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Abstract: To study the effects of wheat-maize intercropping on the population dynamics of wheat
aphids and their natural enemies, wheat-maize intercropping patterns were divided into four levels:
8:2, 6:2, and 4:2 intercropping, and monoculture wheat. The results showed that as the wheat
coverage rate decreased, the quantities of immigrating winged aphids and their natural enemies
significantly differed; the population densities of the natural enemies of wheat aphids continuously
rose and reached the highest levels in the 4:2 intercropping. During the stable periods, the maximum
population density of wheat aphids was the highest in monoculture wheat. With a reduction in the
wheat coverage ratio, the maximum population density of wheat aphids showed a decreasing trend.
The control imposed by predatory natural enemies in intercropped wheat was higher than that in
monoculture wheat; it was strongest in the 8:2 intercropping and the lowest in wheat monoculture.
With an increase in the proportion of wheat, the parasitism rate of parasitic wasps increased gradually
and reached the highest level in 4:2 intercropping. The effect of host density on hyperparasitism
was significant in the intercropped wheat. The intercropping pattern had a great effect on the
wheat aphids’ natural enemies. In different agricultural landscapes, the diversity of wheat aphids’
natural enemies differed significantly between intercropped wheat and monoculture wheat; in the
heterogeneous landscape, the natural enemy diversity was highest in intercropped wheat, and it
was far higher than that in the other wheat cultivation patterns. The natural enemy diversity was
also slightly different between monoculture wheat in the heterogeneous landscape and intercropped
wheat in the homogeneous agricultural landscape.
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1. Introduction

Intercropping is a method of increasing the spatial heterogeneity of habitats by promoting
fragmentation at the field level. In the Chinese traditional agricultural system, intercropping can make
full use of land resources to increase production, which has a great effect on the distribution of the
agricultural landscape. However, there are very few studies reporting on interaction of intercropping
with pests and natural enemies. Many studies indicated that intercropping can improve the natural
population and strengthen the biological control effect [1–6].
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Intercropping can reduce the number of pests due to a decrease of immigration, survival rate,
and the decrease of fecundity [7]. Intercropping causes changes in the microclimate of the field (e.g.,
temperature and humidity), which may affect the growth and reproduction of various insects [8].
Natural diversity plays an important role in maintaining the stability of biological control while
maintaining the higher diversity of the agricultural landscape [9,10]. In conclusion, many studies have
been conducted on the biological control of intercropping, some of which have been successful and
some failed.

As a traditional method to increase the production of farmland, recently wheat-maize
intercropping has been widely used in Northwestern China. The functions of the intercropping system
depend on spatiotemporal characteristics, heredity, and the regularity of pest insect distributions in
each crop [11]. Muthukumar et al. [11] hypothesized that intercropping could increase the quantity
of insects natural enemies and hence inhibit damage by pests. Crops in intercropping systems were
less susceptible than those in monocultures to the occurrence of pest insects [12]. The intercropping of
multiple plants may provide a better microenvironment to inhibit the growth of pest insects.

Increasing studies have considered the inhibition of pest insects and the protection
of pests’ natural enemies in the many types of wheat intercropping, including wheat-rape
intercropping [3,13–16], wheat-garlic intercropping [12–21], wheat-alfalfa intercropping [12], and
wheat-canopy intercropping [22]. All of the intercropping systems increased the quantity of wheat
aphids’ major natural enemies and the diversities of both predatory and parasitic natural enemies
during the outbreak period of wheat aphids [11,18,19]. However, according to the insect landing
hypothesis [17], the quantity of immigrating winged aphids in intercropped wheat is much larger than
that in monoculture wheat. Therefore, it is still unresolved whether intercropping can truly increase the
mitigation of wheat aphids. In particular, there is a lack of detailed reports about the population size
of early-immigrating winged aphids, which is a well-known factor in the ultimate damage caused by
these insects [23]. Zhou et al. [16] studied wheat aphid population growth and decline under different
intercropping patterns, but failed to explore the interactions among the intercropped crops, wheat
aphids, and their natural enemies. Studying the effect of intercropping on wheat aphids and their
natural enemies can provide novel and efficient approaches to control wheat aphid occurrence.

This study utilized three of the most common wheat aphid species, i.e., Macrosiphum avenae,
Schizaphis graminum, and Rhopalosiphum padi, and their corresponding natural enemies in wheat-maize
intercropped crops on the Yinchuan Plain. Four intercropping planting patterns were designed to
address the following questions: (1) What is the wheat aphid occurrence regularity in the intercropped
crops? In particular, what are the differences among the four intercropping planting patterns in
the period of winged aphids in wheat? (2) How can the interactions among the intercropped crops,
wheat aphids, and their natural enemies be quantified? (3) What is the optimal intercropping pattern
facilitating an increase in the population of natural enemies?

2. Materials and Methods

2.1. Field Area and Experimental Design

Experiments were conducted repeatedly during the summer over three growing seasons each year
from April to July in 2012, 2013, and 2014 in Zhangzheng township (38◦25′45′′ N, 106◦22′21′′ E), which
is one of the main wheat-producing areas on the Yinchuan Plain of the Ningxia autonomous region
in China. The total experimental field area was subdivided into 45 × 45 m using 4 × 4 Latin squares
design (LSD) where all four wheat-maize intercropping patterns (i.e., 8:2, 6:2, and 4:2 intercropping,
and monoculture wheat) were evenly distributed throughout the field area (Table 1). Here, ratios
represent the percent area distribution between two crops in the 5 × 5 m area for each cell (plot) as
shown in Table 1. The edge effect (buffer area) was 5 m from all sides of each plot.



Sustainability 2017, 9, 1390 3 of 15

Table 1. The experimental design of the 4 × 4 Latin square. Each cell is 5 × 5 m2.

Wheat:maize = 8:2 Wheat:maize = 6:2 Wheat:maize = 4:2 Monoculture wheat
Wheat:maize = 6:2 Wheat:maize = 4:2 Monoculture wheat Wheat:maize = 8:2
Wheat:maize = 4:2 Monoculture wheat Wheat:maize = 8:2 Wheat:maize = 6:2

Monoculture wheat Wheat:maize = 8:2 Wheat:maize = 6:2 Wheat:maize = 4:2

2.2. Sampling

In this study, the population quantities of (1) wheat aphids, including M. avenae, S. graminum, and
R. padi, (2) primary parasitoids, including Aphidius avenae and Aphidius gifuensis, (3) hyperparasitoids,
including Pachyneuron aphidis and Alloxysta sp., and (4) a variety of predatory natural enemies, were
observed three times per year from 5 to 25 May during the peak in aphid populations by both visual
observation and hand collection.

At each site, five randomly-selected points were used for insect sampling in the wheat fields [20].
One hundred straws were randomly selected at each point, and 500 straws were, thus, screened per
site. The density of wheat aphids was calculated as individuals per 100 straws.

The aphids were collected and taken to a laboratory for rearing. Aphids that died during
the rearing were dissected to determine whether they were parasitized. All mummies were stored
individually in gelatin capsules until the emergence of adult parasitoids. The gelatin capsules were kept
in test tubes sealed with a damp cotton plug and placed in a climate chamber at 20 ◦C with 14 h light
and 10 h darkness. The gelatin capsules with mummies were examined twice daily for the first month
for the emergence of adults and once every two days in the following month. Mummies from which a
parasitoid had not emerged for two months were dissected to examine the cause and were classified
as either aestivating or dead [20,24]. All parasitoids and hyperparasitoids were identified by species.
Parasitism (Nparasitoids/(Naphids + Nparasitoids)), i.e., the proportion of wheat aphids parasitized
by parasitic wasps, and hyperparasitism (Nhyperparasitoids/(Nparasitoids + Nhyperparasitoids))
were then calculated [25,26].

Brewer and Elliott (2004) classified all leaf-dwelling predators as specialists and all
ground-dwelling predators as generalists [27]. Therefore, we used a sweep net method to collect
specialist predators and a pitfall trap method to collect generalist predators. Sweep nets were used to
collect specialist predators on 10, 15, and 20 May each year. A standard sweep involved moving the
open net in a semi-circle, and the sweep net was emptied every 10 strokes in the five-point random
sample. At each site, a total of 50 sweeps were conducted, and the population density of specialist
predators was calculated as the number of individuals per point. All captured insects were killed and
preserved in 80% ethanol. At the same time, pitfall traps were employed to capture ground-dwelling
generalist predators at the points selected for the five-point random sample. Pitfall traps consisted
of 450 mL plastic cups dug down with the opening level to the ground and filled with 80 mL of 33%
ethylene glycol. At each point, the distances between the traps were kept below 1 m. Traps were
placed in the field from 5 to 15 May each year to collect generalist predators continuously and were
changed every five days. The activity density of generalist predators was calculated as the number
of individuals per point [28]. All adult generalist and specialist predators were identified by species.
The predator-prey ratio (Npredators/Naphids) was then calculated separately for generalist and
specialist predators, where Npredators and Naphids represent the population densities of predators
and cereal aphids, respectively. We observed the population density of wheat aphids and natural
enemies while considering the immigration periods (time period in which wheat aphids enter the field),
growth periods (time period in which aphids reproduce in the field), and stable periods (time period
in which aphids remain stable in the field) [29].
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2.3. Statistical Methods

To normalize the quantitative variables, we preprocessed the number of aphids per 100 straws
and the parasitism rate using the arcsine function. Linear regression was then performed for both
the number of aphids per 100 straws and the parasitism rate for the four intercropping patterns.
The F-test in one-way ANOVA was implemented to detect differences among the intercropping
patterns. The Duncan method was performed to correct for multiple comparisons among the different
experimental sites. The threshold of the significance level was 0.05 for all tests.

3. Results

3.1. The Immigration Period

As the wheat coverage rate decreased, the quantities of immigrating M. avenae, S. graminum,
and overall wheat aphids gradually increased and reached their maximums in the 4:2 intercropping.
In addition, R. padi reached a maximum immigration quantity in the 6:2 intercropping (Figure 1).
Meanwhile, with a decrease in the wheat coverage ratio, the population densities of all four kinds of
wheat aphids’ major natural enemies, i.e., monophagous, oligophagous, polyphagous, and omnivorous
predators, gradually increased and reached their maximums in the 4:2 intercropping (Figure 1).
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Figure 1. Population dynamics of wheat aphids and their natural enemies under different wheat
intercropping patterns during the immigration periods.

3.2. The Growth Period

In contrast to the regularity of the quantity of immigrating winged aphids, the population growth
rates of M. avenae, S. graminum, and overall wheat aphids gradually increased with an increase in the
wheat coverage ratio and reached their maximums in the wheat monoculture. In addition, R. padi
reached its maximum population growth rate in the 6:2 intercropping (Figure 2). During the growth
period, all four kinds of wheat aphids’ major natural enemies reached their maximum growth rates
in the 8:2 intercropping. The monophagous, polyphagous and omnivorous predators reached their
minimum growth rates in the wheat monoculture; the oligophagous predators reached their minimum
growth rate in the 4:2 intercropping (Figure 2).
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Figure 2. Population dynamics of wheat aphids and their natural enemies under different wheat
intercropping patterns during the population’s growth periods.

3.3. The Stable Period

During the stable period of the aphid populations, the population densities of M. avenae,
S. graminum, and overall wheat aphids gradually increased with an increase in the wheat coverage
ratio and reached their maximums in the wheat monoculture. In addition, R. padi reached its maximum
population density in the 8:2 intercropping. Meanwhile, with a decrease in the wheat coverage ratio,
the population densities of all four kinds of aphids’ major natural enemies gradually increased and
reached their maximums in the 4:2 intercropping (Figure 3).
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Figure 3. Population dynamics of wheat aphids and their natural enemies under different wheat
intercropping patterns during the population’s stable periods.

3.4. Control of Wheat Aphids’ Natural Enemies

The diversity levels of wheat aphids’ natural enemies and the parasitism rates of parasitoids
gradually increased with a decrease in the wheat coverage ratio and reached their maximums in the
4:2 intercropping during both the growth and the stable periods. The abundance levels of natural
enemies and the control rates of parasitoids reached their maximums in the 8:2 intercropping and
minimums in monoculture wheat during both the growth and the stable periods (Figure 4).
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Figure 4. Effects of the wheat intercropping pattern on the communities of natural enemies and the
control rate.

In the agricultural landscape, the proportion of wheat affected the distribution of wheat aphids
and of its predators deeply. Owing to slower growth of maize in the prophase and maize planting area
in bare land, the larger the proportion of wheat, the higher the proportion of bare land in the prophase.
From the analysis of immigration quantity of winged wheat aphids, the lower the proportion of wheat,
the larger the immigration quantity of winged wheat aphid. There was a weakly-positive correlation
of wheat aphid mixed population’s max population density with wheat’s proportion. With the rise of
the wheat planting proportion, the wheat aphid mixed population’s max population density increased.
The diversity of the wheat aphids’ natural enemies decreased with the increase of the wheat planting
proportion (Figure 5).
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3.5. Effects of Intercropping and Host Density on Wheat Aphids’ Natural Enemies

Compared to low host density, high host density showed significantly larger populations of all
three types of natural enemies, i.e., primary parasitoids, hyperparasitoids, and predators, in both
wheat monoculture and intercropped wheat. Meanwhile, compared with the wheat monoculture,
the intercropped wheat had significantly larger populations of primary parasitoids and predators
under both low and high host densities, but insignificant differences in hyperparasitoid populations at
both low and high host densities (Tables 2–5).

A. avenae and A. gifuensis were the dominant species and occupied 77.71% and 15.16%, respectively,
of the total primary parasitoids. The host density effect on dominant species was very obvious, and
the non-dominant species also showed a significant host density effect (F = 110.32, df = 1, 7, p = 0.01).
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Table 2. Numbers and species of parasitoids in different host density and intercropping patterns.

Family Species
Low Host Density High Host Density

Intercrop Monoculture Intercrop Monoculture

Aphidiidae

Aphidius avenae 257 198 425 309
A. gifuensis 64 31 92 45

A. sichuanensis 5 8 7 11
Lysiphlebus confusus 5 2 7 4

Praon volucre 4 1 7 2
P. orientale 2 0 4 1

P. rhopalosiphum 3 0 6 2
Trioxys asiaticus 0 0 4 1

T. sp. 0 0 2 0
Toxares sp. 0 0 2 0

Aphelinidae Phelinus sp. 5 1 11 2

Table 3. Numbers and cpecies of predators in different host density and intercropping patterns.

Family Species
Low Host Density High Host Density

Intercrop Monoculture Intercrop Monoculture

Coccinellidae
H. tredecimpunctata 8 7 15 11
C. septempunctata 7 6 13 11

H. variegata 9 5 19 14

Syphidae Syrphus nitens 9 6 12 9
S. cylindrica 7 5 9 6

Chrysopidae Chrysopa sinica 8 7 11 6
S. Croceolum 5 2 7 3

Carabidae
C. maderae 4 6 5 8
S. terricola 5 7 4 7

Chlaenius pallipes 11 15 13 16

Lycosidae Lycisa coelestris 7 5 6 8
Pardosa astrigera 14 12 16 14

Linypiidae E. graminicolum 11 15 19 16

Table 4. Numbers and species of hyper–parasitoids in different host density and intercropping patterns.

Family Species
Low Host Density High Host Density

Intercrop Monoculture Intercrop Monoculture

Charipidae Alloxysta sp. 1 59 48 142 101
A. sp. 2 29 17 58 34

Pteromalidae

Pachyneuron aphidis 83 62 146 119
Asaphes suspensus 69 46 113 89
Asaphes vulgaris 37 26 64 51
Pteromalidae sp. 4 1 6 3

Encyrtidae Aphide–ncyrtus aphidivorus 7 3 11 3

EuloPhidae Tetrastichus sp. 4 2 6 4

Megaspilidae Dendrocerus carpenteri 7 2 8 3
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Table 5. F-test of populations of aphids’ natural enemies in various comparisons.

Monoculture vs. Intercropping

Primary parasitoids Low host density F = 13.92, df = 1, 7, p = 0.01
High host density F = 15.32, df = 1, 7, p = 0.01

Hyperparasitoids Low host density F = 3.72, df = 1, 7, p = 0.31
High host density F = 3.72, df = 1, 14, p = 0.35

Predators
Low host density F = 11.89, df = 1, 7, p = 0.01
High host density F = 9.84, df = 1, 7, p = 0.01

Low Host Density vs. High Host Density

Primary parasitoids Monoculture F = 24.12, df = 1, 7, p = 0.01
Intercropping F = 48.32, df = 1, 7, p = 0.01

Hyperparasitoids Monoculture F = 43.23, df = 1, 7, p = 0.01
Intercropping F = 38.32, df = 1, 7, p = 0.01

Predators
Monoculture F = 21.87, df = 1, 7, p = 0.01
Intercropping F = 17.09, df = 1, 7, p = 0.01

3.6. Effect of Intercropping on Wheat Aphids’ Natural Enemies

Intercropping had a greater effect on the predators of wheat aphids (F = 14.25, df = 1, 7, p = 0.01).
During the growth periods, the wheat aphid predator populations were highest in 8:2 intercropping,
followed by 6:2 and 4:2 intercropping, with the lowest level in monoculture wheat. During the
stable periods, the number of wheat aphid predators in intercropped wheat was higher than that
in monoculture wheat. The population of wheat aphid predators was highest in 8:2 intercropping,
followed by 6:2 and 4:2 intercropping, with the lowest number of predators in monoculture wheat
(Figure 6).
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Figure 6. Effect of growth periods (A) and stable periods (B) in four intercropping patterns (e.g., 8:2,
6:2, and 4:2 intercropping, and monoculture wheat) on the abundance of aphids and their natural
enemy diversity.

There were significant differences in the diversity of wheat aphid predators between intercropped
wheat and monoculture wheat. Heterogeneous intercropped wheat had the highest diversity index,
far more than that in the other types of wheat cultivation. Differences between monoculture wheat in
the heterogeneous agricultural landscape and intercropped wheat in the homogeneous agricultural
landscape were not observed. The lowest diversity index of monoculture wheat was observed in
the in homogeneous agricultural landscape. From the analysis of predator diversity during wheat
aphid growth periods (Figure 7A), the diversity index of omnivorous predators was the highest,
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3.78 ± 0.22, in intercropped wheat in the heterogeneous agricultural landscape, followed by 3.21± 0.23
in monoculture wheat in the heterogeneous agricultural landscape and, furthermore, by intercropped
wheat and monoculture wheat in the homogeneous agricultural landscape. All kinds of predators’
diversity indices were higher, and the diversity of predators in intercropped wheat was higher than
that in monoculture wheat. From the analysis of predator diversity during the wheat aphids’ stable
periods (Figure 7B), the pattern of predator distribution was almost consistent with that in the growth
periods. The diversity of predators was higher in the heterogeneous agricultural landscape and in
intercropped wheat. In general, the diversity index of wheat aphids’ omnivorous predators was the
highest, followed by multifeeding natural enemies, oligophagous predators, polyphagous predators,
and monophagous predators.
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3.7. Interactions between Host Density and Intercropping on Wheat Aphids’ Natural Enemies

Based on the analysis of growth periods, host density, intercropping and their interactions had
great effects on wheat aphids’ parasitic natural enemies and predatory natural enemies (Figure 8).
Host density had great effects on parasitic natural enemies (F = 6.32, df = 1, 7, p = 0.05) and on
predatory natural enemies (F = 34.23, df = 1, 7, p = 0.01). Intercropping had great effects on parasitic
natural enemies (F = 15.43, df = 1, 7, p = 0.01) and on predatory natural enemies (F = 19.23, df = 1, 7,
p = 0.01). The wheat aphids’ host density and intercropping had weaker effects on parasitic natural
enemies and predatory natural enemies (Figure 7). Host density accounted for 21.45% of the variation
in parasitic natural enemy populations, and intercropping accounted for 43.54% of that. Overall,
the diversity index value was highest for omnivorous natural enemies in wheat fields, followed by
predatory predators, dietary predators, and predatory enemies. The interaction between host density
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and intercropping was 16.54%, and other unknown reasons accounted for 19.47%. Host density,
intercropping, interactions, and other unknown reasons were slightly different in their effects on
predatory natural enemies and accounted for 15.48%, 42.85%, 11.46%, and 30.21%, respectively.

The analysis of stable periods showed that they were almost consistent with growth periods.
Intercropping had the most significant effect on the predators of wheat aphids. Parasitic natural
enemies and predatory natural enemies accounted for 45.81% and 47.12%, respectively. The next
most important effect was that of host density. Parasitic natural enemies and predatory natural
enemies accounted for 28.43% and 21.34%, respectively. The interactions between host density and
intercropping were weaker, accounting for 12.5% and 22.01%, respectively (Figure 8).
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Figure 8. Effect of growth periods (A) and stable periods, and (B) on predatory and parasitic natural
enemies while considering the percent density for host, intercrop pattern, intercrop pattern × host,
and others.

4. Discussion

4.1. Effects of Intercropping on Wheat Aphid Populations

In wheat-maize intercropping, the quantity of immigrating winged wheat aphids was far higher
than that in wheat monoculture during the immigration period. The quantity of winged aphids
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in intercropped wheat was even 20 to 30 times higher than that in monoculture wheat. However,
the population growth rate in intercropped wheat was lower than that in monoculture wheat during
the growth period. Although the quantity of winged aphids in monoculture wheat was low in the
early period, the population growth rate was faster and easily formed a local population explosion,
which may have disastrous consequences. During the stable period, the wheat aphid population in
monoculture wheat was the highest, and it was slightly lower in intercropped wheat. However, there
was no significant difference.

Intercropping has a great effect on wheat aphid population dynamics. The reason may be that the
proportion of bare land was higher in intercropped wheat during the immigration period. Since early
maize germinates later in wheat-maize intercropping, winged wheat aphids begin to grow slowly after
their immigration period. Bare land is one of the important factors increasing the quantity of winged
wheat aphids.

4.2. Effects of Intercropping on Populations of Wheat Aphids’ Natural Enemies

Intercropping greatly affects the populations of wheat aphids’ natural enemies. Wheat-maize
intercropping can greatly increase the distribution of natural enemy populations and especially
promotes parasitoid populations. The effect of parasitic wasps on the rate of wheat aphid parasitism
in intercropped wheat was much higher than that in monoculture wheat. The rest of the predatory
natural enemies were more evenly distributed in the intercropped wheat. Only a few species were
more evenly distributed in the monoculture crop.

Although the wheat aphid parasitism rate was closely related to the density of hosts, intercropping
can enhance the diversity of natural enemies, especially in the heterogenous agricultural landscape.
A variety of intercropping patterns can improve the diversity of natural enemies and increase the
effect of biological prevention and control. However, some other studies have confirmed that
an increase in the diversity of natural enemies is not obvious in association with intercropping.
The previously-studied agricultural landscapes may be the primary cause for this contradiction.
In addition, the selection of the species used in intercropping may also be one of the most important
factors affecting the distribution of natural enemy populations. Providing better shelters and rich food
resources for plant species may be able to increase the biological prevention and control provided
by natural enemies. However, providing pests with alternative host plants may reduce the effect of
biological prevention and control. The key is the selection of plants and intercropping.

Therefore, we put forward the following points on intercropping: (1) Plant species that are
conducive to natural enemies should be selected, and those that are beneficial to pests should be
avoided. There is also a need to study the biological ecology of all kinds of natural enemies and
pests. (2) Intercropping research needs to achieve two goals. The first is to improve land productivity.
The second is to improve the biological prevention and control effects of natural enemies. (3) Based on
the level of landscape research, the agricultural landscape background is sometimes the basic cause
for an improvement in biological prevention and control. A good background can maximize the
effects of biological prevention and control. If the agricultural landscape background is bad, biological
prevention and control are impossible.

5. Summary

Increasing crop diversity is one of the important means for increasing the diversity of natural
enemies of pests in farmland. Higher plant diversity can cause complex visual and olfactory stimuli
for pests and, thus, interfere with their search for hosts and their spread and migration in farmland.
Higher plant diversity is able to provide natural enemies with alternative hosts and more abundant
resources, and creates favorable conditions for maintaining natural enemy populations and improving
the effects of biological prevention and control. In this paper, the results showed that the population
density of M. avenae in the intercropped wheat is lower than that in monoculture wheat. However,
in the early stages, the M. avenae population density is higher in the intercropped wheat. In addition,
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especially in the immigration periods, the quantity of immigrating M. avenae in the intercropped wheat
was obviously higher than that in the wheat monoculture and formed a strong positive correlative
relationship with the proportion of wheat. According to the appropriate/inappropriate landing
hypothesis, when the wheat aphid passes by bare land, the reflective light visually stimulates the
wheat aphid to take the initiative to fall, which caused the wheat aphid population to be higher in the
early period of wheat intercropping. As the maize matured, the advantage of plant diversity was more
obvious. The maximum population density of M. avenae in the intercropped wheat was significantly
lower than that in the wheat monoculture. In addition, the advantage of 8:2 intercropping was very
obvious, which was the best pattern for improving biological prevention and control. Based on the
influence of the main natural enemies, the populations of predatory natural enemies and parasitic
wasps in the intercropped wheat were higher than those in monoculture wheat. The diversity of natural
enemies can be significantly improved by 8:2 intercropping. There were no significant differences
among the other three intercropping patterns. The populations of parasitic wasps in 6:2 intercropping
were higher than those in monoculture wheat. However, the difference was not significant. The other
three patterns had significantly higher populations than those in wheat monoculture. The natural
enemies in the intercropped wheat were more diverse, and their abundances were higher than
those in the wheat monoculture. This was consistent with the patterns reported in intercropping
agroecosystems, showing more abundant and diverse pests than monoculture systems. Predators
usually have multiple feeding habits, and their ecological niches are wider, which can allow them to
play a better role in biological prevention and control in intercropped wheat. Parasitoid wasps, which
have a single feeding habit, occur more sporadically.

The literature indicates that intercropping complexity is positively correlated with the parasitism
rate. In our experimental study, host density was positively correlated with the primary parasitism
rate and the repetitive parasitism rate. Intercropping also had a strong influence on the distribution
of the populations of primary parasitoids [17–19,21]. Most studies did not divide the host density
for analysis. The different parasitoid wasps had different reactions to changes in host density. These
different reactions may be related to the long-term formation of evolutionary mechanisms as a response
to the whole parasitoid wasp community competing for the same resources in the same space and
time. The authors of this paper think that the evolution of primary parasitoids and hyperparasitoids
are greatly influenced by the complexity of intercropping and are closely related to the plant species
involved in intercropping, especially the flowering plants. These plants can provide pollen, nectar, and
suitable microclimates for parasitic insects, even becoming shelters or hibernacles after disturbance
of the farmland habitat. Of course, the relationship between these plants and parasitoid wasps was
specific. Identifying the relationships between primary parasitoids and these specific plants, and
eliminating the specific plants that provide resources for hyperparasitoids, may be an important
research direction for protective biological prevention and control in the future. Therefore, studies
regarding the landscape patterns of plant species, the densities of non-crop plants and phenological
phases have more important significance for the diversity and function of parasitoid wasp communities.
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