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Abstract

Emerging or poorly studied pests may require control before detailed information is avail-
able on their biology or management. We used Stephanitis chinensis Drake (Hemiptera: Tingi-
dae), a poorly studied tea pest that feeds mainly on abaxial leaf surfaces, to determine how
insecticide mobility, application method, and spray volume affect control efficacy. Twelve
insecticides assigned to literature-based plant-mobile or contact-dominant categories were
tested in leaf-dip bioassays at recommended field-rate concentrations and in field trials
comparing misting with conventional spraying at 450 and 900 L/ha. Water-sensitive paper
measured abaxial deposition across three canopy levels. At 48 h, 11 insecticides caused
90.0-100.0% mortality, whereas rotenone caused 66.0%. Field efficacy was significantly
affected by mobility, application method, and assessment day, but spray volume had no
significant main effect. Misting significantly improved efficacy in 34 of 36 comparisons for
contact-dominant insecticides and 11 of 36 for plant-mobile insecticides; increasing spray
volume improved only 1 of 72 comparisons. Under misting, droplet density and coverage
exceeded measurement limits throughout the canopy (>300 droplets/cm?); conventional
spraying produced lower deposition that declined toward the lower canopy. Improving
abaxial and within-canopy deposition was more effective than increasing spray volume.
Misting improved efficacy more frequently for contact-dominant insecticides such as bifen-
thrin and pyrethrins, whereas plant mobility of thiamethoxam, imidacloprid, sulfoxaflor,
cyantraniliprole, and matrine may partly compensate for inadequate deposition.

Keywords: abaxial deposition; tea lace bug; misting; translaminar activity; water-
sensitive paper

1. Introduction

Emerging or poorly studied pests may require management before pest-specific infor-
mation is available on their feeding sites, within-crop distribution, insecticide susceptibility,
or effective application practices [1]. Growers may therefore rely on experience with
better-known pests or on general pesticide recommendations. When control is poor, they
may increase pesticide use without first identifying the cause of failure. Farmer surveys
have linked limited pest-management knowledge to pesticide misuse and low confidence
in pesticide efficacy to greater reliance on chemical control [2,3]. This concern is par-
ticularly relevant in tea production because, when inadequate spray delivery remains

Agriculture 2026, 16, 2333

https://doi.org/10.3390/agriculture16212333


https://crossmark.crossref.org/dialog?doi=10.3390/agriculture16212333&domain=pdf&date_stamp=2026-10-26
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0000-0003-4206-4275
https://orcid.org/0009-0008-6587-9833
https://orcid.org/0000-0001-9206-5562
https://doi.org/10.3390/agriculture16212333

Agriculture 2026, 16, 2333

20f17

uncorrected, repeated applications may increase residue and environmental risks without
providing proportional control benefits [4]. Determining whether poor control results from
low insecticidal activity or inadequate spray delivery may therefore help avoid unneces-
sary retreatment. This issue also applies to the tea lace bug, Stephanitis chinensis Drake
(Hemiptera: Tingidae).

S. chinensis is a piercing—sucking pest of tea plants. The species has been reported from
tea-growing regions of China, including Sichuan, Hubei, and Shaanxi, but no occurrence
records have been reported outside China [5-8]. Adults and nymphs feed mainly on leaf
undersides, producing whitish stippling on the upper surface; severe infestations may
cause premature leaf loss, reduced plant vigor, and delayed or stunted bud growth [5,9,10].

Laboratory bioassays are widely used to compare insecticide activity against target
pests. Controlled conditions reduce environmental variation and provide more uniform
exposure than field applications, allowing more precise estimates of activity [11]. However,
high laboratory mortality does not always translate into effective field control. Field perfor-
mance also depends on whether spray reaches the pest or the surface on which it occurs.
In tests of contact-dominant miticides, complete leaf treatment provided effective control,
whereas incomplete coverage reduced mortality; the extent of the reduction depended
partly on pest behavior [12]. Thus, when an insecticide is active in the laboratory but
performs poorly in the field, spray delivery should be examined before failure is attributed
to the active ingredient.

Spray deposition depends on canopy structure, leaf orientation, application method,
and spray volume. In tea bushes, deposition in the middle and lower canopy may be only
about 20% and 1-2%, respectively, of that on the upper plucking surface because foliage
restricts spray penetration [13]. Methods that alter droplet movement, spray direction, or
airflow can improve deposition on lower leaf surfaces and within dense canopies [14,15].
Increasing spray volume may improve overall wetting but does not necessarily improve
deposition at concealed sites or pest mortality [16]. The effect of deposition may also vary
with insecticide mobility. Plant-mobile insecticides, including systemic and translaminar
compounds, can enter leaf tissues and remain available beyond the treated surface, partly
compensating for uneven coverage [17,18]. By contrast, contact-dominant insecticides
depend more strongly on direct deposition on the pest or occupied leaf surface [12,19].
Application method, spray volume, and insecticide mobility may therefore affect field
efficacy differently, but their relative importance for concealed piercing—sucking pests
remains unclear.

The abaxial feeding habit of S. chinensis makes spray delivery a particular concern:
application to the upper plucking surface results in much lower deposition within the
middle and lower tea canopy [13], potentially leaving pest-occupied leaf undersides inad-
equately treated. A previous field study found that a knapsack mist sprayer controlled
S. chinensis more effectively than a knapsack electric sprayer and that increasing water
volume improved efficacy [20]. However, that study did not determine whether the ef-
fect of application method depended on insecticide mobility or whether increasing spray
volume could compensate for poor deposition on abaxial leaf surfaces. The present study
extends that work by combining a crossed comparison of application method and spray
volume, with each insecticide’s active ingredient dose per hectare held constant across
spray volumes, with comparisons based on insecticide mobility and assessments of abaxial
droplet deposition at upper, middle, and lower canopy positions.

This study examined how insecticide mobility, application method, and spray volume
affected the control of S. chinensis using 12 insecticides: thiamethoxam, imidacloprid, sulfox-
aflor, afidopyropen, cyantraniliprole, matrine, lambda-cyhalothrin, bifenthrin, azadirachtin,
rotenone, veratrine, and pyrethrins. We first tested these insecticides in laboratory leaf-dip
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assays at concentrations based on recommended field rates. We then compared field effi-
cacy between misting and conventional spraying at 450 and 900 L/ha. Insecticides were
classified as plant-mobile or contact-dominant to test whether their responses to application
method differed. Finally, we measured droplet deposition on the abaxial leaf surface in
the upper, middle, and lower canopy using water-sensitive paper. We hypothesized that
misting would increase field efficacy, that its benefit would be greater for contact-dominant
than for plant-mobile insecticides, and that increasing carrier volume at a fixed active
ingredient dose would not fully compensate for inadequate abaxial spray delivery.

2. Materials and Methods
2.1. Study Sites and Experimental Period

The study was conducted from April to August 2025. Laboratory assays were carried
out at the Bio-Agriculture Institute of Shaanxi, Dali County, Shaanxi Province, China. Field
experiments were conducted in a 60-ha tea plantation in Dashichuan Village, Guanyin
Town, Zhenba County, Hanzhong City, Shaanxi Province, China (32.35° N, 108.05° E). The
plantation was at an average elevation of 1085.2 m on a gentle slope with loam soil. The
dominant tea cultivar was Camellia sinensis (L.) Kuntze ‘Shancha No.1l’, and the plants were
15 years old. Mean canopy height was 1.3 m, and row spacing was 1 m. No pesticides had
been applied during the previous two years.

2.2. Insect Collection and Rearing

Fifth-instar nymphs of S. chinensis were collected from the tea plantation described
in Section 2.1 in April 2025. Infested tea plants were dug up with their roots intact and
transplanted into plastic pots 27 cm in diameter and 30 cm high. Ten plants, each carrying
approximately 600 nymphs, were transplanted. Each plant was enclosed in a 120-mesh
gauze cage to prevent insect escape. The potted plants were maintained in a controlled-
environment chamber and watered regularly, allowing S. chinensis to develop and repro-
duce on the plants [21]. Rearing conditions were 25 &= 1 °C, 45 £ 5% relative humidity, and
a 12:12 h (L:D) photoperiod. The population was monitored, and bioassays were performed
on fifth-instar nymphs of the second laboratory generation.

2.3. Insecticides, Field Rates, and Mobility Classification

Twelve insecticides used or considered suitable for controlling small piercing-sucking
pests were selected (Table 1). Six insecticides were provisionally classified as plant-mobile
based on evidence from other crops. Foliar translaminar activity has been reported for
thiamethoxam in eggplant [22], imidacloprid in hop [18], afidopyropen in eggplant [23],
cyantraniliprole in several crops [17], and sulfoxaflor following foliar application [24].
Matrine was included based on foliar uptake and transport between organs in wheat and
pepper [25]. The remaining six insecticides were classified as contact-dominant [12,26-28].
Azadirachtin can be absorbed and translocated after soil or root application [29,30]. By
contrast, foliar-applied azadirachtin shows limited movement to untreated plant parts,
making its efficacy more dependent on direct deposition and coverage [31]. We accordingly
classified azadirachtin as contact-dominant for the foliar applications used here. Each
insecticide was tested at the manufacturer-recommended field rate for small piercing—
sucking pests, rather than across a concentration gradient. The aim was not to estimate
LCsp or LCqq values, but to determine whether field-relevant rates controlled S. chinensis
under laboratory and field conditions. This design also reflected how growers select
insecticides and rates from product recommendations for similar pests.
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Table 1. Insecticide treatments used in the laboratory and field experiments.
Active Ingredient Trade Product Manufacturer Mobility Category I:;;;di ﬁla:)e
Thiamethoxam Actara (25% WG) Syngenta Crop .Protectlon AG Plant-mobile 25.0
(Basel, Switzerland)

. . Admire Pro Systemic Bayer CropScience LP ) .
Imidacloprid Protectant (42.8% SC) (St. Louis, MO, USA) Plant-mobile 524

o Corteva Agriscience LLC .
Sulfoxaflor Transform WG (50% WG) (Indianapolis, IN, USA) Plant-mobile 25.8

. Sefina Insecticide BASF SE (Ludwigshafen, .
Afidopyropen (50 g/L DC) Germany) Plant-mobile 10.0

. Exirel Insecticide FMC Corporation .
Cyantraniliprole (100 g/L SE) (Philadelphia, PA, USA) Plant-mobile 50.0

Shaanxi Kanghelifeng
Matrine SINVAT (0.5% AS) Bioscience and Pharmacy Plant-mobile 6.17
Co., Ltd. (Weinan, China)

. Warrior II with Zeon Syngenta Crop Protection, LLC .
Lambda-cyhalothrin Technology (22.8% CS) (Greensboro, NC, USA) Contact-dominant 28.0

. . GCS Bifenthrin 2EC Generic Crop Science, LLC .
Bifenthrin (25.1% EC) (Henderson, NV, USA) Contact-dominant 37.0

. . . o Gowan Company ) .
Azadirachtin Aza-Direct (1.2% EC) (Yuma, AZ, USA) Contact-dominant 13.8

6% Rotenone ME Zhengzhou Delong Chemical .
Rotenone (6% ME) Co., Ltd. (Zhengzhou, China) Contact-dominant 27.0

Veratrine/ Veratrum VARROW produc Hebei Kuoda Biological .
thizome extract £ (0.5% SL) Products Co., Ltd. Contact-dominant 6.4

= (Shijiazhuang, China)
. . McLaughlin Gormley King

Pyrethrins PyGanic Crop Protection Company (Minneapolis, Contact-dominant 16.2

EC 5.0II (5% EC)

MN, USA)

Abbreviations: WG, water-dispersible granule; SC, suspension concentrate; DC, dispersible concen-
trate; SE, suspo-emulsion; AS, aqueous solution; CS, capsule suspension; EC, emulsifiable concentrate;
ME, micro-emulsion; SL, soluble concentrate; g a.i./ha, grams of active ingredient per hectare.

2.4. Laboratory Leaf-Dip Bioassay

The toxicity of the selected insecticides to S. chinensis was assessed using a leaf-dip

bioassay adapted from methods for small piercing—sucking insects [32-34]. Fresh, undam-
aged tea leaves were collected from untreated plants and used as the exposure substrate.
Each commercial formulation was diluted in water to the concentration corresponding to
its recommended field rate at a reference spray volume of 450 L/ha (Table 1). Water served
as the control.

Leaves were immersed in the appropriate insecticide solution for approximately 10 s
with gentle agitation to wet the surface uniformly. Control leaves were immersed in water
in the same manner. Treated leaves were placed on paper towels and air-dried at room
temperature with the abaxial surface facing upward. Each leaf was then placed in a Petri
dish containing (9 cm in diameter) moistened filter paper to maintain freshness.

Each treatment had five independent replicates of 20 S. chinensis individuals. Insects
were randomly assigned to treated leaves after the leaf surface had dried. Petri dishes were
maintained at 25 + 1 °C, 45 £ 5% relative humidity, and a 12:12 h light:dark photoperiod.
Mortality was recorded at 12, 24, and 48 h after exposure. An individual was considered
dead if it showed no coordinated movement after gentle stimulation with a fine brush.
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The assay determined whether the insecticides were directly toxic to S. chinensis at field-
relevant rates.

2.5. Field Efficacy Experiment

The field experiment was conducted in a tea plantation naturally infested with S.
chinensis [20,34]. Plots were selected from areas with relatively uniform plant growth,
canopy structure, and pest abundance. Areas with obvious plant damage, abnormal growth,
or highly uneven initial pest density were excluded. Each plot measured 8 m x 2 m (16 m?).
Adjacent plots were separated by untreated buffer areas approximately two tea-canopy
widths wide to reduce spray drift and cross-contamination.

The experiment included 52 field treatments: 13 treatments (12 insecticides and a
water control) x two application methods x two spray volumes. Each insecticide had
four application combinations: misting at 450 or 900 L/ha and conventional spraying at
450 or 900 L/ha. A corresponding water control was included for each method—volume
combination. Each treatment was replicated five times, and treatments were arranged in a
completely randomized design.

Insecticides were applied once at the recommended field rates listed in Table 1. The
dose of active ingredient per hectare was held constant across spray volumes; therefore,
the insecticide concentration in the 900 L/ha spray solution was half that in the 450 L/ha
solution. Applications were made with a backpack sprayer (3JWB-16A, Taicang Jingang
Plant Protection Machinery Technology Co., Ltd., China). The sprayer pump supplied
liquid at an operating pressure of 0.4 MPa. Conventional spraying used the standard
nozzle, with a specified flow rate of 14 L/h, a nominal spray width of 2 m, and a specified
droplet diameter of <120 pum. For misting, the standard nozzle was replaced with the
supplied atomizer and circular misting nozzle, specified to produce droplets <10 um. The
atomizer was supplied with liquid under pressure from the same sprayer pump; no fan or
compressed-air assistance was used. The nozzle was held approximately 40 cm from the
canopy. Each plot was treated in two lengthwise passes: the operator sprayed along one
side of the plot, turned at the end, and returned along the opposite side, directing the spray
toward both sides and the top of the tea canopy. No rainfall occurred during application.
At the experimental site, the air temperature was 27 °C, relative humidity was 67%, and
wind speed was below 2 m/s. Before spraying, no visible dew or pooled water was present
on the leaf surfaces.

For sampling before treatment and at 1, 3, and 7 days after treatment (DAT), each
8 m x 2 m plot was divided into two adjacent 4 m X 2 m sections by splitting its 8 m
length in half. At each assessment, one tea plant was randomly selected from each section,
excluding plants sampled at previous assessments. One fully expanded leaf was collected
from each of the upper, middle, and lower canopy layers of each plant, yielding six leaves
per plot. Sampling did not depend on the presence or abundance of S. chinensis, and leaves
with no insects were retained. Live nymphs and adults on the abaxial surface of each
leaf were counted, and the six leaf counts were summed to obtain one plot-level count
per assessment.

2.6. Abaxial Droplet-Deposition Assay

A separate water-sensitive paper assay with clean water was used to assess the effect
of application method on droplet delivery to the abaxial surface of tea leaves [35,36].

The assay included four treatments: misting and conventional spraying, each at
450 and 900 L/ha. Methods, volumes, and the backpack sprayer were the same as those
used in the field efficacy experiment. Each treatment had three independent application
replicates. In each replicate, water-sensitive papers were attached to the abaxial surface of
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leaves in the upper, middle, and lower canopy [37]. The sensitive side faced outward to
represent the leaf surface on which S. chinensis mainly occurred.

Water-sensitive papers were supplied by Henan Hesangyuan Instrument Equipment
Co., Ltd. (Zhengzhou, China) and measured 3.0 cm x 7.4 cm. Before application, cards
were protected from moisture and direct contact. After application, the water-sensitive
papers were air-dried in the field, collected, labeled, and stored under dry conditions.
Before analysis, each water-sensitive paper was scanned using a Brother DCP-B7530DN
scanner (Brother Industries, Ltd., Nagoya, Japan) at a resolution of 300 dpi under identical
scanning conditions. The resulting images were analyzed using Droplet Testing Software
V1.1 (Henan Hesangyuan Instrument Equipment Co., Ltd., China), a proprietary program
supplied by the water-sensitive paper manufacturer. All images were processed using the
software’s default procedure without manual adjustment. Values exceeding the software’s
upper reporting limits were recorded as >300 droplets/cm?.

2.7. Statistical Analysis

Mortality proportions from the laboratory bioassay were arcsine square-root trans-
formed before analysis. A two-way repeated-measures analysis of variance (ANOVA) was
used to test the effects of treatment (12 insecticides and a water control), exposure time
(12, 24, and 48 h), and their interaction. To compare treatments at each exposure time,
separate one-way ANOVAs were performed using the five independent Petri dishes per
treatment at that time point, followed by Tukey’s honestly significant difference test [38,39].
The Tukey adjustment was applied separately within each time point. Mortality values are
presented as untransformed percentages (mean =+ SE).

Corrected field efficacy was calculated from pre- and post-treatment counts using the
corresponding water control and the Henderson-Tilton method [40].

TiCo
Ei=|{1——+ 1
t |: TOCt:| x 100

where E; is corrected field efficacy at t days after treatment, expressed as a percentage;
Ty and T; are the plot-level totals of live insects in the treated plot before treatment and
at f days after treatment, respectively; and Cy and C; are the corresponding totals in the
water-control plot at the same assessment times. Water controls were used only for this
correction and were excluded from the efficacy models. Corrected efficacy was converted
to proportions, with values of 0 and 1 replaced by 0.001 and 0.999, respectively, before logit
transformation. Results are presented on the original percentage scale.

A linear mixed-effects model was fitted to logit-transformed corrected efficacy using
the MIXED procedure with restricted maximum likelihood estimation. Insecticide mobility
type, application method, spray volume, assessment day, and all their interactions were
included as fixed effects. Active ingredient and plot identity were included as random
effects, with plot identity accounting for repeated assessments [41]. Fixed effects were
evaluated using Wald chi-square tests.

Planned Welch’s t-tests compared application methods within each active
ingredient X spray volume x assessment day combination and spray volumes within each
active ingredient x application method X assessment day combination [42]. Within each
active ingredient, p values were adjusted using Holm's sequentially rejective procedure,
separately across application-method comparisons and spray-volume comparisons [43].

Droplet density and coverage were summarized for each application method, spray
volume, and canopy position. Because all misting observations exceeded the software’s
reporting limits, analyses were restricted to conventional spraying. Each independent
application replicate provided measurements from the upper, middle, and lower canopy
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positions. A mixed-design repeated-measures ANOVA tested spray volume as a between-
replicate factor, canopy position as a within-replicate factor, and their interaction, with
application replicate nested within spray volume [44]. The six spray-volume X canopy-
position combinations were then compared in 15 pairwise contrasts for each outcome.
Contrasts within a spray volume used the within-replicate error term; contrasts between
spray volumes combined the between- and within-replicate variance components, with
degrees of freedom approximated using the Satterthwaite method [45]. The 15 p values
were adjusted using Holm's procedure [43], separately for droplet density and coverage.
Coverage was analyzed as a proportion, and model assumptions were assessed using
residual diagnostics.

All analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC,
USA). Differences were considered significant at p < 0.05, and values are reported as
means =+ standard errors. The raw data for all experiments are provided in Data S1.

3. Results
3.1. Laboratory Mortality at Field-Use Concentrations

The results showed significant effects of treatment (Fy2 52 = 244.10, p < 0.001), exposure
time (Fp,104 = 348.86, p < 0.001), and their interaction (Fa4, 104 = 6.00, p <0.001). The interaction
indicated that the temporal pattern of mortality varied among treatments. Averaged across
the 12 insecticides, mortality increased from 72.9% at 12 h to 85.8% at 24 h and 94.7%
at 48 h. Treatments differed significantly at each assessment time (12 h: Fyp,5 = 91.31;
24 h: Fp50 = 91.46; 48 h: Fip5 = 209.53; all p < 0.001; Table 2). Mortality in the water
control remained 0 and was significantly lower than that in every insecticide treatment at
each time point. At 12 h, mortality ranged from 33.0 & 3.7% for rotenone to 97.0 £ 2.0%
for thiamethoxam; thiamethoxam and lambda-cyhalothrin formed the highest statistical
group. At 48 h, 11 of the 12 insecticides caused 90.0-100.0% mortality. Thiamethoxam,
imidacloprid, lambda-cyhalothrin, cyantraniliprole, matrine, and pyrethrins caused 100.0%
mortality, whereas rotenone caused 66.0 £ 1.9% and remained significantly less effective
than the other insecticides. Thus, all tested insecticides were directly toxic to S. chinensis at
field-relevant rates, but their speed and final level of activity differed.

Table 2. Laboratory mortality of Stephanitis chinensis after exposure to insecticides at field-use

concentrations.
Mortality (%)
Treatments
12h 24 h 48 h
Water control (CK) 0.0£0.0h 00£00g 0.0+£0.0d
Thiamethoxam 97.0+20a 100.0 £0.0a 100.0 £ 0.0 a
Imidacloprid 70.0 £ 1.6 cde 91.0 £ 1.9 bed 100.0 £0.0a
Sulfoxaflor 78.0 £ 2.5 bcd 91.0 £+ 2.4 bcd 9.0+10a
Lambda-cyhalothrin 940+29a 97.0 £ 2.0ab 100.0 £0.0a
Bifenthrin 77.0 + 3.0 bed 89.0 £ 1.9 cde 98.0+12a
Afidopyropen 57.0 £ 2.5 ef 740+ 19e 91.0+19b
Cyantraniliprole 83.0 £ 1.2bc 95.0 + 1.6 abc 100.0 £0.0a
Matrine 86.0+19b 96.0 + 1.9 abc 100.0 £ 0.0 a
Azadirachtin 51.0 +29fg 77.0 £ 2.5de 90.0+1.6Db
Rotenone 33.0+37g 50.0 £2.2f 66.0 £ 19c
Veratrine 66.0 £ 1.9 def 740+ 19e 92.0£25b
Pyrethrins 83.0 £ 2.5bc 95.0 £ 2.2 abc 100.0 £ 0.0 a
ANOVA
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Table 2. Cont.

Mortality (%)
Treatments
12h 24 h 48 h
F 91.31 91.46 209.53
daf 12,52 12,52 12,52
p <0.001 <0.001 <0.001

Values are mean mortality (%) + SE. Different lowercase letters within the same column indicate
significant differences among treatments based on Tukey’s HSD test after arcsine square-root trans-
formation (p < 0.05).

3.2. Overall Effects of Insecticide Mobility, Application Method, Spray Volume, and
Assessment Day

Corrected field efficacy was significantly affected by insecticide mobility type (Wald
X% =13.32, df =1, p < 0.001), application method (Wald x? = 40.57, df = 1, p < 0.001),
and assessment day (Wald x? = 80.93, df = 2, p < 0.001). Spray volume had no sig-
nificant main effect (Wald x> = 0.00, df =1, p = 0.978; Table 3). The interactions of
mobility type x assessment day (Wald x? = 16.21, df = 2, p < 0.001) and application
method x assessment day (Wald x2 = 7.66, df = 2, p = 0.022) were also significant, showing
that the effects of insecticide mobility and application method changed over time.

Table 3. Effects of insecticide mobility, application method, spray volume, and assessment day on
corrected field efficacy against Stephanitis chinensis.

Effect df Wald x? p
Mobility type 1 13.32 <0.001
Application method 1 40.57 <0.001
Spray volume 1 0.00 0.978
Assessment day 2 80.93 <0.001
Mobility x method 1 0.01 0.940
Mobility x volume 1 0.65 0.419
Method x volume 1 0.37 0.544
Mobility x day 2 16.21 <0.001
Method x day 2 7.66 0.022
Volume x day 2 0.02 0.990
Mobility x method x volume 1 0.04 0.838
Mobility x method x day 2 34.13 <0.001
Mobility x volume x day 2 0.53 0.767
Method x volume X day 2 0.09 0.957
Mobility x method x volume x day 2 0.61 0.736

The mobility type x application method interaction was not significant (Wald
x> =0.01,df =1, p = 0.940), but the mobility type x application method x assessment day
interaction was significant (Wald x? = 34.13, df = 2, p < 0.001). Thus, the effect of application
method varied with both insecticide mobility and assessment day. No interaction involving
spray volume was significant (all p > 0.05).

Each cell in the heatmap represents the mean corrected field efficacy from five plots
for one insecticide—application method-spray volume combination at a given assessment
day (Figure 1). Efficacy was corrected using the corresponding water control with the
same application method and spray volume; lighter colors indicate higher efficacy. Within
each assessment day, the Mi and Sp rows for the same insecticide and spray volume can
be compared to visualize differences between application methods, whereas the 450 and
900 L/ha rows for the same insecticide and application method show differences associated
with spray volume. Across active treatments, efficacy ranged from 25.8% to0 99.1% at 1 DAT,
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41.0% to 100.0% at 3 DAT, and 48.9% to 100.0% at 7 DAT. Variation was greatest at 1 DAT,
when several treatments exceeded 90% efficacy while others remained below 50%. The
minimum efficacy increased over time, but marked differences among treatments remained
at 7 DAT. These patterns were consistent with the mixed-model results and showed no
consistent visual effect of spray volume.
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Figure 1. Heatmap of corrected field efficacy for all treatment combinations against Stephanitis
chinensis. Each row represents one combination of insecticide, application method, and spray volume;
columns represent 1, 3, and 7 days after treatment (DAT). Values are mean corrected efficacy (%) from
five field replicates. The water control is shown as 0 only for visual reference because corrected efficacy
was calculated relative to this control. Row labels are formatted as treatment abbreviation-application
method-spray volume. Abbreviations: CK, water control; THI, thiamethoxam; IMI, imidacloprid;
SUL, sulfoxaflor; AFL afidopyropen; CYA, cyantraniliprole; MAT, matrine; LAM, lambda-cyhalothrin;
BIF, bifenthrin; AZA, azadirachtin; ROT, rotenone; VER, veratrine; PYR, pyrethrins; Mi, misting;
Sp, conventional spraying; 450 and 900, spray volumes of 450 and 900 L/ha, respectively.

3.3. Misting More Frequently Improved Contact-Dominant Insecticide Efficacy

Under the primary analysis, the effect of application method differed markedly be-
tween insecticide mobility categories (Figure 2). Among plant-mobile insecticides, misting
and conventional spraying differed significantly in 11 of 36 predefined comparisons. For
contact-dominant insecticides, misting produced higher corrected efficacy in all 36 compar-
isons, and 34 differences remained significant after Holm adjustment.

For several plant-mobile insecticides, the effect of application method was absent
or limited to specific conditions. Cyantraniliprole and matrine showed no significant
difference between misting and conventional spraying in any of the six comparisons.
Thiamethoxam differed only at 1 DAT under 450 L/ha, when efficacy was 98.1 & 0.4% with
misting and 95.2 &+ 0.5% with conventional spraying (t = 4.45, df = 6.05, adjusted p = 0.026).
Imidacloprid showed a stronger early response at 450 L/ha. At 1 DAT, misting increased
efficacy from 84.2 £ 1.2% to 96.8 & 0.6% (t = 7.01, df = 5.08, adjusted p = 0.004). At 3 DAT, it
increased efficacy from 88.2 & 1.5% to 100.0 & 0.0% (t = 33.66, df = 4.00, adjusted p < 0.001).
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Afidopyropen was the clearest exception in this category, with significantly higher efficacy
under misting in all six comparisons.
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Figure 2. Effect of application method on corrected field efficacy of insecticides against Stephanitis
chinensis. Corrected field efficacy was compared between misting and conventional spraying for each
active ingredient at the same spray volume and assessment day. Panels show 450 L/ha at 1 DAT
(A), 3 DAT (B), and 7 DAT (C), and 900 L/ha at 1 DAT (D), 3 DAT (E), and 7 DAT (F). Bars are
means £ SE from five field replicates. Plant-mobile insecticides are shown on the left of each panel
and contact-dominant insecticides on the right. Asterisks indicate significant method effects within
an active ingredient, spray volume, and assessment day based on Welch's t-test of logit-transformed
corrected efficacy with Holm-adjusted p values. *, p < 0.05; **, p < 0.01; ***, p < 0.001. Unlabeled com-
parisons were not significant. Abbreviations: THI, thiamethoxam; IMI, imidacloprid; SUL, sulfoxaflor;
AF], afidopyropen; CYA, cyantraniliprole; MAT, matrine; LAM, lambda-cyhalothrin; BIF, bifenthrin;
AZA, azadirachtin; ROT, rotenone; VER, veratrine; PYR, pyrethrins.

The effect of application method was much more consistent for contact-dominant
insecticides. For lambda-cyhalothrin at 1 DAT and 450 L/ha, efficacy was 85.8 + 1.7%
under misting and 42.2 & 1.7% under conventional spraying (t = 13.19, df = 5.77, adjusted
p < 0.001). At 900 L/ha, the corresponding values were 85.7 £ 1.8% and 49.7 &+ 3.0%
(t =9.56, df =7.61, adjusted p < 0.001). Azadirachtin showed a similar response: misting
was significantly more effective than conventional spraying in all six comparisons. At
1 DAT, misting increased efficacy from 42.0 & 1.6% to 81.5 &= 1.7% at 450 L/ha and from
44.7 £ 2.0% to 83.1 £ 1.6% at 900 L/ha (both adjusted p < 0.001).

3.4. Limited Effect of Spray Volume on Field Efficacy

Increasing spray volume from 450 to 900 L/ha did not consistently improve corrected
field efficacy. Only one of 72 predefined comparisons remained significant after Holm
adjustment. This difference occurred for imidacloprid applied by conventional spraying
at 1 DAT: efficacy increased from 84.2 £ 1.2% at 450 L/ha to 92.1 & 0.7% at 900 L/ha
(t = —6.00, df =7.99, adjusted p = 0.002). At 3 DAT, the volume comparison did not
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reach statistical significance after Holm adjustment; at 7 DAT, both spray volumes gave
100% corrected efficacy. Several treatments showed numerical increases at 900 L/ha,
particularly under conventional spraying, but none was significant after adjustment. No
statistically significant spray-volume differences were detected under misting or for any
contact-dominant insecticide. Together with the nonsignificant main effect of spray volume
in the mixed-effects model (Wald )(2 =0.00, df =1, p = 0.978), these results show that
increasing spray volume alone did not consistently improve field efficacy.

3.5. Effects of Application Method, Spray Volume, and Canopy Position on Abaxial
Droplet Deposition

The water-sensitive paper assay showed a clear difference between application meth-
ods in droplet delivery to the abaxial leaf surface (Table 4; Figure 3). Under misting, all
cards exceeded the measurement range of the image-analysis system, regardless of spray
volume or canopy position: droplet density was >300 droplets/cm? and coverage was
>90.0%. Exact means and standard errors therefore could not be calculated for misting.

Table 4. Droplet deposition on the abaxial surface of tea leaves under different application methods
and spray volumes.

Application Method Spra}{/\l/lzl)ume Canopy Position ?Big;igf:‘ns:zt)y CO?;;I;I::%)
Misting 450 Upper >300.0 >90.0
Misting 450 Middle >300.0 >90.0
Misting 450 Lower >300.0 >90.0
Misting 900 Upper >300.0 >90.0
Misting 900 Middle >300.0 >90.0
Misting 900 Lower >300.0 >90.0

Conventional spraying 450 Upper 199 £48ab 142 £20b
Conventional spraying 450 Middle 10.1 £2.2bc 54407 cd
Conventional spraying 450 Lower 25+09c 15+0.1d
Conventional spraying 900 Upper 303+44a 208+13a
Conventional spraying 900 Middle 16.0 + 0.8 abc 99+1.0bc
Conventional spraying 900 Lower 9.8 £2.0bc 48+09d

Values are means + SE for conventional spraying. Values of >300 droplets/cm? and >90.0% coverage
exceeded the measurement range of the image-analysis system. Because individual droplets could
not be distinguished after misting, exact means and standard errors were not calculated. Statistical
analysis was therefore restricted to conventional spraying. Within each outcome column, means
without a common lowercase letter differ significantly (Holm-adjusted p < 0.05); means sharing at
least one letter do not differ significantly.

Under conventional spraying, spray volume significantly affected droplet density
(F14 = 9.26, p = 0.038) and coverage (F1 4 = 16.36, p = 0.016). Canopy position also af-
fected density (Fpg = 22.79, p < 0.001) and coverage (Fp 3 = 114.04, p < 0.001). The spray
volume X canopy position interaction was not significant for density (Fo g = 0.33, p = 0.729)
or coverage (Fp g = 1.50, p = 0.279). Averaged across canopy positions, increasing spray vol-
ume from 450 to 900 L/ha increased mean droplet density from 10.8 to 18.7 droplets/cm?
and mean coverage from 7.0% to 11.8%.

The Holm-adjusted pairwise comparisons identified differences among specific
conventional-spraying combinations (Table 4). Droplet density in the upper canopy ex-
ceeded that in the lower canopy at both 450 L/ha (adjusted p = 0.030) and 900 L/ha
(adjusted p = 0.012). Droplet coverage in the upper canopy exceeded that in the middle and
lower canopy at both spray volumes (all adjusted p < 0.002). At the upper-canopy position,
coverage was also greater at 900 than at 450 L/ha (adjusted p = 0.015).
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Conventional spraying at 450 L/ha

£ [ERINTY SEPNR RSP

Misting at 450 L/ha Misting at 900 L/ha

Figure 3. Representative water-sensitive paper images showing droplet deposition on the abaxial surface
of tea leaves under different application treatments. Rows 1, 2, and 3 in each treatment group represent
upper-, middle-, and lower-canopy leaves, respectively. The three cards in each row represent the three
independent application replicates. Treatment names and spray volumes are shown below each group.
Water-sensitive paper is yellow before exposure; blue areas show droplet deposition.

4. Discussion

The field results suggest that access to the occupied leaf surface, rather than carrier
volume alone, was important for control. This interpretation has a mechanistic basis: incom-
plete coverage can reduce the performance of contact pesticides [12], whereas cyantranilip-
role has demonstrated translaminar activity against insects on untreated abaxial surfaces in
other crops [17]. The more frequent benefit of misting for contact-dominant insecticides
is compatible with these different exposure pathways. The mobility type x application
method interaction was not significant. However, the three-way interaction among mobility
type, application method, and assessment day was significant. The response to application
method therefore changed with mobility category and assessment day.

Tea canopy structure can further restrict delivery to the feeding site. After chemicals
were sprayed onto the plucking surface, Kawai et al. [13] measured deposits within the
middle and bottom of tea foliage at approximately 20% and 1-2%, respectively, of those
on the plucking surface. Another tea-field study reported greater droplet density and
better control with a management sprayer than with a conventional knapsack sprayer,
even at a reduced pesticide dose [46]. Our upper-to-lower canopy gradient under con-
ventional spraying and greater abaxial deposition under misting are consistent with these
findings. Similar effects of spray placement have been reported in other crop—pest systems.
Air-assisted spraying, with or without electrostatic charging, improved deposition and
control of Tetranychus urticae Koch (Acari: Tetranychidae) on chrysanthemum [47]. In
glasshouse tomatoes, permethrin deposited on abaxial leaf surfaces controlled first-instar
whiteflies [19]. Spray angle, airflow, charging conditions, and leaf orientation can affect
deposition on concealed surfaces [15,37]. The separate water test gives some support for
our explanation. But it does not show a link between insecticide deposits and field efficacy
at the plot level, and also does not test how the formulation affects wetting.

The response to application method also depended on insecticide mobility and assess-
ment day. Several plant-mobile insecticides showed little or no difference between misting
and conventional spraying. Cyantraniliprole and matrine did not differ between methods in
any of the predefined comparisons. The effect on thiamethoxam was restricted to one early
comparison, while the differences for imidacloprid occurred at 1 and 3 DAT under 450 L/ha
but were not maintained at 7 DAT. These temporal patterns may reflect continued uptake,
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movement within leaf tissues, or delayed insecticidal activity. Foliar-applied cyantranilip-
role can move within leaves and control insects feeding on untreated abaxial surfaces,
while matrine can be absorbed by leaves and transported to other plant tissues [17,25].
Movement within leaves may reduce the effect of uneven spray coverage. This could
help explain our results. Afidopyropen was the clearest exception: misting significantly
improved its efficacy in all six comparisons despite its classification as plant-mobile. Its
limited foliar uptake and downward translocation in mustard (Brassica juncea) may explain
why direct deposition remained important in the present study [48]. Insecticide mobility
should therefore be regarded as a continuous and context-dependent property rather than
a strict binary characteristic. Speed of action may also affect these results. Formulation
and persistence may affect field performance [49,50]. High efficacy under conventional
spraying leaves less room for further improvement. Because the mobility classifications
used here were based largely on studies conducted in other crop species and with specific
formulations, they represent mechanistic groupings rather than direct measurements of
insecticide movement in tea plants.

Increasing spray volume from 450 to 900 L/ha increased droplet density and coverage
under conventional spraying, but only one of the 72 predefined volume comparisons
showed a statistically significant increase in field efficacy. Because the active ingredient dose
per hectare was held constant, the higher spray volume produced a more dilute spray rather
than a higher insecticide dose. Previous studies have shown that increasing spray volume
can improve canopy coverage, although the response depends on the application system.
For example, increasing spray volume from 30 to 90 L/ha improved droplet coverage in
the surface and inner layers of tea canopies during unmanned aerial vehicle application,
but the equipment and volume range differed substantially from those used in the present
study [51]. Greater coverage also does not necessarily produce a proportional increase in
control. Mortality of the potato psyllid, Bactericera cockerelli (Sulc) (Hemiptera: Triozidae),
approached a plateau above moderate spray coverage [52], and higher spray volumes
did not consistently increase lambda-cyhalothrin deposition or heliothine larval mortality
in cotton [16]. By contrast, changing spray direction or improving canopy penetration
can increase deposition on lower or concealed leaf surfaces without increasing water
volume [14]. Thus, within the tested range of 450-900 L/ha, additional carrier volume
improved recorded deposition under conventional spraying but did not overcome poor
delivery to the abaxial surface and lower canopy. These findings do not indicate that spray
volume is unimportant under all conditions; rather, they show that increasing volume
alone was insufficient when spatial spray distribution remained poor.

The laboratory and field results further illustrate why insecticide activity should not be
evaluated solely under conditions of uniform exposure. Leaf dipping treated the entire leaf
surface, and 11 insecticides caused 90-100% mortality by 48 h. In the field, however, several
contact-dominant insecticides were much less effective under conventional spraying. This
difference indicates that high toxicity at a field-relevant concentration does not ensure
control when exposure at the feeding site is limited. Luo et al. [20] similarly reported better
control of S. chinensis with a knapsack mist sprayer than with a knapsack electric sprayer.
However, air assistance or electrostatic charging does not always improve control because
performance also depends on operating conditions, pesticide properties, canopy structure,
and environmental factors [53,54]. Application equipment should therefore be selected
according to pest location and canopy characteristics rather than on the assumption that a
particular technology will perform consistently in all crops.

The main integrated pest management (IPM) implication of this study is that pest loca-
tion, spray delivery, and insecticide mobility should be considered jointly. For S. chinensis
and other pests that occupy abaxial or lower-canopy sites, control decisions should begin by
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determining whether spray reaches the occupied surface. When abaxial deposition is poor,
increasing carrier volume or repeating the same conventional application may not correct
the main constraint. Spray delivery to the leaf underside needs particular attention when
using the tested contact-dominant insecticides. In our trial, misting improved efficacy more
often for these insecticides than for plant-mobile insecticides. The benefit varied among
insecticides and assessment days. Mobility, however, should not be treated as a safety ad-
vantage. Product selection within an IPM program should also consider field efficacy, local
registration, residue dissipation and transfer to the infusion, preharvest interval, effects
on natural enemies, and resistance-management needs [4,28,55-58]. Botanical insecticides
may contribute to this strategy when they meet these criteria, but botanical origin alone
does not ensure low residue risk, low non-target toxicity, or reliable field efficacy. Matching
insecticide properties to pest location and spray delivery may reduce initial control failure
and unnecessary retreatment, although its effects on cumulative pesticide use and tea
residues require direct evaluation.

5. Conclusions

Application method was more important than spray volume in determining the field
control of Stephanitis chinensis. Although 11 of the 12 insecticides caused 90.0-100.0%
mortality after 48 h in the leaf-dip bioassays, their field performance varied across the
literature-based mobility categories and with spray delivery. Misting increased abaxial
deposition throughout the tea canopy and significantly improved efficacy in 34 of 36 com-
parisons involving contact-dominant insecticides, compared with 11 of 36 comparisons
involving plant-mobile insecticides. Increasing spray volume from 450 to 900 L/ha signifi-
cantly improved efficacy in only one of 72 comparisons. Thus, improving spray delivery to
abaxial leaf surfaces and the middle and lower canopy was more effective than increasing
spray volume alone. These results support improving target coverage when applying the
tested contact-dominant insecticides. Whether movement of the other insecticides within
tea plants compensated for incomplete deposition remains unverified. These findings
provide a practical basis for matching insecticide properties with application methods
while avoiding unnecessary increases in spray volume. Because the field experiment was
conducted at one location during a single season, further validation across locations and
seasons is needed before broader recommendations are made.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agriculture16212333/s1, Data S1: Raw data from the laboratory
bioassay, field efficacy experiment, and water-sensitive paper experiment.
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