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Abstract: In Northern China, the tree-of-heaven root weevil (TRW), Eucryptorrhynchus scrobiculatus
(Motschulsky) (Coleoptera: Curculionidae), is a serious borer pest of Ailanthus altissima (Mill.)
Swingle (Sapindales: Simaroubaceae) (tree-of-heaven) is an important tree species for landscapes
and afforestation. This study evaluates the efficacy of trunk trap nets (TTN), thiacloprid spray (TS),
and cypermethrin spray (CS) alone, and in combination with TTN and thiacloprid or cypermethrin
spray (TTNTS or TTNCS) for controlling TRW in A. altissima plantations in 2016–2018 in three sites
(Haojiaqiao, Wutongshu, and Taojiajuan), which are located near Lingwu city in Ningxia, China.
TTN, TTNTS, and TTNCS treatments significantly reduce marked TRW captures (more than 93%
with respect to the untreated trees) and wild TRW captures in population monitoring trunk trap
nets (MTTN) deployed in stands (more than 55% with respect to the untreated trees). Further field
trials demonstrate that these TTN, TTNTS, and TTNCS treatments significantly reduce damage to
A. altissima in stands; there are no significant differences between TTN and combination treatments.
In addition, significantly more TRW are captured in MTTN within Taojiajuan than within Haojiaqiao
or Wutongshu in field trials 2018. There were no significant differences between sites in 2016 and
2017. This study indicates that the TS and CS treatments used had very little to no impact on TRW
populations and tree health in the timeframe examined. TTN alone are clearly effective for suppressing
populations of TRW and stabilizing A. altissima tree health. This physical control technique, using
TTN, could be sufficient to manage TRW on tree-of-heaven with no insecticide.

Keywords: Eucryptorrhynchus scrobiculatus; Ailanthus altissima trees; integrated pest management;
physical control; trunk trap nets; insecticide sprays

1. Introduction

The tree-of-heaven, Ailanthus altissima (Mill.) Swingle (Sapindales: Simaroubaceae), is an excellent
greening, ornamental, medicinal, oil, and afforestation tree species in China [1]. Due to its high
tolerance for poor air quality and soils, tree-of-heaven grows well in less hilly areas and limestone
areas [1,2]. The native tree species is the main afforestation species in North and Northwest China [1,2].
Tree-of-heaven is an important part of the landscape and the shelter-belts that have been widely planted
in the Ningxia Hui Autonomous Region since 1980. At present, more than 27,333 ha of A. altissima
trees have been planted in Ningxia. Bark, root bark, and the fruit of tree-of-heaven can also be used as
medicine and have anti-malaria, anti-cancer, and anti-viral effects [3,4]. He et al. [5] provided evidence
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that ailanthone, extracted from A. altissima, is a promising compound against castration-resistant
prostate cancer. However, the tree-of-heaven root weevil (TRW), Eucryptorrhynchus scrobiculatus
(Motschulsky 1854) (Coleoptera: Curculionidae), has severe root-boring pests that poses a significant
threat to tree-of-heaven and causes substantial damage in plantations [2,6].

The geographical distribution of TRW was restricted to the provinces of Beijing, Tianjin, Shandong,
Shanxi, Shaanxi, Shanghai, Hubei, and Sichuan in China in 1980 [6], but has expanded rapidly thereafter
due to frequent seedling transport under no strict quarantine. TRW was introduced in Yinchuan city, in
the Ningxia Hui Autonomous Region, with seedling transport in 1999 [7]. Due to non-strict quarantine
procedures and the lack of effective measures against TRW, this insect pest spread to all 23 cities and
counties in Yinchuan, Shizuishan, Wuzhong, Zhongwei, and Guyuan cities in Ningxia in 2008. A total
of 4180 ha of A. altissima trees were damaged and 1913 ha of A. altissima trees were killed in Ningxia in
2008 [7]. In 2015, more than 5333 ha of A. altissima trees were damaged. TRW has been defined as the
provincial supplementary quarantine pest in Ningxia Hui Autonomous Region. Currently, TRW has
spread throughout Northwestern, Northern, and a part of central, Northeastern, and Southwestern
China [2,8–10].

TRW is reported to be univoltine in China and overwinters as adults and larvae in the soil at a
depth of 20–30 cm near the base of A. altissima trees [2]. Females oviposit on the soil surface near tree
trunks and lay as many as 156 eggs in a lifetime [10]. Eggs hatch in 7–10 days, and larvae develop under
the root cortex, feeding on and destroying phloem and xylem, thereby weakening and sometimes
killing the trees. Larvae progress through six instars in 60–75 days [2]. Individuals cease feeding before
pupation, which occurs in long elliptic soil chambers. Pupation lasts 10–14 days, which produces
teneral adults [2]. TRW emerge from the soil and begin to ascend trees until they reach the branches in
order to satisfy the nutritional requirements for reproduction in April. Adults frequently walk on the
tree trunk and feed on buds, shoots, and leaves, causing buds to wilt and compound leaves to fall
off [2,9,10]. Adults can live for more than 200 days after emergence [2].

Management tactics for TRW include a variety of chemical, physical, and biological
methods [8,11–17]. Different insecticides (e.g., cypermethrin, thiacloprid, fenoxycarb, acridine,
carbosulfan, and imidacloprid) and application methods (e.g., sprays, soil drenches, and stem
and soil injections) have been used against this pest [11,13,14]. Cypermethrin and thiacloprid sprays
are more effective against TRW adults than other chemical methods [11]. Beauveria bassiana in aqueous
suspension (Jiangxi Tianren Ecology Co., Ltd., Ji’an, China) has a high infection efficacy for TRW
adults and larvae in the laboratory [12,14]. However, Beauveria bassiana in aqueous suspension, used
by spraying and soil injection, had little impact on TRW populations in field trials [14]. Advances in
the understanding of TRW biology led to the development of modified square trap nets (MSTN), trunk
trap nets (TTN), and trunk barriers for controlling TRW [15–17]. TTN are more effective against adult
TRW than trunk barriers and MSTN. In addition, the installation of MSTN requires at least 2 × 2 m of
flat land around the base of each tree in forest environments. TTN are more easily operated and are
not limited by forest environments for the management of E. scrobiculatus, compared to MSTN.

The goal of this three-year (2016–2018) study is to assess the effects of TTN and insecticides
applied alone and in combination for controlling TRW as they emerge from the soil. We performed
field experiments designed to (1) test TTN, cypermethrin spray, and thiacloprid spray alone and the
combinations of TTN and cypermethrin or thiacloprid spray against released and wild TRW, and (2) to
evaluate the efficiency of these treatments in reducing tree damage (dieback and mortality).

2. Materials and Methods

2.1. Study Sites

Trials were conducted over a three-year period (2016–2018) on the following three sites:
(1) Haojiaqiao (HJQ) (38◦00’ 25.92” N, 106◦17’36.57” E) near Southwestern Lingwu city; (2) Wutongshu
(WTS) (38◦09’57.57” N, 106◦17’18.58” E) near Northwestern Lingwu city and (3) Taojiajuan (TJJ)
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(38◦10’40.4” N, 106◦15’49.2” E) near Northwestern Lingwu city. All three sites were plantations of
A. altissima and trees at each site grew naturally. More detailed information of these sites is given by
Yang et al. [16].

2.2. Weevils

Adult TRW were obtained from tree-of-heaven at the aforementioned sites and weevils were fed
with fresh branches of A. altissima and water inside 30 × 20 × 10 cm cages for three days at 20 °C –22 °C
and 50%–70% relative humidity before release.

2.3. Treatments

The following treatments were evaluated: (1) TTN, 11 mesh in size (Figure 1), (2) thiacloprid
(2% AI) (Jiangxi Heaven and Man Ecological Co., Ltd., Ji’an, China) and water at a 1:1000 ratio (v:v),
(3) cypermethrin (4.5% AI) (Shandong Zouping Pesticide Co., Ltd., Zouping, China) and water at
a 1:1000 ratio (v:v), (4) the combination of TTN and thiacloprid, (5) the combination of TTN and
cypermethrin, and (6) no pest management. TTN were affixed to every alternate tree at a height of
~1 m above ground, as described by Yang et al. [16] (Figure 1). Each of the insecticides were sprayed
with 0.25–0.3 L on every alternate tree with a new Xinyuan knapsack sprayer (Volume, 20 L) (Zhejiang
Taizhou Kaifeng Sprayer Factory, Taizhou, China).
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Figure 1. Trunk trap nets (TTN). (A) Diagram of the TTN. (B) TTN used in a field trial. (1) Tree trunk;
(2) elastic; (3) spongy cushion; (4) netting; and (5) adhesive Velcro.

2.4. Effects of TTN and Insecticides Applied Alone and in Combination on Released TRW

In 2016, mark-release-recapture tests were performed at HJQ, WTS, and TJJ to compare the
efficiency of the TTN, insecticide spray alone, and their combination in reducing released TRW density.
The potential of the treatments to reduce released TRW was evaluated by monitoring TTN (MTTN)
to assess the relative numbers of adult beetles within stands (Figure 2). The six treatments, i.e.,
TTN, thiacloprid spray (TS), cypermethrin spray (CS), TTN + thiacloprid spray (TTNTS), TTN +
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cypermethrin spray (TTNCS), and no pest management activities, were applied, as described above. At
each of the three aforementioned sites, there were ten replicate blocks of each treatment in a randomized
complete block design. The distance between neighboring treatment within block and neighboring
blocks was 20 m and at least 50 m, respectively. Jing Dian® blue oil paint was used to mark TRW
adults prior to their release. Mark TRW were delivered to these sites from the lab. Starting at 8:00 am,
30 mixed-gender weevils were released around the base of each tested tree trunk. Approximately
1800 weevils were released at each site. The MTTN were tied to every tested tree trunk at a height of
~1.5 m above the ground about two-weeks after the application of all treatments (Figure 2). MTTN
were inspected once every two-weeks and marked TRW catches were recorded. MTTN and TTN were
replaced at one-month intervals and the insecticide applications were applied monthly. Experiments
were conducted from May to July.
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Figure 2. Diagram of the monitoring trunk trap net (MTTN). (1) MTTN. (2) TTN. (A) MTTN tied to
tree trunks treated by TTN or combinations of TTN and thiacloprid or cypermethrin. (B) MTTN tied to
tree trunks treated by thiacloprid, cypermethrin, or untreated tree trunks. The top of the MTTN was
~1.5 m above the ground. The top of the TTN was ~1 m above the ground.

2.5. Effects of TTN and Insecticides Alone and in Combination on Wild TRW

From 2017 to 2018, trials were performed at HJQ, WTS, and TJJ to compare the effectiveness of the
TTN, insecticide spray alone, and their combination in reducing natural TRW populations. The six
treatments were applied, as described above. There were ten replicate blocks of each treatment in a
randomized complete block design. Each treatment within each block was randomly assigned to a
group of six adjacent trees (60 trees per location). The distance between neighboring blocks was at least
50 m. The MTTN were tied to every tested tree trunk at a height of ~1.5 m above the ground about
two-weeks after the application of all treatments (Figure 2). Experiments were conducted from May 6
to October 10, and MTTN were inspected once every two-weeks. MTTN and TTN were replaced at
one-month intervals and the insecticide applications were applied monthly.
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2.6. Evaluation of Damage to A. altissima Trees

From 2016 to 2018, trials were performed at TJJ to assess whether TTN, insecticide spray alone,
and their combination, could be used to reduce TRW damage to A. altissima trees. There were three
blocks at the location and each block consisted of six plots of 1 ha, each in a randomized complete
block design. The distance between neighboring plots and blocks was 50 m and 100 m, respectively.
In each plot, one of the treatments was applied, as described above. All treatments were applied on
April 23–26 of every year. We selected 90 A. altissima trees in every plot to assess canopy dieback twice
(June and August) every year, based on visual assessments using the following scale: 0% (healthy) to
100% (dead). All treatments were replaced at one-month intervals and were deployed until October 7
each year.

2.7. Data Analysis

Shapiro–Wilk and Levene tests were used to determine whether all dependent variables met
normality and homoscedasticity. The number of TRWs captured was transformed to log (x+1) to
achieve normality and homogeneity [18]. For capture data, we used a mixed-model ANOVA with
the control method (TTN, thiacloprid spray, and cypermethrin spray alone, and the combinations of
TTN and thiacloprid or cypermethrin spray), site and the interaction between the control method
and the site, as fixed factors, and block as a random factor. When the results were significant, we
performed one-way ANOVA with Tukey’s test to determine the differences in the number of TRWs
captured in MTTN among TTN-treated, TS-treated, CS-treated, TTNTS-treated, TTNCS-treated, and
untreated control trees within the sites. In addition, we performed one-way ANOVA with Tukey’s
test to determine the differences in the number of TRWs captured between the sites. Mortality and
canopy dieback data could not be transformed to meet the assumptions of parametric tests; therefore,
Kruskal–Wallis tests were used to determine the differences among TTN-treated, TS-treated, CS-treated,
TTNTS-treated, TTNCS-treated, and untreated control trees [19]. All analyses were conducted at the
α = 0.05 level of significance using SPSS 23.0 [20].

3. Results

3.1. Effects of TTN and Insecticides Applied Alone and in Combination on Released TRW

In 2016, the treatment had significant effects on the number of marked TRWs captured in MTTN,
whereas site and interaction between treatments and site was not significant (Tables 1 and 2). At
HJQ, WTS, and TJJ locations, significantly fewer marked TRW were caught in MTTN on TTN-treated,
TTNTS-treated, or TTNCS-treated trees than on TS-treated, CS-treated, or untreated trees (HJQ:
F5,59 = 80.83, p < 0.001; WTS: F5,59 = 36.31, p < 0.001; TJJ: F5,59 = 37.36, and p < 0.001; Figure 3A). Relative
to the control, the number of marked TRW were reduced by 93.3%, 94.9%, and 93.4% for TTN, TTNTS,
and TTNCS, respectively. The number of marked TRW in MTTN did not differ among TTN-treated,
TTNTS-treated, or TTNCS-treated trees (Figure 3A). Additionally, the number of marked TRW in
MTTN on TS-treated, CS-treated, or control trees did not have statistical differences (Figure 3A).

Table 1. Effect of treatment [control methods: Trunk trap nets and insecticides applied alone (thiacloprid
or cypermethrin spray) and in combination] and site on the number of captured tree-of-heaven root
weevils (TRW) in monitoring trunk trap nets (MTTN).

Source
Number of marked TRW in 2016 Number of wild TRW in 2017 Number of wild TRW in 2018

df F p df F p df F p

Site 2 1.41 0.25 2 2.25 0.11 2 22.88 <0.001
Treatment 5 76.78 <0.001 5 32.35 <0.001 5 46.26 <0.001

Treatment × Site 10 0.76 0.67 10 0.34 0.97 10 1.84 0.58
Total 153 153 153
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Figure 3. The number (means± SE) of tree-of-heaven root weevils (TRW), Eucryptorrhynchus scrobiculatus,
caught per monitoring trunk trap net (MTTN) on trees that were either untreated or treated with
the trunk trap net (TTN), insecticide (thiacloprid or cypermethrin) sprays, or their combination at
Haojiaqiao (HJQ), Wutongshu (WTS), and Taojiajuan (TJJ). (A) The number of captured and marked
TRWs in 2016. (B) The number of captured wild TRWs in 2017. (C) The number of captured wild
weevils in 2018. Columns with the same letter were not significantly different (Tukey’s HSD, α = 0.05).
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Table 2. The number (means± SE) of tree-of-heaven root weevils (TRW), Eucryptorrhynchus scrobiculatus,
caught per monitoring trunk trap net (MTTN) on trees at Haojiaqiao (HJQ), Wutongshu (WTS), and
Taojiajuan (TJJ). Means followed by different letters within the same column are significantly different
(Tukey’s HSD, α = 0.05).

Site Number of marked
TRW in 2016

Number of wild TRW
in 2017

Number of wild TRW
in 2018

HJQ 9.05 ± 1.33 31.7 ± 2.52 20.95 ± 2.32 b
WTS 9.28 ± 1.45 29.82 ± 2.04 23.13 ± 1.97 b
TJJ 10.78 ± 1.43 36.8 ± 2.63 31.15 ± 2.15 a

3.2. Effects of TTN and Insecticides Applied Alone and in Combination on Wild TRW

In 2017, there was a significant effect of the treatment on the number of wild TRW captured in
MTTN, but site and interaction of control methods and sites did not have a significant influence on
wild TRW numbers in MTTN (Tables 1 and 2). At all three locations, significantly fewer wild TRW
were caught in MTTN on TTN-treated, TTNTS-treated, or TTNCS-treated trees than on TS-treated,
CS-treated, or untreated trees (HJQ: F5,59 = 9.48, p < 0.001; WTS: F5,59 = 9.51, p < 0.001; TJJ: F5,59 = 12.93,
and p < 0.001; Figure 3B). Relative to the control, wild TRW numbers were reduced by 55.6%, 61.8%,
and 57.5% for TTN, TTNTS, and TTNCS, respectively. The number of marked TRWs in MTTN did
not differ within TTN-treated, TTNTS-treated, or TTNCS-treated trees (Figure 3B). Additionally, the
number of wild TRWs in MTTN on TS-treated, CS-treated, or control trees also did not have statistical
differences (Figure 3B).

In 2018, there was a significant effect of the treatment and site on the number of wild TRWs
captured in MTTN (Table 1). However, the interaction of control methods and sites did not significantly
influence wild TRW numbers in MTTN (Tables 1 and 2). Significantly more wild TRWs were captured
in MTTN within the TJJ location than within the HJQ or WTS locations (Table 2). There were no
significant differences between the HJQ and WTS locations (Table 2). At all three locations, significantly
fewer wild TRWs were caught in MTTN on TTN-treated, TTNTS-treated, or TTNCS-treated trees
than on TS-treated, CS-treated, or untreated trees (HJQ: F5,59 = 15.71, p < 0.001; WTS: F5,59 = 21.03,
p < 0.001; TJJ: F5,59 = 14.25, and p < 0.001; Figure 3C). Relative to the control, wild TRW numbers
were reduced by 65.9%, 69.1%, and 71.6% for TTN, TTNTS, and TTNCS, respectively. The number of
marked TRWs in MTTN did not differ within TTN-treated, TTNTS-treated, or TTNCS-treated trees
(Figure 3C). Additionally, the number of wild TRWs in MTTN also did not have statistical differences
within TS-treated, CS-treated, or control trees (Figure 3C).

3.3. Evaluation of Damage to Tree-of-heaven

We did not find that the canopy dieback of A. altissima trees significantly differed among
TTN-treated, TS-treated, CS-treated, TTNTS-treated, TTNCS-treated, and untreated plots in 2016
(χ2 = 1.489; df = 5; p = 0.914) (Table 3). In 2017 and 2018, significantly higher canopy dieback
was found in TS-treated, CS-treated, and control plots than in TTN-treated, TTNTS-treated, and
TTNCS-treated ones (2017: χ2 = 13.195; df = 5; p = 0.022; 2018: χ2 = 13.464; df = 5; and p = 0.019)
(Table 3). In 2016, we did not detect that any A. altissima trees were killed within the experimental plot
(Table 3). While we found dead A. altissima trees within TS-treated and untreated plots in 2017, there
were no significant differences in A. altissima mortality among TTN-treated, TS-treated, CS-treated,
TTNTS-treated, TTNCS-treated, and untreated plots (χ2 = 9.644; df = 5; p = 0.086) (Table 3). In
2018, tree mortality significantly differed among TTN-treated, TS-treated, CS-treated, TTNTS-treated,
TTNCS-treated, and untreated plots (χ2 = 12.965; df = 5; and p = 0.024) (Table 3). Significantly
higher tree mortality was found in TS-treated, CS-treated, or untreated plots than in TTN-treated,
TTNTS-treated, or TTNCS-treated plots (Table 3).
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Table 3. The tree-of-heaven weevil (TRW), Eucryptorrhynchus scrobiculatus, damage (means ± SE,
expressed as a percentage) to tree-of-heaven Ailanthus altissima at Haojiaqiao, Lingwu city of Ningxia,
China (2016–2018). Means followed by different letters within the same column are significantly
different (Kruskal–Wallis test, α = 0.05).

Treatments
2016 2017 2018

Mortality
(%)

Canopy
Dieback (%)

Mortality
(%)

Canopy
Dieback (%)

Mortality
(%)

Canopy
Dieback (%)

TTN 1 0 ± 0 6.4 ± 1.9 0 ± 0 7.0 ± 1.8 b 0 ± 0 b 8.7 ± 1.2 b
TS 1 0 ± 0 4.1 ± 1.3 0.7 ± 0.4 13.2 ± 1.2 a 2.9 ± 1.0 a 29.0 ± 4.4 a
CS 1 0 ± 0 5.2 ± 1.3 0 ± 0 14.4 ± 1.8 a 2.6 ± 1.6 a 27.2 ± 6.8 a

TTNTS 1 0 ± 0 4.4 ± 0.6 0 ± 0 4.8 ± 0.7 b 0 ± 0 b 6.6 ± 0.9 b
TTNCS 1 0 ± 0 4.7 ± 0.4 0 ± 0 5.7 ± 0.8 b 0 ± 0 b 7.5 ± 0.9 b
Control 0 ± 0 4.7 ± 0.8 1.1 ± 0.6 15.5 ± 2.5 a 4.1 ± 1.5 a 31.0 ± 6.7 a

1 TTN: Trunk trap nets; TS: Thiacloprid spray; and CS: Cypermethrin spray; TTNTS: the combinations of TTN and
thiacloprid spray; TTNCS: the combinations of TTN and cypermethrin spray.

4. Discussion

In this study, we evaluated the efficacy of novel trunk trap nets (TTN) and insecticides applied
alone (thiacloprid or cypermethrin spray) and in combination on released and wild tree-of-heaven
root weevil (TRW) populations in plantations of A. altissima. Our experiments showed that novel TTN
and combinations of the TTN and cypermethrin or thiacloprid sprays were clearly more effective in
reducing TRW adults than the cypermethrin or thiacloprid spray alone. The application of TTN and
their combination with cypermethrin or thiacloprid spray can reduce damage to trees.

Based on the specific routes of some insect pests walking on tree trunks, some trunk trap devices
have been developed and showed great potential for managing these pests. The efficacy of trunk
barrier trap devices was up to 99.8% and 99.6% in capturing Thaumetopoea pityocampa (Lepidoptera:
Thaumetopoeidae) wintering larvae, owing to the fact that they leave the tree in a litany procession
during the daytime during late winter and early spring [21]. The performance of TTN was efficient in
capturing TRW adults walking on the tree trunks. Our study demonstrated that marked TRW numbers
decreased by more than 93% after TTN application relative to the control. These results are similar to
those of a previous study in which 84.8% of marked TRWs were captured by the TTN [16].

The management of TRW relies exclusively on frequent applications of many synthetic insecticides,
owing to the lack of effective non-chemical control methods over the past 10 years or longer in the
Ningxia Hui Autonomous Region. The unreasonable use of pesticides can cause several environmental
problems, such as soil and ground water contamination, and have effects on wildlife and human health,
selection of resistant populations of target organisms, resurgence of secondary pests, and negative
effects on beneficial arthropods [22–24]. As plantations of A. altissima are close to farmlands and
irrigation canals in Ningxia, frequent use of pesticides in A. altissima plantations may also have negative
impacts on farmlands, as described above. The efficacy of chemical treatments (i.e., cypermethrin
and thiacloprid sprays) is well known [11,13,14]. However, chemical treatments did not effectively
reduce weevil populations and chemically treated plots showed declining health in this study. This
demonstrates that chemical treatments alone cannot suppress populations of TRW and stabilize
A. altissima tree health. TRW may have evolved insecticide resistance, making insecticides completely
ineffective for TRW in this study. The issue of insecticide resistance will be a focus of our future work.

Combinations of different control methods are useful for the development of effective pest
management strategies. The application of chemical insecticide sprays could rapidly suppress insect
pest population density. Chemical insecticides and other methods (e.g., microbial control agents,
attractants, and classical biological control agents) have additive or synergistic effects on insect
pests [24–31] and can be conducive to reducing insecticide use and costs [32,33]. However, no
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additive or synergistic effects on TRW populations and tree health, and the survival between TTN and
insecticides, were found in this study.

Mark-release-recapture techniques are effective for assessing the efficacy of traps, exploring the
dispersal behavior of insects, and interpreting evidence for changes in the population structure. The
paint marking technique is durable, nontoxic, fast-drying, and easy to apply. It has been successfully
applied to several forest pests, such as Phoracantha semipunctata (Fabricius) [34], Anoplophora glabripennis
Motschulsky [35], Cerambyx welensii Küster (Coleoptera: Cerambycidae) [36], Hylobius pales (Herbst) [37],
Pachylobius picivorus (Germar) [37], E. scrobiculatus (Motschulsky) [16], and E. brandti (Harold)
(Coleoptera: Curculionidae [38]. By marking the beetles, it was possible to evaluate similar beetle
densities at all experimental sites and to estimate the capture efficiency of different control methods.
Therefore, there were no significant effects of site on the number of marked TRW captured in
MTTN in mark-release-recapture field trials in 2016, which is consistent with the results of previous
studies [15,16]. In addition, there were also no significant effects of site in field trials in 2017, whereas
significant site effects were found in field trials in 2018. This may be because the wild TRW population
density has changed in different sites in 2017 and 2018. In future work, we will use TTN to explore
the dispersal behavior of E. scrobiculatus and evaluate changes in the TRW population density by
mark-release-recapture tests. Factors potentially affecting TRW population density will also be studied,
including tree age, soil types, temperature, humidity, and other meteorological factors.

The total cost of the TTN was estimated to be US $345.84 per hectare per season in plantations of
A. altissima, compared with $49.03 and $45.07 US per hectare per season for TS and CS, respectively
(including labor costs) (Table 4). While the process of hand-making TTN is simple, purely hand-made
nets show low production efficiency and high production costs compared with the industrial mass
production of chemical insecticides. The efficiency and costs will vary depending on the productivity
of workers, but about 30 TTN can be made every hour, which explains the higher cost of TTN for
controlling weevils than chemical insecticides. Thus, the industrial mass production of TTN should
be promoted to reduce weevil control costs. In addition, the optimum time for the replacement of
TTN should also be studied to improve capture efficiency and reduce costs. TTN can use helpful and
eco-friendly measures for suppressing the TRW population and stabilizing A. altissima tree health. The
number of infested tree-of-heavens is continuing to increase in Ningxia, and therefore, an area-wide
and long-term control program using TTN for the management of TRW should be implemented.
Consistent with previous results [16], we found that an amount of fourth instar nymph and adult
Lycorma delicatula white (Hemiptera: Fulgoridae) were captured by TTN (Figures S1 and S2), suggesting
that the method may be used to manage spotted lanternfly. We did not find that the first instars were
captured by the TTN. This may be because the TTN, 11 mm mesh size, were too large to capture the first
instars or there were behavioral differences between the first instars and late instar on A. altissima tree
trunks. Future studies will evaluate the efficiency of the different TTN in capturing spotted lanternfly.

Table 4. Cost of control methods (TTN, TS, CS, TTNTS, and TTNCS) per hectare per season.

Treatments
Cost ($)

Product Labor Total Cost

TTN 1 255 90.84 345.84
TS 1 9.89 39.14 49.03
CS 1 5.93 39.14 45.07

TTNTS 1 264.89 129.98 394.87
TTNCS 1 260.93 129.98 390.91

1 TTN: Trunk trap nets; TS: Thiacloprid spray; CS: Cypermethrin spray; TTNTS: Combination of TTN and thiacloprid
spray; TTNCS: Combination of TTN and cypermethrin spray.
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5. Conclusions

In summary, our data showed that TTN treatments were clearly effective for suppressing
populations of TRW and stabilizing A. altissima tree health. Chemical treatments (thiacloprid spray or
cypermethrin spray) alone did not effectively reduce weevil populations and chemically treated plots
showed declining tree health. We also did not find additive or synergistic effects on TRW populations
and tree health and survival using combinations of insecticides and TTN in this study. TRW usually
began to emerge at the end of April; hence, to maximize the benefits of TTNs, they should be deployed
before this time.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/11/972/s1,
Figure S1: Fourth instar nymph Lycorma delicatula captured in a TTN, Figure S2: Adult Lycorma delicatula
captured in a TTN.
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