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Abstract

Macdunnoughia crassisigna Warren (Lepidoptera: Noctuidae) is a highly destruc-
tive herbivore that poses a serious risk to cotton, maize, soybean, and cruciferous
vegetables in East Asia. Examining the effects of various biotic and abiotic factors
on the flight performance of M. crassisigna is crucial for a better understanding of
its trans-regional migration. In this study, the flight activity of M. crassisignai
moths of different ages, under different temperatures and relative humidity (RH)
levels, was evaluated by tethering individuals to computerized flight mills for a
24-h trial period. The results showed that M. crassisignai had the capacity for
sustained flight and the flight ability was strongest in 3-day-old individuals, and
then their flight performance decreased significantly in older moths. For both
sexes, temperature had a significant effect on their flight performance, and the flight
activitywas relatively higher at 24–28°C than other temperatures. Therewas a signifi-
cant effect of RH on all flight parameters of the tested moths, and the flight activity
was relatively higher at RH of 60–75% than other RH levels. For 3-day-old moths
under the optimum conditions (24°C and 75% RH) throughout the 24 h scotophase,
their mean flight distance reached 66 km, and the mean flight duration reached 13.5
h, suggesting M. crassisigna possess strong potential to undertake long-distance
migration. These findings will be helpful for developing sound forecasting systems
of this pest species.
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Introduction

Aerial migration plays an important part in the life cycle of
many insect pests (Dingle, 2014), and it has profound practical
consequences for their management (Reynolds et al., 1997;
Chapman et al., 2015). Migratory insects are usually too
small to directly observewhen they are flying hundreds of me-
ters above the ground (Dingle & Drake, 2007), making

entomological radar the only available method for directly ob-
serving their migratory behaviors (Chapman et al., 2011).
However, it is often not practicable to use this technique for
this reason, flight mills, which constrain tethered insects to
fly in circles, have been widely used as a convenient and
relatively inexpensive means to assess the relative migration
ability of species (Reynolds et al., 1997). Flight mills have
also been used to investigate the effect of migrants’ pre-flight
and in-flight environments and physiological state on flight
activity (Colvin & Gatehouse, 1993; Rankin et al., 1994).
Consideration of all these factors is important when assessing
the migratory potential of field populations of insects (Cooter
& Armes, 1993). Understand a species’ flight performance
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facilitates the development of forecasting systems and manage-
ment strategies (Stefanescu et al., 2013).

Macdunnoughia crassisigna Warren (Lepidoptera:
Noctuidae) is an important insect pest of agricultural crops
in the Himalayan-Pacific Region.M. crassisigna larvae are pol-
yphagous, attacking >40 cultivated plants, including several
strategic crops such as cotton, maize, beans, etc. Young larvae
feed on terminal clusters, seedlings, and stems of host crops,
and leaves may be skeletonized and almost completely con-
sumed (Lu et al., 1999; Ma et al., 2011). In China, this species
is widely distributed from northeastern through central
China to the Tibetan Plateau, and occasionally its occurrence
range can extend into southeastern China (Kumar & Kumar,
2013; Hu et al., 2014). Damage from M. crassisigna has in-
creased on cotton and vegetables in recent years in the
Huang-Huai-Hai Rivers Plain in northern China, where it usu-
ally undergoes 2–4 generations each year (Wu, 1990). M. cras-
sisigna larvae mainly damage cotton and peas in late spring,
maize, and soybeans in summer, cruciferous vegetables and
asteraceae plants in autumn, and overwinter as diapausing
larvae or pupae in the soil (Lu et al., 1999; Ma et al., 2011).
The initial seasonal emergence date of this species becomes
progressively earlier moving southward. For example, the
first generation normally occurs in mid-July in Jilin province
(41°N–46°N), but in late March in Zhejiang province (27°N–
31°N), which is &1500 km south of Jilin Province (Wu, 1990;
Lu et al., 1999; Wu & Chang, 2004).

M. crassisigna is confirmed to be a long-distancemigrant, as
large numbers ofmoths have been caught on an isolated island
in the Bohai Strait (Fu et al., 2015). Trans-regional migration is
an important reason for the sudden outbreaks of M. crassi-
signa, which makes it difficult to monitor this species effective-
ly (Fu et al., 2015). Migratory insects usually have strong flight
potential and a better understanding of flight behavior is im-
portant for studying their migration. To forecast and control
M. crassisigna effectively, a thorough appreciation is needed
of key biological and ecological facets of this species (e.g.,
life history, population dynamics, migration, and flight abil-
ity). The flight activity of M. crassisigna under different biotic
and abiotic conditions is poorly understood by far.

Using a computer-aided flight mill, the age-related flight
activity and the relationship between flight and biotic and abi-
otic factors have been evaluated in a number of Lepidoptera
insects, including Helivoverpa armigera (Hübner) (Wu & Guo,
1998), Mythimna separata (Walker) (Jiang et al., 2000), and
Spodoptera litura Hübner (Tu et al., 2008). In this study, the
effect of biotic factors (i.e., age and gender) and abiotic factors
(i.e., temperature and relative humidity) on flight activity of
M. crassisigna were examined. This work will lead to a more
comprehensive understanding of the flight and migration be-
havior ofM. crassisigna, and will also help us to develop more
effective management strategies against this pest.

Materials and methods

Collection and rearing of M. crassisigna

Macdunoughia crassisigna moths were collected using a
searchlight trap from May to June 2014 at the Beihuang
Experimental Station of Chinese Academy of Agricultural
Sciences (38°24′N, 120°55′E), Shandong Province, China.
Beihuang is a small isolated island located in the center of
the Bohai Strait, &40 km from mainland China to the north
and&60 km to the south (Fu et al., 2015). A laboratory colony
was established and maintained in a growth chamber at 24 ±
1°C, 75 ± 5% relative humidity (RH) and a 16:8 h (L: D) photo-
period. Larvae were reared individually in glass vials (2.5 cm
in diameter and 10 cm high) on an artificial diet described by
Chen et al. (2000). After pupation,male and female pupaewere
separated by reference to Li et al. (1987) and placed in plastic
jars (8 cm in diameter and 12 cm high, one individual to a jar)
until moth emergence, ensuring a supply of unmatedmoths of
known age for use in the experiments described below. Moths
had constant access to a 5% honey solution, which was set in
the center of each jar. Moths were used only once.

Flight mill and tethered flight

A 24-channel, computer-monitored flight mill system (de-
veloped by the Institute of Plant Protection, CAAS, Beijing,

Table 1. Combinations of different biotic and abiotic conditions in assays with M. crassisigna.

Assay Adult age (day) Temperature (°C) Relative humidity (%)

First 1, 3, 5, 7, 9, 11 24 75
Second 3 12, 16, 20, 24, 28, and 32 75
Third 3 24 30, 45, 60, 75, 90, and 100

Table 2. Two-way ANOVA analysis on the flight parameters of M. crassisigna as a function of age and sex.

Source df

Total flight
distance

Total flight
duration

Mean flight
speed

Mean flight
bouts

Flight distance
in the longest
flight bout

Flight
duration in
the longest
flight bout

Mean flight
speed in the
longest flight
bout

F P F P F P F P F P F P F P

Age 5 465.04 <0.01 44.29 <0.01 15.44 <0.01 124.83 <0.01 219.92 <0.01 33.75 <0.01 67.36 <0.01
Sex 1 1.77 0.24 4.13 0.10 2.04 0.21 0.50 0.51 7.38 0.04 10.37 0.02 43.93 <0.01
Age × sex 5 0.83 0.53 0.59 0.71 0.61 0.70 0.89 0.49 0.15 0.98 0.47 0.80 0.11 0.99
Error 272
Total 283
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Fig. 1. Flightmillperformanceasafunctionwithage (left), andthe fittednormaldistribution (right,n= 284) forM.crassisignamothsat24°Cand75%
RH during a 24 h scotophase. Each bar is the mean and vertical line represents the Standard Error of Mean in the left pictures. For a given sex
associatedwitheachage,barswithdifferent lettersaresignificantlydifferentbasedonTukey’sHSDtest (P< 0.05).Thesameare in figs2and3below.
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China) was used to measure the flight parameters ofM. crassi-
signa moths. Individual moths were anesthetized with ether
for 15–20 s and then attached by the tergal side of the meso-
thorax to the end of the flight mill arm using a 30 cm long cop-
per wire 0.2 cm in diameter, adhered with a drop of
cyanoacrylate Super Glue (Yuyao Kexing Adhesive Co.,
Zhejiang, China). The flight mill system was positioned in a
climate controlled room. The temperature could be controlled
over a range from 10 to 50°C (±1.5°C) and RH over a range
from 30 to 95% (±5%). Both temperature and RH were regu-
lated automatically to set levels.

Flight ability test over a 24 h scotophase

We conducted three different assays in the flight mill tests
(table 1). In the first assay, the effect of age on the flight ability
ofM. crassisignawas examinedwith 1, 3, 5, 7, 9, and 11-day-old
unmated male and female moths tested at 24°C and 75% RH.

Subsequently, based on findings from these age-specific
flight assays, the effect of temperature on flight ability of M.
crassisigna was tested with 3-day-old unmated male and fe-
male moths at each of six constant temperatures (12, 16, 24,
28 and 32°C) at 75% RH.

Finally, the effect of RH on flight ability of M. crassisigna
was tested with 3-day-old unmated male and female moths
at each of six constant RH levels (30, 45, 60, 75, 90 and 100%)
at 24°C. Fifty females and fiftymaleswere tested for each treat-
ment, and only those moths still alive at the end of the test
were used in analysis. Each test was started at 18:00
(UTC+ 8) for a 24 h scotophase.

Computation of flight parameters

Flight data included the time-of-flight initiation, time of
cessation, and the number of mill revolutions every 2 s during
the assay period recorded by the software system.When flight
stopped for ≥1 min, it was considered the end of a flight bout.
Based on the number of mill revolutions over a given time per-
iod, total flight distance and duration, average flight speed,
flight distance and duration in each flight bout were computed
for each individual using a custom-made software package. A
Gaussian function f(X;A,m, d) = (A/d ����

2p
√ )e−(X−m)2/2d2 was

used to examine changes in flight parameters, where f (X; A,
μ, δ) is the flight parameter, A is the area under the curve, μ
is the mean of the distribution, and δ is the SD.

Data analysis

Flight parameters were first analyzed using a two-way
analysis of variance (ANOVA), with age and temperature, or

RH and sex as factors. If there were no significant interactions
for a certain flight parameter, then the data of each sex were
analyzed using a one-way ANOVA followed by a Tukey’s
HSD (honestly significant difference). Flight data were log-
transformed before analyses tomeet assumptions of normality
and homogeneity for parametric analysis. All statistical ana-
lyses were performed with Data Processing System (DPS)
V9.5 software (Tang, 2010; Tang & Zhang, 2013).

Results

Effect of age on flight ability

The results of the ANOVA associated with different flight
parameters were presented in table 2, which showed that all of
the flight parameters significantly differed between various
ages. For both sexes, the total flight distance and total flight
duration were highest in 3-day-old individuals both through-
out the 24 h scotophase (fig. 1a, c). Furthermore, the number of
flight bouts increased as a function of age for both sexes (fig. 1g).

There was no significant difference between sexes in the
flight parameters throughout the 24 h scotophase and in the
longest flight bout (table 2). Furthermore, no significant age ×
sex interaction was found in all flight parameters both
throughout the 24 h scotophase and in the longest flight
bout (table 2).

The fitted normal distributions of flight parameters at six
ages showed that the total flight distance, the total flight dur-
ation, the mean flight speed, and the mean number of flight
bouts throughout the 24 h scotophase was 44.74 ± 16.28 km
(fig. 1b), 9.01 ± 3.46 h (fig. 1d), 4.96 ± 1.37 km h−1 (fig. 1f),
and 9.05 ± 2.77 (fig. 1h), respectively. While, the mean flight
distance, mean flight duration, and mean flight speed in the
longest flight bout was 24.09 ± 12.92 km (fig. 1j), 4.44 ± 1.81 h
(fig. 1l), and 5.68 ± 2.53 km h−1 (fig. 1n), respectively.

Effect of temperature on flight ability

There was a significant effect of temperature on all flight
parameters, except for the mean flight speeds throughout
the 24 h scotophase (table 3). For both sexes, the flight activity
was relatively higher at temperatures of 24–28°C than other
temperatures throughout the 24 h scotophase (fig. 2a, c, e)
and in the longest flight bout (fig. 2i, k, m). Furthermore, the
number of flight bouts decreased as a function of temperature
for both sexes (fig. 2g).

For 3-day-old M. crassisigna moths at six continuous tem-
peratures, there was no significant difference between sexes
in all flight parameters both throughout the 24 h scotophase
and in the longest flight bout (table 3). Furthermore, no

Table 3. Two-way ANOVA analysis on the flight parameters of M. crassisigna as a function of temperature and sex.

Source df

Total flight
distance

Total flight
duration

Mean
flight
speed

Mean flight
bouts

Flight distance
in the longest
flight bout

Flight dur-
ation in the
longest flight
bout

Mean flight
speed in the
longest flight
bout

F P F P F P F P F P F P F P

Temperature 5 91.92 <0.01 46.75 <0.01 3.31 0.11 21.18 <0.01 158.21 <0.01 38.22 <0.01 19.06 <0.01
Sex 1 0.01 0.95 0.01 0.92 0.03 0.86 1.63 0.26 0.08 0.79 4.94 0.08 3.59 0.12
Temperature × sex 5 5.40 <0.01 1.78 0.12 2.40 0.04 1.14 0.34 0.58 0.71 0.96 0.44 0.88 0.49
Error 257
Total 268
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Fig. 2. Flight mill performance as a function with temperature (left), and the fitted normal distribution (right, n = 269) for M. crassisigna
moths at 75% RH during a 24 h scotophase.
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significant temperature × sex interaction was found in all
flight parameters, except for the total flight distance and the
mean flight speed throughout the 24 h scotophase (table 3).

The fitted normal distributions of flight parameters of
3-day-old moths at six temperatures showed that the total
flight distance, total flight duration, mean flight speed, and
mean number of flight bouts was 41.12 ± 16.32 km (fig. 2b),
10.28 ± 3.16 h (fig. 2d), 4.23 ± 0.89 km h−1 (fig. 2f), and 6.67 ±
1.82 (fig. 2h), respectively. Meanwhile, the mean flight
distance, mean flight duration, and mean flight speed in the
longest flight bout was 20.07 ± 11.75 km (fig. 2j), 3.99 ± 1.35 h
(fig. 2l), and 5.35 ± 1.92 km h−1 (fig. 2n).

Effect of RH on flight ability

Therewas a significant effect of RH on all flight parameters
(table 4). For both sexes, the flight activity was relatively high-
er at RH of 60–75% than other RH levels throughout the 24 h
scotophase (fig. 3a, c, e) and in the longest flight bout (fig. 3i, k,
m). Furthermore, the number of flight bouts increased as a
function of temperature for both sexes (fig. 3g).

For 3-day-old M. crassisigna moths at six RH levels, there
was a significant difference between sexes in the total flight
distance and total flight duration throughout the 24 h scoto-
phase, as well as the mean flight duration and speeds in the
longest flight bout, while other flight parameters were not sig-
nificantly differed between sexes (table 4). Furthermore, no
significant relative humidity × sex interaction was found in
all flight parameters both throughout the 24 h scotophase
and in the longest flight bout (table 4).

The fitted normal distributions of flight parameter of 3-day-
old moths at six RH levels showed the total flight distance
(double unimodal) was 20.32 ± 5.72 and 56.09 ± 11.17 km, re-
spectively (fig. 3b), the total flight duration was 10.75 ± 4.84 h
(fig. 3d), the mean flight speed was 4.64 ± 1.22 km h−1 (fig. 3f)
and themeannumberof flight bouts throughout 24 h scotophase
was 7.37 ± 2.87 (fig. 3h). In the longest flight bout, the mean
flight distance, the mean flight duration, and the mean flight
speed was 24.56 ± 11.92 km (fig. 3j), 3.57 ± 1.54 h (fig. 3l),
and 6.88 ± 2.46 km h−1 (fig. 3n), respectively.

Discussion

We examined the effects of various biotic and abiotic fac-
tors on the flight performance ofM. crassisignamoths of differ-
ent ages, under different temperatures and RH levels by a
flight-mill system. The results showed that the flight activity
of this species is greatly affected by age, sex, temperature,
and relative humidity.

This study confirms that the strong fliers of M. crassisigna
have the potential for long-distance migration from a very
early age, with 3-day-old males and females flying an average
distance of 66.93 ± 1.11 and 66.19 ± 1.01 km throughout the 24
h successive assay. Although flights of this distance did not
occur often, they may be frequent enough to contribute to
the trans-regional migration of M. crassisigna, especially con-
sidering the tremendous numbers of this species that build
up in local populations. These findings are similar to the re-
sults of flight mill tests with other Lepidoptera, including
the black cutworm, Agrotis ypsilon (Rottemberg) (Jia & Cao,
1992), the cotton bollworm, H. armigera (Armes & Cooter,
1991; Wu & Guo, 1996), the oriental armyworm, M. separata
(Luo et al., 1999), and the beet armyworm, S. exigua (Jiang
et al., 1999, 2002a, b). Our laboratory captured thousands of
M. crassisigna moths annually using a searchlight trap placed
on an isolated small island in the center of the Bohai Strait from
2003 to 2014, which indicated that this species migrates at least
40–60 km (and probably much greater distances) across the
sea (Fu et al., 2015). This study provides additional evidence
thatM. crassisigna possesses strong potential for long-distance
migration.

Our results demonstrate that both sexes of M. crassisigna
have the capacity for sustained flight and the flight ability
was highest in 3 days after emergence, at a time when they
are still sexually immature. Then, their flight ability decreased
after this point as the moths aged 7–11 days old. These find-
ings may helpful explaining why the vast majority of female
M. crassisigna moths, which took cross-sea migration de-
scribed above, were virgins with little or no ovarian develop-
ment (i.e., younger individuals) (Fu et al., 2015). The particular
relationship between age and flight capacity has been attribu-
ted to species-specific temporal changes in physiological sta-
tus (Saito, 2000). An insect’s flight ability likely decreases
with age due to the gradual autolysis of flight muscles
(Johnson, 1954) or structural changes within flight muscles
(Blackmer et al., 2005). Furthermore, previous studies have re-
ported that moths could produce aggregation pheromones at-
tract both sexes, and unmated individuals may maintain high
flight activity until they find conspecific aggregations that con-
tain potential mates (Jiang et al., 2002a, b). However, this needs
to be tested by comparing the flight activity of mated and un-
mated individuals, which merits further studies of M. crassi-
signa moths.

Environmental conditions, especially temperature and
relative humidity, have a significant influence on the flight
ability of insects (Jiang et al., 2000, 2002a, b; Kroder et al.,
2006; Lu et al., 2007). Our research confirms that temperature
and RH significantly affect the flight ability of M. crassisigna,

Table 4. Two-way ANOVA analysis on the flight parameters of M. crassisigna as a function of RH and sex.

Source df

Total flight
distance

Total flight
duration

Mean flight
speed

Mean flight
bouts

Flight distance
in the longest
flight bout

Flight
duration in the
longest flight
bout

Mean flight
speed in the
longest flight
bout

F P F P F P F P F P F P F P

RH 5 866.10 <0.01 799.40 <0.01 62.79 <0.01 187.86 <0.01 113.98 <0.01 155.90 <0.01 30.75 <0.01
Sex 1 15.35 0.01 15.10 0.01 0.02 0.89 1.42 0.29 0.06 0.82 31.07 <0.01 14.37 0.01
RH× sex 5 1.32 0.26 0.27 0.93 0.55 0.74 0.31 0.91 0.96 0.44 0.34 0.89 0.41 0.84
Error 274
Total 285
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Fig. 3. Flightmill performance as a functionwith RH (left), and the fitted normal distribution (right, n = 286) forM. crassisignamoths at 24°C
during a 24 h scotophase.
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with the strongest flight activity always occurred in 24–28°C,
and 60–75% RH. These results were in agreement with the re-
corded optimum temperature and RH for other Lepidoptera,
such as A. ypsilon (Jia & Cao, 1992), H. armigera (Armes &
Cooter, 1991; Wu & Guo, 1996), M. separata (Luo et al., 1999),
and S. exigua (Jiang et al., 1999, 2002a, b). Weak flight ability
was found at higher temperatures (32°C) or lower RH levels
(30 and 45%), which was likely due to water loss during teth-
ered flight.

The flight potential of various moths has been determined
using similar techniques to those employed in this study. The
flight activity of anesthetized insects tethered on a flight mill is
not expected to accurately reflect the natural flight activity of
individuals under normal environmental conditions, and the
limitations of such studies have been discussed previously
(Armes & Cooter, 1991; Beerwinkle et al., 1995; Riley et al.,
1997). However, the flight mill does allow for quantitative es-
timates of the relative flight capacity of species (Taylor et al.,
1992). For example, it has been used to examine insect flight
activity as a function of age, sex, size, mating status, and
physiological state (Colvin & Gatehouse, 1993; Rankin et al.,
1994; Lu et al., 2007; Sarvary et al., 2008), as well as lipid util-
ization in flight (Williams & Robertson, 2008). Despite the po-
tential shortcomings, this study offers some insights into the
flight performance of M. crassisigna, which is helpful for un-
derstanding the flight behavior of this species.
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