
AÇOREANA, 2011, Suplemento 7: 125-137

STUDYING THE COST OF MIGRATION: A COMPARISON OF 
PSEUDALETIA UNIPUNCTA POPULATIONS 

FROM CANADA AND THE AZORES

Jeremy N. McNeil

Department of Biology, The University of Western Ontario, London, 
Ontario, Canada, N6A 5B7  e-mail: jmcneil2@uwo.ca

ABSTRACT
In North America, the armyworm, Pseudaletia unipuncta is considered 

a seasonal migrant, with immigrants from the southern United States 
moving into more northerly, temporarily available habitats each 
spring.  However, as this species cannot survive the prevailing winter 
conditions in the north, their off spring emigrate southward in the fall.  
Migration is initiated by sexually immature individuals, with the rate 
of sexual maturation being modulated by juvenile hormone titers that 
vary depending on temperature and photoperiodic cues.  In contrast, in 
the Azores, armyworm populations persist all year round and are not 
believed to be regular seasonal migrants. 

The entomological studies addressing the possible costs of fl ight on 
future reproduction, or the evolution of traits that could minimize these 
potential costs, have compared winged and wingless (e.g. aphids) or 
short and long winged (e.g true bugs) morphs.  However, the presence 
of migrant and non-migrant populations of the armyworm off ered an 
excellent opportunity to address these questions in a species where all 
adult individuals have a well-developed capacity for fl ight.  I will present 
morphological, behavioural and physiological data from migrant and 
non-migrant populations of P. unipuncta and discuss the results within 
the framework of tradeoff s between migration and reproduction. 

RESUMO
Na América do Norte, a lagarta-das-pastagens, Pseudaletia unipuncta é 

considerada como migrante sasonal, com imigrantes do sul dos Estados 
Unidos deslocando-se cada primavera para habitats temporariamente 
disponíveis mais a norte.  Todavia, como esta espécie não pode sobreviver 
as condições de inverno prevalecentes no norte, a sua prole migra para 
o sul no Outono.  A migração é iniciada por indivíduos sexualmente 
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imaturos, com a taxa de maturação sexual sendo modulada por 
concentrações titradas de hormona juvenil que variam conforme 
sinais de temperatura e fotoperíodo.  Em contraste, nos Açores, as 
populações de lagarta-das-pastagens persistem durante todo o ano e 
crê-se que não sejam migrantes sasonais regulares.

Os estudos entomológicos que abordam os custos possíveis do 
voo na reprodução futura, ou a evolução de características que 
possam minimizar tais custos, têm comparado morfos com asas e 
sem asas (e.g. afídeos) ou de asa curta e asa comprida (hemípteros).  
Todavia, a presença na lagarta-das-pastagens de populações 
migrantes e não migrantes oferece uma oportunidade excelente 
para se abordar tais questões numa espécie onde todos os adultos 
possuem capacidade de voo bem desenvolvida.  Apresentarei 
dados morfológicos, comportamentais e fisiológicos de populações 
migrantes e não migrantes de P. unipuncta e discutirei os resultados 
num enquadramento de negociação entre migração e reprodução.

INTRODUCTION

Insects have evolved two general 
strategies to cope with habitat 

deterioration (Southwood, 1977;  
Solbreck, 1978), both of which are 
accompanied by marked physi-
ological and behavioral changes 
induced by environmental cues 
(Tauber, et al. 1986).  Individuals 
enter a state of arrested develop-
ment at a specifi c stage in the life 
cycle and remain in diapause/
aestivation until local conditions 
once again become suitable for 
reproduction, and this has been 
termed the “here-later” strategy.  
The alternative is for individu-
als to emigrate from the current 
site in search of habitats suitable 

for immediate reproduction else-
where, referred to as the “there-
now” strategy.  At the onset of 
migration adults are usually sexu-
ally immature adults which led 
Johnson (1969) to propose the 
“oogenesis-fl ight syndrome”, a 
model in which migratory fl ight 
and reproduction are seen as eco-
logical/physiological alternatives, 
but where both processes are reg-
ulated by the Juvenile Hormone 
(JH) (Rankin, 1989).  While this 
model has served as a good point 
of departure for studies on insect 
migration it is now evident that 
the two processes are not as mutu-
ally exclusive (Rankin et al., 1986;  
Sappington & Showers, 1992).  
Adaptations to facilitate migra-
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tory behaviour (such as larger 
body size) may also incur associ-
ated costs with respect to repro-
duction, with migrants generally 
being older at the onset of repro-
duction and having a lower total 
fecundity than conspecifi c non-
migrants (Roff  & Fairbairn, 1991).  
However, diff erent physiological 
mechanisms have evolved to re-
duce these potential reproduc-
tive costs in migrants (Rankin & 
Burchsted, 1992).  Thus, it is now 
clear that migration is a syndrome 
of traits and that there are varia-
tions on the “here-later”, “there-
now” strategies.  Clearly, we need 
a much be  er understanding of 
the basic physiological and ge-
netic mechanisms controlling 
these traits to fully comprehend 
the overall phenomenon of insect 
migration (Gatehouse, 1997).  In 
addition, as many pests in both 
agriculture and forestry are mi-
grants the information obtained 
from this research would also be 
important for the development of 
rational pest management prac-
tices.

THE ARMYWORM AS A MODEL

I initially started working on 
the true armyworm, Pseudaletia 
unipuncta, to look at pheromone 
mediated mating and the potential 

of using the sex pheromone 
as a suitable monitoring tool.  
Our early studies on calling 
behaviour (the emission of sex 
pheromone by a receptive female) 
found that even under summer 
conditions, females did not reach 
sexual maturity for several days 
following emergence (Turgeon 
& McNeil, 1982), a diff erent 
pa  ern than observed for resident 
species, which start calling and 
mate very soon a  er emergence.  
We also found that the precalling 
period diff ered signifi cantly as 
a function of both temperature 
and daylength (Delisle & McNeil, 
1987;  Table 1), leading to the 
suggestions that the precalling 
period may be a trait that could 
be used to identify migrant 
moth species (McNeil, 1986).  
During the same period we were 
running fi eld trials studying the 
seasonal pa  erns of moth activity 
using light and pheromone trap 

TABLE 1. The eff ect of temperature and 
photoperiod on the age at which virgin 
Pseudaletia unipuncta females from North 
America initiate calling for the fi rst time 
(a  er Deslisle & McNeil, 1987).

Temperature Photoperiod Age (days ± SEM

25 ºC
16L:8D 5.8 ± 0.4
12L:12D 9.0 ± 0.9

10 ºC
16L:8D 17.4 ± 0.6
12L:12D 21.1 ± 1.1
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catches.  We found that while 
males were captured in light 
traps during both summer 
and fall, very few males were 
captured in pheromone traps 
on the fall (McNeil, 1987).  In 
addition, while >95% of females 
captured in light traps during 
the summer flight period were 
mated the vast majority of those 
caught in the fall were sexually 
immature, and had extensive 
lipid reserves (McNeil, 1987).  
Furthermore, Fields & McNeil 
(1986) found that none of stages 
in the armyworm life cycle 
were able to survive the winter 
conditions in Quebec.  Based on 
these findings the scope of the 
programme was expanded to 
use the armyworm as a model 
species to study different facets 
of insect migration in response 
to predictable, seasonal changes 
in habitat quality. 

The initial emphasis was 
placed on understanding the 
underlying physiology pro-
cesses associated with sexual 
maturation, as well as the fe-
male calling behaviour and 
male responsiveness to sex 
pheromones, under different 
ecological conditions.  We were 
able to demonstrate that ovari-
an development, calling behav-
iour and pheromone synthesis 

in virgin females are closely 
synchronized and modulated 
by JH (Cusson & McNeil, 1989;  
Figure 1).  Furthermore, it was 
clear that when insects were 
reared at cool temperatures 
and short daylength (10 °C, 
12L:12D), their JH production 
was low, resulting in delayed 
sexual maturation of both sexes 
(McNeil et al., 1994), in a man-
ner similar the model proposed 
by Rankin & Riddiford (1978).  
Thus, the findings supported 
the idea that the summer ap-
pearance of species outside the 
area where they successfully 
overwinter is the result of sea-

FIGURE 1.  The eff ect of ablating the 
corpora allata from newly emerged 
Pseudaletia unipuncta females on state 
of ovarian development, pheromone 
production and the expression of calling 
behaviour a  er fi ve days at 25 °C, 16L:8D 
and 65% R.H (modifi ed from Cusson & 
McNeil, 1989).
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sonal migration, as proposed 
by Walker (1979), rather than 
the result of a unidirectional 
expansion into zones where re-
sources are temporarily avail-
able due to current agricultural 
practices, as postulated in the 
“Pied Piper” hypothesis (Rabb 
& Stinner, 1978). 

The delay in maturation 
under conditions that serve 
as reliable cues of impending 
habitat deterioration would al-
low adults to locate resources 
and increase lipid deposits 
necessary for migration, wait 
for the appropriate weather 
conditions for long distance 
flight, and/or provide an ex-
tended time window to loca-
tion a more suitable habitat.  
Consequently, the working 
hypothesis for the seasonal bi-
ology of P. unipuncta in North 
America is that both the spring 
northward and southward fall 
migratory flights were initiat-
ed in response to the short day-
length, cool temperatures cues.  
In this manner armyworm 
would avoid the high summer 
temperatures in the southern 
United States that negatively 
affect survival and fecundity 
and the lethal freezing winter 
temperatures in northern habi-
tats (McNeil, 1987). 

THE ARMYWORM FROM THE 
AZORES AS A MODEL

Pseudaletia unipuncta is also 
found in the Azores where it is a 
sporadic pest of pasture grasses.  
Given that the Azores is a vol-
canic archipelago these popula-
tions were probably founded by 
migrants from either Europe or 
North America that were blown 
off track, although the possibil-
ity of accidental introductions 
by man cannot be completely 
discarded.  However, unlike po-
pulations in Canada, different 
life stages are found throughout 
the year in the Azores (Tavares, 
1989) suggesting that the popu-
lations may be non-migrants.  
A great deal of the research ex-
amining the potential costs of 
flight on reproduction, and the 
evolution of adaptations to re-
duce such costs, has used spe-
cies where there are distinct 
morphs with different capacities 
for flight, such as apterous and 
alate aphids or macropterous 
and brachypterous hemipter-
ans (e.g. MacKay & Wellington, 
1975;  Denno et al, 1989).  Thus, 
having migratory and non mi-
gratory populations of an insect 
where adults in all populations 
use flight to locate food, mates 
and, in the case of females, suit-
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able oviposition sites would 
provide a unique opportunity to 
address these questions. 

Consequently we expanded 
the scope of the project, to 
compare certain life history 
traits of armyworm from North 
America and the Azores colonies, 
established using eggs collected 
from females caught in light 
traps on the island of São Miguel 
and Normandin, Quebec, were 
reared for one generation at 25 
ºC, 16L:8D to reduce potential 
maternal effects (Rossiter, 1991) 
before comparative studies 
were carried out.  Using only 
females (sexed as pupae, using 
the characteristics reported by 
Breeland (1958) we compared 
the developmental time from 
the emergence of the 1st instar 
larvae to adult emergence, the 
mass and wing surface are of 
newly emerged females, the 
age to first calling, as well as 
the reproductive period and 
live time fecundity of once 
mated females.  As seen in 
Table 2, while Azorean females 
took significantly less time 
to develop and had a lower 
body mass with smaller wings, 
they became sexually mature 
at a much younger age and 
produced significantly more 
eggs.  These results support 

the idea that the larger body 
mass and larger wing surface 
area to facilitate long distance 
migration has a cost with respect 
to reproduction.

Subsequent studies comparing 
the underlying physiology of 
pheromone production showed 
that the differences observed 
in the age of sexual maturation 
between the non-migratory and 
migratory populations was more 
complex than just the earlier 
onset of JH production following 
emergence (McNeil et al, 1996, 
2000, 2005).  It was clear from the 
age related patterns of JH titers 
in the haemolymph that both 
the timing of production and the 
levels of the hormone detected in 
virgin females are significantly 
different (Figure 2).  This same 
was observed pattern in the two 
geographic strains (Figure 3) 
when we compared the activity 
of control corpora allata (the 
source of JH biosynthesis) with 

TABLE 2.  Life history traits of Pseudaletia 
unipuncta females from migratory and 
non-migratory populations

Trait North 
America Azores

Development (days) 36.4 ± 0.2 33.8 ± 0.2**
Mass at emergence (mg) 231 ± 5 209 ± 5**
Wing surface area (cm2) 5.5 ± 0.1 4.9 ± 0.1**
Age at fi rst calling (days) 10.2 ± 0.7 3.1 ± 0.1**
Reproductive period (days) 7.3 ± 0. 11.2 = 0.5*
Life time fecundity 1359 ± 131 1608 ± 75*
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those incubated in allatotropin, 
a neuropeptide implicated in 
the control of JH (Kataoka et al., 
1989).  These finding strongly 
support the hypothesis that the 
selective pressures acting on 
the control of reproduction in 
migrant populations is markedly 
different, probably due to the 
fact that while JH modulates 
sexual maturation it is also 
necessary for sustained flight.  
In fact, McNeil & Tobe (2001) 
proposed a model whereby 
the neuropeptides allotropin 
and allostatin play differing 
roles within the same species, 
depending on the ecological 
conditions under which the 
insects were reared.

We are continuing to use com-
parisons between Azorean and 
North American populations 
of the armyworm to determine 
how migrants initiate and fin-
ish migratory flights, as well as 
investigating the possibility that 
migrants have evolved specific 
traits to reduce the cost of mi-
gration on future reproduction.

INTERPRETING THE 
DIFFERENCES

Little is known concerning 
the cues that actually initiate 
migratory flight, although in-
sects probably have some abil-
ity to select suitable weather 
conditions to facilitate migra-

FIGURE 2.  A comparison of the temporal 
pa  erns of in vitro Juvenile Hormone 
titers in the haemolymph of virgin 
Pseudaletia unipuncta females from North 
America and the Azores (modifi ed a  er 
McNeil et al., 2000).

FIGURE 3.  A comparison of the temporal 
pa  erns of in vitro Juvenile Hormone 
biosynthesis by the corpora allata of 
virgin Pseudaletia unipuncta females from 
North America and the Azores (modifi ed 
a  er McNeil et al., 2005).
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tion in the appropriate direction 
(Taylor & Reling, 1986).  We have 
noted that even when army-
worm moths are tested on flight 
mills under controlled labora-
tory conditions there is consid-
erable between night variability 
in both flight speed and distance 
flown.  We are currently testing 
the hypothesis that the initiation 
of flight is related to changes in 
atmospheric pressure.  Our pre-
diction is that populations from 
North America Québec will 
exhibit increase flight activity 
when weather conditions favor 
long distance movement while 
those from the Azores will have 
reduced flight activity, as move-
ment under such conditions in 
nature would result in them be-
ing blown out to sea.

In Drosophila melanogaster two 
larval behaviors, roving and sit-
ting, were associated with allelic 
polymorphism of the foraging 
gene (for) (Osborne et al., 1997), 
and this polymorphism also af-
fects the olfactory response of 
adults to food odors (Shaver et 
al., 1998).  Subsequently, it was 
shown that differential expres-
sion of a foraging gene homolog 
(Amfor), which also encodes a 
guanosine 3’,5’-monophosphate 
(cGMP)-dependent protein ki-
nase (PKG), was associated with 

changes in the age related poly-
ethism of switching from within 
hive activities to active foraging 
for nectar and pollen by worker 
honey bees (Ben-Shahar et al., 
2002).  The sitting and roving 
behavior of fly larvae is similar 
to the nurse and foraging behav-
ior of bees in the sense that they 
describe the tendency for indi-
viduals to remain sessile versus 
becoming mobile.  The involve-
ment of the for gene in both in-
stances suggests a possible gen-
eral role for this gene mediating 
“stay-or-move” like behaviors 
in a wide range of insects.  As 
we have already demonstrated 
that armyworm moths switch 
from a reproductive (sessile) to 
a migratory (mobile) phase in 
response to decreases daylength 
and temperature conditions 
and, that under fall conditions, 
males do not respond to the fe-
male sex pheromones (McNeil et 
al., 1995) we are testing the hy-
pothesis that, in the armyworm, 
a foraging gene homolog will be 
differentially expressed in re-
sponse to cues associated with 
good and poor habitat quality.  
Furthermore, it is believed that 
age-related polymorphism in 
honeybee workers is regulated 
by changes in juvenile hormone 
(JH) titers (Robinson, 1987), 
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suggesting the involvement of 
a pleiotropic network of genes.  
We have shown that under fall 
conditions, at the time of south-
ward migration, both sexes of 
the armyworm have significant-
ly lower rates of JH biosynthe-
sis and sexual maturation than 
their counterparts under sum-
mer conditions (Cusson, et al., 
1994).  Therefore, we postulate 
that a for gene will be up-regu-
lated in armyworm moths about 
to migrate, at a time when JH ti-
ters are low, and be down-regu-
lated when JH titers are high, as 
insects will be reproducing and 
not undertaking long distance 
movement.  We will continue 
comparing moths from North 
America and the Azores in this 
project, for if there is a foraging 
gene homolog associated with 
migration, expression should 
differ between migrant and non 
migrant populations, especially 
with respect to the levels of PKG 
activity (Ben-Shalar et al., 2002) 
in flight muscle.

We will also examine the 
flight muscle looking at myo-
fibrils and sarcoplasm, as well 
as mitochondrial and tracheol 
density/volume (Guderley et 
al., 2006).  In addition we will 
measure the activity of the oxi-
dative enzymes citrate synthase 

(CS) and hydroxyacylcoA dehy-
drogenase HOAD in the differ-
ent generations of both migrant 
and non migrant populations to 
obtain additional insight about 
muscle performance (O’Brien & 
Suarez, 2001).  The prediction 
is that adults from the migrant 
North American population will 
have larger muscle mass, greater 
mitochondria volume/density, 
larger/more tracheoles to facili-
tate oxygen flow and higher ac-
tivities of CS and HOAD than 
those from the Azores, when 
reared under identical condi-
tions.  Furthermore, similar dif-
ferences are expected, especially 
in the migratory population, 
when one compares individuals 
reared under summer and fall 
conditions.

As noted earl ier,  North 
American moths captured in 
light traps in the fall have sub-
stantial lipid reserves, and 
these would serve as fuel for 
extensive migratory f l ight .  
Benoit & McNeil, (unpublished) 
have shown that while adults 
have some lipid stores upon 
emergence they accumulate 
more through nectar feeding.  
However, the essential fatty ac-
ids can only be obtained from 
larval food sources and we 
have preliminary data suggest-
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ing that armyworm adults in 
the migratory phase used less 
essential fatty acids during ex-
tended flight than their summer 
counterparts (Anthonypillai, 
2007).  We have postulated that 
this could be an adaptation to 
reduce the fitness tradeoff be-
tween migratory flight and 
future reproduction.  We are 
currently testing the hypoth-
esis that migrants differentially 
conserve essentially fatty acids 
that can only be obtained from 
plants during larval feeding 
and that cannot be obtained 
from adult feeding.  Again we 
are comparing individuals from 
the same geographic population 
when reared under different 
temperature and photoperiodic 
regimes, as well as comparing 
populations from the Azores 
and North America.

The presence of non-migra-
tory populations of P. unipunc-
ta in the Azores has provided 
a wonderful opportunity to 
study the costs of migration in 
Lepidoptera, and we hope that 
some of the broader findings 
will also hold for other migra-
tory insects.  Thus, while some 
may have felt that this island 
archipelago offers little from a 
biological perspective, I would 
have to respectfully disagree. 
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