P = 0.042), and in T-20 it
was lower than in the control (t = 2.45, df = 150, P = 0.015). On
most of the sampling dates, the interaction among factors
highlighted a lower nymph infestation when sulfur treatments
were made continuously during the summer (T-harvest) when
compared to the limited spring period T-20 and untreated plots
(Fig. 3). The abundance of brown marmorated stink bug adults
was influenced by sulfur treatments, sampling date and the inter-
action between these two factors (Table 1). Adult density was sig-
nificantly reduced in sulfur-treated plots, T-20 (t = 5.79, df = 150,
P < 0.001) and T-harvest (t = 7.69, df = 150, P < 0.001), when
compared to nontreated plots. Halyomorpha halys population
increased in T-20 plots following the last sulfur spraying date
(Fig. 3). Considering adult numbers, the reduction in population
during sulfur application period was ≈85% in T-20 plots and
≈68% in T-harvest.
In apple orchard D, H. halys population density did not differ

among plots before sulfur applications (nymph: F1,105 = 0.01,
P = 0.999; adult: F1,105 = 0.25, P = 0.619). The abundance of H.
halys nymphs was not influenced by sulfur treatments, sampling
date or ‘sampling date*treatment’ (Table 1). Halyomorpha halys
adults differed in numbers according to sulfur applications and
sampling date, but this was not observed when considering their
interaction (Table 1). The abundance of H. halys adults was signif-
icantly lower in sulfur-treated plots than in control ones (t = 4.60,
df = 105, P < 0.001).
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Table 1. Output of repeated measures ANOVA run on Halyomorpha halys infestation level for the experimental orchards A, B, C, D and E, in the
growing seasons 2020 and 2021, separately for nymphs and adults

Orchard Year H. halys stage Effect or interaction F df P

Orchard A 2020 Nymphs Treatment 30.31 1, 20 <0.001
Sampling date 4.81 4, 20 0.007

Sampling date*treatment 2.78 4, 20 0.055
Adults Treatment 9.44 1, 24 0.005

Sampling date 6.43 4, 24 0.001
Sampling date*treatment 4.81 4, 24 0.005

Orchard B 2020 Nymphs Treatment 0.54 1, 26 0.469
Sampling date 2.02 4, 26 0.121

Sampling date*treatment 0.31 4, 26 0.866
Adults Treatment 33.83 1, 22 <0.001

Sampling date 3.15 4, 22 0.034
Sampling date*treatment 3.69 4, 22 0.019

Orchard B 2021 Nymphs Treatment 4.28 1, 55 0.043
Sampling date 1.54 8, 55 0.165

Sampling date*treatment 0.52 8, 55 0.835
Adults Treatment 9.98 1, 76 0.002

Sampling date 5.94 8, 76 <0.001
Sampling date*treatment 0.30 8, 76 0.963

Orchard C 2021 Nymphs Treatment 10.14 2, 150 <0.001
Sampling date 15.07 14, 75 <0.001

Sampling date*treatment 1.93 28, 150 0.006
Adults Treatment 32.11 2, 150 <0.001

Sampling date 2.20 14, 75 <0.001
Sampling date*treatment 2.45 28, 150 <0.001

Orchard D 2021 Nymphs Treatment 0.46 1, 105 0.501
Sampling date 1.09 14, 105 0.378

Sampling date*treatment 1.05 14, 105 0.411
Adults Treatment 21.12 1, 105 <0.001

Sampling date 3.42 14, 105 <0.001
Sampling date*treatment 0.83 14, 105 0.637

Orchard E 2021 Nymphs Treatment 3.70 1, 264 0.055
Sampling date 25.63 6, 264 <0.001

Sampling date*treatment 3.00 6, 264 0.007
Adults Treatment 27.22 1, 257 <0.001

Sampling date 31.57 6, 257 <0.001
Sampling date*treatment 2.77 6, 257 0.013

Figure 1. Number of Halyomorpha halys adults sampled with beating
sampling in apple orchard A in 2020. CTRL, untreated plots; S, sulfur-
treated plots; arrow indicates when treatments started. Different letters
indicate differences at Bonferroni test (⊍ = 0.05).

Figure 2. Number of Halyomorpha halys adults sampled with beating
sampling in apple orchard B in 2020. CTRL, untreated plots; S, sulfur-
treated plots; arrow indicates when treatments started. Different letters
indicate differences at Bonferroni test (⊍ = 0.05).
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In pear orchard E, H. halys population density did not differ
among plots before sulfur applications (for both nymphs and
adults, F1,257 = 0.01, P = 0.999). The number of nymphs was not
influenced by sulfur applications, but differences were observed
when we considered sampling date and the interaction ‘sampling
date*treatment’ (Table 1). At the beginning and end of their activ-
ity period in the field, nymph infestation was lower in sulfur-
treated plots than in control plots (Fig. 4). The number of adults
was influenced by the treatments as well, and by sampling date
and the interaction between these two factors (Table 1). From
mid-June until late-July 2021, a lower infestation was observed
in sulfur-treated plots than in control ones (t = 5.22, df = 257,
P < 0.001; Fig. 4).

3.2 Fruit damage caused by Halyomorpha halys
In orchards B and D, the percentage of undamaged apples at har-
vest differed among treatments (B: χ2 = 50.47, df = 1, P < 0.001;
D: χ2 = 132.69, df = 1, P < 0.001) and was higher in S than in CTRL
(Fig. 5). Differences among treatments on fruits classified as D1 in
both orchards were observed in the two orchards (B: χ2 = 39.58,
df = 1, P < 0.001; D: χ2 = 9.54, df = 1, P = 0.002). The number of
slightly damaged apple fruits (D1) was higher in sulfur-treated
plots than in control ones in orchard D, but the opposite trend

was observed in orchard B (Fig. 5). Sulfur treatment influenced
the amount of fruit classified ad D2 for both orchards (B:
χ2 = 125.13, df = 1, P < 0.001; D: χ2 = 111.62, df = 1, P < 0.001),
with a lower number of D2 fruits in S plots than in CTRL ones
(Fig. 5). Heavily damaged apples (D3) were affected by the treat-
ment in orchard D only (χ2 = 11.13, df = 1, P < 0.001), with an
overall reduction of fruits classified as D3 in the sulfur-treated
plots (Fig. 5). In orchard B, D3 apples were not observed.
In orchard C, the percentage of undamaged apples differed

among treatments (χ2 = 9.88, df = 2, P = 0.007) and was higher
in T-harvest plots than in CTRL ones, yet intermediate in the
T-20 plots (Fig. 6). Differences among treatments on fruits classi-
fied as D1 also were observed (χ2 = 8.90, df = 2, P = 0.012), with
CTRL plots showing more D1 apples than in T-harvest, and inter-
mediate levels in T-20 plots. Sulfur treatment influenced the
amount of fruit in the D2 category (χ2 = 11.13, df = 2,
P < 0.001), and a low number of D2 fruits was observed in
T-harvest plots in comparison to T-20 and CTRL ones (Fig. 6).
In this orchard, D3 fruits were not observed.

3.3 Sulfur-induced phytotoxicity
In orchard C, leaf symptoms associated with phytotoxicity were
never observed. Besides, no differences on dropped fruits

Figure 3. Halyomorpha halys nymphs (A) and adults (B) sampled with beating sampling in apple orchard C in 2021. CTRL, untreated plots; T-20, sulfur-
treated plots with apple diameter ≤20 mm; T-harvest, sulfur-treated plots with apple diameter from 20 mm to fruit harvest. Vertical arrow indicates the
start of treatments. Horizontal dashed double-headed arrow indicates the sulfur applications period in T-20 plots, whereas the horizontal dotted double-
headed arrow indicates the sulfur applications period in T-harvest plots. Different letters indicate differences at Bonferroni test (⊍ = 0.05).

Figure 4. Halyomorpha halys nymphs (A) and adults (B) sampled with beating sampling in pear orchard E in 2021. CTRL, untreated plots; S, sulfur-treated
plots; arrow indicates when treatments started. Different letters indicate differences at Bonferroni test (⊍ = 0.05).
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were observed among treatments (CTRL versus T-20; F1,10 = 1.88,
P = 0.201) nor the interaction ‘sampling date*treatment’
(F4,40 = 1.20, P = 0.327). An effect of time was observed
(F4,40 = 57.55, P < 0.001), with a high fruit drop noticed at the first,
second and third sampling dates (i.e. 26 May, 8 and 17 June), but
this was observed in both treated and control plots.
No colour defects were detected in visual inspection of

apple fruits from orchards C and D. The apple weight at har-
vest was not influenced by sulfur applications (orchard C,
weightCTRL: 191.45 ± 40.00 g, weightT-20: 192.77 ± 35.46 g,
weightT-harvest: 199.55 ± 37.56 g; F2,9 = 0.16, P = 0.855;
orchard D, weightCTRL: 186.99 ± 11.36 g, weightT-20: 225.22
± 14.98 g, weightT-harvest: 199.55 ± 37.56 g; F1,6 = 4.78,
P = 0.071). No significant differences in fruit firmness were
observed in orchard D (firmnessCTRL: 7.03 ± 0.33 kg cm−2,
firmnessSulfur: 6.48 ± 0.56 kg cm−2; F1,6 = 5.34, P = 0.060) nor
in orchard C (firmnessCTRL: 7.80 ± 0.61 kg cm−2, firmnessT-20:
7.66 ± 0.72 kg cm−2, firmnessT-harvest: 7.60 ± 0.62 kg cm−2;

F2,9 = 0.46, P = 0.646). Fruit sugar content was not influenced
by sulfur treatments in orchard D (sugarCTRL: 12.49 ± 0.21°
Brix, sugarSulfur: 12.14 ± 0.33°Brix; F1,6 = 2.29, P = 0.181).

4 DISCUSSION
The use of synthetic insecticides in the control of H. halys poses
some issues related to a lack of complete efficacy against this
invasive pest associated with a limited residual effect that has
caused the increase in sprayings by farmers.30,31 The use of repel-
lents or deterrent has been proposed for H. halys management
and previous research focused mainly on kaolin clays and essen-
tial oils.58–61

While the effectiveness of sulfur treatments in reducing H. halys
infestation appears to rely on repeated applications, the signifi-
cance of these tactics as alternative methods in IPM for the brown
marmorated stink bug should not be overlooked. This could have
a particularly positive impact for organic growers, who often lack

Figure 5. Percentage of healthy and damaged fruits (three classes) caused by Halyomorpha halys. Damage was estimated at apple harvest in orchard B
(A) and orchard D (B). CTRL, untreated plots; S, sulfur-treated plots. Four classes: D0, healthy fruit; D1, damage 1 (≤10%); D2, damage 2 (≤40%); D3, damage
3 (≤100%). Error bars represent standard error of the mean. Different letters indicate differences via χ2 test (⊍ = 0.05).

Figure 6. Percentage of healthy or damaged fruits (three classes) caused by Halyomorpha halys estimated at apple harvest in orchard C. CTRL, untreated;
T-20, sulfur treatments with apple diameter ≤20 mm; T-harvest, sulfur treatments with apple diameter from 20 mm to harvest. Four classes: D0, healthy
fruit; D1, damage 1 (≤10%); D2, damage 2 (≤40%); D3, damage 3 (≤100%). Error bars represent standard error of the mean. Different letters indicate dif-
ferences at χ2 test (⊍ = 0.05).
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other solutions to effectively counteract pest infestation and dam-
age. Sulfur-based compounds are used in plant protection as acar-
icide39 and as fungicide against fungal pathogens such as powdery
mildews.38,40 Sulfur is admitted in organic agriculture with yearly
amounts that usually range from 10 to 100 kg ha−1 year−1.39

Results reported here showed an effect of sulfur treatments on
H. halys infestation in apple and pear orchards, where the infesta-
tion was significantly reduced by repeated sulfur applications. This
was observed in all apple and pear orchards with an overall reduc-
tion in both adult and nymph numbers. However, there were some
variations among years and orchards. The reduction in pest popu-
lation observed where sulfur was applied throughout most of the
season consistently exceeded 65% for apples and 45% for pears.
It should be noted that calcium polysulfide – a fungicide containing
sulfur – was equally applied on all treatments with no measurable
effect on H. halys infestation. Thus, the effect observed here is
expected to be related to the different sulfur-based treatments
tested in the experiments. Following the spring frost event
observed in 2021, there were either fewer or no fruit in the apple
and pear orchards, respectively. This could have affected H. halys
infestation by reducing the attractiveness and suitability of these
fields to the insect owing to the low availability of food. However,
we could not evaluate the impact of this phenomenon on H. halys
because the effect of spring frost was equal across all treatments.
Furthermore, sulfur sprays reduced the fruit damage caused by

the feeding activity of brown marmorated stink bug; severe dam-
age (90–100% of deformed fruit surface or ungrown fruits) was
not observed. Sulfur treatments seem to not cause H. halys mor-
tality in laboratory bioassays, but may act as repellent/deterrent
towards H. halys,62 thus explaining the reduction of field infesta-
tion. Results on long-term treatments during different parts of
the growing season revealed an overall reduction of nymph and
adult density, especially where sulfur treatments were made from
fruit-setting to harvest. On apple, results obtained in orchard C
suggest that sulfur applications performed in the second part of
the season can determine a reduction in fruit damage. On the
contrary, reduced applications of sulfur over time, and early in
the season, may not decrease H. halys infestation potential and
fruit damage.
Repellence/deterrent effects induced by sulfur application can

be influenced by formulation type, particle size and mode-
of-action (MoA), and all of these aspects need to be considered
for an effective application and degradation of this product in
an orchard.38 Sulfur was applied as wettable granular formulation
with particle size ranging from 2 to 5 μm. The mixture of smaller
and larger particles can increase both long- and short-term persis-
tence and vaporization in the field,38,63 because formulation type
may affect sulfur persistence, degradation and efficacy. Formula-
tions differ by particle size, and the most used include dusts, wet-
table powders, micronized sulfur and flowable liquid. Particle size
and air temperature are key aspects to consider in the selection of
the correct formulation – thus, the larger the particle, the lower its
degradation and efficacy.38 The MoA of sulfur-based products,
which is ‘unknown/uncertain’ based on the IRAC classification,64

seems to be mostly related to vapour activity that is dependent
on temperature, with an optimal range of 18–22 °C.35,38,65

Because sulfur degradation is related to temperature and particle
size, timing and application frequency are key aspects to consider.
Spraying at a temperature >28 °C makes sulfur less persistent on
leaves and decreases its retaining efficacy over 10 days,38,66

whereas in spring or autumn sulfur may be applied at higher con-
centrations owing to the low temperature.

Climatic conditions observed during the experimentation, par-
ticularly temperature and relative humidity, did not appear to
favour sulfur-induced phytotoxicity. However, this issue should
always be considered when applying sulfur-based pesticides in
the field. Indeed, elemental sulfur application may cause toxic
effects to plants as a result of its vapour form,35 together with
two volatile breakdown compounds – hydrogen sulfide and sulfur
dioxide.38 On this concern, high temperature and relative humid-
ity increase sulfur volatilization rate and also the risk of plant phy-
totoxicity, which can induce a reduction in the number of fruits
and an increase of colour defects such as russeting.67–73 Indeed,
sulfur particles interact with dry surfaces at temperatures >28 °
C, inducing phytotoxicity following the oxidation of elemental sul-
fur to SO2 and SO3. When adsorbed in water, the oxidation prod-
uct, sulfuric acid, can irreversibly damage the plants that exhibit
tissue burning.38 Sulfur treatments on apple plant canopy may
also reduce photosynthesis,70 but other studies reported a reduc-
tion of apple russeting and an increase of fruit quality following
sulfur applications.71,74 Our analysis of Granny Smith apples
collected from two orchards during one season did not show dif-
ferences in terms of phytotoxicity and fruit quality between sulfur-
treated and untreated plots, but further investigations should be
performed to confirm our results and to understand the factors
that are involved in sulfur-induced phytotoxicity.
Concerning abiotic features that deal with the treated plant, sul-

fur efficacy against diseases decreases at <15 °C, its interaction
with the plant surface being related to both the contact with plant
tissue and the vapour activity. On the one hand the abiotic condi-
tions may cause sulfur-induced phytotoxicity,38 yet on the other
high temperature and low relative humidity may reduce the pop-
ulation density of H. halys by having lethal and sublethal effects
on its growth.75–79 This may imply that a lower dose of sulfur
could be applied, even though this condition needs to be evalu-
ated case-by-case. In this study, however, we did not observe
sulfur-mediated phytotoxicity such as symptoms on leaves or fruit
drop, and from late May to mid-June the latter appeared to be
homogeneous among treatments, and thus is ascribed to the
physiological status of the plant and not to an effect of the sprays.
The other fruit parameters which we investigated – weight and
sugar content – were not influenced by sulfur treatments either.

5 CONCLUSION
Controlling H. halys requires an integrated management strategy
that should incorporate various tactics, including for instance the
utilization of exclusion netting,51,80,81 the implementation of crop
perimeter restructuring IPM through field border spraying32 or
the inclusion of strategies for improving biological
control,13,82,83 helping in keeping infestations of this pest below
economic injury levels. Sulfur-based products are already used
in agriculture as fungicide and insecticide and may be considered
in brown marmorated stink bug management for their action in
decreasing pest infestation and damage. Sulfur can be used for
H. halys management in organic agriculture where limited tools
are available. Sulfur applications should, however, be timed on
apple and pear phenological stages, to reach a proper goal in
managing H. halys infestations and reducing fruit damage with-
out causing plant phytotoxicity. Wettable sulfur appears to be a
promising formulation also owing to its low phytotoxicity, at least
as presented in the current study, making these sulfur-based
products a good tool to counteract brown marmorated stink
bug in pome fruit orchards. Sulfur applications are tools that can
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contribute to minimize the repeated use of synthetic insecticides
in line with current agricultural policies such as the EU Farm to
Fork strategy.

ACKNOWLEDGEMENTS
Consorzio Ortofrutticolo Padano Società Agricola Cooperativa
(OP-COP), San Giovanni Lupatoto VR, Italy and Lungadige Veneto
Cooperativa, Badia Polesine RO, Italy supported this study. We
thank the orchard' owners for allowing us access to experimental
sites. We are also grateful to Devis Liboni for assistance through-
out the study. This work also was supported by Regione Veneto
– U.O. Fitosanitario – Direzione Agroambiente, Programmazione
e Gestione ittica e faunistico-venatoria. The (DGR n. 611 19 May
2020) ‘Piano per il contrasto alla diffusione di insetti alloctoni dan-
nosi alla frutticoltura’ and by University of Padua project
BIRD214127. This study was carried out within the Agritech
National Research Center and received funding from the Euro-
pean Union Next-GenerationEU (PIANO NAZIONALE DI RIPRESA
E RESILIENZA (PNRR) – MISSIONE 4 COMPONENTE 2, INVESTI-
MENTO 1.4 – D.D. 1032 17/06/2022, CN00000022). This manu-
script reflects only the authors' views and opinions; neither the
European Union nor the European Commission can be considered
responsible for them. Open access publishing facilitated by Uni-
versita degli Studi di Padova, as part of the Wiley - CRUI-CARE
agreement.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from
the corresponding author upon reasonable request.

REFERENCES
1 Lee DH, Short BD, Joseph SV, Bergh JC and Leskey TC, Review of the

biology, ecology, and management of Halyomorpha halys
(Hemiptera: Pentatomidae) in China, Japan, and the Republic of
Korea. Environ Entomol 42:627–641 (2013).

2 Leskey TC and Nielsen AL, Impact of the invasive brown marmorated
stink bug in North America and Europe: history, biology, ecology,
and management. Annu Rev Entomol 63:599–618 (2018).

3 Bariselli M, Bugiani R andMaistrello L, Distribution and damage caused
by Halyomorpha halys in Italy. EPPO Bull 46:332–334 (2016).

4 Maistrello L, Dioli P, Vaccari G, Nannini R, Bortolotti P, Caruso S et al.,
First record in Italy of the Asian stink bug Halyomorpha halys, a
new threat for fruit crops. Atti Giornate Fitopatol 1:283–288 (2014).

5 Wermelinger B, Wyniger D and Forster B, First records of an invasive
bug in Europe: Halyomorpha halys Stål (Heteroptera: Pentatomidae),
a new pest on woody ornamentals and fruit trees. Bull Société Ento-
mol Suisse 81:1–8 (2008).

6 Hoebeke ER and Carter ME, Halyomorpha halys (Stål) (Heteroptera:
Pentatomidae): a polyphagous plant pest from Asia newly detected
in North America. Proc Entomol Soc Wash 105:225–237 (2003).

7 Gariepy TD, Haye T, Fraser H and Zhang J, Occurrence, genetic diver-
sity, and potential pathways of entry of Halyomorpha halys in newly
invaded areas of Canada and Switzerland. J Pest Sci 87:17–28 (2014).

8 Cesari M, Maistrello L, Piemontese L, Bonini R, Dioli P, Lee W et al.,
Genetic diversity of the brown marmorated stink bug Halyomorpha
halys in the invaded territories of Europe and its patterns of diffusion
in Italy. Biol Invasions 20:1073–1092 (2018).

9 Martinez-Sañudo I, Perotti MA, Scaccini D, Pozzebon A, Marri L and
Mazzon L, Co-haplotyping symbiont and host to unravel invasion
pathways of the exotic pest Halyomorpha halys in Italy. Sci Rep 10:
1–10 (2020).

10 Laterza I, Dioli P and Tamburini G, Semi-natural habitats support popu-
lations of stink bug pests in agricultural landscapes. Agric Ecosyst
Environ 342:108223 (2023).

11 Cianferoni F, Graziani F, Dioli P and Ceccolini F, Review of the occur-
rence of Halyomorpha halys (Hemiptera: Heteroptera: Pentatomi-
dae) in Italy, with an update of its European and world
distribution. Biol 73:599–607 (2018).

12 Cesari M, Maistrello L, Ganzerli F, Dioli P, Rebecchi L and Guidetti R, A
pest alien invasion in progress: potential pathways of origin of the
brown marmorated stink bug Halyomorpha halys populations in
Italy. J Pest Sci 88:1–7 (2015).

13 Mele A, Scaccini D, Zanolli P and Pozzebon A, Semi-natural habitats
promote biological control of Halyomorpha halys (Stål) by the egg
parasitoid Trissolcus mitsukurii (Ashmead). Biol Control 166:104833
(2022).

14 Tamburini G, Laterza I, Nardi D, Mele A, Mori N, Pasini M et al., Effect of
landscape composition on the invasive pest Halyomorpha halys in
fruit orchards. Agric Ecosyst Environ 353:108530 (2023).

15 Acebes-Doria AL, Morrison WR, Short BD, Rice KB, Bush HG, Kuhar TP
et al., Monitoring and biosurveillance tools for the brown marmo-
rated stink bug, Halyomorpha halys (Stål) (Hemiptera: Pentatomi-
dae). Insects 9:1–17 (2018).

16 Moore L, Tirello P, Scaccini D, ToewsMD, Duso C and Pozzebon A, Char-
acterizing damage potential of the brown marmorated stink bug in
cherry orchards in Italy. Entomol Gen 39:271–283 (2019).

17 Chen JH, Avila GA, Zhang F, Guo LF, Sandanayaka M, Mi QQ et al., Field
cage assessment of feeding damage by Halyomorpha halys on kiwi-
fruit orchards in China. J Pest Sci 93:953–963 (2020).

18 Francati S, Masetti A, Martinelli R, Mirandola D, Anteghini G, Busi R
et al., Halyomorpha halys (Hemiptera: Pentatomidae) on kiwifruit in
northern Italy: phenology, infestation, and natural enemies assess-
ment. J Econ Entomol 114:1733–1742 (2021).

19 Hedstrom CS, Shearer PW, Miller JC and Walton VM, The effects of ker-
nel feeding by Halyomorpha halys (Hemiptera: Pentatomidae) on
commercial hazelnuts. J Econ Entomol 107:1858–1865 (2014).

20 Lara JR, Kamiyama MT, Hernandez G, Nay J and Hoddle MS, Assess-
ment of feeding acceptance and injury of kerman pistachios, pista-
cia vera, by brown marmorated stink bug (Hemiptera:
Pentatomidae). J Insect Sci 17:106 (2017).

21 Rijal J and Gyawaly S, Characterizing brown marmorated stink bug
injury in almond, a new host crop in California. Insects 9:1–8
(2018).

22 Stahl JM, Scaccini D, Pozzebon A and Daane KM, Comparing the feed-
ing damage of the invasive brownmarmorated stink bug to a native
stink bug and leaffooted bug on California pistachios. Insects 11:1–
13 (2020).

23 Rice KB, Bergh CJ, Bergmann EJ, Biddinger DJ, Dieckhoff C, Dively G
et al., Biology, ecology, and management of brown marmorated
stink bug (Hemiptera: Pentatomidae). J Integr Pest Manag 5:1–13
(2014).

24 Martinson HM, Raupp MJ and Shrewsbury PM, Invasive stink bug
wounds trees, liberates sugars, and facilitates native hymenoptera.
Ann Entomol Soc Am 106:47–52 (2013).

25 Scaccini D and Pozzebon A, Invasive brown marmorated stink bug
(Hemiptera: Pentatomidae) facilitates feeding of European wasps
and ants (hymenoptera: Vespidae, Formicidae) on plant exudates.
Eur J Entomol 118:24–30 (2021).

26 Nielsen AL and Hamilton GC, Seasonal occurrence and impact of
Halyomorpha halys (Hemiptera: Pentatomidae) in tree fruit. J Econ
Entomol 102:1133–1140 (2009).

27 Acebes-Doria AL, Leskey TC and Bergh JC, Injury to apples and peaches
at harvest from feeding by Halyomorpha halys (Stål) (Hemiptera:
Pentatomidae) nymphs early and late in the season. Crop Prot 89:
58–65 (2016).

28 Maistrello L, Dioli P, Bariselli M, Mazzoli GL and Giacalone-Forini I, Citi-
zen science and early detection of invasive species: phenology of
first occurrences of Halyomorpha halys in southern Europe. Biol Inva-
sions 18:3109–3116 (2016).

29 Peiffer M and Felton GW, Insights into the saliva of the brown marmo-
rated stink bug Halyomorpha halys (Hemiptera: Pentatomidae). PLoS
One 9:e88483 (2014).

30 Leskey TC, Short BD and Lee DH, Efficacy of insecticide residues on
adult Halyomorpha halys (Stål) (Hemiptera: Pentatomidae) mortality
and injury in apple and peach orchards. Pest Manag Sci 70:1097–
1104 (2014).

Sulfur applications reduce Halyomorpha halys infestation and damage in field www.soci.org

Pest Manag Sci 2024 © 2024 The Author(s).
Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

wileyonlinelibrary.com/journal/ps

9
 15264998, 0, D

ow
nloaded from

 https://scijournals.onlinelibrary.w
iley.com

/doi/10.1002/ps.8354 by C
ochraneItalia, W

iley O
nline L

ibrary on [03/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com/journal/ps


31 Kuhar TP and Kamminga K, Review of the chemical control research on
Halyomorpha halys in the USA. J Pest Sci 90:1021–1031 (2017).

32 Blaauw BR, Polk D and Nielsen AL, IPM-CPR for peaches: incorporating
behaviorally-based methods to manage Halyomorpha halys and key
pests in peach. Pest Manag Sci 71:1513–1522 (2015).

33 Salerno G, Rebora M, Piersanti S, Saitta V, Kovalev A and Gorb E, Reduc-
tion in insect attachment caused by different nanomaterials used as
particle films (kaolin, zeolite, calcium carbonate). Sustainability 13:
8250 (2021).

34 Mafra-Neto A, WrightM, Fettig C, Progar R, Munson S, Blackford D et al.,
Repellent semiochemical solutions to mitigate the impacts of global
climate change on arthropod pests, in Advances in Arthropod Repel-
lents, ed. by Corona C, DebbounM and Coats J. Academic press, Else-
vier Science Publishers, London, pp. 279–322 (2022).

35 Shepard H, The Chemistry and Action of Insecticides. McGraw-Hill, New
York, NY (1951).

36 Forsyth W, in Observations on the Diseases, Defects, and Injuries, in all
Kinds of Fruit and Forest Trees, ed. by Longman TN and Rees O.
London, Goldsmiths'-Kress library of economic literature, UK (1802).

37 Robertson J, On the Mildew and some Other Diseases Incident to Fruit
Trees. Horticultural Society of London Transactions, London, UK
(1824).

38 Emmett B, Wicks T and Magarey P, Strategic use of sulphur in inte-
grated pest and disease management (IPM) programs for grape-
vines. Grape Wine Res Dev Corp:220 (2003).

39 Katsoulas N, Løes AK, Andrivon D, Cirvilleri G, de CaraM, Kir A et al., Cur-
rent use of copper, mineral oils and sulphur for plant protection in
organic horticultural crops across 10 European countries. Org Agric
10:159–171 (2020).

40 Griffith CM, Woodrow JE and Seiber JN, Environmental behavior and
analysis of agricultural sulfur. Pest Manag Sci 71:1486–1496 (2015).

41 Daniel C, Haeseli A and Weibel F, The side effects of lime sulphur on pre-
daceous arthropods, i.e. Typhlodromus pyri, and other leaf occupying
arthropods, Vol. 1. FiBL – Forschungsinstitut für biologischen Land-
bau, Frick, Switzerland, pp. 1–8 (2002).

42 Webber J and Chapman RB, Timing of sulphur spray application for
control of hazelnut big bud mites (Phytoptus avellanae and Cecido-
phyopsis vermiformis). New Zeal Plant Prot 61:191–196 (2008).

43 Duso C, Castagnoli M, Simoni S and Angeli G, The impact of erio-
phyoids on crops: recent issues on Aculus schlechtendali, Calepitri-
merus vitis and Aculops lycopersici. Exp Appl Acarol 51:151–168
(2010).

44 Zappalà L, Siscaro G, Biondi A, Mollá O, González-Cabrera J and
Urbaneja A, Efficacy of sulphur on Tuta absoluta and its side effects
on the predator Nesidiocoris tenuis. J Appl Entomol 136:401–409
(2012).

45 Pérez-Guerrero S, Molina JM, Montiel C, Redondo-Villa A and Avivar-
Lozano L, Laboratory evaluation of effects of powdered sulphur on
the oviposition, fruit detection and behaviour of Drosophila suzukii
(Diptera: Drosophilidae) on strawberry. Eur J Entomol 117:210–215
(2020).

46 Tacoli F, Cargnus E, Zandigiacomo P and Pavan F, Side effects of sulfur
dust on the European grapevine moth Lobesia botrana and the
predatory mite Kampimodromus aberrans in vineyards. Insects 11:
1–13 (2020).

47 Falk KL, Tokuhisa JG and Gershenzon J, The effect of sulfur nutrition on
plant glucosinolate content: physiology andmolecularmechanisms.
Plant Biol 9:573–581 (2007).

48 Capaldi FR, Gratão PL, Reis AR, Lima LW and Azevedo RA, Sulfur metab-
olism and stress defense responses in plants. Trop Plant Biol 8:60–73
(2015).

49 Holb IJ, De Jong PF and Heijne B, Efficacy and phytotoxicity of lime sul-
phur in organic apple production. Ann Appl Biol 142:225–233 (2003).

50 Cappellini M, Il gelo danneggia il 75% della produzione agricola del
Centro Nord. Il Sole 24 ore Available: https://www.ilsole24ore.com/
art/il-gelo-danneggia-75percento-produzione-agricola-centro-nord-
ADI9RKWB?refresh_ce=1 [10 December 2023].

51 Fornasiero D, Scaccini D, Lombardo V, Galli G and Pozzebon A, Effect of
exclusion net timing of deployment and color onHalyomorpha halys
(Hemiptera: Pentatomidae) infestation in pear and apple orchards.
Crop Prot 172:106331 (2023).

52 Edwards L, Organic Tree Fruit Management. Certified Organic Associa-
tion of British Columbia, Canada (1998).

53 Fallahi E andWillemsen KM, Blossom thinning of pome and stone fruit.
HortScience 37:474–477 (2002).

54 Stopar M, Thinning of flowers/fruitlets in organic apple production.
J Fruit Ornam Plant Res 12:77–84 (2004).

55 Alrashedi MM, Blossom Thinning and Managing Bitter Pit, Storage Life
and Fruit Quality in Organically Grown Apples. Curtin University in
Perth, Australia (2015).

56 SAS Institute ed, PROC User's Manual, 6th edn. SAS Institute, Cary, NC,
USA (2016).

57 Littell RCG, Milliken A, StroupWW,Wolfinger RD and Schabenberger O,
SAS for Mixed Models. SAS Institute, Cary, NC (1996).

58 Lee DH, Short BD, Nielsen AL and Leskey TC, Impact of organic insecticides
on the survivorship andmobility ofHalyomorpha halys (Stål) (Hemiptera:
Pentatomidae) in the laboratory. Fla Entomol 97:414–421 (2014).

59 Zhang QH, Schneidmiller RG, Hoover DR, Zhou G, Margaryan A and
Bryant P, Essential oils as spatial repellents for the brown marmo-
rated stink bug, Halyomorpha halys (Stål) (Hemiptera: Pentatomi-
dae). J Appl Entomol 138:490–499 (2014).

60 Bulgarini G, Bortolini S and Maistrello L, Repellent activity of essential
oils on adults of Halyomorpha halys (Heteroptera: Pentatomidae) in
different physiological-behavioural phases. J Appl Entomol 145:
575–586 (2021).

61 Kuhar TP, Morehead JA and Formella AJ, Applications of kaolin protect
fruiting vegetables from brown marmorated stink bug (Hemiptera:
Pentatomidae). J Entomol Sci 54:401–408 (2019).

62 Scaccini D, Mirandola E, Sirapu S, Simoni F, Fornasiero D, Duso C et al.,
Wettable sulphur application for Halyomorpha halys (Stål)
(Hemiptera: Pentatomidae) management: laboratory and semi-field
experiments. Pest Manag Sci 80:3620–3627 (2024). https://doi.org/
10.1002/ps.8066.

63 Hartley T, Sulphur particle size composition, Vol. 393. Australian Grape-
grower and Winemaker, Adelaide, Australia, p. 76 (1996).

64 IRAC, The IRAC mode of action classification online – The definitive,
global scheme on the target sites of acaricides and insecticides
Available: https://irac-online.org/mode-of-action/classification-
online/ [21 March 2024].

65 Yarwood C, Effect of temperature on the fungicidal action of sulphur.
Phytopathology 40:173–180 (1949).

66 Thomas CS, Gubler WD, Silacci MW and Miller R, Changes in elemental
sulfur residues on pinot noir and cabernet sauvignon grape berries
during the growing season. Am J Enol Vitic 44:205–210 (1993).

67 Drake CR, Efficacy of various fungicides and fungicide combinations
for control of peach disease. Fungicide Nematicide Tests 39:40 (1984).

68 Scherm H and Savelle AT, Control of peach scab with reduced summer
fungicide programmes. Plant Dis 85:706–712 (2001).

69 Lan Z, Scherm H and Horton DL, Reduced midseason pesticide pro-
gram for control of scab and plum curculio in peach. Plant Dis 87:
699–706 (2003).

70 Palmer JW, Davies SB, Shaw PW and Wünsche JN, Growth and fruit
quality of “Braeburn” apple (Malus domestica) trees as influenced
by fungicide programmes suitable for organic production. New Zeal
J Crop Hortic Sci 31:169–177 (2003).

71 Basak A, Soczek Z, Cisek B and KarolczakW, Control of russeting of Golden
delicious apples with Golclair. Fruits Sci Reports 10:67–72 (1983).

72 Sánchez E, Soto JM, Uvalle JX, Hernández AP, Ruiz JM and Romero L,
Chemical treatments in “Golden delicious spur” fruits in relation to
russeting and nutritional status. J Plant Nutr 24:191–202 (2001).

73 Steenkamp J, Van Zyl HJ and Westraad I, A preliminary evaluation of
various chemical substances for the control of calyx-end russeting
in Golden delicious apples. J Hortic Sci 59:501–505 (1984).

74 Schnabel G and Layne DR, Comparison of reduced-application and
sulfur-based fungicide programs on scab intensity, fruit quality,
and cost of disease control on peach. Plant Dis 88:162–166 (2004).

75 Haye T, Abdallah S, Gariepy T and Wyniger D, Phenology, life table
analysis and temperature requirements of the invasive brown mar-
morated stink bug, Halyomorpha halys, in Europe. J Pest Sci 87:
407–418 (2014).

76 Scaccini D, Duso C and Pozzebon A, Lethal effects of high tempera-
tures on brown marmorated stink bug adults before and after over-
wintering. Insects 10:355 (2019).

77 Khadka A, Hodges AC, Leppla NC and Tillman PG, The effects of relative
humidity on Halyomorpha halys (Stål) (Hemiptera: Pentatomidae)
egg hatch, nymph survival, and adult reproduction. Fla Entomol
103:136–138 (2020).

78 Fisher JJ, Rijal JP and Zalom FG, Temperature and humidity interact to
influence brown marmorated stink bug (Hemiptera: Pentatomidae),
survival. Environ Entomol 50:390–398 (2021).

www.soci.org D Scaccini et al.

wileyonlinelibrary.com/journal/ps © 2024 The Author(s).
Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

Pest Manag Sci 2024

10

 15264998, 0, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/ps.8354 by C

ochraneItalia, W
iley O

nline L
ibrary on [03/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.ilsole24ore.com/art/il-gelo-danneggia-75percento-produzione-agricola-centro-nord-ADI9RKWB?refresh_ce=1
https://www.ilsole24ore.com/art/il-gelo-danneggia-75percento-produzione-agricola-centro-nord-ADI9RKWB?refresh_ce=1
https://www.ilsole24ore.com/art/il-gelo-danneggia-75percento-produzione-agricola-centro-nord-ADI9RKWB?refresh_ce=1
https://doi.org/10.1002/ps.8066
https://doi.org/10.1002/ps.8066
https://irac-online.org/mode-of-action/classification-online/
https://irac-online.org/mode-of-action/classification-online/
http://wileyonlinelibrary.com/journal/ps


79 Stahl JM, Scaccini D and Daane KM, Field survival of the brown mar-
morated stink bug Halyomorpha halys (Hemiptera: Pentatomi-
dae) on california tree crops. Environ Entomol 50:1187–1193
(2021).

80 Candian V, Pansa MG, Briano R, Peano C, Tedeschi R and Tavella L,
Exclusion nets: a promising tool to prevent Halyomorpha halys from
damaging nectarines and apples in NW Italy. Bull Insectol 71:21–30
(2018).

81 Candian V, Pansa MG, Santoro K, Spadaro D, Briano R, Peano C et al.,
First multi-target application of exclusion net in nectarine orchards:

effectiveness against pests and impact on beneficial arthropods,
postharvest rots and fruit quality. Insects 12:210 (2021).

82 FalagiardaM, Carnio V, Chiesa SG, Pignalosa A, Anfora G, Angeli G et al.,
Factors influencing short-term parasitoid establishment and efficacy
for the biological control of Halyomorpha halys with the samurai
wasp Trissolcus japonicus. Pest Manag Sci 79:2397–2414 (2023).

83 Zapponi L, Tortorici F, Anfora G, Bardella S, Bariselli M, Benvenuto L
et al., Assessing the distribution of exotic egg parasitoids of Halyo-
morpha halys in Europe with a large-scale monitoring program.
Insects 12:316 (2021).

Sulfur applications reduce Halyomorpha halys infestation and damage in field www.soci.org

Pest Manag Sci 2024 © 2024 The Author(s).
Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

wileyonlinelibrary.com/journal/ps

11
 15264998, 0, D

ow
nloaded from

 https://scijournals.onlinelibrary.w
iley.com

/doi/10.1002/ps.8354 by C
ochraneItalia, W

iley O
nline L

ibrary on [03/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com/journal/ps

	Application of sulfur-based products reduces Halyomorpha halys infestation and damage in pome fruit orchards
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Experimental design
	2.2  Halyomorpha halys infestation
	2.3  Fruit damage caused by Halyomorpha halys
	2.4  Sulfur-induced phytotoxicity
	2.5  Data analysis

	3  RESULTS
	3.1  Halyomorpha halys infestation
	3.2  Fruit damage caused by Halyomorpha halys
	3.3  Sulfur-induced phytotoxicity

	4  DISCUSSION
	5  CONCLUSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


