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Abstract

Plant feeding by omnivorous predators may affect their development and survival rate, as well as their dispersal behavior
after release in the target patch. In this study, we determined whether soybean or corn seedlings could be used as insectary
plants to enhance the establishment of Arma chinensis and improve its suitability as a natural enemy of pest insects. We
tested the development, nymphal survival rate, predation rate, number of eggs laid, and dispersal of A. chinensis on soybean,
corn, and tobacco in laboratory and field experiments. Results showed that A. chinensis reared on soybean developed faster
and had greater survival rates during the nymphal stage as compared to those reared on corn and tobacco. Adult A. chinensis
fed least on Spodoptera litura larvae and laid the greatest number of eggs on soybean seedlings. Arma chinensis dispersed
faster and spent less time in the greenhouse when provided with corn as a host, while the retention time of A. chinensis in
the target field was extended when provided with soybean as a host. In addition, a more uniform distribution of A. chinesis
on a higher proportion of plants was observed when soybean was provided as a host. These results indicate that soybean is
a potential insectary plant that could be used during the early stages of A. chinensis release when prey is scarce or absent.
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Introduction Crop diversification increases natural enemy abundance

and therefore reduces pest populations, and intercropping

Augmentative biological control using natural enemies
has been practiced for decades to control the main insect
pests in greenhouses and outdoor crops (van Lenteren et al.
2018). One important factor affecting biological control effi-
ciency is how well a population of released natural enemies
establishes in a crop. Many programs have failed because
natural enemies did not successfully establish a popula-
tion in the target patch (Collier and Van Steenwyk 2004).
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is an important tool to achieve this spatial diversity of crops
(Smith & McSorley 2000). Rational intercropping can also
improve crop yield (Alarcon-Segura et al. 2022) as well as
decrease the occurrence of pests and diseases. Thus, studies
on potential intercropping patterns to promote the natural
enemies’ efficacy are essential for planning effective biologi-
cal control programs.

Omnivorous natural enemies can feed on both prey
and plants (Eubanks et al. 2003) and have been used suc-
cessfully in the biological control of many crop pests
(Blubaugh et al. 2016; Leman et al. 2020). Studies have
shown that plant feeding positively affected the perfor-
mance of omnivorous predators (Limburg and Rosenheim
2001, Portilloet al. 2012, Pumarifio et al. 2012, Oveja et al.
2016). The ability of omnivorous Hemiptera (bugs) to feed
on plants may allow them to survive and establish popula-
tions when prey is scarce or absent and thus prevent pest
densities from reaching economic thresholds. However,
previous studies on how plant feeding affects prey con-
sumption have given inconsistent results. In most cases,
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prey feeding was reduced when high quality plant food
was provided (Eubanks and Denno 2000; Shakya et al.
2009; Lykouressis et al. 2014; Stephan et al. 2017); in
other systems, a positive or no relationship between plant
feeding and prey consumption was reported (Gillespie and
McGregor 2000; Blubaugh et al. 2016).

Dispersal is another key factor that affects the establish-
ment of natural enemies. A high rate of dispersal can lead
to an Allee effect whereby too few individuals remain in the
target area after release for a population to persist (Heimpel
and Asplen 2011). Host plant attributes such as plant struc-
ture and nutrition affected the dispersal of natural enemies
(Coll et al. 1997; Eubanks and Denno 1999). For omnivo-
rous predators, availability of high-quality plant resources
within the target patch may reduce dispersal and increase the
likelihood of establishing a resident population.

Arma chinensis Fallou (Hemiptera: Pentatomidae: Aso-
pinae) is an omnivorous predator found in China, Japan, and
North Korea. This predator has a broad prey range (Pan et al.
2019) that makes it a promising biological control agent in
ephemeral and disturbed agroecosystems. Arma chinensis
successfully developed and reproduced feeding on prey only;
however, the availability of plants was crucial for its estab-
lishment (Pan, unpublished data).

We have used A. chinensis to control Lepidoptera pests,
including Spodoptera litura and S. exigua, on tobacco which
is an important economic crop in China (Shen et al. 2018).
However, the density of A. chinensis decreased quickly as
individuals dispersed from the release sites and the efficiency
of pest control was not good due to the slow establishment
of A. chinensis in annual crops. In this case, early popula-
tion establishment on the crop is needed to use A. chinensis
as a biological control agent. Dispersed A. chinensis were
found on both tobacco and non-crop plants. Soybean and
corn which are commonly intercropped with tobacco are
species on which A. chinensis was found feeding and egg
laying (Tu et al. 2015; Zhou et al. 2015). We observed that
starved A. chinensis preferred feeding on these plants even
when prey was available. We hypothesize that intercropping
with soybean and corn could function to retain released A.
chinensis within tobacco crops, enhance the establishment
of A. chinensis populations, and improve its suitability as a
biological control agent.

The objective of this study was to evaluate the potential
of soybean and corn as insectary plants to enhance the per-
formance of A. chinensis in biological control programs.
We tested the influence of soybean, corn, and tobacco on
the performance and dispersal of A. chinensis. Experiments
were conducted to determine (1) the effects of plant species
on the development, survival, and prey feeding of A. chin-
ensis, (2) the dispersal of A. chinensis on three plant species,
and (3) the effects of soybean on the dispersal of A. chinensis
in tobacco fields.
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Materials and methods
Experimental plants and insects

Soybean, corn, and tobacco plants were grown from seeds.
The seeds were sown in plastic plates (length 50 cm X width
35 cmXxheight 10 cm) filled with vermiculite.

Arma chinensis was collected in Langfang, Hebei prov-
ince, and reared on Bombyx mori pupae in the laboratory at
25+2 °C, 60+ 10% RH, and a photoperiod of 16: 8 (L: D).
First instar nymphs of A. chinensis from one egg mass were
placed in a transparent plastic cup and provided with water
via a piece of moist absorbent cotton. One Chinese oak silk
moth pupa was provided as food from the second instar and
replaced every 4 to 5 d.

Spodoptera litura larvae were reared on artificial diet at
2542 °C, 70+ 10% RH, and a photoperiod of 14: 10 (L: D).
Adults were provided with 10% honey-water solution, and
absorbent gauze was placed in the cages for oviposition.

Development and survival of larval A. Chinensis

Twenty newly hatched A. chinensis were put in a transparent
plastic cage (length 14.3 cm X width 8.5 cm X height 5.5 cm)
with a mesh top and provided with fresh plant leaves. The
leaves were replaced every two days. Nymphs of A. chinensis
that developed to the second instar were provided with both
plant leaves and S. litura larvae of third to fifth instar as food.
The survival and development stage of A. chinensis nymphs
were recorded every day until they developed to adults. Five
replicates were used for each plant species (100 newly hatched
nymphs were used in total for each plant treatment).

Prey feeding and oviposition of A. Chinensis

Soybean, corn, and tobacco seedlings were planted individu-
ally into plastic pots (12 cm diam.) of soil mix and grown to
30 cm high for experiments. Five pots of the same species
were placed in a cage (60 cm X 60 cm X 60 cm), and 15 adults
of A. chinensis (10 females and 5 males) that had emerged
within five days were then released in the cage. The A. chin-
ensis were provided with 30 third- to fourth-instar larvae of
S. litura every day. The number of S. litura killed and eggs
laid by A. chinensis was recorded each day for continuous five
days. Five replicates were used for each plant species.

Dispersal and distribution of A. Chinensis
in greenhouse experiments

The dispersal of A. chinensis on the three plant species
was tested in a 35 m? greenhouse (7x5 m). A total of
70 potted plants of each species were placed in seven
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rows in the greenhouse (10 plants per row) with 60 cm
between each plant. Plants were approximately 25 cm
high. Individuals of A. chinensis could pass freely in and
out of the greenhouse through a narrow gap between the
window and roof. At 7 pm, 150 A. chinensis adults were
released in the center of the greenhouse. One corner of
the greenhouse was set as the coordinate origin, and the
position of each A. chinense was measured with a Hand-
held Laser Rangefinder (Leica D2, Switzerland) at 7 am,
11 am, 3 pm, and 7 pm daily for three days. Three repli-
cate experiments were conducted for each plant species.

The diffusion constants were calculated with the for-
mula (Heinz 1998):

(=X + 6= v))
4dnAt

D=

where x and y are the planar coordinates describing the posi-
tion of an individual in the greenhouse; x, and y, are the
coordinates of the release point; z is the number of A. chin-
ensis found in the greenhouse; At is the time after release.

To determine the resultant distribution pattern of
released A. chinense, the greenhouse was divided into
35 units of 1 m% Data of the number of A. chinensis in
each unit from the three replicate experiments were com-
bined and used to calculate the distribution patterns of A.
chinensis on each of the three plant species at 48 h after
release using the index of clumping (IDM) (David and
Moore 1954):

S}

N

IDM=—-1

x
where s is variance and X is mean number of A. chinensis
per unit.

Dispersal of A. Chinensis in tobacco fields

To test the dispersal of A. chinensis in tobacco fields
with and without soybean plants, we selected two plots of
approximately 667 m? each. Within each plot, the distance
between rows was 1 m, and the distance between plants in
each row was 0.5 m. The release point of A. chinense was
the center of the field. One potted soybean (about 30 cm
in height) was placed at the release point of one plot. One
hundred adults of A. chinensis were released in each plot
at 8 am. We surveyed the distribution of A. chinensis at
12, 36, 60, and 84 h after release and recorded the num-
bers of A. chinensis at release point and on the tobacco
seedlings and weeds within 10 m (we observed the maxi-
mum dispersal distance of A. chinensis was 8.1 m). The
experiment was conducted 3 times (replicates).

Data analysis

All data were analyzed using statistics package SPSS v.
19.0 (SPSS Inc., Chicago, IL, USA). An analysis of vari-
ance (one-way ANOVA) was used to compare the survival
and development time during nymphal stages, host feeding,
and the number of eggs laid by adult A. chinensis, when
reared on different host species; means were separated
using Tukey—Kramer HSD test at P <0.05. The effects of
host plant species on diffusion constants, the proportion
of A. chinensis on plants, and the proportion of A. chin-
ensis remaining in the greenhouses were determined by
Kruskal-Wallis nonparametric tests. The Mann—Whitney
U test was used to test for a significant difference in the
number of A. chinensis collected from tobacco fields with
and without soybean at the release site.

Results
Development and survival

The development time of A. chinensis varied greatly among
plant species. The first-instar nymphs which do not feed on
prey developed fastest on soybean and slowest on tobacco
(F=104.492, df=2, 274, P<0.0001); the duration from
second instar to both male (F=3.254, df=2, 78, P=0.044)
and female (F'=5.981, df=2, 64, P=0.004) adults was also
affected by plant species. Arma chinensis reared on soybean
developed fastest and those reared on corn slowest; no sig-
nificant difference in development time from second instar
to adult was found between individuals reared on tobacco
and those reared on the other two plant species. The mean
survival rate of A. chinensis nymphs reared on soybean and
corn was 64% and 49%, respectively, significantly higher
than that of nymphs reared on tobacco (36%); there was no
significant difference in survival rate between individuals
reared on the former two plant species (F=5.583, df=2,
12, P=0.019) (Table 1).

Prey feeding and oviposition

Arma chinensis on tobacco and corn fed significantly
more S. litura than those on soybean (F=6.564, df=2, 12,
P=0.012); however, the difference in average number of
prey consumed by one bug in one day was 0.2. The average
number of eggs laid by A. chinensis reared on soybean was
twofold greater than those reared on tobacco, but the differ-
ence in the number of eggs laid by A. chinensis on the three
plant species was not significant in statistics (F=3.375,
df=2, 12, P=0.069), (Table 2).
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Table 1 Development time and

. . - Host plant species
survival rate of A. chinensis

Duration of 1st instar

Duration from 2nd instar to adult/ Survival rate (%)

h/days days
reared on three host plant fympicays s
species Female Male
Soybean 3.4+0.05* 29.2+0.62° 29.6+0.5° 64.00+6.97*
Corn 3.9+0.03° 31.6+0.77* 32.9+0.8° 49.00+7.1
Tobacco 4.5+0.08° 30.8£0.75% 31.4+0.7% 36.00+2.4°

*Means (+SE) with the same letter in a column are not significant different (Tukey—Kramer HSD test,

P>0.05)

Table2 Prey feeding and the number of eggs laid by A. chinenesis
adults reared on three host plant species

Host plant species Prey feeding Egg laid
Soybean 70.4+2.45° 162.0+33.55"
Corn 89.2+2.58" 101.8 +33.94*
Tobacco 85.0+5.65% 59.2+9.65%

*Means (+SE) with the same letter in a column are not significant
different (Tukey—Kramer HSD test, P> 0.05)

Dispersal and distribution of A. Chinensis
in greenhouse experiments

Host plant species significantly affected diffusion constants
of A. chinensis. Arma chinensis dispersed much more
quickly on corn than on the other two plant species at 16 h
(r*=17.200, df=2, 7, P=0.027), 20 h (y*=7.200, df =2,
7, P=0.027), 36 h (*=7.200, df=2,7, P=0.027), 40 h
(#*=17.200, df=2, 7, P=0.027), 68 h (4> =6.489, df =2,
7, P=0.039), and 72 h (*=7.200, df =2, 7, P=0.027)
(Fig. 1A). There was a significant difference in the per-
centage of A. chinensis collected on the three plant species
only at 24 h after release (;(2= 6.543,df=2,7, P=0.038)
(Fig. 1B). The proportion of A. chinensis on soybean seed-
lings was in the range of 58-76%, while only 7-34% of A.
chinensis were on tobacco; the differences were significant
at 12 h (y*=6.489, df =2, 7, P=0.039), 16 h (4> =7.200,
df=2,7, P=0.027), 20 h (4*=7.200, df=2, 7, P=0.027),
and 24 h (;(2 =6.489, df=2, 7, P=0.039) after release
(Fig. 1C).

The distribution of A. chinensis was affected by host
plant species. Although A. chinensis always showed a
clumped distribution on the three plant species, a more
uniform distribution of A. chinensis was found when soy-
bean was provided as a host. The IDM of A. chinensis on
tobacco (18.15) at 48 h after release was 2.3 and 4 times
greater than on corn (7.85) and soybean (4.53), respec-
tively. About 67% of individuals were distributed on the
window when corn was provided as host. When tobacco
was provided, A. chinensis aggregated around the release
point; about 40% of individuals were distributed within
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one-meter radius of the release point at 72 h after release
(Fig. 2).

Dispersal of A. Chinensis in tobacco fields

Soybean plants significantly extended the retention time of
A. chinensis in the tobacco fields. Although the difference
in the total number of A. chinensis collected at different
times after release between fields with and without soybean
was not statistically significant (12 h: U=0.5, Z= —-1.771,
P=0.077;36 h: U=0, Z= -1.964, P=0.05; 60 h: U=0,
Z=—-1.964, P=0.05;84 h: U=0, Z= —1.964, P=0.05),
many more individuals were collected from fields with soy-
bean than from fields without soybean (Fig. 3).

Discussion

Our results show that the species provided as insectary plants
influenced the suitability of A. chinensis as a biological con-
trol agent. Although A. chinensis is a prey-feeding omnivore,
plants are also an important nutritional resource; therefore,
plant attributes could directly affect their suitability as we
have found. Arma chinensis reared on soybean developed
faster and survived more often during the nymphal stage
as compared to those reared on corn and tobacco. These
results are not surprising. Previous studies indicated that
soybean is a highly suitable host for both nymphal devel-
opment and adult reproduction of several insect species,
including Nezara viridula (Velasco and Walter 1992) and
Bemisia tabaci (Musa and Ren 2005). Conversely, tobacco
was shown to be an unsuitable host. Previous studies have
shown this is because it contained the alkaloid nicotine
which was highly toxic to herbivores as well as their natural
enemies (Barbosa et al. 1986; Thorpe and Barbosa 1986).
Plants such as tobacco may indirectly affect the suitability of
A. chinensis by influencing the quality of S. litura as prey as
herbivores can sequester defensive compounds from plants
to resist their natural enemies (Ode 2006). Similarly, the
average number of eggs laid by adult A. chinensis fed on soy-
bean was about twofold higher than by those fed on tobacco.



Journal of Plant Diseases and Protection (2022) 129:861-868

865

A 1600 -

—

N

o

o
!

1200
1000 -
800
600
400

Diffusion constants (cmz/h)

200

w

120 -

100 —e— Corn

—a— Soybean
80 - * —s=— Tobacco
60 ~

40

% A. chinensis collected

20 ~

(@)

100 -

80 - .

60 -

40 -

20

% A. chinensis on plant

0 T T T T T T T 1
0O 10 20 30 40 50 60 70 80

Time after release (h)

Fig. 1 Effects of host plant species on (A) diffusion constants, (B)
proportion of A. chinensis collected, and (C) proportion of A. chin-
ensis distributed on plants. (Kruskal-Wallis nonparametric test,
*P<0.05)

The differences in development and survival of A. chinen-
sis were most pronounced in the first instar; the development
time of first instar nymphs on tobacco was one day longer
than those developed on soybean, and more than 20% of
individuals died on tobacco during first instar stage. This is
probably because A. chinensis feeds on plants only during
the first instar, while they feed on both plants and prey from
the second instar. Plants may play a bigger role in affecting
the suitability of A. chinensis as a biological control agent
during the first instar.

Many studies have indicated that providing omnivorous
predators with a high-quality plant-based resource reduced
prey consumption because of the additional nutrition from
the plants (Eubanks and Denno 2000; Shakya et al. 2009;
Frank et al. 2011; Lykouressis et al. 2014; Stephan et al.
2017). We also found in this study that adult A. chinensis
consumed significantly less prey on soybean than on corn
and tobacco. Both plant morphology and chemistry affect
predation by natural enemies. Results from our first experi-
ment suggest that soybean is a good nutritional resource
for A. chinensis, and soybean-provided nutrients resulted
in reduced need of nutrients from prey. However, as Kaplan
and Thaler (2011) reviewed, many highly resistant and low-
quality plants also decreased prey consumption by omnivo-
rous predators, and this was probably due to these plants
having glandular trichomes which negatively affected preda-
tion efficiency.

Although A. chinensis reared on soybean consumed less
S. litura larvae than those reared on corn and tobacco, the
difference in average number of prey consumed by one bug
in one day was 0.2, which is a very small number. However,
as we found in this study, soybean as alternative nutrient
resources had significantly positive effects on the develop-
ment, larval stage survival and reproduction of A. chinensis,
and these positive effects would enhance its suitability as a
biological control agent. How soybean-feeding affects pest
control efficiency of A. chinensis needs further study.

Apart from affecting the development, survival, number
of eggs laid, and predation efficiency, plant species also
affected the dispersal rate and distribution of A. chinensis
after release. Arma chinensis dispersed faster and spent
less time in the greenhouse when provided with corn as a
host. This behavior of A. chinensis may reduce the prob-
ability that its population will establish in corn patch. A
more uniform distribution was observed when soybean was
provided as a host, and there were always about 60% of
individuals distributed on soybean plants. A more uniform
distribution and higher proportion distributed on plants
could increase the probability of encountering prey and
further improve predation efficiency (Alatawi et al. 2011;
Put et al. 2012). In addition, soybean plants significantly
extended the retention time of A. chinensis in the tobacco
field. These results indicate that soybean could function
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Fig. 2 Distribution of A. chinensis in greenhouse on three plant species at 24, 48 and 72 h after release

as insectary plants and enhance population establishment
of A. chinensis in target patches. As we found in the first
experiment, tobacco was not a suitable host for A. chinen-
sis, and the predator rarely fed on tobacco leaves. Moreo-
ver, as we observed, the young leaves of tobacco secrete
mucus that would hinder the movement of A. chinensis.
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This may explain why we found only a small proportion
on the tobacco plants.

In conclusion, soybean plants could improve the suitabil-
ity of A. chinensis as a biological control agent by reduc-
ing its reliance on prey and extending its retention time in
the target field. Thus, tobacco could be intercropped with
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soybean to enhance population establishment of A. chin-
ensis, especially at the early stages after introduction of A.
chinensis when prey is scarce or absent. However, further
research is needed to determine how intercropped soybean
plants affects pest suppression by A. chinensis in the field.
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