
Journal of Insect Physiology 56 (2010) 1863–1870
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mediated by larval host plants: pupal weight is important
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A B S T R A C T

Facultative diapause, a strategy that allows insects to initiate additional generations when conditions are

favorable or to enter diapause when they are not, has a profound effect on the ecology and evolution of

species. Most previous studies have concentrated on the role of photoperiod and temperature in

inducing facultative diapause in insects. In contrast, here we studied pupal diapause mediated by larval

host plants in the cotton bollworm Helicoverpa armigera, and confirmed that pupal weight is a critical

factor. Two groups of third instar H. armigera larvae, kept at 25 8C with L:D = 8:16 and 20 8C with

photoperiod of L:D = 8:16, respectively, were fed on six host plants and on artificial diet (as a control) to

determine how larval host plants affect diapause incidence and related traits (such as pupal weight and

developmental duration). The data showed larval host plants affected diapause incidence significantly

and the effects could be masked by low temperature. Further analysis showed that pupal size, not the

length of the sensitive stage, affected the decision to enter diapause. In a further experiment, third-instar

to final-stage larvae deprived of artificial diet for 2 days demonstrated a direct relationship between

pupal weight and diapause incidence. These results suggest that larval host plants, by affecting pupal

size, may influence diapause occurrence in H. armigera. This has important adaptive significance for both

over-wintering survival and the possibility for completing an additional generation.

� 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Diapause is an important strategy by which insects avoid
unfavorable environmental conditions (Tauber et al., 1986; Danks,
1987). Insects have the potential to gain significant increases in
fitness when conditions are favorable or to enter diapause when
conditions are not (Roff, 1983; Carriere et al., 1995; Hunter and
McNeil, 1997). Therefore, the strategy of facultative diapause is
expected to evolve in unpredictable seasonal environments and
appears to be common among insect species living in environ-
ments that promote multi-voltinism (Tauber and Tauber, 1982;
Mousseau and Roff, 1989; Bradford and Roff, 1993; Carriere and
Roitberg, 1994; Hunter and McNeil, 1997). Because the strategy of
facultative diapause can alter the number of generations produced
by a population per year, it has profound ecological and
evolutionary implications for insect species (Roff, 1983; Tauber
et al., 1986; Carriere et al., 1995; Hunter and McNeil, 1997).

The best-known cues associated with diapause in insects are
photoperiod and temperature (de Wilde, 1962; Tauber et al., 1986;
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Brodeur and McNeil, 1989; Hodkova and Socha, 1995). Other
environmental factors, such as food quality (Hunter and McNeil,
1997; Takafuji and Morishita, 2001; Ito and Saito, 2006), humidity
(Wardhaugh, 1986; Lenga et al., 1993) and predation (Kroon et al.,
2004) have received limited attention. Food quality has been
shown to be a major factor regulating diapause for a few species of
insects (Tauber et al.; 1986), especially for those that aestivate
(Hagen, 1962; Stewart et al., 1967). Recently, several studies on
mites showed that food quality affected diapause incidence
(Takafuji and Morishita, 2001; Ito and Saito, 2006). Takagi and
Miyashita (2008) also showed that swallowtail butterflies had a
higher diapause incidence when they fed on tough leaves than
when them fed on tender young leaves.

In herbivorous arthropods, diapause incidence often varies
among host–plant species (Tauber et al., 1986; Danks, 1987;
Koveos and Tyanakakis, 1989; Takafuji and Morishita, 2001; Ito
and Saito, 2006), as does the timing of diapause induction.
However, how host-plant quality affects diapause incidence is
still unknown. In polyphagous insects, the quality of the host
plant affects larval growth rate, which may affect the length of
the sensitive stage at which the cues causing diapause are
sensed (Hunter and McNeil, 1997; Wednell et al., 1997). Insects
have been shown to grow faster and have a lower incidence of
diapause on good-quality host plants than on poor-quality host
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plants. Additionally, insects destined to diapause often accumu-
late additional energy reserves (Storey and Storey, 1991; Sakurai
et al., 1992; Hokkanen, 1993; Zvereva, 2002; Liu et al., 2007),
suggesting that diapause occurrence is related to body size.

The cotton bollworm, Helicoverpa armigera (Hübner) (Lepidop-
tera: Noctuidae), is one of the most serious insect pests in China,
Australia and India. This species has a wide range of cultured and
wild host plants, including at least 172 species of host plants from
40 families in Australia (Zalucki et al., 1994) and nearly 200 species
from 30 families in China (Xu et al., 1958). Over most of its range in
China, this species has four or five generations a year, mainly
depending on temperature and what kind of host plant it feeds on;
in addition, it over-winters in a facultative pupal diapause in the
soil. Previous work showing that winter diapause in H. armigera is
induced by the short photoperiod and low temperatures of autumn
(Li and Xie, 1981; Wu and Guo, 1995) paid little attention to the
role of larval host plants; these include cotton, tobacco, kidney
bean, corn, tomato, and hot pepper (Lu and Xu, 1998). The different
nutritive values of the host plants of H. armigera may affect the rate
of development of larvae that feed on them and therefore influence
population dynamics (Ruan and Wu, 2001; Liu et al., 2004).
Moreover, larval host plants are known to affect H. armigera over-
wintering preparedness and population dynamics in H. armigera

(Liu et al., 2007, 2009). However, the influence of larval host plants
on diapause induction and associated life-history traits remains
undefined.

Since host-plant quality is intimately linked to the growth and
development of insect herbivores (Bernays, 1990), larval host
plants of H. armigera might be expected to influence diapause
incidence. In our study, H. armigera larvae were fed on six host
plants of varying quality to see how plant species influence the
facultative pupal diapause of H. armigera in the laboratory. We
tested the following predictions: 1) diapause incidence varies
among larval host plants, 2) diapause incidence is influenced by
the quality of host plants, 3) diapause occurrence is related to
pupal weight attained and/or the duration of the sensitive stage for
diapause induction.

2. Materials and Methods

2.1. Insects rearing and host plant culture

A laboratory population of H. armigera was established by
collecting full-grown larvae from cotton plants growing in the
suburbs of Changsha, in the province of Hunan. Larvae were reared
on an artificial diet with wheat germ as the main component (Wu
and Gong, 1997) at 27 8C under a photoperiod of L:D =16:8 to
prevent diapause. Newly hatched neonates were reared in groups
until the third instar, after which they were separated into
individual glass tubes (2.0 cm diam. � 8.0 cm high) to prevent
cannibalism. Mature caterpillars were allowed to pupate in moist
soil substrata with a water content of about 7% (soil was heated to
temperature 120 8C for 2 h and sifted through a sieve with 36
apertures per cm2). The insects were fed continuously on the
artificial diet for 5 generations before testing to reduce the possible
influence of the host source.

The following six H. armigera host plants, all of which are
commonly found in China, were used in this study: cotton
(Gossypium hirsutum L.), tobacco (Nicotiana tobacum L.), kidney
bean (Phaseolus vulgaris L.), corn (Zea mays L.), tomato (Lycopersi-

con esculentum Mill), and hot pepper (Capsicun frutescens L.).
Previous study has ranked of the suitability of these host plants for
supporting H. armigera under developmental conditions (L16:D8
and 27 8C) from low to high (Liu et al., 2004) and reported the
contribution of larval host plants to the over-wintering biology of
this species (Liu et al., 2007, 2009). The seeds used in the
experiments were acquired from the Chinese Academy of
Agricultural Sciences. Plants used in the experiments were
collected from fields not exposed to pesticides and were fertilized
with a controlled release fertilizer and watered as required.

2.2. Diapause induction

Larvae were fed on artificial diet at 27 8C under a photoperiod of
L:D =16:8 until the third instar, then transferred to conditions
under which diapause is usually induced; the third to final instars
are the sensitive stage for diapause induction (Li and Xie, 1981).
Three experiments were conducted: the first two explored the
effects of the larval host plants on diapause and the third tested our
hypothesis based on the first two experiments, i.e. diapause
occurrence is related to pupal size.

2.2.1. Experiment 1: Induction of diapause at 25 8C with L:D =8:16

Third-instar larvae reared on artificial diet were transferred to
the fruits of cotton, tobacco, kidney bean, corn, tomato and hot
pepper (artificial diet continued to be used as a control) and kept at
25 8C under a photoperiod of L:D = 8:16 to induce diapause. Four
replicates of 20 larvae each were used for each host plant. The fruits
were replaced with fresh ones every other day until pupation, and
the duration of the last larval instar and the prepupal stages were
recorded. Each pupa was sexed and weighed at the second day after
pupation. The pupae were checked to see whether they were in
diapause at 10-day after pupation according to two visible
morphological characteristics cited by Liu et al. (2006).

2.2.2. Experiment 2: Induction of diapause at 20 8C with L:D =8:16

This experiment was carried out to see how temperature
modified the effects of host plants on diapause. Third-instar larvae,
reared on artificial diet at 27 8C under a photoperiod of L:D = 16:8,
were transferred to the fruits of cotton, tobacco, corn, kidney bean,
tomato (artificial diet was used as the control) and kept at 20 8C
under a photoperiod of L:D = 8:16. Mature larvae were allowed to
pupate in moist soil as described above, and their status was
checked 10 days after pupation. Each treatment group contained
150 individuals. Only the diapause incidence and survival to
pupation were recorded since nearly all entered diapause under
these conditions.

2.2.3. Experiment 3: Induction of diapause on artificial diet

Host plants differ in their architectural quality for insect
herbivores (Hunter and Willmer, 1989), which might influence
their propensity to enter diapause. Our previous study also showed
that diapausing pupae were heavier than nondiapausing pupae
and related this to differences among larval host plants (Liu et al.,
2007). Based on Experiment 1, we hypothesize that diapause
occurrence is related to body size. To test directly for the effect of
body size on diapause induction, we fed H. armigera larvae on
artificial diet (Wu and Gong, 1997) to produce differently sized
pupae. By depriving larvae of food, we hoped to see whether there
was a relationship between diapause incidence and pupal size.
Third-instar larvae, reared on artificial diet at 27 8C under a
photoperiod of L:D = 16:8, were transferred to a chamber set at
25 8C and a photoperiod of L:D = 8:16. Larvae were deprived of food
for 2 days when they were at each of the third through sixth
instars. Larval duration at each instar and at the prepupa stage was
recorded. Pupae were sexed and weighed on the second day after
pupation and diapause status was determined at 10-day.

2.3. Statistics

Statistical analyses of pupal weight and duration among host
plants and diapause status were conducted using the general linear
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Fig. 1. Diapause incidence of H. armigera fed on different larval host plants at 25 8C and 20 8C with LD = 8:16. A, 25 8C; and B, 20 8C. The bar above the column showed S.E., and

different letter showed significant differences in diapause incidence due to host plant species at p < 0.05 (Scheffe test).
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model (GLM) (SPSS, 1999), host plants, diapause status, and sex of
insects were the fixed factors. One-way analysis of variance
(ANOVA) was performed by SPSS (1999), and means were
separated with the Scheffe multiple range test. Diapause incidence
after arcsine transformation was carried out using ANOVA with
SPSS, in which the means were separated with the Scheffe multiple
range test. To compare non-diapausing and diapausing pupae, one-
way ANOVA was conducted with a Duncan multiple range test.
Survival was tested using the chi-square. Regression analysis was
used to determine the relationships among larval host plants,
developmental duration, pupal weight, survival and diapause
incidence.
[(Fig._2)TD$FIG]

Fig. 2. The relationship of diapause incidence in H. a
3. Results

3.1. Diapause incidence of H. armigera reared on larval host plants

At 25 8C under a photoperiod of L:D = 8:16, diapause occurrence
was significantly affected by host plants (plant, F = 3.273, df = 6,
p = 0.004; Sex, F = 0.047, df = 1, p = 0.829, plant � sex, F = 1.095,
df = 6, p = 0.365), as demonstrated by GLM analysis. Pupal diapause
incidence in H. armigera mediated by larval host plants varied from
42.3% for those fed on tobacco fruits to 75.9% for those fed on
cotton bolls (Fig. 1A, F = 11.639, df = 7, 23; p < 0.0001). However,
at 20 8C under L:D = 8:16, no differences were noted among larval
rmigera with host plants and life-history traits.
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Fig. 3. Pupal weight of diapausing and non-diapausing H. armigera for each tested

host plants under moderate condition
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host plants (Fig. 1B). Further analysis showed that diapause
incidence of H. armigera fed on host plants at 25 8C was
significantly related to host plants (Fig. 2 A).

3.2. Effects of larval host plants and diapause on pupal weight

GLM analysis showed that pupal weight was significantly
affected by host plant species and diapause status, respectively
(Table 1). Diapausing pupae were significantly heavier than non-
diapausing pupae reared at 25 8C and a photoperiod of
L:D = 8:16 (Fig. 3). Moreover, pupal weight was significantly
related to larval host plants in both diapausing and non-
diapausing pupae (Fig. 4 A and B, diapausing pupae: y = -
[(Fig._4)TD$FIG]

Fig. 4. Regression analysis of pupal weight with host plant species and sixth instar larv

plants. A and C, Diapausing pupae; B and D, Non-diapausing pupae.
25.973x + 367.39, R2 = 0.9214, p = 0.001; non-diapausing pupae:
y = -22.795x + 324.39, R2 = 0.9246, P = 0.001).

When the plant acted as a covariate, further GLM analysis
showed that developmental duration (both the final larval instar and
prepupal stage) significantly influenced pupal weight independent-
ly of one another (plant, F = 0.313, df = 1, p = 0.576; sex, F = 0.180,
df = 1, p = 672; final instar, F = 22.937, df = 7, p < 0.001; prepupa,
F = 2.894, df = 5, p = 0.014; final instar� sex, F = 0.422, df = 5,
p = 0.833; prepupa� sex, F = 0.113, df = 2, p = 0.893; final instar� -
prepupa, F = 1.647, df = 12, p = 0.078; final instar� prepupa� sex,
F = 1.004, df = 7, p = 0.429). Regression analysis showed that pupal
weight was significantly correlated with final instar larval duration
in both diapausing and non-diapausing pupae (Fig. 4C and D).

3.3. Effects of larval host plants and diapause on developmental

duration

Although developmental duration in both the final instar stage
and the prepupal stage, was significantly affected by larval host
plants (Tables 1 and 2), diapause status did not play a direct role.
Further regression analysis showed that the development duration
of the final larval instar and prepupal stage was significantly
correlated with larval host plants among both diapausing and non-
diapausing pupae (Fig. 5 A, B, C, D).

3.4. Diapause incidence in insects reared on artificial diet with 2 d of

deprivation

Diapause incidence significantly varied from 14.8 to 56.9%
when the larvae were deprived of food for 2 d at the third through
sixth instars, respectively (Table 3 chi-square = 23.049, df = 4,
p < 0.0001). The corresponding pupal weight gain varied signifi-
cantly from 288.4 to 356.5 mg (Table 3 F = 18.903; df = 4, 260;
p < 0.0001). Further regression analysis showed that diapause
incidence correlated significantly with pupal weight (Fig. 6).
al duration for both diapausing and non-diapausing pupae reared on different host



Table 1
Analysis of variance partitioning effects (GLM) of host, diapause status and sex on performance of Helicoverpa armigera.

Source of variation Pupal weighta Duration of

final stageb

Duration of

prepupac

df MS F MS F MS F

host 6 163521.032 133.393**** 66.381 72.481**** 4.492 10.760****

diapause status 1 56.034.603 45.711**** 0.168 0.183 0.0245 0.059

sex 1 33.214 0.027 1.726 1.885 0.309 0.739

host�diapause 6 1934.201 1.578 1.890 2.063 0.587 1.407

diapause� sex 1 144.815 0.118 1.774 1.904 0.017 0.040

host� sex 6 1480.451 1.208 0.889 0.970 0.521 1.248

host�diapause� sex 6 911.756 0.744 1.994 2.177* 0.237 0.567

error 1225.858 0.916 0.417

* P�0.05. **P�0.01, ***P�0.001, ****P�0.0001
a Error df = 330, b Error df = 368, c Error df = 373.

Table 2
Post hoc tests for developmental duration of final instar larvae and prepupae with Scheffe test using the GLM model for both destined to diapause and non-diapause larvae of

H. armigera fed different host plants.

Duration of final instar larva (d) Duration of prepupa (d)

Diapausing Non-diapausing F p Diapausing Non-diapausing F p

cotton 4.95� 0.21(22)b 4.57� 0.43(7)bcd 0.734 0.399 3.50�0.14(22)b 4.00�0.22(7)ab 3.117 0.089

tobacco 5.00�0.17(30)b 4.78� 0.15(41)bc 0.976 0.327 3.34�0.11(32)b 3.20�0.07(44)c 1.304 0.257

kidney bean 4.25� 0.14(52)b 4.33� 0.29(27)bcd 0.087 0.769 3.63�0.10(52)b 3.48� 0.17(27)bc 0.716 0.400

corn 4.56� 0.32(16)b 4.00�0.25(12)cd 1.884 0.182 4.31�0.19(16)a 4.58� 0.15(12)a 1.059 0.313

tomato 6.71� 0.13(45)a 6.94� 0.28(16)a 0.659 0.420 3.42�0.93(45)b 3.25� 0.14(16)bc 0.940 0.336

hot pepper 5.05� 0.17(22)b 5.53� 0.25(19)b 2.729 0.107 3.82�0.11(22)ab 3.74� 0.15(19)bc 0.203 0.655

artificial di et 3.35� 0.10(54)c 3.29� 0.12(34)d 0.132 0.717 3.54�0.10(54)b 3.24� 0.10(34)bc 4.351 0.040

F 58.728 25.706 4.971 10.526

p < 0.001 <0.001 < 0.001 <0.001

Data are shown as mean� S.E. Different letter in the same column means significant at P<0.05 (Post hoc tests with Scheffe using the GLM model).

[(Fig._5)TD$FIG]

Fig. 5. Regression analysis of final instar larval and prepupal duration with host plants. A and B for final instar larval and prepupal duration of diapausing pupae, respectively;

C and D for final instar larval and prepupal duration of non-diapausing pupae, respectively.
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Table 3
Diapause incidence and pupal size of Helicoverpa armigera caused by deprivation of artificial diet.

N Diapause

incidence (%)a

Pupal weight Duration of

larval stage

Duration of

prepupa

control (without deprivation) 65 29.23 332.11�4.16 b 14.98� 0.23 c 5.28� 0.16 b

2d deprivation at 3rd instar stage 58 56.89 356.54�6.65 a 17.27� 0.33 b 6.17� 0.20 a

2d deprivation at 4th instar stage 47 34.78 326.43�6.81 ab 17.13� 0.32 b 5.93� 0.18 ab

2d deprivation at 5th instar stage 40 34.15 309.99�6.06 bc 19.80� 0.32 a 6.76� 0.26 a

2d deprivation at 6th instar stage 53 14.81 288.38�6.25 c 17.46� 0.34 b 6.17� 0.16 a

F/Chi-square 23.049 18.9003 30.798 7.895

df 4 4, 260 4, 258 4, 258

p < 0.0001 <0.0001 < 0.0001 < 0.0001

Data are shown as mean� S.E. Different letters in the same column mean significant at p<0.05 (Post hoc tests with Scheffe).
a Chi-square test was conducted.

Z. Liu et al. / Journal of Insect Physiology 56 (2010) 1863–18701868
4. Discussion

Our laboratory experiments with host plants suggest that the
proportion of H. armigera pupae that enter diapause varies among
host-plant species at a moderate temperature (25 8C) and may be
concealed at lower temperatures (20 8C). Our results showed that
larval host plants had a direct effect on diapause induction for H.

armigera, and this effect is independent of abiotic factors such as
temperature and photoperiod. Different host plants contain
various nutrient levels, which could affect life-history traits such
as developmental duration and pupal weight (Liu et al., 2004). In
this study, pupal weight and developmental duration were
significantly correlated with host-plant species, and further
analysis showed pupal weight rather than duration of sensitive
stages for diapause induction was significantly affected by the
diapause status, i. e. diapausing pupae of H. armigera were heavier
than non-diapausing pupae in all treatments, which indicates the
important influence of pupal weight on diapause induction.
Further deprivation experiments with an artificial diet demon-
strated that diapause occurrence in H. armigera is a weight issue:
individuals must attain sufficient weight if they are to be
candidates for diapause.

In the experiment of diapause induction on host plant, we did
find diapause incidence was correlated with host plant (Fig. 2A,
not pupal weight and duration of H. armigera fed on host plant
(Fig. 2 B, C, D). Analysis showed pupal weight, which is affected by
host plant and insect developmental duration, was a critical factor
for diapause occurrence. Further experiments with diet depriva-
tion indicated that pupal weight was critical for diapause induction
as shown by linear regression between diapause incidence and
pupal weight. These two results are not contradictory since host
plant, compared with artificial diet, is a complex system which
[(Fig._6)TD$FIG]

Fig. 6. Diapause incidence based on pupal weight of H. armigera fed artificial diet
contains various nutrients and secondary substances that could
affect diapause occurrence.

Since Hunter and McNeil (1997) reported their results on a
leafroller, Choristoneura rosaceana, research on the effects of host-
plant species on diapause has increased (Takafuji and Morishita,
2001; Ito and Saito, 2006). Hunter and McNeil (1997) demonstrat-
ed that host-plant species have a direct effect on diapause
induction that is independent of abiotic factors. Furthermore,
using artificial diet, they confirmed the direct role that nutritional
quality plays in the initiation of diapause: diapause incidence in
insects that fed on low-quality diet was twice that of insects that
fed on high-quality diet under constant day length and tempera-
ture. Takagi and Miyashita (2008) also showed that swallowtail
butterflies had a higher diapause incidence and grew more slowly
when they fed on tough leaves than when they fed on soft leaves.
According to the optimal timing of diapause induction (Harrison
and Munns, 1984; Taylor, 1986; McNamara, 1994), a high-quality
host should support heavy body mass and shorten developmental
duration, which in turn should diminish diapause incidence
(Hunter and McNeil, 1997; Wedell et al., 1997; Takagi and
Miyashita, 2008). Our results confirmed that larval host-plant
species affected diapause occurrence, supporting a close relation-
ship between insect life-history traits and host-plants species.
However, we also found that diapause occurrence correlated
directly with pupal weight and only indirectly with the length of
duration of sensitive stage for diapause induction. Only those well-
prepared individuals, meaning those with sufficient body size, are
candidates for diapause. According to our finding, under warm
diapause-inducing conditions such as 25 8C with L:D = 8:16 (as
opposed to harsh conditions, namely 20 8C with L:D = 8:16), good-
quality host plants would support sufficient body size and cause a
higher diapause incidence (as shown in Fig. 2A). This does not
confirm the results of Hunter and McNeil (1997), which showed
good quality host plants supporting low diapause incidence. The
main difference between our study and previous ones is the
harshness of the conditions under which diapause was induced
(such as 20/25 8C with L:D = 8:16). Our study shows that harsh
conditions lead to nearly 100% diapause incidence and conceal the
effects of body size.

It is particularly obvious in polyphagous insects that host-plant
quality affects larval growth rate, which may in turn further affect
the sensitive stage for diapause induction (Hunter and McNeil,
1997; Wednell et al., 1997). Insects that grew faster on good-
quality host plants had a lower diapause incidence than those that
fed on poor-quality host plants. Possibly diapause occurrence has
something to do with the duration of the sensitive stage for
diapause induction. For H. armigera larvae, the final instar stage is
the most sensitive stage for diapause induction (Li and Xie, 1981).
In our study, developmental duration correlated significantly with
host-plant species, which further correlated with pupal weight.
However, the duration of the final instar larval and prepupal stages
was not positively correlated with diapause incidence among the
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host plants tested, and diapause status did not affect developmen-
tal duration (as shown in Table 2).

In this paper, we confirmed that diapausing cotton bollworm
pupae weighed more than non-diapausing pupae that had been
raised under the same conditions. H. armigera need to accumulate
energy storage for over-wintering diapause (Liu et al., 2007), just
as many species do (Storey and Storey, 1991; Sakurai et al., 1992;
Hokkanen, 1993; Zvereva, 2002). Larvae destined to become
diapausing pupae accumulate energy before diapause, and the
ability to store energy varies according to the larval host plants
because of their nutritional quality and, possibly, the amount of
their secondary metabolites (Liu et al., 2007). The higher the
quality of the larval host plants, the better the insect’s prepared-
ness for over-wintering (Liu et al., 2007; 2009). Moreover, there
appears to be a trade-off between pupal weight and diapause
occurrence in H. armigera. As facultative diapause is expected to
evolve in unpredictable seasonal environments that promote
multi-voltinism (Tauber and Tauber, 1982; Mousseau and Roff,
1989; Bradford and Roff, 1993; Carriere and Roitberg, 1994; Hunter
and McNeil, 1997), the ability of enter into it has profound
ecological and evolutionary implications for an insect species (Roff,
1983; Tauber et al., 1986; Carriere et al., 1995; Hunter and McNeil,
1997). In theory, a characteristic threshold body weight for each
host plant feeding insects can be defined to separate diapause and
non-diapause pupae. If body size doesn’t reach this threshold, the
individual will not enter diapause, which has significant implica-
tions: individuals unprepared to over-winter will die during long
cold winters (Liu et al., 2007). Facultative diapause can maximize
insect fitness by producing additional generations in a favorable
year or by causing individuals to enter diapause if conditions are
unfavorable (Tauber and Tauber, 1982; Rausher, 1985; Mousseau
and Roff, 1989; Carriere, 1994). H. armigera appears to have
evolved a mechanism for diapause based on pupal weight to
maximize its fitness. For insects that have to accumulate energy
reserves prior to diapause (reviewed by Hahn and Denlinger,
2007), only those big enough to enter diapause would survive the
cold winter because of better energy reserve preparedness.

In summary, host-plant quality influences diapause in H. armigera

due to differences in pupal size that are attained on specific plants. As
review by Hahn and Denlinger (2007), some insects need to
accumulate energy reserves prior to diapause and some insect do
not, H. armigera belongs to the former. Under warm diapause-
inducing conditions, insects that have accumulated energy reserves
and therefore gained more weight are more prone to enter diapause,
andthereisa linearregressionbetweendiapauseincidenceandpupal
size; moreover, diapause occurrence does not correlate directly with
development duration. H. armigera has evolved a strategy of
determining diapause incidence partially based on pupal body size.
Each kind of plant on which H. armigera feeds has a threshold pupal
weight for the insect to enter diapause, allowing them to adapt to
unpredictable environments, i.e. to survive over-wintering and to
possibly produce additional generations during the season.
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