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1 | INTRODUCTION

Biotic and abiotic factors have been shown to affect the popula-
tion dynamics of birds, mammals, fish, and insects (Sibly, Barker,
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Abstract

The interactions between plants and insects play an important role in ecosystems.
Climate change and cropping patterns can affect herbivorous pest insect dynam-
ics. Understanding the reasons for population fluctuations can help improve inte-
grated pest management strategies. Here, a 25-year dataset on climate, cropping
planting structure, and the population dynamics of cotton bollworms (Helicoverpa
armigera) from Bachu County, south Xinjiang, China, was analyzed to assess the ef-
fects of changes in climate and crop planting structure on the population dynam-
ics of H. armigera. The three generations of H. armigera showed increasing trends in
population size with climate warming, especially in the third generation. The relative
abundances of the first and second generations decreased, but that of the third gen-
eration increased. Rising temperature and precipitation produced different impacts
on the development of different generations. The population numbers of H. armigera
increased with the increase in the non-Bacillus thuringiensis (Bt) cotton-planted area.
Asynchrony of abrupt changes existed among climate change, crop flowering dates,
and the phenology of H. armigera moths. The asynchronous responses in crop flow-
ering dates and phenology of H. armigera to climate warming would expand in the
future. The primary factors affecting the first, second, and third generations of moths

were T in June, the last appearance date of the second generation of moths, and

mean
the duration of the third generation of moths, respectively. To reduce the harm to

crops caused by H. armigera, Bt cotton should be widely planted.
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Denham, Hone, & Pagel, 2005), and understanding density-depen-
dent and density-independent processes is central to population
fluctuations (Brook & Bradshaw, 2006; Russell et al., 2011; Sibly
et al., 2005). Analysis of time series data can provide insights into
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the relative importance of density-independent and density-de-
pendent factors (Berryman & Turchin, 2001). However, the lack of
long-term data on agricultural insect pests limits research aimed at
understanding how these factors interact. The cotton bollworm,
Helicoverpa armigera (Hibner) (Lepidoptera: Noctuidae), exhibits
polyphagy, high fecundity, facultative diapause, and high mobility
(Downes et al., 2016; Kriticos et al., 2015) and is one of the most
serious insect pests in the world (Downes et al., 2016; Fitt, 1989). It
usually produces three to seven generations in a year in China, such
as three generations in north Xinjiang (Zhang, Ma, Xu, et al., 2013)
and Liao River cotton-planted area (Wu, 1999), four generations in
south Xinjiang (Zhang, Ma, Xu, et al., 2013) and north China plain
(Zhai, Ding, & Li, 1992), five generations in most area of Yangzi River
valley cotton-planted region and northern area of south China valley
cotton-planted region (Zhang, Li, Ma, & Guo, 2000), and six gener-
ations in most area of south China valley cotton-planted region; in
certain years, moths in the regions where it produces six generations
can produce seven generations (Meng, Zhang, & Ren, 1962). Wheat
serves as the main host of the first generation, while other genera-
tions are present on other host crops (Wu & Guo, 2005). China had
the highest cotton yield in the world in 2012, with half of this pro-
duction occurring in the Xinjiang Uygur Autonomous Region (Huang,
2016). Therefore, it is important to understand the drivers of the
population dynamics of H. armigera in this region.

It has been suggested that elevated CO, under climate change
may cause herbivory to increase around two- to fourfold and insects
to outbreak, while elevated temperature may increase herbivore
developmental times, allowing herbivores to partially escape dis-
covery by natural enemies, and drought appears to decimate para-
sitoid populations (Coley, 1998). Divergences between the thermal
preferences of the host and those of the parasitoid lead to a dis-
ruption of the temporal or geographical synchronization, increasing
the risk of host outbreaks (Hance, Baaren, Vernon, & Boivin, 2007).
An organism's environmental tolerance would be better described
here as a function of two factors, environmental optimum and ge-
netic contribution to adaptation, and those factors can vary sub-
stantially between individuals. Increase of temperature will have a
greater negative impact on the distribution of the parasitoid than
on its host and that could lead to its exclusion from some agricul-
tural regions where it is currently important (Furlong & Zalucki,
2017). If these changes are beyond their tolerance range, organ-
isms are exposed to stress or lethal conditions (Lynch & Gabriel,
1987). Climate change has been associated with both increased pest
outbreaks (Kurz et al., 2008) and decreases in or extinction of in-
sect pest species (Thomas et al., 2004). Climate warming can ex-
pand the survival boundary (Franco et al., 2006; Parmesan, 1996;
Parmesan et al., 1999; Parmesan & Yohe, 2003), change the phenol-
ogy (Parmesan, 2007; Satake, Ohgushi, Urano, & Uehimura, 2006;
Westgarth-Smit, Leroy, Collins, & Harrington, 2007), and exacerbate
the effect of agricultural intensification on continuously weakening
the negative density dependence in regulating the population dy-
namics of H. armigera (Ouyang et al., 2014) and can lessen the nega-

tive effects of later spring cold events on these moths and increase
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their abundance (Gu et al., 2018). Increases in temperature result in
higher moth activity and the capture of more moths, and the size
of the second generation is significantly related to the size of first
generation (Maelzer & Zalucki, 1999; Maelzer, Zalucki, & Laughlin,
1996), although no effects of spring warmth were found (Maelzer &
Zalucki, 1999). However, Wardhaugh, Room, and Greenup (1980) in-
dicated that spring warmth could increase the H. armigera population
in the Narrabri area due to the size of the wheat crop. Furthermore,
Maelzer and Zalucki (2000) suggested that the sizes of the first
spring generations of both H. armigera and H. punctigera in Narrabri
were significantly correlated with southern oscillation index in cer-
tain months, sometimes up to 15 months before the date of trapping.

Exposure to heavy precipitation results in the death of H. armigera
(Ge, Liu, Ding, Wang, & Zhao, 2003). Precipitation also increases air
RH and soil water content. For H. armigera pupae, a saturated soil
water content results in a lower emergence rate (less than 10%); a
soil water content over 60% retards ovary development; a soil water
content below 40% promotes the development of the ovary; a soil
water content below 20% can improve pupal survival; and a soil
water content over 20% decreases egg production in female moths
(Chen, Zhai, & Zhang, 2003). Higher RH of 60%-90% is helpful for
flight action of adult H. armigera (Wu & Guo, 1996). Morton, Tuart,
and Wardhaugh (1981) suggested that the flight of H. armigera was
related to temperature. Precipitation can significantly change the
fecundity of H. armigera in different generations (Li, Zheng, & Tang,
2016). RH increases with increases in precipitation and leads to
abnormal behaviors in insects because the opening and closing of
the spiracles of insects result in a discontinuous gas exchange cycle
(Chown & Holter, 2000; Hetz & Bradley, 2005). RH mainly affects
water within the insect body to produce effects on insects, viz., af-
fecting water balance within the insect body. Water within the insect
body is an important induced signal for seasonal action behaviors
and can regulate the development and breeding of insects (Tauber,
Tauber, Nyrop, & Villani, 1998). Changes in RH can affect water fluc-
tuations in host plants and further impact the feeding of insects,
leading to transfer to another region and an increased pest number
in that region (Qin, 1964). Precipitation decreases the temperature
in summer, which can increase the flight capacity of adult H. armigera
because the favorable temperatures for its flight have been reported
to range from 20°C to 22°C (Gao & Zhai, 2010) or 20°C to 24°C
(Wu & Guo, 1996). Suitable temperatures could increase the flight
distance of moths and lead to population spreading. Riis and Esbjerg
(1998) reported that the flight of the burrowing bug Cyrtomenus bergi
(Hemiptera: Cydnidae) was also important for population spread.
However, Morton et al. (1981) argued that H. armigera did not show
a significant response to humidity and that the optimum tempera-
ture for trapping this species was approximately 27°C. In addition,
temperature affects the parasitization rates of H. armigera, while
RH does not (Kalyebi, Sithanantham, Overholt, Hassan, & Mueke,
2005). However, how the interplay of precipitation and RH impacts
the population dynamics of H. armigera is unknown.

The climate system is nonlinear and discontinuous. Climate

change can be abrupt and can dramatically change from one stable
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status to another, meaning that climate status varies spatiotem-
porally from one statistical characteristic to another (Fu & Wang,
1992). Thus, it is necessary to analyze and understand abrupt cli-
mate change using nonlinear theories and methods, such as the
theory of abrupt changes and corresponding detection methods
(Yan, Deng, & Chen, 2003). The Mann—Kendall test presents the
merits of a broad detection range, a small artificial impact, and
a high degree of quantitativeness (Wei, 1999). Therefore, the
Mann—Kendall test was used to detect abrupt changes in climate
variables in this study. The detailed theories are provided by Fu
and Wang (1992) and Wei (2007). Analysis of the effects of abrupt
climate change on crops and insects is helpful for understanding
changes in population dynamics. Climate change causes the phe-
nology of crops and H. armigera to change with different change
rates, which results in asynchrony of abrupt changes between
crops and the larvae of H. armigera and further affects population
numbers due to asynchrony between feeding timing and the food
supply (Huang & Hao, 2018; Huang & Li, 2017). However, the ef-
fects of abrupt climate change on adult moths of H. armigera are
unknown.

Crop variety and cropping structure (referring to the crop
planting areas and percentages in this study) can both affect H.
armigera. With the increase in the Bacillus thuringiensis (Bt) cot-
ton-planted area in China, outbreaks of H. armigera have been
suppressed (Wu, Lu, Feng, Jiang, & Zhao, 2008). Bt cotton signifi-
cantly suppresses the second-generation population numbers of
H. armigera (Gao, Feng, & Wu, 2010). Different crop planting pat-
terns significantly affect the population structure of the arthro-
pod community in Bt cotton fields (Guo, Wan, Hu, & Yan, 2007).
Similarly, in Bt cotton field landscapes, the population numbers of
H. armigera in complex landscapes are lower than those in simple
landscapes, and the population numbers of H. armigera are nega-
tively correlated with the Bt cotton-planted area (Lu, Pan, Zhang,
Li, & Zhang, 2012; Lu, Zalucki, Perkins, Wang, & Wu, 2013). In
non-Bt cotton fields, many crops, such as wheat, cotton, sorghum,
and sunflowers, support successive generations of H. armigera,
and larval survival fluctuates greatly according to the efficacy of
spray application (Wardhaugh et al., 1980). The variability in the
proportion of suitable non-Bt breeding habitat or the total area of
Bt and suitable non-Bt habitat over time can increase the overall
rate of resistance evolution by causing short-term surges of in-
tense selection. These surges can be exacerbated when temporal
variation causes high larval densities in refuges, and when Bt crops
are rare rather than common in the landscape, rapid resistance
evolution can occur (Ives et al., 2017). The numbers of larvae killed
by Bt depend not on their total numbers but on larvae proportions
of the overall population (lves et al., 2017).

Thus, the objects of this study were to (a) analyze the long-
term population dynamics of H. armigera; (b) identify the change
trends of the relative abundance of different generations of
moths; (c) determine the effects of climate factors and crop struc-
ture on population change; (d) ascertain the impacts of abrupt cli-

mate change on abrupt crop changes and abrupt moth changes;

and (e) quantify the relative contributions of affecting factors to
population dynamics.

2 | MATERIALS AND METHODS
2.1 | Study sites

Bachu County (38°47'-40°17' N, 77°22'-79°56' E, and 1100-
1180 m above sea level), with a total area of 21,741.3 km?, lies
in the western Tarim Basin, Xinjiang Uygur Autonomous Region,
China (Zhang & Zhang, 2006), and comprises a town and several
villages. The area has a temperate continental arid climate, and

the annual temperature, including mean temperature (T___ ), mini-

mean

mum temperature (T |
tion, sunshine hours, and mean frost-free period are 11.9°C, 5.4°C,
19.5°C, 58.9 mm, 2,994 hr, and 255 days, respectively (Zhang &

Zhang, 2006). Cotton, corn, and winter wheat are the primary

) Maximum temperature (T__ ), precipita-

crops. The planting dates of winter wheat, cotton, and corn were
generally around 15th October, 6th April, and 21st June, respec-
tively, during the period of 1991-2015. The fields were irrigated.
When H. armigera occurred, certain fields were investigated. If
100 ha of crops were investigated at these times, only 5 ha were
damaged by H. armigera; thus, the occurrence rate was 5%. The
total crop area was then multiplied by the occurrence rate, and the
damaged crop area at the time could be calculated. The sum of the
total damaged area was the accumulated damaged area at every
time. The method followed the national standard (Standardization
Administration of the People's Republic of China, 2009). The areas
of cotton, corn, and wheat fields varied from 14,667 to 83,440,
7,658 to 18,000, and 9,142 to 19,081 ha, respectively, during the
period of 1991-2015. Additionally, the area damaged by H. armig-
era varied from 133 to 5,553 ha according to the statistical data
from the plant protection station in Bachu County. The study area
varied from 31,467 to 120,521 ha during 1991-2015. In this study,
only trapped adult moths were employed to analyze changes in
abundance. The area in which H. armigera adult moths were col-
lected depended on the flight distance of moths. Their short-
range movement distance is approximately 100-1000 m (Fitt,
1989), while their long-range movement distance is reported to
be approximately 10-30 km (Xu, Guo, Wu, & Jiang, 2000) or over
300 km (Wu & Guo, 1996). Migrant moths have been shown to
employ sophisticated orientation and height-selection strategies
that maximize displacements in seasonally appropriate directions;
they appear to have an internal compass and to respond to turbu-
lence features in the airflow (Chapman, Drake, & Reynolds, 2011).
A cloud of moths originating from a cropping region remained ex-
tant for over 400 km as it drifted downwind (Wolf, Westbrook,
Raulston, Pair, & Hobbs, 1990).The area around the center of a
lamp with a radius of 20 km is 125,600 ha, and the lamp could
theoretically be used to collect the moths within this study area.
Therefore, we regarded this study area as the area for collecting

moths.
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The life history of H. armigera in the locality is as follows. Eggs
from the third-generation (G3) moths become larvae and enter the
soil in the state of diapausing pupae in autumn to overwinter, and
then become an overwintering generation (GO) moth to produce the
eggs of the first generation (G1) in the next spring, and G1 moths
emerge from G1 pupae (Wu & Guo, 2000). The G1 larvae mainly use
wheat as a host in spring, and the second-generation (G2) and G3
larvae mainly use cotton and corn as hosts (Li, Yao, Zhou, & Wang,
2005).

2.2 | Weather and H. armigera moth survey data

Weather parameters were recorded at the Bachu weather admin-
istration, which lies on the edge of the town. Jun-Sep meant from
June to September; thus, the temperature from June to September
T

was expressed as T, mean’

max’

and T, in Jun-Sep. The adult moths
were captured by using a black light lamp with a wattage of 20
(made by Jiaduo Technology, Industry and Trade Company
Limited, China), which was placed in an open field at 1.5 m above
the ground, with no trees or higher buildings surrounding the
lamp. The distance between weather station and the lamp was
about 300 m. The lamp was turned off after dawn and turned on
after dusk from early April to late September during 1991-2015.
Every year the lamp was replaced with a new strip lamp. All the set
criteria followed the national standards (the State Administration
of Quality Supervision Inspection and Quarantine of the People's
Republic of China and the Standardization Administration of the
People's Republic of China, 2009). Cotton fields, winter wheat
fields, corn fields, other crop fields, and vegetable fields sur-
rounded the lamps. The adult moths captured by using the lamp
were counted daily, and every generation of H. armigera moths was
distinguished using standard methods (Lu et al., 2013; Zhang, Ma,
Xu, et al., 2013).

2.3 | Crop flowering phenology

The flowering dates of wheat, cotton, and corn were the dates on
which approximately 50% of the crops flowered, and the calendar
dates on which the crops reached each new developmental stage

were also recorded. Every growth stage was confirmed according to

Fcology and Evolution o 1327
= WILEY- %%

the national standard (Xu & She, 1980). The growth stages of wheat,
cotton, and corn were also recorded in a similar fashion. The crop
percentages of crop planting area fluctuated with a range of approxi-
mately 10% (Figure 6a).

2.4 | Statistical analysis

Here, a generation meant adults trapped during the period from the
first appearance date of adult moths to their last appearance date.
Different generations were distinguished by analyzing the patterns
of population fluctuation, that is, the number of adults trapped by
the light trap during the season (Lu & Baker, 2013; Miao, Guo, Lu,
Yu, & Wang, 2006). According to the life history of H. armigera in the
studied locality, the periods of GO, G1, G2, and G3 varied from 25th
April to 27th May, 3rd June to 11th July, 15th July to 7th August, and
7th August to 20th September, respectively. The moth peak referred
to the number of moths trapped reaching 50% of total number of
moths trapped during every generation. The moth trough referred
to the minimum number of moths trapped, which was zero in this
study. To compare the changes in moth numbers in every generation
of H. armigera, a Gaussian function was used to estimate the popula-

tion density:

EAT,6) = — a1/,
6V 2rx

(1)

where t refers to the days, A is the area under the curve estimating the
abundance of individuals, T is the mean of the distribution representing
to the data on maximum abundance, and § is the standard deviation in
estimating the duration of a generation (Gao et al., 2010).

The number of adult moths of H. armgiera captured in every gen-
eration fluctuated dramatically, so the Ln(moth number) value was
used to conduct statistical analysis in this study. The trends of the air
temperature and Ln(moth number) over time during the study period
were analyzed using linear regression. The relationships between
Ln(moth number) and climate parameters were determined using
Pearson correlation analyses and regression functions. Statistical
significance was declared at p < .05. These analyses were conducted
by the SPSS 17.0 for Windows statistical package (SPSS Inc.).

The population change rate of H. armigera (Turchin, 1999)
was calculated using the R-function (Berryman & Turchin, 2001),

a b
A( ) 155 (®) 155
o Y =0.045x -77.199 © ~
= 15.0 1 g2 192 o £ 180
2 a5 p=08 ©°  °0° o, e
£ 140 9 Ir5
s S
$ 13.5 = 170 o Y = 0.033x — 48.549
c 130 £ R*=.198
- ¥ =
o £ 6. p=.026
LE 125 © 0 e 1887,
12.0 16.0

FIGURE 1 Trendsof T 1320

min
(a) and Jun-Sep (b) over time

in September

1995 2000 2005 2010 2015

1990 1995 2000 2005 2010 2015

Year Year
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T .in (°C/y) T ean (°C7Y) T, .x (°C/y)
May 0.054 0.046 0.063
June 0.018 -0.001 0.003
July 0.012 0.001 0.013
August 0.056 0.039 0.040
September 0.045* 0.007 -0.022
Summer 0.028 0.013 0.019
Jun-Sep 0.033* 0.012 0.009

TABLE 1 Temperature and

A precipitation change rates of months

0.20
-0.23
0.28
-0.29
0.33
-0.79
0.08

Note: The time series were from 1991 to 2015. * and ** represent significance at p < .05 and
p < .01, respectively. Summer means from June to August. Jun-Sep means from June to September.

R, = Ln(N./N, _,), where N, and N, _, were the total abundance of
captured adult moths in years t and t - 1, respectively. N referred to
G1, G2, G3, or G1-G3. Thus, the R value of every generation could
be calculated.

Multicollinearity is a common problem in multivariate analysis.
Ordinary least squares (OLS) regression increases the risk of re-
jecting a theoretically sound predictor (Naes & Martens, 1985) and
yields unstable results (Field, 2000). Therefore, partial least squares
(PLS) regression was employed because PLS allows comparisons
between multiple response variables and multiple explanatory vari-
ables (Hoskuldsson, 1988), resists overfitting, and is better than
principal component analysis (PCA) (Land et al., 2011). The PLS ap-
proach was used to determine the relative influence of factors such
as climate and crops factors. The SPSS 17.0 for Windows statistical
package (SPSS Inc.) was used for these analyses.

The nonparametric Mann—Kendall test (MK) was first devel-
oped by Mann (1945) and further developed by Kendall (1948) and
Gerstengarbe and Werner (1999). The Mann—Kendall test pres-
ents the merits of a broad detection range, small artificial impact,
and high degree of quantitativeness (Wei, 2007). In this study, the
Mann—Kendall test procedure with a 5% significance level was
applied to analyze abrupt changes according to Gerstengarbe and
Werner (1999).

2.5 | Cropping structure

The term “cropping structure” referred to the planted area of crops
and percentages of the crop planting areas of species such as win-
ter wheat, cotton, and corn. The planted area percentages of winter
wheat, cotton, and corn ranged from 14% to 33%, 39% to 62%, and
11% to 24%, respectively, during the period of 1991-2015.

3 | RESULTS

3.1 | Climate change rates

T..in in September and Jun-Sep increased by 0.045°C and 0.033°C

per vyear, respectively, and these changes were significant

(Figure 1; Table 1). The increasing and decreasing trends for pre-
T . andT

axt Tmin, mean iN Other months were not significant.

cipitation, T,
Essentially the climate became warmer because the annual T__,.

increased by 0.021°C/year during 1981-2015 (R% = .192, p = .008).

3.2 | Long-term population dynamics of H. armigera

Moths of G1 showed an increasing trend in population size over
time; however, this was not significant (Y = 0.010x - 15.738,
R? = .003, p = .787). However, moths of G2, G3, and the total
numbers of moths of all 3 generations (G1-G3) showed signifi-
cantly increasing trends in population size over time (Figure 2a-
c). In addition, the results of Gaussian-fitted curves (Figure 3)
showed that the moth peak values of G1, G2, and G3 all showed
increased over time; however, only G3 showed a significant in-
crease (Figure 5b). The integral areas under the Gaussian-fitted
curves represented the population numbers. With an increase in
the integral area, the population numbers increased (Figure 3).
Thus, these results illustrated that both the population numbers
and moth peak values of each generation of H. armigera at the
study site increased from 1991 to 2015.

The population change rates over time of G1, G2, G3, and G1-G3
of H. armigera were -0.011, -0.027,0.018, and -0.013, respectively.
However, none of these rates were significant. They all fluctuated
near zero, and R, exhibited a positive change rate and the great-
est fluctuation range (Figure 2d). The abundance of G2 and G1-G3
reached a peak in 2002 (Figure 2e). This finding suggested that the
moth numbers fluctuated sharply between years.

3.3 | Changes in the relative abundance of different
generations of H. armigera over time

The changes in the relative abundance of different generations of
H. armigera reflected the changes in the percentages of moth num-
bers in each generation (Figure 4a). The relative abundance of G1
and G2 showed decreasing trends without significance (data not
shown), but the relative abundance of G3 showed a significant in-

creasing trend and increased by 1.6% per year (Figure 4b). Not every
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FIGURE 2 Dynamics of population increase (a, b, c), population change rate (R-function) (d), and population abundance (e) for Helicoverpa

armigera

FIGURE 3 Examples of generation
development of Helicoverpa armigera.
Y-axis indicated daily light trap catches
from 1st June to 30th September in
1997 (a), 2003 (b), 2008 (c), and 2012 (d).
The solid black line indicated the fitted
population dynamics

generation occurred in each year; for example, G1 was missing in
2005, and a part of G3 was missing in 1999, 2000, 2007, and 2010.
The black light lamp did not work for the collection of G3 in 2000
and 2010, and other missing data came from points at which no

moths were captured due to mighty wind. The relative abundances

(a)

—— Model O Field data

(b)

O
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Moths captured (No. per day)

N
o
1

10 4
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of Gland G2 increased from 1991 to 2000, and they decreased
from 2000 to 2015. However, the relative abundance of G3 showed
an opposite change trend; it decreased before 2000 and increased
after 2000 (Figure 4a). The relative abundance of G3 decreased by
2.4% when RH in September increased by 1% (Figure 4c).
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FIGURE 4 Relative abundance of Helicoverpa armigera. Relative abundance of each generation in all three generations (a), increasing
trend of the relative abundance of G3 in all three generations (b), and the relationship between the relative abundance of G3 in all three

generations and RH in September from 1991 to 2015 (c)

3.4 | Relationships between moth numbers in each
generation and climatic factors

The moth peaks of G1, G2, and G3 of 70, 194, and 26 were observed
in 2000, 2002, and 2008, respectively (Figure 5a). Ln(moth of G1)

significantly increased with T____

in May (Figure 5c) and decreased
with precipitation in April (Figure 5h). Ln(moth peak of G1) signifi-

cantly increased with T___

in May and June (Figure 5d,e). Ln(moth
peak of G2) significantly increased with T

mean

in August and with
precipitation and RH in July (Figure 5g,i,k). However, Ln(moth peak

of G2) significantly decreased with T in July (Figure 5f). Ln(moth

mean
peak of G3) first increased before precipitation reached 13 mm and
then decreased with precipitation in September (Figure 5j). The in-

crease in RH decreased Ln(relative abundance of G3) (Figure 5I).

3.5 | Effects of cropping structure on H. armigera
populations

The Ln(moth numbers) of G2, G3, and G1-G3 significantly increased
with the (non-Bt) cotton- and corn-planted areas (Figure 6a-e).
The cotton- and corn-planted areas increased by 1736.718 and
273.490 ha/year (p < .001), respectively. The increase in Ln(G3 moth
numbers) associated with the corn-planted area (Figure 6c) was
faster than that with cotton-planted area (Figure 6b); viz., the moth
numbers of G3 increased by 1,000.054 and 1,000.308 per 1,000 ha
in cotton- and corn-planted area, respectively. Ln(moth peak of G3)
also significantly increased with the corn-planted area (Figure 6f).

3.6 | Abrupt changes in climate, moths, and crops

The results of the Mann—Kendall tests showed significant abrupt
changes in the moths of G1-G3 (Figure 7a), moths of G2 (Figure 7b),
moths of G3 (Figure 7c), peak of G2 moths (Figure 7d)
(Figure 7e), RH in August (Figure 7g), precipitation in July (Figure 7h),

, Tean iN June

daily range of temperature in July (Figure 7i), winter wheat flowering

date (Figure 7j), and cotton flowering date (Figure 7k). The years
exhibiting abrupt changes of the ten events mentioned above were
2011, 1993, 2011, 1994, 1992, 2005, 1993, 2012, 1997, and 1996,
respectively. An insignificant abrupt change in G1 moths was ob-
served in 1992 (data not shown), and abrupt changes in G2, G3, and
G1-G3 moths were observed in 1993, 2011, and 2011, respectively
(Figure 7a-c). Abrupt changes in G1 and G2 moths occurred at the
same year, as did those in G3 and G1-G3 moths. In addition, the
abrupt changes in G3 and G1-G3 moths exhibited the same change
trends (Figure 7a, ¢). This finding suggested that the abrupt change in
G3 moths had a predominant effect on the abrupt change in G1-G3

moths. The abrupt change in T in June was earlier than those in

mean
the moths of G2, G3, and G1-G3, the peak of G2 moths, the winter
wheat flowering date, and the cotton flowering date (Figure 7a-e,j,k).
Abrupt changes in G1 and G2 moths were observed in 1992 and
1993, respectively, and abrupt changes in flowering dates of wheat
and cotton were observed in 1997 and 1996, respectively. Thus, the
abrupt changes in G1 and G2 moths were earlier than those in flow-
ering dates of wheat and cotton. Therefore, the abrupt changes in
adult moths, climatic factors, and flowering dates of winter wheat

and cotton exhibited asynchrony.

3.7 | Relative influence ratios of climatic and crop
factors on H. armigera populations

The moth numbers of G1, G2, G3, and G1-G3 were affected by dif-
ferent factors (Table 2) according to PLS analysis, and the primary
affecting factors of G1, G2, G3, and G1-G3 were T

mean IN June, the

last appearance date of G2 moths, the duration of G3 moths, and
Ln(G3 moth number), respectively. The proportions of variance ex-
plained of the four factors ranged from 66.6% to 88.1% (Table 2).
The reasons of the four primary affecting factors to different gen-
erations were different. G1 moths usually appeared from 3rd June

to 11th July, so the increase in T, in June could contribute to

mean
producing more moths (Figure 5e). The earlier the first appearance

date of G1 moths was, the longer the duration of G1 moths was.
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In turn, the longer the duration of G1 moths was, the more moths
were produced (Y = 0.061x + 1.763, R? = .254, p =.012). The sum

of proportions of variance explained by the first appearance date

to 7th August; T

mean

and duration of G1 moths was 25.9% (Table 2), which could sup-
port this observation. G2 moths usually appeared from 15th July

in July was the highest in a year at this study
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site, and the higher temperature in July could affect the flight of
moths (Figure 5f). Additionally, the increases in precipitation and
RH in July contributed to decreasing T, .,

the numbers of G2 moths (Figure 5i,k). Therefore, the later the

in July and increasing

last appearance date of G2 moths was, the more moths appeared.
The sum of proportions of variance explained by the last appear-
ance date and duration of G2 moths was 69.9% (Table 2), which
could support this observation. G3 moths usually appeared from
7th August to 20th September, and then, the number of moths sig-
nificantly increased with prolongation of the duration of G3 moths
(Y = 0.067x + 1.463, R? = .625, p < .001). An earlier first appear-
ance date meant a longer duration of G3 moths. Thus, more moths
could develop, which increased the number of G3 moths. The

sum of proportions of variance explained by the duration and last

appearance date of G3 moths was 79.8% (Table 2), which supports
this observation. Thus, the duration of the moths was very impor-
tant in increasing the numbers of moths, especially for G2 and G3.
However, for the total numbers of moths of G1-G3, the number of
G3 moths was the primary affecting factor because Ln(G3 moth
number) showed a significantly increasing trend (Figure 2b) and
the relative abundance of G3 moths increased (Figure 4a), while
Ln(G3 moth number) significantly increased with the cotton-
planted area (Figure 6b). In fact, the cotton-planted area expanded
very quickly (Figure 6h). Thus, we could speculate that G3 moth
numbers might dramatically increase with expansion of the cotton
area, and the total numbers of moths would therefore dramatically
increase. Thus, Ln(G3 moth number) had the greatest effect on the

total numbers of moths.
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absolute value of P (|P|) should be |P|> 1.96

4 | DISCUSSION and after 2002, implying that the population varied from a lower

equilibrium to a higher one, though the change rate fluctuated dra-
The abundance recorded in this study reached its peak in 2002 matically between years (Figure 2d,e). The abundance of G1-G3
(Figure 2e), especially for G2, which caused severe harm to cot- increased from 1991 to 2002 and decreased after 2002, and then
ton. The population change rates fluctuated near zero both before increased beginning in 2005 (Figure 2e), which suggested that the
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TABLE 2 Factors affecting over moths of different generations

Moths number Factor 1 (%) Factor 2 (%) Factor 3 (%) Factor 4 (%) Factor 5 (%) Total (%)
Ln(G1) A (66.6) B (23.2) C(2.7) D(2.1) E(1.7) 96.3
Ln(G2) F (66.8) G (7.6) A (4.2) H (3.1) 1(4.4) 86.1
Ln(G3) J(77.4) K(12.9) L (5.0) M (2.4) N (0.6) 98.3
Ln(G1-G3) 0 (88.1) P(6.7) G(2.2) N (1.5) Q(0.6) 99.1
Note: A: T in June; B: first appearance date of G1 moth; C: duration of G1 moth; D: precipitation in June; E: RH in June; F: last appearance date

mean

of G2 moth; G: Ln(G1 moth); H: duration of G2 moth; I: daily range between T

max min

and T _. in July; J: duration of G3 moth; K: wheat planting area; L:

cotton planting area; M: first appearance date of G3 moth; N: corn planting area; O: Ln(G3 moth); P: Ln(G2 moth); and Q: precipitation in July.
The analysis of affecting factors for Ln(G1), Ln(G2), Ln(G3), and Ln(G1-G3) was based on the dataset of 1991-2015.

crops in this region faced more risks due to the increased moth
numbers.

Climate warming has affected the survival, dispersal, devel-
opment, and abundance of herbivorous insects (Bale et al., 2002;
Cornelissen, 2011; Kreyling, 2010), and has shortened the dura-
tion of insect development and produces more insects (Liu & Gu,
1997). In this study, T ... in Jun-Sep during the period of 1954-2015
increased by 0.09°C per decade (Y = 0.009x + 6.837, R? = .076,
p = .030). Our results showed that the moth numbers of G1, G2,
and G3 all increased over time (Figure 2), and that the durations of
G1, G2, and G3 were all prolonged, though this change was signifi-
cant only for the duration of G3 (Y = 1.073x - 2,124.933, R? = .207,
p = .022) and that a higher in T

mean IN July resulted in lower moth

numbers of G2 (Figure 5f). The most suitable temperature for H.
armigera is 25°C-28°C (Gao, Zhang, Liu, & Wang, 2007), and Noor-
ul-Ane, Kim, and Zalucki (2018) suggested that the maximum fecun-

dity of H.armigera was at 25°C; however, some T,

mean Values in July

surpassed 28°C, which could cause breeding ability to decrease.
Most of the moth peaks were distributed within temperatures of
25°C-28°C (Figure 5f). Liu, Gong, Wu, and Li (2004) indicated that
a temperature of over 27°C resulted in summer diapause of H. ar-
migera and that summer diapause ratios significantly increased when
the temperature reached 33°C.On the other hand, rising RH in July
produced more moths (Figure 5k) because the RH in July ranged
from 33% to 56%, whereas the most suitable RH for H. armigera
breeding is 70%-85% (Gao et al., 2007). The temperature in July
was the highest within a year, with a mean value of 26.2°C, while
the mean RH of 44% was lower because precipitation in July ranged
from 5.1 to 51.4 mm, with a mean value of 18.23 mm. Therefore, an
increase in RH in July in this arid region could increase the number of
moths. Thus, our results suggested that climate warming prolonged
the durations of H. armigera moths and increased the moth numbers
of H. armigera.

Precipitation has a great effect on the occurrence of H. armigera
(Li et al., 2016). In this study, the moth peak of G3 first increased and
then decreased (Figure 5j). During the period 1991-2015, a 1 mm
increase in precipitation decreased T__, . in September by 0.042°C
(Y = -0.042x + 20.701, R? = .288, p = .006), which caused Torean IN
September to range from 18.83°C to 21.44°C. Additionally, during
the period 1991-2015, the increase in precipitation significantly in-
creased RH in September (Y = 0.336x + 46.465, R? = 475, p <.001),

and the RH decreased T, in September (Y = -0.102x + 25.378,
R? = .393, p = .001). Such temperatures do not suit the development
of H. armigera because they slow down development, and many
pupae will be in diapause when and the photoperiod decreases
(Chen, Chao, & Liu, 2016; Hackett & Gatehouse, 1982) and the air
temperature is below 20°C (Wu & Guo, 2005) However, the precipi-
tation in July increased the moth peak (Figure 5i). The reason for this

increase was that a 1 mm increase in precipitation decreased T__, . in
July by 0.038°C during the period 1991-2015 (Y = -0.038x + 26.894,
R? = 257, p = .010), which alleviated the influence of higher tem-
peratures over 28°C on breeding. As mentioned above, precipitation
also decreases soil temperatures and reduces the summer diapause
of H. armigera (Hackett & Gatehouse, 1982), which could increase
the viability of eggs; therefore, more moths could be produced.
Additionally, during the period 1991-2015, the increase in precip-
itation increased the RH in July (Y = 0.215x + 40.089, R? = .334,
p =.002), and the increase in RH would significantly decrease T,
in July (Y = -0.143x + 32.510, R? = 502, p < .001) and increase the
moth peak of G2 (Figure 5k). However, the increase in RH decreased
Ln(relative abundance of G3) (Figure 5I). Thus, when we study the
influence of precipitation on H. armigera, the suitable developmental
temperatures and RH should be considered because precipitation
has different impacts on the development of H. armigera during dif-
ferent periods (Li et al., 2016).

An abrupt change in temperature usually precedes an abrupt
phenology change (Liu et al., 2007); however, all the abrupt changes
observed in this study appeared after T___
abrupt change in G2 moths. Additionally, the abrupt changes in G1
and G2 moths occurred far earlier than those in G3 and G1-G3

moths. This difference might suggest that their influencing mech-

in June, except for the

anisms were different, and their primary affecting factors might
support this hypothesis (Table 2). The phenological rate of change
in insects is faster than that in plants under climate change (Gordo
& Sanz, 2005; Parmesan, 2007). In this study, the abrupt changes
in G1 and G2 moths were earlier than those in wheat and cotton,
but the abrupt changes in G3 and G1-G3 moths were far later than
those in wheat and cotton. The main hosts of G1 and G2 were wheat
and cotton, respectively. The metabolism of insects is more sensitive
to increases in temperature than that of plants (Bale et al., 2002;
Berggren, Bjorkman, Bylund, & Ayres, 2009), and this sensitivity

increases significantly with increasing trophic levels (Voigt et al.,
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2003). Climate abrupt change caused increases in the mean tem-
perature, which would further affect the development, phenology,
and numbers of H. armigera. The asynchrony between these changes
might be increased due to climate warming. Thus, when analyzing
population dynamics, it was necessary to consider abrupt climate
change or changes in host phenology and (a)synchrony with moth
phenology.

Crop varieties affect H. armigera populations. For example,
moths of G2 decrease in number and may nearly vanish in high Bt
cotton density regions, and moths of three generations (G1, G2,
and G3) all show decreasing trends (Gao et al., 2010). Moths of
the GO, G1, and G2 also decrease with an increase in the Bt cot-
ton-planted area in another study (Zhang, Ma, Xu, et al., 2013).
However, in this study, the moths of three generations all in-
creased, especially G3 moths (Figure 2b), because Bt cotton was
not planted in this region. Bt cotton kills most of the larvae of
G2 and cuts off the seasonal transfer chain of H. armigera and,
thus, decreases the number of source larvae, alleviating harm
to cotton and other crops (Lu et al., 2018). The function of Bt
cotton in restraining the growth of H. armigera has not been ap-
plied in our study area, so it will be necessary to plant Bt cotton
preventing the increases in H. armigera. The larvae of G1 mainly
occur in wheat, and G1 moths oviposit in the buds or flowers of
cotton in mid- and late May; some moths of G2 and G3 live on
cotton, and others transfer to corn, which makes cotton fields
the major source of subsequent H. armigera generations. It has
been hypothesized that the greater the number of G2 moths,
the more severe the harm to other crops at subsequent times
(Guo, 1998). Our results provided support for this hypothesis:
With an increase in G2 moths (Figure 2a), G3 moths dramatically
increased (Figure 2b).

Host crops influence the abundance of H. armigera in many
ways, such as affecting the suitability of the food supply and the
availability of oviposition and pupation sites and refuges from
natural enemies (Fitt, 1989; Kennedy & Storer, 2000; Sequeira,
2001). The growth stages of H. armigera vary according to their
host plants, such as wheat, cotton, and maize (Liu et al., 2004),
because main host of the first generation is wheat, while the sec-
ond and third generations mainly use cotton and maize as hosts,
respectively (Wu & Guo, 2005). This situation causes H. armigera
abundance to change in different landscapes (Lu & Baker, 2013).
For female moths, the choice of the type of host plant for ovipo-
sition shows no significant correlation with resultant offspring fit-
ness (Jallow & Zalucki, 2003; Liu, Scheirs, & Heckel, 2012) because
female moths can exploit different host plants in space and time
through flight. A more complex agroecosystem can potentially
maintain a more substantial population than that in a simple agro-
ecosystem (Lu & Baker, 2013). In our study, 17 out of 25 years pre-
sented simple agriculture landscapes. Therefore, the H. armigera
population dramatically fluctuated (Figure 2e). Different crop
varieties, including wheat, cotton, and corn, were planted in this

region during the past 25 years, which has resulted in different
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phenologies and planting dates and has served to enhance the
abundance of H. armigera.

Crop planting percentages also impacts the H. armigera popula-
tion (Lu et al., 2012). Our study showed that the number of moths
exhibited a positive but insignificant correlation with the percent-
age of (non-Bt) cotton (data not shown). Li et al. (2015) illustrated
by using stable carbon isotope techniques (6 13C) that approxi-
mately 50% of the moths that occurred in late May and between
August and September came from C, plants (such as corn), while
approximately 100% of those that occurred in June and July came
from C, plants (such as wheat and cotton). In our study area, win-
ter wheat was harvested by the end of the June, and cotton and
corn were harvested in late September, so the G2 and G3 moths
mainly came from cotton and corn, respectively. With an increase
in the cotton- and corn-planted areas (Figure 6h), G2 and G3 moths
would increase (Figure 6a,b). However, the cotton-planted area
significantly increased by 1736.718 ha per year (p < .001), and the
wheat- and corn-planted areas also significantly increased, but only
by 201.899 and 273.490 ha per year (p < .001), respectively. Thus,
the percentages of the corn- and wheat-planted areas showed sig-
nificant decreasing trends (p < .001), while the percentage of the
cotton-planted area showed an increasing trend with an insignificant
correlation (Figure 6g). Therefore, crop area and percentages should
be considered when we study the relationships between crops and
populations of H. armigera; otherwise, a unilateral conclusion might
be drawn.

According to Lu et al. (2012), agricultural landscapes in which the
cotton-planted area is below or equal (<) 50% of the total crop area
are considered as “complex,” whereas where the area is over (>) 50%,
they are considered as “simple.” In our study, 17 out of 25 years were
defined as simple agricultural landscapes. The number of moths in
a complex landscape is greater than that in a simple landscape be-
cause insects can feed on many kinds of plants to avoid a lack of
food (Allen & Luttrell, 2009; Maelzer & Zalucki, 1999; Slosser, Witz,
Puterka, Price, & Hartstack, 1987). Thus, we assume that the num-
ber of moths might increase with an increase in the complexity of
landscapes.

5 | CONCLUSIONS

Our results suggested that climate warming has advanced the phe-
nology of G1, G2, and G3 moths and wheat and cotton flower-
ing dates with different change rates, increasing the population
numbers of H. armigera, especially G3 moths. For non-Bt cotton
landscapes, a complex landscape would increase adult moth num-
bers of H. armigera, and an increasing cotton-planted area would
steadily increase the moth numbers of H. armigera. Climate change
has caused asynchronous changes between crops, H. armigera, and
climate factors. The asynchrony responses in crop flowering dates
and phenology of H. armigera to climate warming would expand

in the future. To reduce the increase in H. armigrea populations,
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Bt cotton should be planted, and efficient pest management is
required.
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