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ARTICLE INFO ABSTRACT

Keywords: Ecosystem can offer regulating services to change biodiversity patterns and ecological processes and then affect
Agricultural intensification the prevalence of crop pests. Biological pest control could serve as an environmentally friendly ecological control
Biological pest control service to suppress crop pests and decrease pesticide use by maintaining or increasing natural enemies. However,

Crop diversity
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Rotation-intercropping

few study focus on the explicit process of natural enemies, pest dynamics, quantitative assessment and main-
taining mechanism of ecological control service in multi-crop farmland landscape system for the whole crops
growing cycle. Here, an experimental model of rotation-intercropping ecosystem via wheat-maize-cotton was
planned for three consecutive years to response above questions. Our result found the rotation-intercropping
ecosystem help to increase the abundances of the dominant natural enemy, Propylea japonica adults and then
promoted aphid reduction in center cotton plots. In crops growing cycle, many predators maintained in wheat
from Mid-April to late May, then the predator moved to inhabit in maize before wheat harvest during early June.
During the intercropping period of maize and cotton, the predator would prefer to back and forth inhabit in
maize and travel to cotton to actively prey on cotton pests. Quantitative evaluation of pest control based on a
new built method of Ecological Control Service Index (ESI) found that crop diversity has highly efficient control
function in rotation-intercropping ecosystem. The values of ESI at the peak of cotton aphids on center cotton
plots were 0.80 in 2012, 0.31 in 2013 and 0.61 in 2014, respectively. The sustainably available prey resources in
multi-crops ecosystem and maize as crop habitat with conditions of relative low temperature (28.5°C) and high
humidity (68.3 %) are beneficial to maintain the predator natural enemy and ecological control service. Thus,
our results suggest that giving full play to the ecological control service of crop diversity in rotation-inter-
cropping ecosystem is beneficial to decrease crop pests and pesticide use, especially under the aggravating
agricultural intensification. These findings support growing efforts from landowner, field manager and policy-
makers to promote this ecosystem service via designing crops patterns and adjusting crops growing circle in
regional agroecosystem.

1. Introduction products derived from plants, animals, and microbes (Daily, 1997).
Farmland ecosystems by crop production could provide a variety of

Humanity has always depended on the products and services pro- crop foods to meet the escalating needs of human population. But crop
vided by the ecosystems (Joseph Alcamo et al., 2005; Garcia et al., production usually suffers major losses to crop pests. Ecosystem can
2018). Provisioning services as important ecosystem services, are the offer regulating services to change biodiversity patterns and ecological
products obtained from ecosystems, including the vast range of food processes and then affect the prevalence of crop pests (Tscharntke et al.,
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2012; Karp et al., 2018; Snyder, 2019; Wan et al., 2019).

Agriculture can contribute to the conservation of high-diversity
systems, which may provide important ecosystem services, biological
pest control via complementarity and sampling effects (Tscharntke
et al., 2005; Dainese et al., 2019). Biological pest control could serve as
an environmentally friendly ecological control service to suppress crop
pests by maintaining or increasing natural enemies. Biological pest
control has primarily relied on local improvements in populations of
natural enemies in agricultural landscape ecosystem (Thies and
Tscharntke, 1999; Hossard et al., 2018). Agricultural landscape is the
geographic space made of farmland as main body and surrounding land
cover or land use as background, such as grassland, forest, shrub,
wetland, building area etc (Ouyang and Ge, 2011). Landscape compo-
sition and configuration play the great role in determining the structure
of ecological communities, ecosystem functioning and services (Batary
et al., 2011). Knowing the ecological effects of agricultural landscape
pattern or agricultural practice on population dynamics of insect pests
and their natural enemies is fundamental for ecological regulation and
management of insect pests (Ouyang et al., 2012).

In past years, agricultural intensification has resulted in the land-
scapes simplification via the expansion of farmland, enlargement of
field size and removal of non-crop habitat, and the rapid decline of
farmland biodiversity and a concentration of the remaining biodiversity
in the field edges and non-crop habitats (Robinson and Sutherland,
2002; Benton et al., 2003; Bianchi et al., 2006). So, there is growing
concern about biological pest control based on landscape-level crop
diversity in areas where crops are grown intensively. For example,
predator and parasitoid densities increased with crop diversity on small
(100—-250 m) and large (2,000-3,000 m) spatial scales respectively
(Redlich et al., 2018). According to the experimental landscape system
composed of multiple crops, our previous results indicated high crop
species richness could suppress the pest population, indicating that crop
species richness could enhance biological control services (Sheng et al.,
2017). As crop rotation between wheat and legume fields is common
worldwide, the findings emphasized the importance of creating an
agricultural mosaic to enhance biodiversity permeability within the
agricultural matrix (Rotem and Ziv, 2016). However, few study focus
on the explicit process of natural enemies, dynamics of pest population,
ecological control service and its maintaining mechanism in multi-crop
farmland landscape system for the whole crops growing cycle.

Another important task to quantitatively evaluate the ecosystem
service of pest control is to assess the extent or degree of pest reduction
in multi-crop farmland landscape system. The pest reduction is by
means of agricultural practice or landscape habitat management, which
may directly inhibit pest population breeding and movement or control
pest indirectly by protecting natural enemies. Biocontrol Services Index
(BSI) was used to determine the impact of natural enemies on soybean
aphid populations (Landis et al., 2000; Gardiner et al., 2009; Woltz
et al., 2012). When Biocontrol Services Index (BSI) was calculated in
field experiment under an ideal situation. However, it is hard to avoid
potential interference factor or errors over during actual field experi-
ments. In order to minimize potential interference factor or errors, a
new method of Ecological Control Service Index (ESI) is proposed to
evaluate the ecosystem service of pest control in multi-crops farmland.
Biocontrol Services Index (BSI) was calculated with a hypothesis that
migratory insects did not fly to and produce offspring on plants in the
open treatment. While Ecological Control Service Index (ESI) is pro-
posed to quantitatively evaluate the extent or degree of pest reduction
resulting of agricultural practice or landscape habitat management.

In this study, an experimental model system was planned to study
the explicit process of natural enemies, pest dynamics, quantitative
assessment and maintaining mechanism of ecological control service in
multi-crop farmland landscape system for the whole crops growing
cycle. Wheat, cotton and maize are important crops in the world and
provide the main agricultural landscape in Northern China. Three crops
(wheat, maize and cotton) were constructed to a rotation-intercropping
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ecosystem. The cotton aphid, Aphis gossypii (Glover), is a serious
sucking pest of cotton that could lead to substantial yield loss (Wu and
Guo, 2005). the dominant predator, Propylea japonica is a prevalent
mobile predator of aphids in wheat, maize and cotton and moves
among crops in agricultural systems (Ge Feng, 1995; Liu et al., 2004;
Gao et al., 2010). Much research on its predation on aphids in cotton
has been reported (Ge Feng, 1995; Liu et al., 2004; Gao et al., 2010).
However, the factors affecting intercrop movement and foraging be-
havior of Propylea japonica among wheat, cotton and maize remain to
be elucidated from a landscape perspective. Our objectives were to: 1)
confirm the effects of crop planting patterns on the predatory ladybird
and its prey in rotation-intercropping ecosystem via wheat-maize-
cotton; 2) evaluate ecological control service of the rotation-inter-
cropping via wheat-maize-cotton based on a new built method; 3) ex-
plore maintaining mechanism of ecological control service via rotation-
intercropping.

2. Methods
2.1. Study site and experimental design

The field experiment was performed during 2012-2014 at the
Yucheng Experimental Station of the Chinese Academy of Sciences,
Shandong Province, China (116°36’ E, 36°57’ N). The research site is in
a temperate, seasonal, semi-humid monsoon climate, where the mean
annual temperature is about 13.0 °C, the mean annual precipitation is
about 580 mm, concentrated in the summer months. Winter wheat,
maize and cotton are the primary crops at this Planting area.

An experimental model system was planned to study the explicit
process of natural enemies, dynamics of pest population, ecological
control service and its maintaining mechanism in multi-crop farmland
landscape system. Three crops (wheat, maize and cotton) were con-
structed to a rotation-intercropping ecosystem. Plot treatments were
designed based on crop planting patterns and crop growth cycle
(Fig. 1). Crop planting patterns include one crop: cotton, two crops:
wheat and cotton, three crops: wheat, maize and cotton. On the basis of
crop growth cycle, cotton and maize were planted at the beginning of
May, while wheat was planted in Mid-October last year. The field was
65 m X 100 m and divided into 12 15 m X 15 m plots. The spacing
between neighboring plots was 5 m. All vegetation between plots was
removed, when necessary, to minimize effects from the surrounding
environment. Host plants used in the experiments were planted without
pesticides at this research station. Plants were watered as needed and
fertilized with a controlled release fertilizer.

2.2. Insect sampling and microclimate monitoring

The number of predatory ladybirds s and aphids on wheat, cotton
and maize were monitored in each experimental plot of 15 m x 15 m
from Mid-April to Mid- September in 2012, 2013, and 2014. In center
cotton subplots of 12 15 m x 15 m plots, the number of predatory
ladybirds, Propylaea japonica adults were sampled using stick trap, and
the number of cotton aphids, Aphis gossypii on cotton leaves were
counted by visual observation.

Temperature and humidity were monitored at ten-minutes intervals
during summer season in rotation-intercropping ecosystem via wheat-
maize-cotton. A two-channel micro-thermohygrometer was used, and
the probe of right channel was set in maize leaves while the probe of the
other one in cotton leaves.

2.3. Ecological control service index in farmland landscape system

Key to quantitatively evaluate the ecosystem service of pest control
is to assess the extent or degree of pest reduction. The pest reduction is
by means of agricultural practice or landscape habitat management,
which may directly inhibit pest population breeding and movement or
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Fig. 1. Spatial layout of the field experiment. (A) Crop planting patterns, 1.
one crop: cotton, 2. two crops: wheat and cotton, 3. three crops: wheat, maize
and cotton. (B) Crop growth cycle, cotton and maize were planted at the be-
ginning of May, while wheat was planted in Mid-October last year. (C) The field
was 65 m X 100 m and divided into 12 15 m X 15 m plots. The spacing
between neighboring plots was 5 m. Yellow, orange and green areas in plot
indicate the planting of cotton, wheat and maize (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.).

control pest indirectly by protecting natural enemies. Biocontrol
Services Index (BSI) was used to determine the impact of natural ene-
mies on soybean aphid populations (Habitat Management toLandis
et al., 2008; Gardiner et al., 2009). In the field experiment, two treat-
ments were compared: an open treatment where natural enemies had
full access to aphid-infested soybean plants, and a caged treatment
where exclusion cages prevented natural enemies from colonizing
plants and consuming aphids (Habitat Management toLandis et al.,
2008). BSI is supposed to the relative reduction in aphid density caused
by predator access over a period of 7 or 14 days:

zn (Acp— Aop)
p=1 Acp

n

BSI =

Where Ac is the number of aphids on the caged plant on day 7 or 14, Ao
is the number of aphids on the open plant on day 7 or 14, p is plot, and n
is the number of replicates for a given site. At each location, treatments
(n replications) were established when fields reached an average of 10
aphids per plant, and plants in both treatments were manipulated to
start with this aphid density at day 0. Aphid counts were made 7 and 14
days after the treatments were established. When Biocontrol Services
Index (BSI) was calculated in field experiment under an ideal situation,
a hypothesis was that migratory aphids did not fly to and produce
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offspring on plants in the open treatment.

However, it is hard to avoid potential interference factor or errors
over a period of 7 or 14 or more days in actual field experiments, such
as above migratory aphids into the open treatment. In order to mini-
mize potential interference factor or errors, Ecological Control Service
Index (ESI) is proposed to quantitatively evaluate the extent or degree
of pest reduction resulting of agricultural practice or landscape habitat
management. ESI equations are following,

A, = (7Zi=1Ac’i), and A; = (LFIA[J)
n m

Ac —Atj
e

(Z?:lAc,i ) _ (Z;"l:lA‘J)
(Z?:lAc.i )

In the field experiment, control and treatment were compared,
where A_; is the number of pest insect on the plant of control plot i, n is
the number of replicates for given control plots, A, is the average value
of numbers of n control plots. A; is the number of pest insect on the
plant of treatment plot j, m is the number of replicates for given
treatment plots, A, is the average value of numbers of m treatment
plots. ESI; is the extent or degree of pest reduction for the number of
pest insect on the plant of treatment plot j compared to the average
value of numbers of n control plots. ESIis the extent or degree of pest
reduction for the average value of numbers of m treatment plots com-
pared to the average value of numbers of n control plots. In the field
experiment, ESI; is used to assess the extent or degree of pest reduction
on the plant of treatment plot j. And ESI is used to assess total or
average extent or degree of pest reduction in particular treatment.

A -4
, and ESI = CAf’ or,
c

ESI; =

ESI =

2.4. Statistical analysis

Statistical analysis and mathematic model were applied to study the
explicit process of natural enemies, dynamics of pest population, eco-
logical control service and its maintaining mechanism in multi-crop
farmland landscape system. Firstly, to determine effects of three crop
planting patterns on the predatory ladybird, Propylaea japonica adults in
center cotton plots, the numbers of the predator, P. japonica adults by
stick traps among three crop planting patterns at sample dates in 2012,
2013, and 2014 were analyzed with one way ANOVA. Secondly, to
know the roles of the rotation-intercropping via wheat-maize-cotton
comparing to monoculture cotton, independent samples t Test were
used to analyze the densities of cotton aphids, Aphis gossypii in center
cotton plots by visual observation in 2012, 2013, and 2014. Thirdly,
Ecological Control Service Index (ESI) is used to assess total or average
extent or degree of aphids reduction for the average value of numbers of
4 treatment plots (rotation-intercropping via wheat-maize-cotton)
compared to the average value of numbers of 4 control plots (mono-
culture cotton). Fourthly, after wheat harvest in rotation-intercropping
ecosystem via wheat-maize-cotton, independent samples t Test were
used to analyze the densities of the predatory ladybird, P. japonica
adults between in maize plots and in cotton plots during the sample
dates. All statistical analyses were conducted using SPSS software (IBM
SPSS Statistics 20.0, 2011).

3. Results
3.1. Effect of crop planting patterns on predatory ladybird and its prey

Abundances of the predatory ladybird, P. japonica adults in center
cotton plots of planting pattern with three crops (wheat-maize-cotton)
were significant more than those with one crop (cotton) and two crops
(wheat-cotton) during the sample dates on 7 Jun (Fig. 2 A, F = 53.973,
p < 0.001) and 17 Jun (Fig. 2 A, F = 6.802, p = 0.029) in 2012, on 7
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Fig. 2. Population dynamics of predatory ladybird and cotton aphids
among three crop planting patterns. Dynamics of the predatory ladybird,
Propylaea japonica adults in center cotton plots by stick traps in 2012 (A), 2013
(B), and 2014 (C). *, ** and *** denote significant differences among three crop
planting patterns at p < 0.05, p < 0.01 and p < 0.001. Data are presented per
stick trap in center cotton plots (mean + SE) with separate field plots used as
replicates. Dynamics of cotton aphids, Aphis gossypii in center cotton plots by
visual observation in 2012 (D), 2013 (E), and 2014 (F). *, ** and *** denote
significant differences of aphids densities between two crop planting patterns,
one crop: cotton and three crops: wheat, maize and cotton at p < 0.05,
p < 0.01 and p < 0.001. The data for aphid density were log-transformed (In(n
+1)). Data are presented per 100 cotton plants in center cotton plots
(mean = SE) with separate field plots used as replicates.

Jun (Fig. 2B, F = 43.010, p < 0.001) and 11 Jun (Fig. 2 B, F = 62.903,
p < 0.001) in 2013, and on 7 Jun (Fig. 2 C, F = 17.887,p = 0.001) and
11 Jun (Fig. 2 C, F = 5.463, p = 0.028) in 2014.

Densities of the cotton aphids, Aphis gossypii in center cotton plots of
planting pattern with three crops (wheat-maize-cotton) were significant
less than those with one crop (cotton) during the sample dates on 27
May (Fig. 2D, t = -3.194, p = 0.033), 4 Jun. (Fig. 2D, t = -2.875,p =
0.045) and 12 Jun. (Fig. 2D, t = -3.236, p = 0.032) in 2012, and on 24
May (Fig. 2 F, t =-3.758, p = 0.009) in 2014.

3.2. Ecological control service of rotation-intercropping via wheat-maize-
cotton

Calculation method was constructed to assess the quantitative
control of aphids by their natural enemies between multi-crop culti-
vation (wheat-maize-cotton as treatment) and monoculture (cotton as
control) (Fig. 3 A). Ecocontrol service indexes at the peak of cotton
aphids on center cotton plots were 0.80 in 2012, 0.31 in 2013 and 0.61
in 2014, respectively (Fig. 3 B).
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Fig. 3. Ecocontrol service index of rotation-intercropping via wheat-
maize-cotton to monoculture cotton. (A) Calculation method for ecocontrol
service index. (B) Ecocontrol service indexes at the peak of cotton aphids on
center cotton plots in 2012, 2013 and 2014.

3.3. Maintaining mechanism of ecological control service via rotation-
intercropping

The predatory ladybird, P. japonica adults inhabited in wheat before
harvest (Fig. 4 A, B, C). The date of wheat harvest was on June 7th for
three years in field experiment. After wheat harvest in rotation-inter-
cropping ecosystem via wheat-maize-cotton, the densities of the pre-
datory ladybird, P. japonica adults in maize plots were significant more
than those in cotton plots during the sample dates on 12 Jun. (Fig. 4 A, t
= 7.731, p = 0.002) and 12 Jun. (Fig. 4 A, t = 13.835, p < 0.001) in
2012, 0on 11 Jun. (Fig. 4 B, t = 27.684, p < 0.001) and 20 Jun. (Fig. 4 B,
t = 16.487, p < 0.001) in 2013 and on 12 Jun. (Fig. 4 C, t = 18.723,
p < 0.001) and 24 Jun. (Fig. 4 C, t = 3.110, p = 0.021) in 2014
(Fig. 4).

Temperature and humidity were measured in field experiment. The
mean temperature from 20 Jun. to 30 Jun. in maize leaves (28.5°C) was
lower than that in cotton leaves (29.3°C), while the humidity during the
same periods in maize leaves (68.3 %) was higher than that in cotton
leaves (62.1 %) (Fig. 5).

4. Discussion

Based on field experiment of three consecutive years in rotation-
intercropping ecosystem via wheat-maize-cotton, our research had
confirmed the effects of crop planting patterns on the predatory lady-
bird and its prey, evaluated ecological control service of the rotation-
intercropping, and explored the maintaining mechanism of ecological
control service.
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Fig. 4. Population dynamics of predatory ladybird in ro-
tation-intercropping ecosystem via wheat-maize-cotton.
Dynamics of the predatory ladybird, Propylaea japonica adults
in among wheat, cotton and maize in rotation-intercropping
ecosystem by visual observation in 2012 (A), 2013 (B), and
2014 (C). *, ** and *** denote significant differences among
three crops at the same planting pattern at p < 0.05, p < 0.01
and p < 0.001. Data are presented per 100 plants in center
cotton plots (mean * SE) with separate field plots used as
replicates.

processes (Tscharntke et al., 2012). Usually cross-habitat spillover of

organisms was focused on, which is the movement (including both
dispersal and foraging) of organisms from one distinct habitat type to
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another. Our previous experiment researched the agricultural eco-
system composed of cotton and maize and only investigated the moving
process of the predatory natural enemy, P. japonica adults between the
two crops during short period from Mid-May to late-September
(Ouyang et al., 2012). In this research we concerned the cross-crop

Fig. 5. Potential movement of predatory ladybird and
microclimate in rotation-intercropping ecosystem via
wheat-maize-cotton. (A) Potential movement of predatory
ladybird, Propylaea japonica adults in rotation-intercropping
ecosystem. (B) microclimate including temperature and hu-
midity in rotation-intercropping ecosystem via wheat-maize-
cotton.
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spillover of the predatory natural enemy, P. japonica adults in rotation-
intercropping ecosystem via wheat-maize-cotton. Our result showed
that in the whole crops growing cycle, many the predatory natural
enemy, P. japonica adults maintained in wheat planting area from Mid-
April to late May, then the predator moved to inhabit in maize planting
area before wheat harvest during early June. During the simultaneous
planting or intercropping period of maize and cotton, the predatory
natural enemy, P. japonica adults prefer to inhabit maize and travel to
cotton to actively prey on cotton pests such as aphids.

4.2. Ecological control service of rotation-intercropping ecosystem

Landscape-level crop diversification was a promising tool for eco-
logical intensification, whereby biodiversity and ecosystem services are
enhanced (Redlich et al., 2018). In this study, our result found that the
rotation-intercropping ecosystem via wheat-maize-cotton help to pre-
serve and increase the abundances of the predatory natural enemy, P.
japonica adults and then promoted aphid reduction in center cotton
plots. A meta-analysis indicated that the positive response of natural
enemies did not necessarily translate into pest control, since pest
abundances showed no significant response to landscape complexity
(Strip intercropping peanut with maize et al., 2011). But our study
found that the positive response of the predatory natural enemy, P.
japonica adults and the negative response of aphid on cotton to crop
diversity. Using ecological control service index (ESI) to quantitatively
evaluate the ecosystem service of pest control, we found the efficient
control function in rotation-intercropping ecosystem via wheat-maize-
cotton. Our previous results also indicated that peanut/maize strip in-
tercropping could enhance the predator number and suppress pest (Ju
et al., 2019). Biocontrol Services Index (BSI) was usually used to de-
termine the impact of natural enemies on pest populations and sup-
posed to the relative reduction in aphid density caused by predator
access over a short period such as 7 or 14 days (Habitat Management
toLandis et al., 2008). BSI was carried out according to two treatments:
the open treatment where natural enemies had full access to pest-in-
fested crops, and the caged treatment where exclusion cages prevented
natural enemies from colonizing crops and consuming pests. Using BSI
will be to meet two challenges in rotation-intercropping ecosystem.
Firstly, estimating BSI need to set the same initial value (pest number)
and install a lot of cages, which could increase amount of work and time
to finish the experiment as arrange more study sites across regional
scales. Secondly, the migratory pests such as winged aphids may fly to
and produce offspring on corps in the open treatment. It would result in
the different initial value of pest number between the open and the
caged treatments. As a result, it is difficult to objectively evaluate the
ecological control service of natural enemies in multi-crops ecosystem.
While Ecological Control Service Index (ESI) is proposed to quantita-
tively evaluate the extent or degree of pest reduction resulting of
agricultural practice, crop growing circle, crop diversity or landscape
habitat management. Using ESI could avoid potential interference
factor or errors over a period of 7 or 14 or more days in actual field
experiments. And ESI can be used to assess the overall effect of agri-
cultural practice on pests and be suitable for more research sites and
more complex trials. By quantitatively evaluate the ecosystem service of
pest control, the values of ESI at the peak of cotton aphids on center
cotton plots were 0.80 in 2012, 0.31 in 2013 and 0.61 in 2014, re-
spectively. The results signified the extent or degree of pest reduction
from 31 % to 80 % in multi-crop farmland landscape system. However,
the ESI values were different across years in the farmland. Because the
ecological control service to suppress crop pests are often affected by
ambient climatic conditions.

4.3. Maintaining mechanism of ecological control service in rotation-
intercropping ecosystem

Maintaining mechanisms for natural enemy enhancement or
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ecological control service has been a core concern. Nowadays, re-
searchers have understood the importance of biodiversity-ecosystem
function relationships and have a firmer theoretical foundation to de-
sign habitat management strategies for pest suppression in agricultural
systems (Gurr et al., 2017). In this study, we explored the relationships
between crop diversity (crop patterns and crops planting circle) and
ecological control service. Our results suggest that designing rotation-
intercropping ecosystem of multi-crops could maintain and increase the
ecological control service of the predatory natural enemy to mitigate
negative effects from the aggravating agricultural intensification. Eco-
logical resources generally provided in habitat manipulation research
and practice are readily captured in the SNAP mnemonic: shelter,
nectar, alternative prey/hosts, and pollen (Gurr et al., 2017). Under the
aggravating agricultural intensification, most crop habitats, especially
annual crops, are not favorable for natural enemies because they are
instable and have low heterogeneity with frequent disturbance
(Thorbek and Bilde, 2004). Our results showed that many predatory
ladybirds, P. japonica adults inhabited in wheat before harvest. And
after wheat harvest in rotation-intercropping ecosystem via wheat-
maize-cotton, the densities of the predatory ladybird, P. japonica adults
in maize plots were significant more than those in cotton plots during
the sample dates. The mean temperature in maize leaves was lower
than that in cotton leaves, while the humidity during the same periods
in maize leaves was lower than that in cotton leaves. Our results suggest
that in rotation-intercropping ecosystem via wheat-maize-cotton, maize
can serve as a habitat or refuge sources for the predatory ladybird, P.
japonica, and benefits predators to provide potential to enhance biolo-
gical control for insect pests in cotton. The sustainably available prey
resources in multi-crops ecosystem and maize as crop habitat with
conditions of relative low temperature (28.5°C) and high humidity
(68.3 %) are beneficial to the maintenance of the population number
and ecological control service of the predatory natural enemy, P. ja-
ponica adults.

5. Conclusion

Landscape structure, crop diversity or crop planting patterns in the
agricultural ecosystem can influence the structure of ecological com-
munities, population dynamics, ecosystem functioning and services
(Batary et al., 2011; Rotem and Ziv, 2016). In this study, our result
found that the rotation-intercropping ecosystem via wheat-maize-
cotton help to increase the abundances of the predatory natural enemy,
P. japonica adults and then promoted aphid reduction in center cotton
plots. In the whole crops growing cycle, many the predatory natural
enemy, P. japonica adults maintained in wheat planting area from Mid-
April to late May, then the predator moved to inhabit in maize planting
area before wheat harvest during early June. Our study found that the
positive response of the predatory natural enemy, P. japonica adults and
the negative response of aphid on cotton to crop diversity. By quanti-
tative evaluation the ecosystem service of pest control, we found crop
diversity has the highly efficient control function in rotation-inter-
cropping ecosystem via wheat-maize-cotton. The sustainably available
prey resources in multi-crops ecosystem and low temperature and high
humidity habitat conditions are beneficial to the maintenance of the
population number and ecological control service of the predatory
natural enemy, P. japonica adults. In theory, our research has system-
atically revealed the explicit process of natural enemies, pest dynamics,
quantitative assessment and maintaining mechanism of ecological
control service in rotation-intercropping ecosystem via wheat-maize-
cotton for the whole crops growing cycle. In practice, an en-
vironmentally friendly ecological control service was found to maintain
or increase natural enemies and reduce the pest populations via de-
signing crops patterns and crops growing circle in rotation-intercrop-
ping ecosystem. Thus, our results suggest that giving full play to the
ecological control service of crop diversity in rotation-intercropping
ecosystem is beneficial to decrease crop pests and pesticide use,
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especially under the aggravating agricultural intensification. These
findings support growing efforts from landowner, field manager and
policy-makers to promote this ecosystem service via designing crops
patterns and adjusting crops growing circle in agroecosystem.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgement

This work was supported by the National Key R&D Program of
China (2017YFD0200400 and 2016YFC0503402). and thank all the
staff of Yucheng Experimental Station of the Chinese Academy of
Sciences for help in field experiment.

References

Alcamo, Joseph, et al., 2005. Ecosystems and Human Well-being: A Framework for
Assessment. Island Press, Washington, DC.

Batary, P., Andras, B., Kleijn, D., Tscharntke, T., 2011. Landscape-moderated biodiversity
effects of agri-environmental management: a meta-analysis. P Roy Soc B-Biol Sci 278,
1894-1902.

Benton, T.G., Vickery, J.A., Wilson, J.D., 2003. Farmland biodiversity: is habitat het-
erogeneity the key? Trends Ecol. Evol. 18, 182-188.

Bianchi, F.J.J.A., Booij, C.J.H., Tscharntke, T., 2006. Sustainable pest regulation in
agricultural landscapes: a review on landscape composition, biodiversity and natural
pest control. P Roy Soc B-Biol Sci 273, 1715-1727.

Daily, G.C., 1997. Natures Services : Societal Dependence on Natural Ecosystems. Island
Press, Washington D C.

Dainese, M., Martin, E.A., Aizen, M.A., Albrecht, M., Bartomeus, 1., Bommarco, R.,
Carvalheiro, L.G., Chaplin-Kramer, R., Gagic, V., Garibaldi, L.A., Ghazoul, J., Grab,
H., Jonsson, M., Karp, D.S., Kennedy, C.M., Kleijn, D., Kremen, C., Landis, D.A.,
Letourneau, D.K., Marini, L., Poveda, K., Rader, R., Smith, H.G., Tscharntke, T.,
Andersson, G.K.S., Badenhausser, I., Baensch, S., Bezerra, A.D.M., Bianchi, F.J.J.A.,
Boreux, V., Bretagnolle, V., Caballero-Lopez, B., Cavigliasso, P., Cetkovic, A., Chacoff,
N.P., Classen, A., Cusser, S., Silva, F.D.D.E., de Groot, G.A., Dudenhoffer, J.H.,
Ekroos, J., Fijen, T., Franck, P., Freitas, B.M., Garratt, M.P.D., Gratton, C., Hipolito,
J., Holzschuh, A., Hunt, L., Iverson, A.L., Jha, S., Keasar, T., Kim, T.N., Kishinevsky,
M., Klatt, B.K., Klein, A.M., Krewenka, K.M., Krishnan, S., Larsen, A.E., Lavigne, C.,
Liere, H., Maas, B., Mallinger, R.E., Pachon, E.M., Martinez-Salinas, A., Meehan, T.D.,
Mitchell, M.G.E., Molina, G.A.R., Nesper, M., Nilsson, L., O’'Rourke, M.E., Peters,
M.K., Plecas, M., Potts, S.G., Ramos, D.D., Rosenheim, J.A., Rundlof, M., Rusch, A.,
Saez, A., Scheper, J., Schleuning, M., Schmack, J.M., Sciligo, A.R., Seymour, C.,
Stanley, D.A., Stewart, R., Stout, J.C., Sutter, L., Takada, M.B., Taki, H., Tamburini,
G., Tschumi, M., Viana, B.F., Westphal, C., Willcox, B.K., Wratten, S.D., Yoshioka, A.,
Zaragoza-Trello, C., Zhang, W., Zou, Y., Steffan-Dewenter, 1., 2019. A global synthesis
reveals biodiversity-mediated benefits for crop production. Sci. Adv. 5.

Gao, F., Jifon, J., Liu, X.H., Ge, F., 2010. An energy budget approach for evaluating the
biocontrol potential of cotton aphid (Aphis gossypii) by the ladybeetle Propylaea
japonica. Entomol. Exp. Appl. 136, 72-79.

Garcia, L., Celette, F., Gary, C., Ripoche, A., Valdes-Gomez, H., Metay, A., 2018.
Management of service crops for the provision of ecosystem services in vineyards: a
review. Agric. Ecosyst. Environ. 251, 158-170.

Gardiner, M.M., Landis, D.A., Gratton, C., DiFonzo, C.D., O’Neal, M., Chacon, J.M., Wayo,
M.T., Schmidt, N.P., Mueller, E.E., Heimpel, G.E., 2009. Landscape diversity en-
hances biological control of an introduced crop pest in the north-central USA. Ecol.

Agriculture, Ecosystems and Environment 301 (2020) 107024

Appl. 19, 143-154.

Ge Feng, D.Y., 1995. The foraging behavior of lady beetle Propylaea japonica towards
cotton aphids Aphis gossypii. Acta. Entomol. Sinica. 38, 436-441.

Gurr, G.M., Wratten, S.D., Landis, D.A., You, M., 2017. Habitat management to suppress
pest populations: progress and prospects. Annu. Rev. Entomol. 62, 91-109.

Habitat Management toLandis, D.A., Gardiner, M.M., van der Werf, W., Swinton, S.M.,
2008. Increasing corn for biofuel production reduces biocontrol services in agri-
cultural landscapes. P Natl Acad Sci USA 105, 20552-20557.

Hossard, L., Souchere, V., Jeuffroy, M.H., 2018. Effectiveness of field isolation distance,
tillage practice, cultivar type and crop rotations in controlling phoma stem canker on
oilseed rape. Agric. Ecosyst. Environ. 252, 30-41.

Ju, Q., Ouyang, F., Gu, S., Qiao, F., Yang, Q., Qu, M., Ge, F., 2019. Strip intercropping
peanut with maize for peanut aphid biological control and yield enhancement. Agric.
Ecosyst. Environ. 286, 106682.

Karp, D.S., Chaplinkramer, R., Meehan, T.D., Martin, E.A., Declerck, F., Grab, H., Gratton,
C., Hunt, L., Larsen, A.E., Martinezsalinas, A., 2018. Crop pests and predators exhibit
inconsistent responses to surrounding landscape composition. Animal 115,
E7863-E7870.

Landis, D.A., Wratten, S.D., Gurr, G.M., 2000. Habitat management to conserve natural
enemies of arthropod pests in agriculture. Annu. Rev. Entomol. 45, 175-201.

Liu, J., Wu, K.M., Hopper, K.R., Zhao, K.J., 2004. Population dynamics of Aphis glycines
(Homoptera: aphididae) and its natural enemies in soybean in northern China. Ann.
Entomol. Soc. Am. 97, 235-239.

Mazzi, D., Dorn, S., 2012. Movement of insect pests in agricultural landscapes. Ann. Appl.
Biol. 160, 97-113.

Ouyang, F., Ge, F., 2011. Effects of agricultural landscape patterns on insects. Chinese
Journal of Applied Entomology 48, 1177-1183.

Ouyang, F., Men, X., Yang, B., Su, J., Zhang, Y., Zhao, Z., Ge, F., 2012. Maize benefits the
predatory beetle, propylea japonica (Thunberg), to provide potential to enhance
biological control for aphids in cotton. PLoS One 7, e44379.

Redlich, S., Martin, E.A., Steffan-Dewenter, I., 2018. Landscape-level crop diversity
benefits biological pest control. J. Appl. Ecol. 55, 2419-2428.

Robinson, R.A., Sutherland, W.J., 2002. Post-war changes in arable farming and biodi-
versity in Great Britain. J. Appl. Ecol. 39, 157-176.

Rotem, G., Ziv, Y., 2016. Crop diversity and rotation may increase dispersal opportunities
of reptiles in a heterogeneous agroecosystem. Agric. Ecosyst. Environ. 235, 32-37.

Sheng, J., Gao, F., Andile, M., Wang, L., Sandhu, H.S., Ouyang, F., Zhao, Z.-H., 2017. Crop
diversity and land simplification effects on pest damage in Northern China. Ann.
Entomol. Soc. Am. 110, 91-96.

Snyder, W.E., 2019. Give predators a complement: conserving natural enemy biodiversity
to improve biocontrol. Biol. Control 135, 73-82.

Strip intercropping peanut with maize, Chaplin-Kramer, R., O’'Rourke, M.E., Blitzer, E.J.,
Kremen, C., 2011. A meta-analysis of crop pest and natural enemy response to
landscape complexity. Ecol. Lett. 14, 922-932.

Thies, C., Tscharntke, T., 1999. Landscape structure and biological control in agroeco-
systems. Science 285, 893-895.

Thorbek, P., Bilde, T., 2004. Reduced numbers of generalist arthropod predators after
crop management. J. Appl. Ecol. 41, 526-538.

Tscharntke, T., Klein, A.M., Kruess, A., Steffan-Dewenter, I., Thies, C., 2005. Landscape
perspectives on agricultural intensification and biodiversity - ecosystem service
management. Ecol. Lett. 8, 857-874.

Tscharntke, T., Tylianakis, J.M., Rand, T.A., Didham, R.K., Fahrig, L., Batary, P.,
Bengtsson, J., Clough, Y., Crist, T.O., Dormann, C.F., Ewers, R.M., Frund, J., Holt,
R.D., Holzschuh, A., Klein, A.M., Kleijn, D., Kremen, C., Landis, D.A., Laurance, W.,
Lindenmayer, D., Scherber, C., Sodhi, N., Steffan-Dewenter, 1., Thies, C., van der
Putten, W.H., Westphal, C., 2012. Landscape moderation of biodiversity patterns and
processes - eight hypotheses. Biol Rev 87, 661-685.

Wan, N.F., Ji, X.Y., Deng, J.Y., Kiaer, L.P., Cai, Y.M., Jiang, J.X., 2019. Plant diversifi-
cation promotes biocontrol services in peach orchards by shaping the ecological ni-
ches of insect herbivores and their natural enemies. Ecol. Indic. 99, 387-392.

Woltz, J.M., Isaacs, R., Landis, D.A., 2012. Landscape structure and habitat management
differentially influence insect natural enemies in an agricultural landscape. Agric.
Ecosyst. Environ. 152, 40-49.

Wu, K.M., Guo, Y.Y., 2005. The evolution of cotton pest management practices in China.
Annu. Rev. Entomol. 50, 31-52.


http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0005
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0005
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0010
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0010
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0010
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0015
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0015
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0020
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0020
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0020
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0025
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0025
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0030
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0030
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0030
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0030
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0030
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0030
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0030
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0030
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0030
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0030
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0030
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0030
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0030
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0030
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0030
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0030
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0030
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0030
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0035
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0035
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0035
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0040
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0040
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0040
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0045
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0045
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0045
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0045
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0050
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0050
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0055
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0055
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0060
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0060
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0060
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0065
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0065
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0065
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0070
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0070
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0070
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0075
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0075
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0075
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0075
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0080
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0080
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0085
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0085
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0085
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0090
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0090
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0095
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0095
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0100
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0100
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0100
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0105
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0105
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0110
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0110
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0115
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0115
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0120
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0120
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0120
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0125
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0125
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0130
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0130
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0130
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0135
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0135
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0140
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0140
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0145
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0145
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0145
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0150
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0150
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0150
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0150
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0150
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0150
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0155
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0155
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0155
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0160
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0160
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0160
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0165
http://refhub.elsevier.com/S0167-8809(20)30209-7/sbref0165

	Ecological control service of the predatory natural enemy and its maintaining mechanism in rotation-intercropping ecosystem via wheat-maize-cotton
	Introduction
	Methods
	Study site and experimental design
	Insect sampling and microclimate monitoring
	Ecological control service index in farmland landscape system
	Statistical analysis

	Results
	Effect of crop planting patterns on predatory ladybird and its prey
	Ecological control service of rotation-intercropping via wheat-maize-cotton
	Maintaining mechanism of ecological control service via rotation-intercropping

	Discussion
	Dynamics of the predatory natural enemy in rotation-intercropping ecosystem
	Ecological control service of rotation-intercropping ecosystem
	Maintaining mechanism of ecological control service in rotation-intercropping ecosystem

	Conclusion
	Declaration of Competing Interest
	Acknowledgement
	References




