insects

Article

The Source Areas and Migratory Pathways of the Fall
Armyworm Spodoptera frugiperda (Smith) in Sichuan
Province, China

Chunxian Jiang '*, Xueyan Zhang 1>, Jiaqi Wu !, Chuanhong Feng 3, Li Ma 3, Gao Hu 2

check for
updates

Citation: Jiang, C.; Zhang, X.; Wu, J.;
Feng, C.; Ma, L.; Hu, G.; Li, Q. The
Source Areas and Migratory
Pathways of the Fall Armyworm
Spodoptera frugiperda (Smith) in
Sichuan Province, China. Insects 2022,
13,935. https://doi.org/10.3390/
insects13100935

Academic Editor: Gianfranco

Anfora

Received: 21 September 2022
Accepted: 13 October 2022
Published: 16 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Qing Li 1*

College of Agronomy, Sichuan Agricultural University, Chengdu 611130, China

College of Plant Protection, Nanjing Agricultural University, Nanjing 210095, China
Plant Protection Station, Sichuan Provincial Department of Agriculture and Rural Affairs,
Chengdu 610041, China

*  Correspondence: liqing8633@sicau.edu.cn

t  These authors contributed equally to this work.

Simple Summary: Identifying source areas and migratory pathways is very important for monitoring
and providing an early warning of migratory pests. The newly invasive pest Spodoptera frugiperda
(Smith), which is a serious threat to China’s food production, migrates along two migratory pathways
in China: the eastern pathway and the western pathway. The Sichuan Province, located in Southwest
China, is an important node along the western pathway of S. frugiperda. However, the source areas
and migratory pathway of S. frugiperda in Sichuan are not clear. As a result, trajectory simulations
were used to study the source areas and migratory pathways of S. frugiperda in Sichuan. The results
showed that the source area of S. frugiperda in Sichuan was widely distributed. The source areas were
located not only along the western national migration pathway but also along the eastern pathway:.
S. frugiperda migrated to Sichuan from the source areas via 6 potential pathways, 1 pathway into
southwest Sichuan and 5 pathways into the Sichuan basin. This study can provide new information
on the migratory pathways of S. frugiperda in China and can help with the monitoring and early
warning of the presence of S. frugiperda in Sichuan and throughout all of China.

Abstract: The Sichuan Province, located in Southwest China, is one of China’s main maize-producing
areas, and is also an important node along the north-south migratory pathways that pests follow
within China. After its invasion, the fall armyworm (FAW), Spodoptera frugiperda (Smith), was found
in 70.81% of all counties in Sichuan. However, FAW source areas and their migratory pathways
into Sichuan remain unclear. This study simulated FAW sources and their migratory pathways
into Sichuan during 2020 and 2021 using the trajectory simulation platform HYSPLIT with flight
behavior parameters. Additionally, the seasonal horizontal wind field was also analyzed with
the meteorological graphics processing software GrADS. The results showed that sporadic FAW
migration into Sichuan began in April. By May, FAWs were found in much of the Sichuan Basin
and moved further north and west in June. Except for year-round breeding areas, FAW sources
varied monthly and expanded northward and eastward. The source areas were concentrated in
Yunnan, Guizhou, Chongqing, and Myanmar on the western pathway of national migration and also
in Vietnam, Guangxi, and Hunan of the eastern pathway. At various times, parts of Sichuan have
also served as sources for other parts of Sichuan. FAWs migrated to Sichuan from the source areas
via 6 potential pathways, 1 pathway into southwest Sichuan and 5 pathways into the Sichuan basin.
The southwestern airflow from the Bay of Bengal, the southeastern airflow controlled by the western
Pacific subtropical high, and the local topographically influenced airflow could provide the airflow
needed for FAW migration. This work provides new information that can assist the monitoring
and warning of the presence of FAW and support integrated management strategies for this pest in
Sichuan and throughout China.
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1. Introduction

The fall armyworm (FAW), Spodoptera frugiperda (Smith), originating from tropical
and subtropical areas of the Americas [1,2], is a global invasive migratory pest [3-5]. The
biological and ecological characteristics of the FAW, such as a strong migratory capability,
high fecundity, and polyphagous and ecological plasticity, are the main reasons for the
invasions and outbreaks in its native and newly invaded areas [6]. Since 2016, FAWs have
invaded and expanded rapidly from the Americas to Africa and Asia. FAWSs invaded
China for the first time at the end of 2018 and then spread rapidly. By 2020, the FAW had
expanded to 1426 counties in 27 provinces (autonomous regions and municipalities) in
China [7]. Maize is the primary crop damaged by the FAW in China [8,9]. The Ministry of
Agriculture and Rural Development of China added FAWs to The list of First-class Crop
Diseases and Pests in China [10].

Currently, FAWSs can breed year-round in some areas of southwestern China and
southern China and have already established a seasonal migration pattern in China [11,12].
The overseas source areas of FAWs in China are mainly located in the year-round breeding
areas on the Indochina Peninsula, such as Myanmar, Thailand, Vietnam, and Laos. The
domestic source areas are in the year-round breeding areas south of 28°0'0” N and the
overwintering areas at 28°0'0” N~31°0'0" N in the southern and southwestern parts of the
country [11-14]. FAWs migrate northward from their source areas along two pathways
every year. The eastern pathway originates from Thailand, Laos, Vietnam, and southern
China’s year-round breeding and overwintering areas. From there, FAWs gradually migrate
northward into the Yangtze River Basin, the Huang-Huai Region, and areas north of the
Yellow River, reaching as far as northeastern China. The western pathway originates from
Myanmar and the year-round breeding and overwintering areas of the Yunnan Province,
and it then passes through Guizhou and Sichuan and reaches the Shanxi, Shaanxi, and
Gansu Provinces (Figure 1a) [11,15].
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Figure 1. (a) The geographical location of Sichuan in China. Sichuan is on the western migratory
pathway of FAWSs. (b) Topography and divisions of Sichuan Province. Sichuan Province is divided
into seven topographic regions: southwestern Sichuan, where FAWSs can breed year-round in the
subtropical areas of this region; western Sichuan Plateau, where FAWSs occur sporadically as less than
one generation; and the other five regions, i.e., southern Sichuan, western Sichuan, central Sichuan,
northern Sichuan and eastern Sichuan, which compose the Sichuan Basin and its surroundings
with hills and mountains. Two-letter codes refer to the different provinces of China (XZ: Tibetan
Autonomous Region, QH: Qinghai Province, GS: Gansu Province, SX: Shannxi, HeN: Henan Province,
HB: Hebei Province, AH: Anhui Province, HN: Hunan Province, GX: Guangxi Province, GZ: Guizhou
Province, SD: Shandong Province).

The Sichuan Province is located in southwestern China at the upper reach of the
Yangtze River. The region has varied topography, that is, high in the west and low in the
east. The main types of landforms in the province are plains, hills, mountains, and plateaus.
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In the middle of the Sichuan Province lies the Sichuan Basin, which is surrounded by hills
and mountains. To the west of the basin is the West Sichuan Plateau, which comprises
a transitional area leading into the Qinghai-Tibet Plateau [16,17]. The Sichuan Province
can be divided into seven topographic regions (Figure 1b) and is also one of the main
maize-growing areas in China, with more than 1.8 million hm? used for growing maize
each year. The diverse landforms and climate have created a self-contained insect migratory
environment in Sichuan [18-20].

Moreover, the Sichuan Province is an important node for the north-south migration
of migratory pests (e.g., Sogatella furcifera (Horvath)) within China [16]. After breeding in
Sichuan, the offspring of migratory pests can migrate further northward and become insect
sources in the north of Sichuan, even northern China [16,20,21]. Maxent model simulations
showed that except for the Western Sichuan Plateau, most of Sichuan Province is suitable
for FAWSs, with the suitable area accounting for 57% of the total area of the Sichuan Province
(unpublished data). In these areas, which are also the main maize-growing areas of Sichuan,
FAWs occur for between one and six generations, with a maximum of seven generations [22].
On 8 May 2019, FAW larvae were found in maize fields in the town of Lizhou, in Xichang
city, southwestern Sichuan. This was the first time that FAWs were found in Sichuan [23].
By 2020, FAWSs had been found in 70.81% of all counties in the Sichuan Province (these
statistical data were provided by the Department of Agriculture and Rural Affairs of
Sichuan Province). FAWSs can breed year-round in the subtropical areas of southwestern
Sichuan and overwinter in some parts of southern Sichuan. However, FAWs primarily
migrate from outside Sichuan [23]. Therefore, understanding the distribution of source
areas and migration pathways is crucial for accurately monitoring and providing an early
warning of migratory pests, especially for their effective control source areas [24]. Previous
studies have shown that Sichuan was on the western migratory pathway of the FAW in
China [11,15]. The author previously studied the migration of FAWs in Sichuan during
the first year of invasion [23]. However, after invading China, FAWs bred year-round
in the southwestern and southern provinces, including Sichuan. As a result, the current
distribution of the FAW source areas and migratory pathways may now differ from those
during the first year of invasion.

In this study, the FAW source areas and potential migratory pathways in Sichuan
Province during 2020 and 2021 were modelled using trajectory simulations combined
with the flight behavior parameters of the FAW. Additionally, the background weather
conditions during the migration period were also analyzed. This study will help to improve
FAW monitoring and early warning capabilities and provide information for integrated
management strategies of this pest in Sichuan and throughout China.

2. Materials and Methods
2.1. Data Sources

Insect data: The FAW field survey data collected in the Sichuan Province from January
to June in 2020 and 2021 were provided by the Plant Protection Station of Sichuan Province.
These data included the dates of initial detection, host plants, and larval stages of FAWSs in
each county among the 7 regions. The occurrence of data in other areas, including other
provinces in China and countries around China, came from The Plant Diseases and Pest
Information issued by the National Agro-Tech Extension Service Center of China (NATESC)
as well as the plant protection stations within each province. These data were used to either
filter or verify the possible FAW source areas that were estimated by the trajectory approach.

Meteorological data: Final Analysis (FNL) data, took the form of a 6-hourly, global, 1-
degree gridded meteorological dataset, from the National Centers for Environmental Predic-
tion (NCEP) and the National Center for Atmospheric Research (NCAR)
(https:/ /rda.ucar.edu/datasets/ds083.2 /index.html, accessed on 14 January 2022), were
used as meteorological data in this study.
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2.2. Migration Dynamics Analysis

Since the field survey data were mostly larval data, the migration dates of the FAW
moths were estimated based on the first date of FAW detection, the first detection of
the larval stage, and the duration of each stage from larva to adult [25-27]. When the
larvae were in their 2nd, 3rd, 4th, 5th and 6th instar, the migration dates of moths were
4-5d,5-7d, 7-9 d, 9-11 d, and 12-14 d from the date that the larvae were detected,
respectively [23,26,27]. To explore the seasonal variability of FAW migration in Sichuan,
the geographic coordinates and the estimated migration dates over every ten days within
each region were aggregated, and the monthly FAW migration map from April to June in
2020 and 2021 was drawn using ArcGIS (version 10.4, Esri, California, USA).

2.3. Migration Trajectory Analysis

According to the FAW migration dates and geographical locations, a total of 17 rep-
resentative sites from each region in 2020 and 22 representatives in 2021 were selected
to analyze the migration trajectory of FAWSs from April to June (Tables S1 and S2). The
HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory Model) online platform
(https:/ /www.ready.noaa.gov/HYSPLIT_traj.php, accessed on 11 February 2022), which
was developed by the National Oceanic and Atmospheric Administration of the United
States and the Australian Bureau of Meteorology, was used to simulate the FAW migration
trajectories. This platform has been widely applied to simulate the migration trajectory of
many seasonal migratory pests, such as C. medinalis, S. furcifera [16,28], and also FAW [4].
The simulation of this platform has been proven to have a high accuracy by the mark-
recapture experiment of rice planthoppers [29]. Backward trajectories were simulated based
on the following FAW flight characteristics and parameters: (1) FAWSs fly downwind [30,31];
(2) FAWs mostly fly for three consecutive nights [11]; (3) FAWs fly at night, taking off at
dusk and landing on the following dawn [32], and FAWs can fly continuously for 10 h
every night [33,34]. According to the sunrise and sunset data in Sichuan, the takeoff time
was set to 20:00 Beijing time (12:00 UTC), and the landing time was set to 6:00 Beijing time
(22:00 UTC). The endpoints of the back trajectories of the first 10 h flight were set as the
new starting points for the next 10 h flight on the following night. The third flight night
was set the same way as the second flight. (4) Since the accurate flight height of the FAW
was not clear, five initial heights of 500, 750, 1000, 1250, and 1500 m above ground level
(AGL) were set to ensure capture of the most likely flight heights [4,5,35]. All the trajectory
endpoints obtained were imported into ArcGIS 10.4, and valid endpoints were filtered
based on the criteria pertaining to suitable hosts and FAWSs with suitable stages. Then, the
spatial distribution probability of valid trajectory endpoints was calculated and plotted by
the spatial analysis module of ArcGIS. The steps were as follows: (1) define a cell grid of
0.5° x 0.5° to cover all valid endpoints; (2) calculate the number of valid endpoints in each
cell grid; (3) calculate the endpoint probability of each grid for display on the map.

2.4. Meteorological Background Analysis

Since airflow is the main factor affecting the migration of FAWSs [11,34], horizontal wind
fields at 850 hPa during the migration periods were extracted from the Final Analysis (FNL)
data using the meteorological graphics processing software GrADS 2.1 (http://cola.gmu.edu/
grads, accessed on 15 October 2022), and the airflow that carried the FAWs was analyzed.

3. Results
3.1. Migration Dynamics of FAW in Sichuan

Field surveys indicated that the FAW reproduced year-round in the subtropical areas
of southwestern Sichuan, such as Panzhihua and the southwestern part of Liangshan, with
warm winters and average temperatures of up to 13.07 °C in January [22]. Maize was also
grown there in winter. FAWSs began to migrate into the Sichuan Basin sporadically in April
and at a large scale in May. By May, FAWs were found in most areas of the Sichuan Basin.
By June, the FAWs migrated further north and west. The westernmost extent of the FAW
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migration was the west of the Western Sichuan Plateau, near the boundary of the Western
Sichuan Plateau, Tibet and Yunnan (Figure 2). The migration time of FAWSs in 2021 was
slightly later than that in 2020, especially for the time to migrate to eastern and central
Sichuan, which was approximately 10 days later than the previous year (Figure 2).
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Figure 2. FAW migration dynamics in the Sichuan Province from April to June 2020 and 2021. The
colored dots represent the sites where the migration of FAWs have been detected in different time
periods. The year and time periods of migration are labeled on the top/right of each panel.

3.2. Source Areas of FAW Migrating to Sichuan

The spatial distribution of valid endpoints for the back trajectory from April to
June indicated seasonal variation in the source areas of the migrating FAWSs in Sichuan
(Figure 3 and Table 1). In addition to local breeding populations, FAWSs also migrated to
southwestern Sichuan. The distribution of back trajectory endpoints from southwestern
Sichuan was similar in April and May, both in northwestern Yunnan and northern Myanmar
(Figure 3a,b). In June, the endpoints were concentrated in western Yunnan, with a few in
the fringe of northeastern Yunnan, but a few were also located in Myanmar (Figure 3c).
The endpoints from southern Sichuan were broader than those from southwestern Sichuan
and were distributed in western Guizhou and the northern part of Yunnan; in addition,
some endpoints were in northern Guangxi, and the furthest endpoints were in the northern
part of Myanmar during the month of April (Figure 3d). The endpoints in May were more
concentrated than those in April and were primarily distributed in the junction area of the
northeastern part of Yunnan and southern Sichuan, with the eastmost reaching northeastern
Guizhou and the westmost extending into Myanmar (Figure 3e). In June, the endpoints
had a wide range of components within the areas between 22°0'0” N and 33°0'0” N, mainly
in central Sichuan, western Guizhou, central Yunnan, and western Chongqing, reaching as
far north as northeastern Sichuan and as far south as northern Vietnam (Figure 3f).
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Figure 3. Distribution of endpoints for the FAW backward migration trajectories of the different
regions of Sichuan Province from April to June. The black pentagrams are the starting points of the
backward trajectories of each region. The region is labeled on the left of the panel, while the time
periods of trajectories are labeled on the top. The distribution of dots indicates the distribution of
source areas of FAW. The larger the dots are, the greater the distribution probability. The two-letter
codes refer to the different provinces of China (SC: Sichuan Province, YN: Yunnan Province, GX:
Guangxi Zhuang Autonomous Region, GZ: Guizhou Province, CQ: Municipality of Chongqing,
HN: Hunan Province, HB: Hubei Province, HeN: Henan Province, SX: Shaanxi Province, GS: Gansu
Province, XZ: Tibet Autonomous Region, QH: Qinghai Province). (a—c), Distribution of trajectory
endpoints in southwestern Sichuan in April, May and June, respectively; (d—f), Distribution of
trajectory endpoints in southern Sichuan in April, May and June, respectively; (g-i), Distribution of
trajectory endpoints in western Sichuan in April, May and June, respectively; (j-1), Distribution of
trajectory endpoints in central Sichuan in April, May and June, respectively; (m—n), Distribution of
trajectory endpoints in eastern Sichuan in April and May; (o), Distribution of trajectory endpoints in

northern Sichuan in June.
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Table 1. The distribution probability of the FAW backward trajectory endpoints in different regions

of Sichuan Province from April to June.

Source Areas

. April May June
Regions
Main Source Other Source Main Source Other Source Main Source Other Source
Areas Areas Areas Areas Areas Areas
thwest Yunnan (59.60%) Yunnan (77.20%)
sous Kes ermn Myanmar — Myanmar — Yunnan (97.60%)  Myanmar (2.40%)
rchuan (40.40%) (22.80%)
central Sichuan
Yunnan (62.07%) (32.39%) eastern Sichuan
southern Sichuan Guizhou (51.41%) Myanmar (8.44%) Guizhou (24.83%) . Guizhou (20.45%) (8.10%)
Yunnan (36.06%) Guangxi (4.09%) Myanmar Yunnan (16.80%) Guangxi (3.44%)
(13.10%) Chonggqing Vietnam (3.44%)
(15.38%)
central Sichuan
thwest Myanmar (4.99%) (53.33%)
. southwestern o Southwes errl southern Sichuan Chongqing
western Sichuan Si o Yunnan (2.26%) Sichuan (72.40%) o : —
ichuan (97.74%) Yunnan (20.89%) (1.05%) (24.91%)
’ Guizhou (0.66%) eastern Sichuan
(21.75%)
Guizhou the border of C(}Z;n‘&%;s;g southern Sichuan
. o northern Guizhou o (5.93%)
central Sichuan (77.78%)Yunnan — and Chongdin — eastern Sichuan Guangxi (1.54%)
(22.22%) (1000/3q & (23.19%) Yonnen (0.88%)
Guizhou (19.01%) ’
castern Sichuan Guizhou (76.60%) southwestern Gﬁllllzn};iu(gg?gz /j;) Guangxi (2.53%) o o
Yunnan (17.02%) Sichuan (6.38%) Yunnan (15.82%) Vietnam (1.27%)
eastern Sichuan
(41.30%)
northern Sichuan o . . . central Sichuan Guizhou (6.07%)
(33.00%) Guangxi (0.20%)
Chongqing
(19.43%)

The trajectory endpoints from western Sichuan were concentrated in the year-round
breeding areas of southwestern Sichuan in April (Figure 3g) and reached northwest Yunnan
in May (Figure 3h). The endpoints extended further north and east into central and eastern
Sichuan and Chongging in June (Figure 3i). Trajectories originating in eastern Sichuan
were terminated mainly in northern and western Guizhou and eastern Yunnan, with a few
endpoints also in southwestern Sichuan in April (Figure 3m). In May, the endpoints were
widespread and shifted more eastward, mainly in Guizhou and Yunnan, and as far east
as northwestern Hunan (Figure 3n). The endpoints from central Sichuan were distributed
in the northern and northwestern parts of Guizhou and a few in eastern Yunnan in April
(Figure 3j). There were few valid endpoints in May, and the endpoints were concentrated
along the border of northern Guizhou and Chonggqing (Figure 3k). By contrast, in June,
the endpoints were widely distributed, mainly in Chongqing, eastern Sichuan, southern
Sichuan, Guizhou, northwestern Guangxi, and eastern Yunnan (Figure 31). FAWs migrated
into northern Sichuan in June, with endpoints distributed in the east, mainly in eastern and
central Sichuan, Chongqing, and a few in Guizhou (Figure 30).

From April to June, the potential source areas of the FAWs varied monthly and
expanded northward and eastward. The potential source areas of the FAWSs in Sichuan
were concentrated in Yunnan, Guizhou, Chongqing, and Myanmar of the western pathway
of national migration and were also located in Vietnam, Guangxi, and Hunan of the eastern
pathway. At various times, some parts of Sichuan have also served as source areas for other
parts of Sichuan.
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3.3. Wind Field Analysis during FAW Migration

In April, the prevailing west-southwesterly winds in Myanmar and Yunnan and
southerly-southeasterly airflows in Guizhou provided the carrier airflow for the FAWs
to migrate into the Sichuan Province (Figure 4a,d). Thus, the source areas were mostly
located to the south and southwest of the starting point of the back trajectories. In May, the
center of the subtropical high moved northward, and Yunnan and southern China were
controlled by the southwest wind. The southwest airflow traveled to Guizhou and Hunan
before gradually turning into a south-southeast airflow, which provided the carrier airflow
for the FAWSs to migrate from Yunnan, Guizhou, Hunan, and other places to Sichuan; the
insect source also moved westward and northward accordingly (Figure 4b,e). In June,
the southwestern airflow further controlled Yunnan and southern China, providing the
necessary airflow for the FAWSs to move from Yunnan to southwest Sichuan. The southwest
airflow that traveled to Guizhou and Chonggqing gradually turned into south and west
winds and developed into a cyclone over the Sichuan Basin (Figure 4c,f). Therefore, the
FAWs in the Sichuan Basin came not only from the southwest and south but also from the
west and northeast, migrating from Yunnan, Guizhou, Chongqing, and the rest of Sichuan.

b May, 2020
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Figure 4. Average wind field at 850 hPa from April to June in 2020 and 2021. The white arrow shows
the wind direction and wind speed. The longer and denser the arrows are, the higher the wind speed.
The blue color shows the wind speed. Two-letter codes refer to the different provinces of China (SC:
Sichuan Province, YN: Yunnan Province, GX: Guangxi Zhuang Autonomous Region, GZ: Guizhou
Province, CQ: Municipality of Chongqing, HN: Hunan Province, HB: Hubei Province, HeN: Henan
Province, SX: Shaanxi Province, GS: Gansu Province, XZ: Tibet Autonomous Region, QH: Qinghai
Province). (a—c), Average wind field at 850 hPa in April, May and June 2020, respectively; (d—f),
Average wind field at 850 hPa in April, May and June 2021, respectively.

3.4. Migratory Pathways of FAW

The potential migration paths of the FAW were analyzed based on the immigration
trajectory and the horizontal wind field at 850 hPa during the migration period. There were
6 potential migratory pathways into Sichuan, 1 southwest Sichuan migratory pathway
and 5 Sichuan Basin migratory pathways (Figure 5). The southwest Sichuan migratory
pathway was mainly from Myanmar through Yunnan or directly from Yunnan to southwest
Sichuan (SSIP). The Sichuan Basin migratory pathways were relatively scattered. Pathway 1:
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Myanmar—Yunnan—Guizhou—Sichuan Basin (SBIP1); Pathway 2: Myanmar—Yunnan—
Guizhou—Chongqing—Sichuan Basin (SBIP2); Pathway 3: Vietham—Guangxi—Guizhou—
Sichuan Basin (SBIP3); Pathway 4: Vietham—Guangxi—Guizhou—Chongqging—Sichuan
Basin (SBIP4); Pathway 5: Hunan-Chonggqing-Sichuan Basin (SBIP5). Meanwhile, all the
provinces and municipalities along the five paths could have provided insect sources for
Sichuan at different times; however, pathways 1 and 2 were the main migratory pathways
to the Sichuan Basin.

0 200 km
—

GS

35°0'0"N

30°0'0"N =

25°0'0"N -

20°0'0"N

1

95°0'0"E 100°0'0"E ~ 105°0'0"E  110°0'0"E
Figure 5. The FAW migratory pathways to Sichuan. There are 6 potential migratory pathways to
Sichuan, 1 southwest Sichuan migratory pathway and 5 Sichuan Basin migratory pathways. SSIP:
Southwest Sichuan migratory (Blue arrow). SBIP1: Sichuan Basin migratory pathway 1 (yellow
arrow). SBIP2: Sichuan Basin migratory pathway 2 (red arrow). SBIP3: Sichuan Basin migratory
pathway 3 (green arrow). SBIP4: Sichuan Basin migratory pathway 4 (orange arrow). SBIP5: Sichuan
Basin migratory pathway 5 (purple arrow). The two-letter codes refer to the different provinces of
China (SC: Sichuan Province, YN: Yunnan Province, GX: Guangxi Zhuang Autonomous Region, GZ:
Guizhou Province, CQ: Municipality of Chongqing, HN: Hunan Province, HB: Hubei Province, HeN:
Henan Province, SX: Shaanxi Province, GS: Gansu Province, XZ: Tibet Autonomous Region, QH:
Qinghai Province).

4. Discussion

In this study, we simulated the source areas and the migratory pathways of FAWs in
Sichuan using a trajectory approach that considered both the flight behavior parameters of
the FAW and the background weather conditions. Since 2020 and 2021 were the second
and third years of FAW invasion in Sichuan, there may also be overwintering insect sources
in some areas. However, Jiang et al. studied the winter breeding and overwintering areas
of FAW in China, and pointed out that the overwintering area in Sichuan may have only
provided a limited spring insect sources and that the main source of FAW in spring was
in the immigrant population [12]. Meanwhile, there were no field survey data in recent
years showing that FAWs overwintered in the potential overwintering area of Sichuan.
Therefore, this paper assumes that the first discovery of FAW in Sichuan was the immigrant
population. Compared with 2019, the first year of FAW migration into Sichuan, the arrival
time of FAWs into some areas of Sichuan in 2020 and 2021 occurred earlier, and the source
area distribution in 2020 and 2021 was further to the north and east. This may be because
after invading China, FAWs bred year-round in tropical and subtropical areas such as
Yunnan, Guangxi, Guangdong, and Hainan; thus, they formed a stable and closer insect
source for migration to the northern areas [12], which could provide for earlier migrations.
The results showed that despite the differences between 2020 and 2021, the general trend
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of the FAW migration into Sichuan was the same, with FAWs migrating into Sichuan
sporadically in April and on a large scale in May before spreading throughout the entire
Sichuan Basin in June.

According to previous studies, FAWs migrate from south to north through two mi-
gratory pathways: the eastern and western pathways. Sichuan is located on the western
migration pathway in China [11]. The migratory populations of FAWs along the two
pathways were relatively separated, and only a few individuals of the west migratory
population migrated eastward into the Hunan, Hubei, and Henan Provinces, where they
mixed with the populations from the eastern pathway [11,15]. Our study, on the other hand,
showed that the FAW source areas in Sichuan were widely distributed. In addition, Myan-
mar, Yunnan, Guizhou, and Chongqing were on the western migration pathway, while
Vietnam, Guangxi, Hunan, and Hubei were on the eastern migration pathway. Therefore,
there may be frequent exchanges between the FAW populations in the eastern and western
pathways, and Sichuan is an important node for population exchange.

Our study showed that the migration trend in Sichuan was from south to north and
from east to west, which was different from the two FAW migratory pathways in China,
both from southwest to northeast [11,15]. Insects are small and have a limited ability
to fly, and their seasonal long-distance migration is directly affected by the atmospheric
environment [36-38]. Two tropical ocean heat sources and water vapor sources in the South
China Sea and the Bay of Bengal jointly influenced the FAW southwest-to-northeast migration
in eastern China during spring and summer [13]. This southwest wind also carried FAWs
from Myanmar and Yunnan to southwestern and southern Sichuan. However, affected by the
unique topography of the Qinghai-Tibet Plateau, the southwest wind gradually turned into
south and west winds in Guizhou and Chongqing and formed a cyclone over the Sichuan
Basin, which transported FAWs from east to west, even from the northeast.

The migration trend of FAWs was also slightly different from another migratory pests
in Sichuan, such as the white-backed planthopper, Sogatella furcifera (Horvath), which can
be found from southeast to northwest [16,18,20]. In addition to migration from abroad, the
FAW breeds year-round in Yunnan and parts of southwestern Sichuan and can overwinter
in parts of southern Sichuan [22], so Southwest Sichuan is the place where FAWS first
appear in Sichuan every year. S. furcifera can only overwinter in a few places in southern
Hainan and the southernmost part of Yunnan. The main source of S. furcifera in China
during the spring is from abroad [21]. Every year, S. furcifera migrate into southern Sichuan,
including Luzhou, on a large scale during late April [19] while sporadically migrating into
southwestern Sichuan in May [18]. The difference between the first appearance period of
the two pests in southwestern and southern Sichuan may be one of the reasons for the
different migratory trends in Sichuan.

Most airborne insects migrate downwind [39]. However, some airborne insects do not
completely drift with the wind, and their flight behaviors involve a certain degree of initia-
tive. For example, Spodoptera exigua and Helicoverpa armigera—other noctuid moths—are
capable of orientation and can aggregate into layers when migrating [40,41]. These behav-
iors can enable insects to achieve rapid and efficient migration and increase the success
rate of their migration [42]. However, until now, there have been no direct observational
data about the flight behavior of FAW moths in Asia, so the orientation of the FAW was
not considered, and multiple flight altitudes were set to ensure that the most likely flight
altitudes were captured. In this study, the valid trajectories were distributed across all
altitudes between 500 and 1500 m, with similar proportions, which were different from
Yunnan and Guizhou [11]. In previous studies, FAW could migrate hundreds of kilometers
a night at the right wind speeds [4]. Similarly, in this study, we found that the longest
migration distance of FAW was more than 1100 km in the potential migration pathways.

Based on our results, in addition to monitoring and controlling FAWSs in year-round
breeding areas and overwintering areas, the Sichuan Province should be aware of the
FAW migration that starts in April. From May to June, FAW monitoring and prevention
should be carried out across the whole province according to the insect source situations
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in the surrounding provinces. Moreover, the aerial flight behavior of FAWSs in southern
and southwestern China should be further studied by radar observation, and the landing
mechanism of FAWs should be conducted in combination with meteorological conditions
in order to develop accurate early warning systems and the scientific control of FAWSs.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/insects13100935/s1, Table S1: The larva discovery date and
estimated migration date of Spodoptera frugiperda in Sichuan Province in 2020; Table S2: The larva
discovery date and estimated migration date of Spodoptera frugiperda in Sichuan Province in 2021.

Author Contributions: Conceptualization, C.J., Q.L., C.F. and L.M.; methodology, X.Z. and J.W,;
validation, G.H.; resources, C.F. and L.M.; writing—original draft preparation, X.Z.; writing—review
and editing, C.J.; visualization, ].W.; supervision, G.H. and Q.L.; funding acquisition, Q.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Key Research and Development Program of Sichuan
Province, China [2019YFN0180] and the Modern Agricultural Industry Technology System of Sichuan
Innovation Team [SCCXTD-2020-04].

Data Availability Statement: The data presented in this study are available in article and Supple-
mentary Materials.

Acknowledgments: The authors are indebted to NOAA for providing NCEP/NCAR reanalysis data.
Meanwhile, we are also grateful for the positive and constructive comments and suggestions from
anonymous referees and journal editors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Sparks, A.N. A review of the biology of the fall armyworm. Fla. Entomol. 1979, 62, 82-87. [CrossRef]

2. Nagoshi, RN.; Meagher, R.L. Review of fall armyworm (Lepidoptera: Noctuidae) genetic complexity and migration. Fla. Entomol.
2008, 91, 546-554. [CrossRef]

3. Montezano, D.G.; Specht, A.; Sosa-Gomez, D.R.; Roque-Specht, V.F.,; Sousa-Silva, J.C.; Paula-Moraes, S.V.; Peterson, J.A,;
Hunt, T.E. Host plants of Spodoptera frugiperda (Lepidoptera: Noctuidae) in the Americas. Afr. Entomol. 2018, 26, 286-300.
[CrossRef]

4. Westbrook, J.K.; Nagoshi, R.N.; Meagher, R.L.; Fleischer, S.J.; Jairam, S. Modeling seasonal migration of fall armyworm moths. Int.
J. Biometeorol. 2016, 60, 255-267. [CrossRef]

5. Wang, R.L; Jiang, C.X.; Guo, X.; Chen, D.D.; You, C.; Zhang, Y.; Wang, M.T.; Li, Q. Potential distribution of Spodoptera frugiperda
(J.E. Smith) in China and the major factors influencing distribution. Glob. Ecol. Conserv. 2020, 21, e00865. [CrossRef]

6. Jiang, C.X,; Zhang, X.Y,; Xie, W.Q.; Wang, R.L.; Feng, C.H.; Ma, L.; Li, Q.; Yang, Q.F.; Wang, H.]J. Predicting the potential
distribution of the fall armyworm Spodoptera frugiperda (J.E. Smith) under climate change in China. Glob. Ecol. Conserv. 2022,
33, €01994. [CrossRef]

7. Zhou, Y.; Wu, Q.L.; Zhang, HW.; Wu, K.M. Spread of invasive migratory pest Spodoptera frugiperda and management practices
throughout China. J. Integr. Agric. 2021, 20, 637—-645. [CrossRef]

8.  Jiang, Y.Y,; Liu, J.; Zhu, X.M. Analysis on the occurrence dynamics and future trend of fall armyworm invading China. China
Plant Prot. 2019, 39, 33-35. [CrossRef]

9. Jing, D.P; Guo, J.F; Jiang, Y.Y.; Zhao, ].Z.; Sethi, A.; He, K.L.; Wang, Z.Y. Initial detections and spread of invasive Spodoptera
frugiperda in China and comparisons with other noctuid larvae in cornfields using molecular techniques. Insect Sci. 2020, 27,
780-790. [CrossRef] [PubMed]

10. Ministry of Agriculture and Rural Affairs of the People’s Republic of China. Announcement No. 333 of the Ministry of Agriculture
and Rural Affairs of the People’s Republic of China. Available online: http://www.moa.gov.cn/govpublic/ZZYGLS/202009/t2
0200917_6352227 htm (accessed on 15 September 2020).

11. Li, X.J; Wu, M.E; Ma, J.; Gao, B.Y.; Wu, Q.L; Chen, A.D,; Liu, J.; Jiang, Y.Y.; Zhai, B.P.; Early, R.; et al. Prediction of migratory
routes of the invasive fall armyworm in eastern China using a trajectory analytical approach. Pest Manag. Sci. 2020, 76, 454—463.
[CrossRef] [PubMed]

12.  Jiang, Y.Y.; Liu, J.; Wu, Q.L.; Ciren, Z.G.; Zeng, ]. Investment on winter breeding and overwintering areas of Spodoptera frugiperda
in China. Plant Prot. 2021, 47,212-217. [CrossRef]

13.  Wu, Q.L; Jiang, Y.Y.; Hu, G.; Wu, K.M. Analysis on spring and summer migration routes of fall armyworm (Spodoptera frugiperda)
from tropical and southern subtropical zones of China. Plant Prot. 2019, 45, 1-9. [CrossRef]

14.  Wu, Q.L; Jiang, Y.Y.; Wu, K.M. Analysis of migration routes of the fall armyworm Spodoptera frugiperda (J.E.Smith) from Myanmar

to China. Plant Prot. 2019, 45, 1-6. [CrossRef]


https://www.mdpi.com/article/10.3390/insects13100935/s1
http://doi.org/10.2307/3494083
http://doi.org/10.1083/jcb.200801049
http://doi.org/10.4001/003.026.0286
http://doi.org/10.1007/s00484-015-1022-x
http://doi.org/10.1016/j.gecco.2019.e00865
http://doi.org/10.1016/j.gecco.2021.e01994
http://doi.org/10.1016/S2095-3119(21)63621-3
http://doi.org/10.3969/j.issn.1672-6820.2019.02.006
http://doi.org/10.1111/1744-7917.12700
http://www.ncbi.nlm.nih.gov/pubmed/31209955
http://www.moa.gov.cn/govpublic/ZZYGLS/202009/t20200917_6352227.htm
http://www.moa.gov.cn/govpublic/ZZYGLS/202009/t20200917_6352227.htm
http://doi.org/10.1002/ps.5530
http://www.ncbi.nlm.nih.gov/pubmed/31237729
http://doi.org/10.16688/j.zwbh.2020432
http://doi.org/10.16688/j.zwbh.2019207
http://doi.org/10.16688/j.zwbh.2019047

Insects 2022, 13, 935 12 of 13

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Chen, H.; Wu, M.F; Liu, J.; Chen, A.D.; Jiang, Y.Y,; Hu, G. Migratory routes and occurrence divisions of the fall armyworm
Spodoptera frugiperda in China. J. Plant Prot. 2020, 47, 747-757. [CrossRef]

Bi, J.C.; Chen, X.L.; Jiang, C.X,; Li, Q.; Feng, C.H.; Ma, L.; Wang, HJ.; Yang, Q.F. Origins and migration pathways of white-backed
planthopper Sogatella furcifera (Horvath) in Sichuan. Acta Ecol. Sin. 2017, 37, 1832-1843. [CrossRef]

Guan, L.; Wang, H.].; Wang, Y.K_; Peng, P.H. Relationship analysis of seed plants’ species variety and topography in Sichuan
Province based on GIS. Yangtze River 2016, 47, 11-17. [CrossRef]

Liu, Y.C; Bi, ].C.,; Heng, X.R,; Xin, L.Z.; An, W.; Jiang, C.X. On analysis of source area of White-Backed Plant-hopper (Sogatella
furcifera (Horvath)) in early immigration to Miyi, Sichuan. J. Southwest China Norm. Univ. (Nat. Sci. Ed.) 2012, 7, 50-55. [CrossRef]
Bi, ].C.; Chen, X.L.; Peng, X.M.; Feng, C.H.; Ma, L.; Jiang, C.X.; Li, Q.; Wang, H.].; Yang, Q.F. Source Area and Landing Mechanism
of Early Immigration Population of White-backed Planthoppers in Xuyong, Sichuan Province. Chin. J. Rice Sci. 2014, 28, 541-550.
[CrossRef]

Xiang, WW.; Zeng, W.; Chen, X.L.; Jiang, C.X,; Feng, C.H.; Ma, L.; Li, Q.; Yang, Q.F; Wang, H.]. Source areas and landing
mechanisms of the immigration populations of the white-backed planthopper, Sogatella furcifera (Hemiptera: Delphacidae) in
eastern Sichuan, southwestern China. Acta Entomol. Sin. 2015, 58, 308-318. [CrossRef]

National White-backed Planthopper Scientific Research Collaborative Group. Studies on the migration of white back planthop-
pers(Sogatella furcifera horvath). Sci. Agric. Sin. 1981, 14, 25-31.

Zhang, X.Y.; Xie, W.Q.; Wang, R.L.; Feng, C.H.; Wan, X.W.; Ma, L.; Zhang, Y.; Deng, X.Y.,; Dong, Y.; Li, Q.; et al. Generation
division of the fall armyworm Spodoptera frugiperda (J.E. Smith) in Sichuan province. Plant Prot. 2022, 48, 33-39. [CrossRef]
Zhang, X.Y.; Feng, C.H.; Wan, X.W,; Hu, G.; Li, Q.; Jiang, C.X. The source areas and migration routes of the fall armyworm
Spodoptera frugiperda in Sichuan Province in 2019. J. Plant Prot. 2020, 47, 770-779. [CrossRef]

Jiang, C.X,; Chen, X.L,; B, J.C,; Li, J.J.; Xiao, X.H.; Li, Q.; Wang, H.].; Yang, Q.F. Source Areas for the Early Immigration of Sogatella
furcifera (Homoptera: Delphacidae) at Xiushan in the Middle Reach of Yangtze River of China. J. Econ. Entomol. 2015, 108,
2789-2799. [CrossRef] [PubMed]

He, LM,; Ge, S.S,; Chen, Y.C.; Wu, Q.L.; Jiang, Y.Y.; Wu, K M. The developmental threshold temperature, effective accumulated
temperature and prediction model of developmental duration of fall armyworm, Spodoptera frugiperda. Plant Prot. 2019, 45, 18-26.
[CrossRef]

Jie, X.D,; Lei, Z,; Xia, C.Y.; Ying; J.Y,; Jie, L.; Fu, ].X. Effect of temperature on flight capacity of the fall armyworm, Spodoptera
frugiperda. Plant Prot. 2019, 45, 13-17. [CrossRef]

Zhang, HM.; Yin, Y.Q.; Zhao, X.Q.; Li, X.Y.; Wang, Y.; Liu, Y.; Chen, ES.; Chen, A.D. The growth and development characteristics
of Spodoptera frugipetda under different temperature conditions. J. Environ. Entomol. 2020, 42, 52-59. [CrossRef]

Jiang, C.X,; Yang, X.L.; Qihui, H.H.; Zhang, Y.H.; Cheng, D.F. A case study of radar observation of the rice leaf folder (Cnaphalocrocis
medinalis Guenée) migration in Southern China. Sci. Agric. Sin. 2012, 45, 4808—4817. [CrossRef]

Lu, E; Zhai, B.P; Hu, G. Trajectory analysis methods for insect migration research. Chin. J. Appl. Entomol. 2013, 50, 853-862.
Nagoshi, R.N.; Fleischer, S.; Meagher, R.L. Texas is the overwintering source of fall armyworm in central pennsylvania: Implica-
tions for migration into the Northeastern United States. Environ. Entomol. 2009, 38, 1546-1554. [CrossRef]

Wolf, W.W.; Westbrook, ].K.; Raulston, J.R.; Pair, S.D.; Lingren, P.D. Radar observations of orientation of noctuids migrating from
corn fields in the Lower Rio Grande Valley. Southwest. Entomol. 1995, 20, 45-61.

Farrow, R.A.; Daly, ].C. Long-Range Movements as an Adaptive Strategy in the Genus Heliothis (Lepidoptera, Noctuidae)—A
Review of Its Occurrence and Detection in 4 Pest Species. Aust. J. Zool. 1987, 35, 1-24. [CrossRef]

Wu, MLE; Qi, GJ.; Chen, H.; Ma, J; Liu, J.; Jiang, Y.Y.; Lee, G.S.; Otuka, A.; Hu, G. Overseas immigration of fall armyworm,
Spodoptera frugiperda (Lepidoptera: Noctuidae), invading Korea and Japan in 2019. Insect Sci. 2022, 29, 505-520. [CrossRef]
[PubMed]

Wu, Q.L,; Jiang, Y.Y,; Liu, J.; Hu, G.; Wu, K M. Trajectory modeling revealed a southwest-northeast migration corridor for fall
armyworm Spodoptera frugiperda (Lepidoptera: Noctuidae) emerging from the North China Plain. Insect Sci. 2021, 28, 649-661.
[CrossRef] [PubMed]

Westbrook, J.; Eyster, R.; Wolf, W.; Lingren, P.; Raulston, J. Migration pathways of corn earworm (Lepidoptera: Noctuidae)
indicated by tetroon trajectories. Agric. For. Meteorol. 1995, 73, 67-87. [CrossRef]

Kisimoto, R. Meteorological conditions inducing long-distance immigration of the brown planthopper, Nilaparvata lugens (Stal).
Chin. . Entomol. 1984, 4, 39-48.

Hu, G,; Lu, E; Lu, M.H; Liu, W.C,; Xu, W.G,; Jiang, X.H.; Zhai, B.P. The influence of Typhoon Khanun on the return migration of
Nilaparvata lugens (Stal) in eastern China. PLoS ONE 2013, 8, e57277. [CrossRef] [PubMed]

Wu, Q.L.; Westbrook, ].K.; Hu, G.; Lu, M.H.; Liu, W.C.; Sword, G.A.; Zhai, B.P. Multiscale analyses on a massive immigration
process of Sogatella furcifera (Horvath) in south-central China: Influences of synoptic-scale meteorological conditions and
topography. Int. |. Biometeorol. 2018, 62, 1389-1406. [CrossRef] [PubMed]

Hu, G.; Lim, K.S.; Horvitz, N.; Clark, S.J.; Reynolds, D.R.; Sapir, N. Mass seasonal bioflows of high-flying insect migrants. Science
2016, 354, 1584-1587. [CrossRef] [PubMed]

Feng, H.Q.; Wu, KM.; Ni, Y.X,; Cheng, D.E; Guo, Y.Y. Return migration of Helicoverpa armigera (Lepidoptera: Noctuidae) during
autumn in northern China. Bull. Entomol. Res. 2005, 95, 361-370. [CrossRef] [PubMed]


http://doi.org/10.13802/j.cnki.zwbhxb.2020.2020811
http://doi.org/10.5846/stxb201510232144
http://doi.org/10.16232/j.cnki.1001-4179.2016.18.003
http://doi.org/10.13718/j.cnki.xsxb.2012.12.004
http://doi.org/10.3969/j.issn.1001-7216.2014.05
http://doi.org/10.16380/j.kcxb.2015.03.010
http://doi.org/10.16688/j.zwbh.2021065
http://doi.org/10.13802/j.cnki.zwbhxb.2020.2020813
http://doi.org/10.1093/jee/tov230
http://www.ncbi.nlm.nih.gov/pubmed/26470376
http://doi.org/10.16688/j.zwbh.2019409
http://doi.org/10.16688/j.zwbh.2019347
http://doi.org/10.3969/j.issn.1674-0858.2020.01.7
http://doi.org/10.3864/j.issn.0578-1752.2012.23.007
http://doi.org/10.1603/022.038.0605
http://doi.org/10.1071/ZO9870001
http://doi.org/10.1111/1744-7917.12940
http://www.ncbi.nlm.nih.gov/pubmed/34050604
http://doi.org/10.1111/1744-7917.12852
http://www.ncbi.nlm.nih.gov/pubmed/32691947
http://doi.org/10.1016/0168-1923(94)02171-F
http://doi.org/10.1371/journal.pone.0057277
http://www.ncbi.nlm.nih.gov/pubmed/23468954
http://doi.org/10.1007/s00484-018-1538-y
http://www.ncbi.nlm.nih.gov/pubmed/29713863
http://doi.org/10.1126/science.aah4379
http://www.ncbi.nlm.nih.gov/pubmed/28008067
http://doi.org/10.1079/BER2005367
http://www.ncbi.nlm.nih.gov/pubmed/16048684

Insects 2022, 13, 935 13 of 13

41. Feng, H.Q.; Wu, KM.; Cheng, D.E,; Guo, Y.Y. Radar observations of the autumn migration of the beet armyworm Spodoptera
exigua (Lepidoptera: Noctuidae) and other moths in northern China. Bull. Entomol. Res. 2003, 93, 115-124. [CrossRef]

42. Chapman, ].W.; Drake, V.A.; Reynolds, D.R. Recent Insights from Radar Studies of Insect Flight. Annu. Rev. Entomol. 2011, 56,
337-356. [CrossRef] [PubMed]


http://doi.org/10.1079/BER2002221
http://doi.org/10.1146/annurev-ento-120709-144820
http://www.ncbi.nlm.nih.gov/pubmed/21133761

	Introduction 
	Materials and Methods 
	Data Sources 
	Migration Dynamics Analysis 
	Migration Trajectory Analysis 
	Meteorological Background Analysis 

	Results 
	Migration Dynamics of FAW in Sichuan 
	Source Areas of FAW Migrating to Sichuan 
	Wind Field Analysis during FAW Migration 
	Migratory Pathways of FAW 

	Discussion 
	References

