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ABSTRACT

Diapause in the tobacco budworm, Heliothis vire- 
scens (F.)/ was studied under both natural and laboratory 
conditions. Induction curves for larvae collected from the 
field and maintained in an outdoor insectary were bell
shaped , with peak diapause occurring from mid- to late 
October. Moth emergence from overwintering pupae held out
doors in flats of soil was greatest during April. Males 
and females emerged at roughly the same time and the aver
age fecundity of overwintering females was 750 eggs. No 
relationship was observed between time of diapause induc
tion in the fall and time of emergence the following spring.

Larvae showed a weak tendency to diapause in the 
laboratory when reared under a constant temperature of 20°C 
and daylengths of 10, 11.5, 12, 12.5, 13 and 14 hr. The 
12 - 12.5 hr light regimes produced the greatest levels of 
diapause, despite large variability among replications of 
the same treatment. High temperatures (25°C) reduced the 
diapause response at all photoperiods tested.

As temperature increased, the time required for 
emergence of diapausing pupae decreased. Moisture had no 
significant effect on the rate of diapause termination. 
Cold-conditioning increased the rate of diapause

ix



X

termination and adult emergence, but exposures longer than 
76 days produced nb further reductions in emergence time.



INTRODUCTION

The tobacco budworm (Heliothis virescens (F.))is a 
pest of considerable economic importance throughout the 
cotton growing areas of the United States. In Arizona, the 
tobacco budworm is a relatively recent pest, the first major 
outbreak occurring in 1972 (Watson, Moore and Ware, 1976). 
Following scattered reports of budworm infestations in cen
tral portions of the state in 1976, cotton yields and pro
duction costs in Maricopa, Pinal and Yuma Counties were 
severely affected in 1977 and 1978.

Murray (1972) listed several factors responsible 
for the rapid rise in the pest status of this insect in 
recent years. For example, he stressed the potential for 
unrestricted growth by Heliothis spp. following the disrup
tion of the naturally-occurring predator-parasite complex 
through intensive, broad-spectrum insecticide applications. 
The problem has been further compounded by the relative 
ease with which H. virescens acquires resistance to previ
ously effective chemicals.

If growers are to successfully manage the budworm, 
they must first be able to forecast seasonal activity and 
year to year fluctuation of field populations. This in 
turn requires a fundamental knowledge of insect phenology.
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including diapause, a common form of dormancy among in
sects. Tauber and Tauber (1976) point out that this adap
tation enables a species to synchronize activities to 
favorable times while enhancing survival during unfavor
able periods.

Models predicting the initiation, maintenance and 
termination of diapause must be developed before a systems 
analysis approach to budworm control is to be realized. 
Therefore, the present study was undertaken to determine: 
(1) The natural incidence and termination of diapause in 
the tobacco budworm in Arizona, (2) a regime for artifi
cially inducing diapause in the laboratory, and (3) the 
effect of temperature, moisture, and duration-in-diapause 
on dispause termination.



LITERATURE REVIEW

The first reference to H. virescens attacking 
cotton was made by Wilson (1923) in the Virgin Islands. No 
mention of this insect damaging cotton in the United States 
occurred, however, until Folsom (1936) reported it in 
Louisiana.

In Arizona, the tobacco budworm normally passes 
through 5 - 6  instars (Fye and McAda, 1972), after which 
the mature larvae drop or migrate from the host plant to 
the surface of the ground. Larvae then enter the soil and 
construct a pupal cell or chamber (Fig. 1) in which they 
continue development through the pupal stage to the adult 
moth. This chamber is formed at the base of an upward- 
sloping emergence tunnel which approaches, but does not 
penetrate, the soil surface. The walls are lined with a 
fine layer of silk which presumably helps in maintaining 
the integrity of the burrow (Barber, 1941; Blanchard, 1942; 
Hardwick, 1965). Pupation generally occurs in the upper 
5 cm of the soil, but depth may vary with such factors as 
soil texture (Barber, 1941), or larval size (Neunzig, 1969). 
Fife and Graham (1966) reported pupation to a depth of as 
great as 15 cm.

3
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Figure 1. Cross-section of a pupal cell



As the young larvae mature, they move downward on 
the cotton plant and feed on a variety of fruiting forms. 
Early instars typically destroy the smaller squares toward 
the top of the plant while later instars damage large 
squares, blooms, and bolls. Kincade, Laster and Brazzel 
(1967) reported that larvae fed on an average of 10 squares, 
1.2 blooms and 2.1 bolls over the course of their develop
ment.

Seasonal abundance of the tobacco budworm in a 
given area is dependent on climate as well as the avail
ability of favorable host plants. Although cotton and 
tobacco are the preferred hosts, a number of wild hosts may 
also support budworm populations. This is particularly 
true when the cultivated hosts are unavailable. Snow and 
Brazzel (1965) stated that in the southern United States, 
the budworm, H. virescens, and the bollworm, H. zea (Boddie) 
are active from March or April until frost. In the 
Arkansas-Louisiana-Mississippi area, these authors and 
Lincoln et al. (1967) found spring-blooming legumes (crim
son clover, red clover, vetch and white clover) to be the 
most important hosts in the early spring before cotton or 
tobacco were available. In the fall, alfalfa, okra, or 
tomatoes may serve as cultivated hosts, while Henry and 
Adkisson (1965) in central Texas and Laster and Furr (1971) 
in Mississippi suggested that regrowth cotton may be an
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important host for supporting populations of overwintering 
Heliothis in these areas.

A rather unique situation is found in the lower Rio 
Grande Valley, Texas, where the subtropical climate often 
enables wild and cultivated hosts of Heliothis to grow 
throughout the year (Graham and Robertson, 1970). Graham 
and Fife (1972) reported that while some larvae developed 
continuously through the winter, other individuals over
wintered in the diapause condition. Furthermore, because 
of the warm winters in this area, some moths emerged from 
these diapausing populations over the course of the winter 
period although peak emergence normally did not occur until 
March or April. Across the greater part of its range, how
ever, the tobacco budworm is unable to remain active during 
the winter and must overwinter in a state of diapause.

Diapause is characterized by an arrest in develop
ment and serves to synchronize growth and reproduction with 
favorable times while facilitating survival during periods 
of environmental stress. Extensive reviews on insect dia
pause have been presented by Andrewartha and Birch (1954), 
Lees (1955), DeWilde (1962), Danilevskii (1965), and Tauber 
and Tauber (1976).

The diapause response varies greatly among insect 
species and the dormancy may be either obligatory or facul
tative. Insects with an obligatory diapause normally
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7
exhibit a monocyclic life cycle and internal hereditary 
factors play the dominant regulatory role. Most-insects 
displaying a facultative diapause, however, are polycyclic 
and it is largely the external environmental stimuli which 
induce the organism to become dormant (Lees, 1955). These 
external stimuli include such factors as photoperiod, tem
perature, moisture, and changes in water content and bio
chemical composition of the food. Of all environmental 
factors, however, the most reliable and consistent indica
tor of the seasons is daylength and it is generally agreed 
that photoperiod is the primary signal for diapause initia
tion.

Most insects responding to changes in the light 
cycle have a characteristic critical threshold which de
termines the transition from non-diapause development to 
diapause induction. The vast majority of insects exhibit a 
"long-day" response such that development is continuous as 
long as the daylength remains above the critical point. As 
the effective daylength falls below this critical threshold, 
however, these insects are induced to diapause. Conversely, 
"short-day" species enter diapause only under the long days 
of summer. This type of response is less common and has 
been studied most intensively in the silkworm, Bombyx mori 
(Linn.) (Kogure, 1933).



In the majority of long-day insects, temperature 
interacts with photoperiod such that the cooler tempera
tures characteristic of late summer and autumn may elevate 
the critical daylength and initiate diapause earlier in the 
season. This modifying influence of temperature is often 
used to explain variation in the onset of diapause from 
year to year.

The physiology and metabolism of insect diapause 
have been reviewed by Lees (1955) and Harvey (1962). From 
the work of Wigglesworth (1934, 1954), Williams (1946),
Lees (1955, 1956) and others, it is now generally believed 
that the state of diapause is controlled primarily by the 
endocrine system. Furthermore, it is characterized by a 
number of general physiological features which enable the 
organism to resist unfavorable influences of the physical 
environment. Phillips and Newsom (1966) investigated some 
of these physiological characteristics as they relate to 
diapausing H. virescens and H. zea pupae and noted a 3-fold 
decrease in oxygen consumption by diapausing individuals of 
each species. This abrupt lowering of respiration is a 
common feature in diapausing pupae and has also been cited 
in such insects as the cecropia moth, Platysamia cecropia L. 
(Schneiderman and Williams, 1953) and the European corn 
borer, Ostrinia nubilalis (Hubner) (Beck and Hanec, 1960). 
Phillips and Newsom also reported an arrest of gonadal
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9
development in female pupae and the cessation of spermato
genesis in both species of diapausing Heliothis. No sig
nificant differences in crude lipid or water content, 
however, were attributable to the diapause condition.

Although the tobacco budworm possesses a faculta
tive pupal dispause, Phillips and Newsom (1966) suggested 
that sensitivity to diapause-indueing stimuli resides in 
the larval stage. Extensive studies on diapause induction 
in H. zea and to a lesser degree in H. virescens indicate 
that the onset of diapause is controlled primarily by photo
period and temperature. Ditman, Weiland and Guill (1940) 
found that diapause in the bollworm was initiated by low 
temperatures during the larval period, and that larvae, 
when reared at 18.9 °C diapaused at a level of nearly 50 per
cent. Komarova (1959) reported that the onset of diapause 
in the Old World bollworm, Chloridea obsolete (F) was due 
to a short daylength, but temperatures above or below 23°C 
reduced the number of diapausing pupae.

Phillips and Newsom (1966) were able to initiate 
diapause in the bollworm and tobacco budworm by subjecting 
larvae to photoperiods of 10 hr light per day and inhibited 
diapause by exposing the larvae to 14 hr photofractions.
High temperatures (27°C), however, reversed the effect of 
short photoperiod while low temperature (18°C) counteracted 
the long-day effect. Benschoter (1968a) further



10
investigated the effects of photoperiod and temperature on 
these two species and concluded that constant temperatures 
were more effective than fluctuating temperatures in induc
ing diapause. A 10 hr photoperiod and 21°C temperature 
regime appeared to be optimum. Benschoter added that the 
low overall diapause response of his cultures could be ex
plained by the mild climate of the Rio Grande Valley (lat. 
26°N) in contrast with the stronger response to different 
light-temperature regimes noted by Phillips and Newsom in 
their cultures from Baton Rouge, Louisiana (lat. 30.5°N). 
Benschoter (1968b) again found differences in diapause 
response to photoperiod and temperature while comparing 
laboratory cultures of the tobacco budworm from Oxford, 
North Carolina and Brownsville, Texas. The weak tendency 
of the Brownsville strain to diapause contrasted with the 
strong tendency of the Oxford culture, making it apparent 
that geographic populations vary considerably in their re
sponse to temperature and light. Benschoter (1970a) later 
demonstrated the influence of genetic constitution in this 
relationship by successfully selecting for the diapause 
characteristic over several generations.

While studying the effect of light manipulation on 
tobacco budworm and bollworm diapause, the same author 
(Benschoter, 1968b) found that light periods of 5 min or 
more strongly inhibited diapause when administered during



11
the dark phase of a short-day regime. This reversal of the 
diapause response by interrupting the dark phase is fairly 
common among long-day insects and was reported by Adkisson 
(1963, 1966) while studying the pink bollworm, Pectinophora 
gossypiella (Saunders).

Although Phillips and Newsom (1966) stated that the 
sensitive stage to diapause-inducing stimuli in H. vires- 
cens and H. zea is the larva, Wellso and Adkisson (1966) 
found that induction of pupal diapause in the bollworm under 
natural conditions requires the previous parent and egg 
stages to be exposed to longer photofractions than the sub
sequent larval progeny. Only when the critical photo- 
periodic requirements of all three lifestages overlap would 
diapause induction be maximal. Roach and Adkisson (1970) 
also found evidence for the photoperiodic sensitivity of 
the adult and egg stage in H. zea and showed that the 
greatest incidence of diapause was produced when adults and 
eggs were held in days 12 hr or longer with the larval 
progeny subjected to 11 or 10 hr daylengths. Furthermore, 
temperature was shown to interact with photoperiod such 
that maximum diapause occurred as temperature declined 
from 26.6 to 18.5°C. The decreasing sequence characteris
tic of this light-temperature regime would occur in nature 
only during the fall of the year. Benschoter (1970b) also 
noted this relationship and further suggested that this



12
'long-day requirement of adult and egg in H. zea be ex
tended to include the early-stage larvae. Diapause in H. 
virescenS/ however, was not affected by subjecting either 
adults, eggs or young larvae to longer daylengths.

Although photoperiod and temperature are considered 
the major factors regulating seasonal onset of diapause, 
nutrition is also thought to play a secondary role in some 
insects. For example, both Squire (1939, 1940) and Anker- 
smit and Adkisson (1967) showed that incidence of diapause 
in the pink bollworm is greater in larval populations which 
have fed on a diet containing a low water and high lipid 
content. Larchenko (1955, 1958) further suggested that 
diapause in the Colorado potato beetle, Leptinotarsa decem- 
lineata (Say) was largely a function of biochemical changes 
occurring in aging potato leaves as the season progressed.

In the cotton bollworm, Ditman et al. (1940) re
ported a 4-fold increase in diapause when larvae were 
reared on dough-stage corn as opposed to a diet or milk- 
stage corn. Phillips (1969) later noted that the diapause 
response of this insect could also be altered by the addi
tion of certain plant growth regulators to the diet. The 
influence of nutrition on diapause in the codling moth, 
Laspeyresia pomonella L. is of special interest. Phillips 
and Barnes (1975) found that this insect has developed 
distinct host races within the same geographic area that



are adapted to apple, plum or walnut. Each of these host 
races was shown to possess a unique diapause response.

Despite these findings, diet is still considered 
to play only a minor role in diapause initiation, and in 
the majority of cases its influence is most apparent in the 
region of critical photoperiod. This is true for the Old 
Worm bollworm, C. obsolete, which when fed a diet of cotton 
seedcases and tomatoes had a critical threshold 1 hr less 
than when it was fed a diet of cotton leaves (Goryshin, 
1953, 1958).

Wellso and Adkisson (1966) investigated the natural 
incidence of diapause in the bollworm in central Texas and 
found that pupae entered diapause from late September to 
mid-November. The response curve was roughly bell-shaped 
with peak diapause occurring in mid-October. Similarly, 
Graham and Fife (1972), while studying overwintering of 
Heliothis spp. in the more mild climate of the lower Rio 
Grande Valley recorded greatest diapause incidence from 
mid- to late October.

In the Central and Northeastern States, Blanchard 
(1942) suggested that the optimal time for H. zea to enter 
diapause occurred somewhat earlier, primarily between the 
middle of September and early October. Larvae maturing 
after mid-October were unable to enter diapause in these

13
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14
Working with a laboratory culture, Fye and Carranza 

(1973) investigated overwintering of the bollworm and the 
tobacco budworm in southern Arizona. Diapause induction in 
both species closely followed Wellso and Adkisson's (1966) 
data but the relative number of insects entering diapause 
was considerably less for H. virescens than for H. zea.
In conjunction with this weaker tendency for the budworm to 
arrest development, Fye and Carranza also noted a briefer 
period of diapause initiation in this species. This obser
vation had also been made by Barber (1937) and Phillips and 
Newsom (1966).

The termination of diapause in insects is controlled 
primarily by such environmental factors as temperature, 
photoperiod, and moisture (Lees, 1955; DeWilde, 1962? 
Danilevskii, 1965; Tauber and Tauber, 1976). For example, 
Williams (1956) found temperature to be the most essential 
factor triggering postdiapause development in the silkworm, 
Hyalophora cecropia (L), whereas photoperiod exerts a major 
controlling influence over diapause termination in the pink 
bollworm (Adkisson, 1964; Wellso and Adkisson, 1964). Fife 
(1961) investigated the effect of two other variables, 
temperature and moisture, on spring moth emergence of this 
insect and found that major peaks of emergence occurred 
16-25 days after 2.5 cm or more of rainfall. Furthermore,



the number of days between heavy rainfall and emergence 
peaks decreased with increasing temperature.

Although there is considerable information on those 
factors governing the onset of diapause in Heliothis spp., 
less is known about the important variables affecting in
tensity (duration) and termination of diapause in these 
insects. Termination of diapause in the bollworm was found 
by Roach and Adkisson (1971) to be strongly dependent on 
temperature, whereas photoperiod exerted very little effect. 
In general, as the temperature decreased, the time required 
for the breaking of diapause increased, and time of dia
pause termination in the spring correlated with relatively 
continuous temperatures above 10°C. A similar relationship 
was found in the Old World bollworm such that temperature 
strongly influenced termination while photoperiodic effects 
were insignificant (Kuznetsova, 1972).

Holtzer, Bradley and Rabb (1976a) also studied the 
effect of temperature on the time required for diapausing 
H. zea pupae to emerge in the laboratory. These authors 
found that the mean number of days until emergence was in
versely related to the length of time the pupae were held 
under diapause maintaining conditions (8 - 18°C). In an 
additional study on the factors affecting diapause termina
tion in the bollworm, Holtzer, Bradley and Rabb (1976b) 
investigated possible geographic and genetic influences and

15
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found that a Florida strain of H. zea exhibited a greater 
mean DAYSEM (number of days required for emergence) than a 
North Carolina strain. Although northern populations are 
generally considered to have a more intense diapause than 
southern strains, Danilevskii, Goryshin and Tyshchenko 
(1970) postulated that the apparent discrepancy may be an 
adaptive strategy preventing development during the fre
quent warm periods characteristic of the more mild, south
ern winters.

The time of emergence of overwintering Heliothis 
populations in nature is dependent on latitude and varies 
with the yearly temperature fluctuations in a given area. 
For example, in Victoria, Texas, Quaintance and Brues 
(1905) observed bollworm emergence from March 20 to April 
18 while in more northern Paris, Texas, moth emergence was 
greatest from mid-April to mid-May. Neunzig (1969) re
ported a similar time of emergence for tobacco budworms in 
North Carolina.

Fife and Graham (1966) studied the natural emer
gence of H. virescens and H. zea pupae from cotton and 
pepper fields in Brownsville, Texas. Bollworm moths 
emerged continuously from January 25 to June 3 with peak 
emergence occurring in April. Tobacco budworm adults were 
•found from February 8 to May 28 and their peak emergence 
occurred primarily in March.
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These data on spring emergence correspond fairly 

well with Fye and Carranza's (1973) study in Arizona in 
which greatest emergence was observed from late April to 
mid-May. The later period of moth emergence was probably 
a result of the temperature difference between Brownsville 
and Tucson. Fye and Carranza further differentiated dia- 
pausing individuals into two general categories, hard and 
soft, according to the intensity of the diapause condition. 
Hard diapausing insects generally arrested development 
earlier and emerged later, thus requiring a greater tem
perature input than those individuals exhibiting soft dia
pause which entered diapause later and emerged earlier.

Various authors (Barber and Dicke, 1939; Barber, 
1941; Blanchard, 1942; Hardwick, 1965) studied the effects 
of temperature and soil moisture on overwintering survival 
of Heliothis pupae and concluded that high and low winter 
temperatures decrease pupal survival in most instances. 
These mortality factors become increasingly important in 
more northern latitudes.

Soil type is also a significant factor in survival 
which is typically higher in sand or sandy loam than in 
heavier soils (Strong, 1937; Fletcher, 1938). Lighter, 
better drained soils allow larvae to burrow deeper, thereby 
gaining an added measure of protection (Hardwick, 1965). 
Heaving of the soil may also result in pupal mortality



through the breaking up and filling of the pupal burrows 
(Blanchard, 1942).

Biotic factors also contribute to overwintering 
pupal mortality and are generally more important in southern 
areas where winters are mild. Fungal and bacterial dis
eases, ants, earwigs, carabid beetle larvae, earthworms and 
growing plant roots may all cause mortality of hibernating 
pupae (Blanchard, 1942).

The sum of all biotic and abiotic factors impinging 
on the dormant pupa usually causes overwintering mortality 
to be quite high. Natural H. zea mortality ranged from 70% 
in southeast Georgia (Barber, 1941), 74% in North Carolina 
(Neunzig, 1969), 82% in central Texas (Parencia, 1964), to 
99% in Virginia (Blanchard, 1942). In southwestern Okla
homa, Young and Price (1977) reported that pupal survival 
of H. zea declined continuously throughout the winter 
season.

Because Heliothis pupae overwinter in the soil and 
larvae remain in the same field throughout their develop
ment, these species are particularly vulnerable to cultural 
and mechanical control methods. In Virginia and Georgia, 
Barber and Dicke (1939) reported that 92% of overwintering 
bollworms and tobacco budworms were controlled by spring 
plowing and 98% by fall plowing. In the lower Rio Grande 
Valley of Texas, Fife and Graham (1966) obtained 100%

18
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control of diapausing Heliothis by incorporating normal 
soil tillage practices with a spring irrigation. A thor
ough understanding of budworm diapause dynamics can be ex
pected to increase both the efficiency and overall success 
of these management practices in Arizona.



MATERIALS AND METHODS

Rearing
Laboratory cultures were established and maintained 

from tobacco budworm larvae collected from cotton fields 
near Phoenix, Arizona, during the fall of 1977 and 1978. 
Adults were held in 3.79 liter wide-mouth glass jars 
equipped with plastic feeding tubes filled with a 10% 
sucrose solution. Paper towel strips suspended from the 
lip of the jar served as oviposition and resting sites.
The egg-laden strips were surface sterilized by washing 
with 5% solutions of chlorox and sodium thiosulfate and 
then rinsed with distilled water. After drying, the eggs 
were placed in 237 ml waxed cardboard containers (Lily 
Fountain and Paper Supply, Tucson, Arizona) until hatching 
occurred. Newly-emerged larvae were placed in 30 ml clear 
plastic cups ca. two-thirds full of a modified lima bean- 
agar diet (Patana, 1969), and sealed with paper lids.
Adults and eggs were held in an air-conditioned room (25°C) 
under naturally occurring daylengths, while larvae were 
maintained in a large, walk-in environator at 30+2°C and 
14:10 (L:D) photoperiod.
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Natural Incidence of Diapause—  
Field Study (1977)
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Budworms were collected as larvae at weekly inter
vals from short-staple cotton fields near Phoenix and La 
Palma, Arizona. Collections were begun on October 5 and 
were continued until November 15 after which larvae could 
no longer be found. Larvae were then brought to the labo
ratory, classified according to instar and placed individu
ally in 30 ml clear plastic cups containing synthetic lima 
bean diet. Each cup was sealed with a paper lid and num
bered so that a permanent record could be kept of each 
larva. Samples were stored in trays on open-air shelves 
adjacent to the laboratory, and were subject to naturally 
occurring daylength and temperature. Cups were examined 
daily to determine the pupation date of each larva.

Diapause Determination
Diapausing budworm pupae were found to retain the 

pigmented larval stemmata or eyespots throughout the dia
pause period (Fig. 2). In pupae undergoing normal, non
diapause development, these eyespots tended to migrate 
downward.and inward, disappearing in ca. 4 - 5 days at 
25°C. This was then followed by an overall darkening of 
the postgenal region (Fig. 3). A similar response was 
noted by Phillips and Newsom (1966) and they found the re
tention of the larval eyespots to be a valid criterion for
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Figure 2. Diapausing H. virescens pupa showing retention 
of the larval eyespots (20X).

Figure 3.
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determining diapause in both the bollworm and the tobacco 
budworm. Shumakov and Yakhimovich (1955) also observed 
this phenomenon in C. obsolete.

For this experiment, pupae were examined ca. 2 
weeks after the date of pupation for retention of the 
larval stemmata, indicative of diapause. As the fall 
season progressed, this period was gradually lengthened to 
compensate for the slower developmental rates accompanying 
cooler temperatures. For insects pupating very late in the 
autumn, heat unit summations (Huber, 1978) were employed to 
identify diapausing individuals.

Diapause Termination— Field Study (1977)
Pupae determined to be in diapause were sexed and 

placed in screened flats filled with soil and embedded in a 
previously worked bare soil plot (sandy clay loam), ca.
5m x 5m. Placement of pupae in the flats was accomplished 
by moistening the soil and inserting the blunt end of a 
probe to a depth of 3.8 cm. This depth was chosen on the 
basis of field observations of diapausing pupae as well as 
studies conducted by Fife and Graham (1966), Neunzig (1969) 
and Fye and Carranza (1973) in which most budworm larvae 
were found to pupate in the upper 5 cm of the soil. Pupae 
were placed in the artificial cells caudal end first and 
records were kept on the location of each individual. In 
order to monitor time of emergence of the adult moths, a
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small, conical cage constructed from 1 mm mesh wire screen
ing was secured with metal hooks over each hole (Fig. 4). 
These cages did not significantly alter light intensity or 
surface temperature of the soil around the hole entrance.

Moth emergence from overwintering pupae was recorded 
daily, and both air and soil temperatures at a depth of 5 cm 
were recorded continuously throughout the winter and spring 
with thermographs.

In order to supplement the termination data for bud- 
worms originally collected from the field as larvae, over
wintering pupae were collected from the soil of cotton 
fields in central Arizona during the first two weeks of 
February, 1978. Individuals were brought to the laboratory 
and examined for the presence of larval eyespots (indicat
ing the diapause condition), sexed, and placed in the ground 
according to the procedure described above.

Natural Incidence and Termination—
Field Study (1978)

Field collections of larvae were again made during 
the fall of 1978, but were begun earlier (Aug. 26) to pro
vide a more inclusive picture of diapause induction over 
time. No budworms were found after Nov. 13.

For monitoring spring emergence, the diapausing 
pupae were placed in simulated chambers formed from 3.5 cm 
lengths of 1 cm diam. clear plastic tubing. The lengths of
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Figure 4. Emergence cages for pupae held overwinter in 
flats of soil.
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tubing were perforated to allow air-exchange between the 
chamber and the surrounding soil. The cells were then in
serted into a sandy clay loam soil again held in screened 
flats. The flats of soil were stored under an outdoor 
shelter and exposed to prevailing environmental conditions 
except direct sunlight and moisture. This procedure was 
implemented to prevent cell collapse and reduce the high 
mortality suffered during the excessively wet winter of the 
previous year. Daily air and soil temperatures throughout 
the winter and spring were again recorded.

Diapause Induction— Laboratory 
In an attempt to induce diapause in the laboratory, 

newly-hatched, first-instar larvae were placed on a lima 
bean diet in 30 ml clear plastic cups and sealed with paper 
lids. Each cup was initially infested with 2 larvae. A 
camel1s hair brush was used to facilitate transfer of larvae 
onto the media. Larvae were then held in Frigidaire re
frigerators (0.31m^) modified by the addition of a heating 
coil, fan and thermostat. Lighting was provided by a 15- 
watt daylight fluorescent lamp wired to a timer to produce 
the desired photoperiod. While the light intensity inci
dent on the developing larvae varied with the position of 
the cups in the environator, minimum readings were well 
above the sensitivity threshold of less than 5 ft-c deter
mined by Lees (1955) for some insects. Although relative



humidity was not controlled, readings fluctuated around 
40%.

The effect of temperature and photoperiod on dia
pause induction was investigated by holding first-instar 
larvae at constant temperatures of 20 and 25 + 1°C and day- 
lengths of 10, 11.5, 12, 12.5, 13 and 14 hr. Following 
pupation, individuals were held under the respective light- 
temperature regime for an additional 10 days and then 
evaluated for diapause according to the technique described 
earlier.
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Diapause Termination— Temperature 
and Moisture

To supplement the spring emergence data from pupae 
held outdoors in bare-soil plots, an experiment was designed 
to investigate the effect on diapausing pupae of temperature 
and moisture conditions occurring in southern Arizona dur
ing March, April, and May. Overwintering pupae were again 
collected from fields in early February. Daily mean mid
month soil temperatures at a depth of 5 cm below bare ground 
were calculated from thermograph data recorded at the Uni
versity of Arizona Experimental Farm at Yuma. Field- 
collected pupae determined to be in diapause were sexed and 
placed in 150 mm plastic petri dishes (8 pupae/dish) be
tween two pieces of 9 cm, no. 2 filter paper. The petri 
dishes were held in 3 constant-temperature cabinets
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programmed to simulate the 24 hr mean soil temperatures of 
the 3 monthly periods.

To determine the effect of moisture on diapause 
termination, both a wet and a dry condition were maintained 
at each of the 3 temperatures. The wet condition was 
achieved by periodically applying distilled water to the 
filter paper surrounding the pupae. Although the paper was 
kept moist at all times, dishes were kept free of standing 
water. Individuals in the dry treatment were held in a 
similar manner but no water was added to the filter paper. 
All plates were maintained in darkness and examined daily 
for adult emergence and pupal mortality.

Diapause Termination— Temperature 
and Duration

This experiment was undertaken to determine the 
relationship between length of time spent in diapause and 
diapause termination. Diapausing pupae were produced by 
rearing larvae at L12.5:D11.5, 20 + 1°C until 10 days 
after pupation. At this time, individuals considered to be 
in diapause were sexed and placed in 150 ram plastic petri 
dishes on a piece of 9 cm, no. 2 filter paper. The pupae 
were then held in darkness at 10°C for periods of 10, 40,
76 and 120 days. This holding temperature was chosen on 
the basis of work done by Roach and Adkisson (1971) in which 
termination of diapause was prevented when H. zea pupae were
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maintained at 10°C. Furthermore, this value lies below the 
minimum developmental threshold (12.31*0 for H. virescens 
pupae determined by Butler and Henneberry (1976). While 
Kuznetsova (1972) found that photoperiod had no effect on 
emergence of diapausing H. armigera in Russia, Roach and 
Adkisson (1971) indicated that light may play a minor role 
in the emergence of diapausing H. zea. For this reason, 
all pupae in the present study were held in darkness. Fol
lowing their respective holding times, pupae were trans
ferred to a final warning temperature of 23 or 28°C where 
they were maintained until adult emergence occurred.

Diapause Termination— Duration 
in Outdoor Shelter

To further investigate the effect of duration in 
diapause on termination, pupae were collected from the soil 
of cotton fields near Casa Grande, Arizona, during December 
1978, and held in darkness beneath an outdoor shelter. 
Beginning on December 15 and then at subsequent 15-day 
intervals, groups of pupae were examined for the diapause 
condition and transferred to a final warming temperature of 
23°C. An additional group of pupae was allowed to emerge 
naturally in the outdoor shelter without transfer. Time 
required for emergence following placement in the 23°C 
chamber as well as pupal mortality were recorded.
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Statistical Analysis

The correlation coefficient, r , was calculated to 
investigate the possible interaction between time of dia
pause initiation in the fall and emergence the following 
spring. The r is considered to be a measure of relation
ship between two random variables (Guenther, 1973).

In the temperature and moisture study, mean emer
gence times were calculated for all subgroups held at 28.8°C 
and 20.3°C. These data were subjected to a one-way analysis 
of variance and a Student's t-test was performed to separate 
treatment means.

Mean emergence times for pupae transferred to 28°C 
following various lengths of exposure at 10°C were analyzed 
in the manner described above. The analysis of variance for 
pupae transferred to a final temperature of 23°C was per
formed on the log conversion of the data points. The 
Student-Newman-Keul's multiple range test (Hicks, 1973) was 
used to separate means of the transformed data. The coef
ficient of variation for each mean was calculated to com
pare variability in rate of emergence among duration treat- • 
ments. For the outdoor duration study, a one-way analysis 
of variance and Student-Newman-Keul's multiple range test 
were again performed to detect significant differences in
treatment means.



RESULTS AND DISCUSSION

Natural Incidence of Diapause—
Field Study (1977-78)

Figure 5 presents the seasonal incidence of dia
pause in budworm populations collected from the field in 
1977 and 1978. Although larval collections were begun too 
late to pinpoint the initial occurrence of diapause in 
1977, the 1978 data indicate that diapausing individuals 
first appear during the latter part of September. The 
proportion of insects entering diapause then increases 
until a peak is reached in mid- to late October. Follow
ing this period of maximum diapause induction (Oct. 22-30), 
the percentage of diapausing pupae declined throughout the 
remainder of the fall season.

Figure 5 shows that the diapause induction curve of 
this insect is roughly bell-shaped, a response known to 
differ from the induction curves of several other insects. 
For example, the seasonal diapause curve for the pink boll- 
worm appears sigmoid (Adkisson, 1961), increasing through
out the early fall until a large proportion of all insects 
exhibit arrested development. Komarova (1959), however, 
also reported a bell-shaped induction curve for the Old 
World bollworm in Russia. By finding diapause induction to
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Figure 5. Natural incidence of diapause in the tobacco budworm during 
1977 and 1978.
Data points indicate the level of diapause occurring in insects 
pupating during the previous 5-day interval. Each point deter
mination based on ca. 65 insects.
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be most effective at 23°C and less effective at both 
higher and lower temperatures, he suggested that the re
sulting bell-shaped curve was due to an interaction between 
photoperiod and temperature. As the fall season progressed, 
the influence of photoperiod was apparently overruled by 
increasingly cooler temperatures.

Wellso and Adkisson (1966) also reported a bell
shaped induction curve for H. zea in central Texas, with 
maximum diapause occurring in mid-October to early Novem
ber. The authors suggested that each lifestage of the boll- 
worm responds to a specific photoperiod, and in order for 
dispause to occur, the parent and egg stages must be ex
posed to longer photofractions than the subsequent larval 
progeny. Diapausing pupae were not produced before late 
September because the daylength exceeded the critical light 
requirement of the larvae. Although these larval light 
requirements were fulfilled in late November and December, 
daylength had then become too short to satisfy the photo- 
periodic requirements of the previous adult and egg stages. 
Diapause, therefore, could only be expected during that 
period in the fall when the critical light requirements of 
the 3 lifestages overlap.

The importance of daylength in diapause initiation 
is well-documented among insects (Lees, 1956; DeWilde,
1962; Danilevskii, 1965), and of all environmental stimuli,
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only photoperiod retains a predictable pattern from year to 
year. It is the precision of these yearly fluctuations 
that makes photoperiod the primary indicator of the sea
sonal cycle. If temperature, for example, were the key 
factor regulating onset of diapause, the timing of the re
sponse would vary with the conditions prevailing during a 
particular season. Since maximum diapause in the present 
study occurred at the same time during both years, it is 
likely that diapause initiation in the tobacco budworm is 
also under photoperiodic control.

Figure 5 shows that the major diapause response 
begins suddenly and continues for only a short period of 
time. This was especially apparent in 1977 when diapause 
increased from 9.1 to 42.2 percent between Oct. 20-25. 
Larvae pupating during this period would have experienced 
a decreasing photoperiod from ca. 12.5 to 12 hr throughout 
their development in the field. This range compensates for 
the biologically effective day, including civil twilight 
before sunrise and after sunset. Entrance into diapause 
the following year (1978) was somewhat more gradual, but 
the maximum percentage of diapausing pupae (45.5%) was 
again produced between Oct. 20-25. Following this peak in
duction period, the diapause response declined rapidly, and 
by Nov. 9 less than 15 percent of the pupae in either year 
were of the diapause type.
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Field observations on the density distribution of 

winter-collected diapausing pupae provide additional sup
port for a declining response as the autumn progresses. 
Areas of cotton fields that supported high densities of 
budworm larvae in early October harbored relatively large 
numbers of diapausing pupae in the soil in mid-winter. In 
contrast, comparatively lower densities of overwintering 
pupae were recovered from areas that had supported heavy 
larval infestations in mid-November.

Graham and Fife (1972), while studying overwinter
ing of Heliothis spp. in the lower Rio Grande Valley,
Texas, also recorded greatest diapause incidence from mid- 
to late October. The mild climate in this region also 
enabled a segment of the population to survive on various 
host plants throughout the entire winter.

In the Central and Northeastern States, Blanchard 
(1942) reported that the optimum time for H. zea to enter 
diapause occurred between the middle of September and early 
October. This observation is consistent with the general 
rule thdt diapause commences earlier in the more northern 
zones of a species distribution (Danilevskii et al., 1970). 
Furthermore, he found that larvae maturing after mid- 
October were unable to enter hibernation in these areas.

Working with a laboratory culture, Fye and Carranza 
(1973) investigated overwintering of the bollworm and
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tobacco budworm in southern Arizona. The tobacco budworm 
displayed a weak tendency to diapause in this study and at 
no time did the level of hibernation exceed 25 percent. 
While the incidence of diapause observed in the present 
study was lower than that recorded in more northern lati
tudes, peak diapause was still in excess of 40 percent in 
both years. The fact that Fye and Carranza based their 
conclusions on larvae from laboratory cultures may par
tially explain the weaker response observed in their study. 
Continuous rearing under non-diapause conditions has been 
shown to exert considerable selection pressure against the 
diapause trait (Benschoter, 1970a). Furthermore, the rapid 
transition from normal growth to arrested development 
(characterized in my own study by sharp bends in the induc
tion curves) was less apparent in the study conducted by 
these authors. They did, however, note a briefer period of 
entrance into diapause by H. virescens in comparison to H. 
zea. This observation had also been made by Barber (1937) 
and Phillips and Newsom (1966).

In the present study, the first diapausing insect 
was produced on Sept. 19 (1978) and no diapause occurred 
after Dec. 4 (1977) and Dec. 9 (1978). This represents a 
decline in the photofraction of ca. 2 hr 7 min for the 
entire diapause period, disregarding civil twilight. Fye
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and Carranza reported a similar decrease of 2 hr 14 min for 
the budworm in their own study.

In most long-day insects, temperature interacts 
with photoperiod to influence the diapause response. High 
temperatures may suppress the effect of photoperiod and 
prevent diapause while low temperatures often induce dia
pause under normally inhibiting daylengths. This modifying 
role of temperature may partially explain the differences 
seen in the yearly response curves of Figure 5. For ex
ample, during mid- to late November of 1977, the overall 
response was weak and diapause declined steadily for the 
remainder of the season. During the same period in 1978, 
however, a greater segment of the population entered dia
pause and a secondary peak was observed before the final 
decline in early December. Temperature records from these 
two years indicate that the mean high temperature for the 
period Nov. 10 - 29 in 1978 was ca. 7.3°C (13.2°F) cooler 
than the same period the previous year. Furthermore, the 
mean high temperature for the Nov. 22 - 29 period (the 
interval immediately preceeding the second diapause peak) 
was ca. 9.7°C (17.5°F) cooler in 1978 in comparison with 
1977. These lower temperatures may have induced late- 
instar larvae to diapause even though light conditions at 
this time would normally be prohibitive in eliciting a 
response. Phillips and Newsom (1966) also found low
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temperatures capable of overruling photoperiod in a Louisi
ana strain of H. virescens. They reported that an 18°C 
temperature regime successfully induced diapause despite 
daylengths of 14 hr.

The data in Figure 5 indicate that only a small seg
ment of the total field population enters diapause over the 
course of the fall season. Even during the peak induction 
period (Oct. 20 - 25), the diapause response was less than 
50 percent in both years. It is generally believed that 
the incidence of diapause is greater in northern zones 
where climatic conditions are more severe. For example, 
Hardwick (1965) observed that no pupae entered diapause 
from cultures of H. zea originating from tropical areas, 
and that diapause increased with the latitude of the area 
from which the insects originated. Likewise, Benschoter 
(1968b) noted a much stronger tendency toward diapause by a 
strain of H. virescens from Oxford, North Carolina in com
parison to a strain from Brownsville, Texas. Since winter 
climatic conditions in southern Arizona are often mild, it 
is logical to assume that the level of diapause in the bud- 
worm would be more moderate. This would be particularly 
true if the strain presently infesting cotton fields across 
the state is a recent immigrant from a more southern zone.

If accurate models forecasting seasonal budworm 
activity are to be realized, it is essential that we
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recognize the ecological significance of the response 
curves presented in Figure 5. Diapause is an adaptation 
which enables an organism to synchronize its activities 
with favorable times while ensuring survival during periods 
of environmental stress. The response usually begins prior 
to the lethal period, thereby allowing time for the special 
physiological preparation required for long periods of 
dormancy (Lees, 1955? Danilevskii, 1965). This would ex
plain why the strongest response in the present study oc
curred at a time when conditions were still favorable for 
growth and reproduction (mid- to late October).

The tobacco budworm is a pest of tropical origin, 
historically attacking cotton in Peru, Brazil and the 
Virgin Islands (Hambleton, 1944). Since lethal tempera
tures rarely occur at these latitudes, continuous develop
ment throughout the year would normally be favored. If 
diapause did occur within these populations, the response 
would probably be minor.

While the climatic conditions in southern Arizona 
are less severe than in the more northern fringes of the 
budworm's distribution, winters may be extremely variable. 
In 1977-78, for example, the winter season was excessively 
wet but temperatures were mild. During the following year, 
however, several freezes were recorded. In a climate
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displaying this degree of variability, a heterogeneous re
sponse most likely ensures survival of the population.

The present study has shown that a large segment of 
the field population does not enter diapause in the fall.
In years when winters are mild (1977-78) it is conceivable 
that these individuals could continue normal development on 
alternate hosts although physiological processes would be 
slowed by the prevailing cool temperatures. At the present 
time, little is known about the non-cotton hosts of H. 
virescens in Arizona. Preliminary investigations suggest 
that cultivated roses, lettuce, and certain desert weeds 
(in particular the mallows) have the potential to support 
winter budworm populations, although overwintering larvae 
have not yet been found on these plants in the field (Rath- 
man, 1979).

A predictable diapause response ensures the survival 
of a small segment of the population in the event that win
ter conditions prove too severe for continuous development. 
Since diapause is governed primarily by photoperiod, the 
response serves as a reliable safety valve from year to 
year. Within the range of effective photoperiod, tempera
ture is a contributing factor and may assume particular im
portance on either side of the major inductive peak.

Thus, in Arizona, the tobacco budworm apparently 
assumes 2 basic overwintering patterns: (1) diapause.
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which is predictable and of low risk, and (2) continuous 
development, the success of which depends on the year-round 
availability of host plants and the severity of the winter 
season. These 2 alternatives are presumably under genetic 
control and are maintained in the population by contending 
selective forces.

The economic implications of this study are obvi
ous. If overwintering budworm populations are to be sig
nificantly reduced, cotton must be terminated prior to the 
major onset of diapause in the field. This would necessi
tate a late September or early October termination date. 
Fields allowed to support larval infestations into November 
serve as potential foci for initiating spring population 
buildup. Regarding the ease with which H. virescens ac
quires resistance to insecticides, any factor capable of 
reducing these early-season populations merits serious 
consideration.

Diapause Termination— Field Study (1977-78)
Extremely wet winter conditions in 1977 prevented 

accurate recording of moth emergence the following spring. 
While ca. 93 percent of the overwintering pupae terminated 
diapause successfully, only 11 percent of the adult moths 
were able to penetrate the hardened soil crust which formed 
over the pupal cells. Therefore, the precise dates of moth 
emergence could not be determined. Caron et al. (1978)
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reported a similar phenomenon in North Carolina where over
wintering H. zea were unable to emerge through the soil 
crust in corn fields following heavy rains.

Storage of flats beneath a covered outdoor ramp in 
1978 greatly reduced this mortality factor and the emergence 
data for overwintering pupae are summarized in Table 1.
Moth emergence occurred from March 16 to May 3, spanning a 
period of 49 days. Of the 109 adults recovered, 85 percent 
emerged during the first 4 weeks of April. Peak emergence, 
therefore, occurred somewhat earlier than in Fye and 
Carranza's (1973) Arizona study. These authors reported 
greatest emergence from late April to mid-May, the later 
date probably resulting from temperature differences be
tween the two years. Fife and Graham (1966) reported an 
earlier period of peak emergence for H. virescens in Browns
ville, Texas. Although spring emergence in this study was 
greatest in March, adult moths appeared from early February 
to late May.

Because the termination of diapause in Heliothis 
spp. is strongly dependent on temperature (Roach and Ad- 
kisson, 1971; Holtzer et al., 1976a), emergence of over
wintering field populations can be expected to vary with 
yearly temperature fluctuations in a given area. Therefore, 
a more accurate system of forecasting spring moth emergence
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Table 1. Emergence of adult H. virescens from overwinter
ing pupae held outdoors in flats of soil during
1978.

Number of Moths Emerging Cumulative
Date Male Female Total Percentage

March 1 - 5 0 0 0 0
6 - 10 0 0 0 0

11 - 15 0 0 0 0
16 - 20 1 0 1 0.9
21 - 25 1 2 3 , 3.6
26 - 30 2 2 4 7.3

April 31 - 4 3 8 11 17.4
5 - 9 14 11 25 40.3

10 - 14 6 2 8 47.6
15 - 19 17 17 34 78.8
20 - 24 10 5 15 92.6
25 - 29 3 1 4 96.3

May 30 — 4 2 2 4 100.0



would rely on heat unit accumulations rather than basing 
predictions simply on calendar date.

Results of the present study indicate little rela
tionship between time of diapause induction in the fall and 
time of emergence the following spring. A regression model 
testing this hypothesis yielded a correlation coefficient 
(r) of 0.096 which was not significant at the 0.05 level. 
Furthermore, there were no observable differences between 
the emergence dates of male and female moths. This obser
vation is inconsistent with termination experiments con
ducted in the laboratory (pages 55 and 64) in which females 
generally broke diapause and emerged earlier than males.

Most of the emerging moths appeared normal, and 
females laid an average of 750 eggs. The viability of 
these eggs was high. Overall, mortality among pupae held 
in the soil flats was 31 percent.

Miscellaneous Field Observations 
The following observations are based upon several 

hundred overwintering H. virescens pupae recovered from 
cotton fields during Jan.-Feb. 1978-79. Regarding site of 
pupation, diapausing individuals were found in far greater 
numbers along the crown of the row than in the furrow, and 
the pupal cells were often in close proximity to the cotton 
stalks. Similar pupation preferences were reported by 
Neunzig (1969) for H. virescens on tobacco in North
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Carolina. Furthermore, greater numbers of pupae were re
covered from the portion of the crown most sheltered from 
the heat of the sun. This observation is consistent with 
that reported by Fye (1978) where larvae preferred cooler 
pupation sites.

Sampling for overwintering populations strongly 
suggests that diapausing pupae are not evenly distributed 
over all areas of a given field. Areas yielding large 
numbers of overwintering pupae presumably supported heavy 
larval infestations at a time when environmental conditions 
favored diapause initiation (mid-October to early November). 
Within these "hot" areas of a field, pupae were also dis
covered in definite clumps or aggregations along the row. 
These high-yielding areas of soil probably occur beneath 
plants which supported larvae during the critical light 
period.

Most cells were uncovered at a depth of ca. 3 - 7  
cm with the chambers oriented at a 45 - 90° angle to the 
soil surface. Some pupae were recovered up to depths of 
13 cm while others were excavated as shallow as 1 cm. It 
is remarkable that most tunnels remained intact despite the 
exceedingly wet conditions which prevailed during the winter 
of 1978-79. This may have been due in part to the prefer
ence for pupal sites along the crown of the row where the 
soil is better drained. The silk webbing deposited by the



46
larva in cell construction may have also aided in maintain
ing tunnel integrity during wet periods (Barber, 1941; 
Hardwick, 1965).

It is also interesting to note that cool winter 
temperatures accompanied by periodic frosts (particularly 
1979) had only a minor effect on overwintering pupal sur
vival. The characteristic physiological features of insect 
diapause (low metabolic rate, etc.) probably afforded some 
protection against these climatic extremes. Furthermore, 
extended periods of chilling rarely occur at this latitude, 
so consequently, freezing of the soil would normally not 
extend to the depth of the pupal chambers. Blanchard 
(1942) reported freezing to be a major mortality factor of 
H. zea in more northern zones.

Overall, ca. 95 percent of all pupae collected in 
early February were alive and in diapause. The sex ratio 
was 1;1.

Diapause Induction— Laboratory
Data in Tables 2 and 3 show a weak tendency for the 

tobacco budworm to diapause when exposed to the various 
light-temperature regimes. When larvae were reared under 
long daylengths (14L:10D) and cool temperatures (20eC) 
(Table 2), no insects were induced to diapause. At the 
13L:11D regime, the diapause response was again low, occur
ring in only 2.3 percent of the individuals. This pattern
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Table 2. Incidence of diapause in H. virescens pupae

reared under various light:dark regimes at 20°C.
Photoperiod^

L:D
Number of 

Pupae
Diapause

(%)
10:14 342 9.0

167 4.8
125 8.8

11:13 263 6.0
12:12 129 24.0

185 14.5
12.5:11.5 143 36.0

83 27.7
300 5.0
122 42.6
191 14.4

13:11 181 2.3
14:10 203 0.0

^Parents and eggs held in air-conditioned room (ca. 25°C)
.subject to naturally-occurring daylengths. 
DEach row represents a separate trial.
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Table 3. Incidence of diapause in H. virescens pupae

reared under various light:dark regimes at 25°C.

Photoperiod
L:D

Number of 
Pupae

Diapause
(%)

10:14 148 5.4
12:12 261 oo

12.5:11.5 153 7.2
13:11 120 1.6

^Parents and eggs held in air-conditioned room (ca. 25*0 
subject to naturally-occurring day lengths.

of continuous development at daylengths exceeding the 
critical threshold is typical for long-day species and 
ensures the continuation of growth and development during 
favorable periods (DeWilde, 1962? Tauber and Tauber, 1976). 
The data further suggest that the upper threshold trigger
ing diapause induction lies somewhere between 13 and 14 hr 
of light.

A weak diapause response was also noted when larvae 
were subjected to a short-day (10L:14D) cool-temperature 
regime (20°C), and in no trial did the response exceed 9.0 
percent. This conflict with earlier studies by Phillips 
and Newsom (1966) and Benschoter (1968a) in which a 10L:14D/
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20°C regime induced maximum diapause in laboratory cultures 
of H. zea and H. virescens»

In the present study, a 12.5L:11.5D photoperiod 
(20*C) proved optimum for inducing diapause. This light 
regime corresponds roughly with the effective daylength, 
compensating for civil twilight before sunrise and after 
sunset, occurring during the month of October. Results of 
the 1977-78 field studies show that this is also the time 
when budworms are most likely to enter diapause in nature.
The bell-shaped induction curves derived from these studies 
show that the number of insects entering diapause declines 
following the peak response in late October. If H. vire
scens is not strongly induced to diapause by the short day- 
lengths occurring in late fall (mid-Nov. and Dec.), it 
seems logical that individuals would also respond weakly 
when short photoperiods are programmed in the laboratory. 
Cullen and Browning (1978) also found 12 - 12.5 hr of light 
to be optimum for inducing diapause in H. punctigera 
(Wallengren) in South Australia.

When larvae were held at the warmer temperature 
regime (25°C), the diapause response was low at all photo
periods tested (Table 3). It is known that high temperatures 
may override photoperiod and inhibit diapause in long- 
day insects (Lees, 1955? Danilevskii, 1965). This interac
tion was particularly evident under the 12L:12D regime where
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the diapause response was completely neutralized. Benschoter 
(1968a) also found temperature to have a strong influence on 
diapause induction in H. virescens and cited a negative, 
linear relationship for temperatures between 21 - 27°C. 
Phillips and Newsom (1966) showed that while a temperature 
of 27°C prevented diapause in the bollworm, response in the 
tobacco budworm was not significantly affected. The strong 
tendency for this Louisiana strain to diapause in nature 
may partially explain the inability of high temperature to 
overrule photoperiod in this instance.

The overall weak diapause response observed in this 
study parallels the low levels of diapause reported by 
Benschoter (1968a) in Brownsville, Texas, but contrasts 
with the large percentage of diapausing H. virescens (ca. 
95%) reported by Phillips and Newsom (1966) in Louisiana.
It has already been demonstrated that the diapause response 
is weak among natural populations of H. virescens in south
ern Arizona. Even during the peak diapause period in mid- 
October, natural incidence was less than 50 percent.

While the low natural tendency for the budworm to 
diapause in this region may help to explain the weak re
sponse observed in the laboratory, it does not explain the 
large variability seen among replications of the same light- 
temperature treatment. This variability was particularly 
apparent in the 12.5L:11.5D (20°C) regime. The wide range
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in response (5 - 42.6%) suggests that additional factors 
may be influencing the final diapause determination. The 
use of different generations from the laboratory culture 
for some trials may provide a partial explanation for this 
phenomenon. The tobacco budworm is known to exhibit tre
mendous genetic heterogeneity in the field, and it is 
reasonable to assume that continuous selection pressures 
exist, for and against the diapause trait. The importance 
of this genetic aspect in influencing reaction to photo
period in Heliothis was reported by Benschoter (1970a) 
after he successfully selected for both diapausing and non- 
diapausing strains of H. virescens and H. zea. Holtzer et 
al. (1976b) also alluded to the possibility of genetic 
shifts occurring in budworm populations while selecting for 
the diapause characteristic in substrains derived from 
North Carolina and Florida cultures. Although no trials in 
the present study were run with insects in culture longer 
than one year, continuous rearing under non-diapause condi
tions (14L:10D/30°C for larvae) may have affected diapause 
expression.

It has been shown that any or all lifestages of an 
insect may be receptive to diapause-inducing stimuli. For 
example, Norris (1965) showed that imaginal diapause in 
the red locust, Nomadacris septemfasciata Serv. is greatest
when the specific light requirements of both the adult and
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larva are met. Diapause induction in the pink bollworm is 
also under photoperiodic control and is regulated by the 
cumulative light requirements of the adults, eggs, and all 
larval instars (Bell, 1967).

Although Phillips and Newsom (1966) reported the 
sensitive stage in H. virescens and H. zea to be the pen
ultimate and last larval instars, Wellso and Adkisson 
(1966) found that induction of pupal diapause in the boll- 
worm is also influenced by the previous parent and egg 
stages. These authors, and later Roach and Adkisson (1970), 
suggested that a long-day short-day response was involved 
requiring the parents and eggs to be exposed to longer 
photofractions than the subsequent larval progeny. In 
nature, this would prevent the occurrence of diapause in 
the spring, restricting the response to the fall season 
when daylengths are decreasing.

It will be recalled that larvae used in these ex
periments originated from moths and eggs held in an air- 
conditioned room under naturally occurring daylengths. This 
means that the parents and eggs of larvae used in each 
trial were subject to continuously changing light regimes 
throughout the course of this study. If diapause expres
sion in the tobacco budworm is also dependent upon the 
photoperiodic treatment of adults and eggs, much of the 
variation within treatments could be explained in this manner.



To test this hypothesis, additional experiments 
were run in which all lifestages were reared under con
trolled light regimes. Adults and eggs were held together 
under photoperiods of 10, 12.5, 13, 13.5, and 14 hr of 
light (25*0 while the subsequent larval progeny were con
fined at 10L:14D or 12.5L:11.5D (20*0.

Results of these trials are presented in Table 4. 
When larvae were held at 10L:14D the incidence of diapause 
was greater in all cases than when the photoperiodic treat
ment of parents and eggs was not controlled (Table 2). The 
long-day short-day effect noted by Wellso and Adkisson 
(1966), however, was not apparent and the level of diapause 
did not vary with the light regime in which the parents and 
eggs were held.

Photoperiodic treatment of parents and eggs had a 
greater effect on diapause when subsequent larval progeny 
were reared under the 12.5L:11.5D regime. Table 4 shows 
that the diapause response was weak when parents and eggs 
were held under 13.5 and 14 hr daylengths. The greatest 
level of diapause occurred when these stages were exposed 
to a short (10L:14D) photoperiod. These results, there
fore, are inconsistent with the long-day short-day require
ment reported by Wellso and Adkisson (1966) and Roach and 
Adkisson (1970) for the bollworm. Although Benschoter 
(1970a) found a parental effect to be active in H. zea,

53
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Table 4. Incidence of diapause in H. virescens pupae 
following photoperiodic exposure of previous 
parent and egg stages to 10, 12.5, 13, 13.5 and 
14 hr light at 25°C and larval exposures of 10 
and 12.5 hr at 20°C.

Parent and 
Egg Expo
sure (25*C)

Larval Exposure, % Diapause (20*0
10L:14D 12.5L:11.5D

10L:14D 23.0 (122)* 36.4 (107)
12.5L:11.5D 26.5 (68) 27.4 (95)

13L:11D 19.6 (97) 23.9 (88)
13.5L:10.5D - - 6.8 (73)

14L:10D 24.7 (85) 6.7 (105)

^Values in parentheses equal sample size for each treat-
ment.

altering the light conditions of the previous adults had 
little influence on the diapause response in H. virescens.

While the photoperiodic treatment of parents and 
eggs in this study does appear to have some effect on the 
formation of diapausing pupae, the specific relationship 
is unclear from these data. The ultimate expression of 
diapause in this insect is probably a result of complex 
interactions occurring between temperature and photoperiod.
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Diapause Termination— Temperature 

and Moisture
Daily mean mid-month soil temperatures calculated 

from thermograph data for March, April and May were 14.9°C, 
20.3°C, and 28.8°C respectively. Table 5 shows that at 
28.8°C diapause termination and moth emergence occurred 
rapidly, averaging 13.2 days when subgroups were combined. 
This period is only slightly longer than the ca. 11.5 day 
mean reported by Fye and McAda (1972) for non-diapausing 
individuals. The variability in response among individuals 
was also low (ANOVA, Table 6), with days to emergence rang
ing from 11 - 15. No significant differences were observed 
between the wet and dry subtreatments at this temperature. 
While the means for male and female moth emergence do not 
appear different on initial inspection, a low variance with
in samples yielded significant differences at the 0.05 level 
of significance. Pupal mortality was 4.7% and emerging 
adults appeared normal and produced viable eggs.

. Results were considerably more variable when pupae 
were maintained at 20.3°C (Table 7). At this cooler tem
perature, moth emergence occurred predictably later and 
ranged from 27 - 105 days. The high variability in days to 
emergence (ANOVA, Table 8) contrasts sharply with the nar
row spread of values observed at 28.8°C. It is particu
larly interesting to note that females again broke dispense
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Table 5. Mean days to emergence for diapausing H.

virescens pupae held at 28.8°C in a wet 
or dry environment.

Males Females
Wet 14.2 (15)a 12.5 (18) xwet " 13.3
Dry 13.6

x =Amale

(14) 
13.9b

12.6
X =^female

(14)
12.6

xdry = 13.1

fValues in parentheses equal sample size for each treatment. 
"Means significantly different at the 0.05 level using 
Student's t-test.

Table 6. Analysis of variance table for emergence of dia
pausing pupae held at 28.8°C.

Source of 
Variation d.f. ms f
Among samples 3 10.03 22.29
Within samples 57 0.45*

Total 60

^Variance.
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Table 7. Mean days to emergence for diapausing H.

virescens pupae held at 20.3°C in a wet 
or dry environment.

Males Females
Wet 64.1 (14)a 38.3 (16) Xwet = 50.3
Dry 60.2 

*male =

(13) 
62.2b

41.1

Xfemale

(15)
39.7

Xdry = 50.0

^Values in parentheses equal sample size for each treatment. 
“Means significantly different at the 0.01 level using 
Student's t-test.

Table 8. Analysis of variance table for emergence of dia
pausing pupae held at 20.3eC.

Source of 
Variation d.f. ms f
Among samples 3 2498.62 7.85
Within samples 54 318.16*

Total 57

^Variance.
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and emerged in a significantly shorter period of time than 
did males within both moisture treatments. A similar phe
nomenon was reported by Roach and Adkisson (1971) and 
Holtzer et al. (1976a) while studying diapause termination 
in the bollworm, but neither author speculated on the rea
son for the difference. Tauber and Tauber (1976) con
curred that postdiapause development can vary with sex, 
and cited the differential heat requirements of males and 
females. This relationship is particularly evident in the 
fall webworm, Hyphantria cunea (Drury), where the heat re
quirements for reactivation and subsequent development of 
diapausing pupae are sex-linked (Morris and Fulton, 1970). 
It is possible that a similar condition exists in the bud- 
worm since females undergoing continuous (non-diapause) 
development also exhibit a slightly shorter developmental 
period than males (Fye and McAda, 1972).

Once again, no significant difference in the mean 
number of days to emergence occurred between the wet and 
dry subtreatments. While moisture has been shown to in
fluence postdiapause development in several insects, it 
generally affects species which diapause in the egg or 
larval stages (Lees, 1955; Danilevskii, 1965? Tauber and 
Tauber, 1976). For example, in the locust, Melanoplus 
differentialis, Slifer (1938) found that water must be
absorbed by the diapausing egg for reactivation to occur.
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Likewise, Beck (1967) determined that water intake is re
quired to activate the neuroendicrine system and terminate 
larval diapause in the European corn borer. Moisture has 
further been shown to increase the rate of postdiapause 
development in larvae of the pink bollworm (Wellso and 
Adkisson, 1964; Watson, Lindsey and Slosser, 1973). The 
results of this study serve to reinforce the generalization 
that pupal reactivation is rarely influenced by moisture 
uptake.

Overall, the 50.2 day mean emergence period (sub
groups combined) for insects held under the 20.3°C regime 
is considerably longer than the ca. 22 days required by 
nondiapausing pupae for emergence at the same temperature 
(Eye and McAda, 1972). Pupal mortality under this regime 
was 5.1%.

Of the 61 diapausing pupae collected from the field 
in mid-winter and held at 14.9°C, only 16.1% of the indi
viduals in the moist subgroup had emerged after 131 days 
(X 94.6 days). Furthermore, all of the emerging moths in 
this treatment were females. Examination of the remaining 
pupae showed 92.3% to be alive and in diapause. In the dry 
subtreatment, only 10% of the diapausing pupae had emerged 
after 131 days (X 107 days), and once again, only female 
moths were produced. Of the remaining pupae, 50% were 
found to be alive and in diapause. These data are
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consistent with the 1978-79 termination study, suggesting 
that moth emergence is usually low until the end of March 
and peaks during April. Since some pupae did eventually 
emerge under the 14.9°C regime, the threshold temperature 
for diapause termination should fall between this value 
and the 12.31°C developmental threshold determined for non
diapause pupae (Butler and Henneberry, 1976).

The high mortality observed in the dry environment 
was not expected, and at first appears to conflict with the 
physiological basis of diapause. It is known that most 
diapausing insects are resistant to dessication and operate 
at a metabolic level low enough to conserve food over long 
periods. Examination of dead and dying pupae in the dry 
regime, however, showed several to have previously termi
nated diapause. The high mortality, therefore, could have 
resulted from a prolonged depletion of stored food or water 
following the resumption of normal metabolism.

Pupae from this regime which had not terminated dia
pause after 131 days were then placed under a constant tem
perature of 23°C. At this temperature the mean number of 
days to emergence for the 21 transferred insects (sexes 
combined) was 34.6 and ranged from 25 to 55 days. No sig
nificant difference in developmental time occurred between 
males and females or between moisture treatments. If we 
assume that these field-collected pupae entered diapause in
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mid-October - early November, then these individuals had 
remained in diapause in excess of 8 months. While the 
small sample size and varied pattern of emergence made 
fecundity testing difficult, some moths were induced to lay 
eggs. The viability of these eggs, however, was low.

One additional group of pupae was maintained in 
diapause for ca. 16 months. Phillips and Newsom (1966) had 
previously reported holding pupae of the bollworm and to
bacco budworm in diapause for 20 months although no refer
ence was made to the fertility of the emerging moths.

The large variation in time of emergence seen in 
this study, particularly at the 20.3°C regime, suggests 
that different intensities of diapause exist in budworm 
populations. Through laboratory selection, Holtzer et al. 
(1976b) demonstrated the high heritability of this trait 
within populations of H. zea and suggested that much of the 
variability in response could be due to inherent differ
ences within the parent stock. A similar condition occur
ring in H. virescens is not surprising when we consider the 
tremendous genetic heterogeneity of field populations. It 
is because of this diverse gene pool that the budworm is 
able to exploit habitats over a wide geographic range.

The high variability in time of emergence witnessed 
in this study may also be due to factors which do not have 
a genetic origin. For example, Holtzer et al. (1976a)
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found that mean DAYSEM by diapausing H. zea is related to 
the length of time pupae are held under diapause maintain
ing conditions (8 - 18°C). A similar relation was noted 
for H. virescens in this study (page 64). It is generally 
believed that many diapausing insects require a period of 
cold conditioning prior to reactivation and the resumption 
of normal development (Lees, 1955? Danilevskii, 1965). 
Furthermore, as the diapause period progresses, the over
wintering insect experiences a gradual decline in diapause 
intensity. This would suggest that termination trials only 
include individuals which have been in diapause for a simi
lar length of time.

The prevailing environmental conditions at the time 
of diapause induction have also been shown to affect the 
duration of the diapause period. In the pink bollworm, day- 
lengths near the critical threshold produce a weaker (less 
intense) diapause than daylengths considerably below this 
transitional photoperiod (Bell and Adkisson, 1964). In con
trast, Fye and Carranza (1973) found that larval H. 
virescens and H. zea which enter diapause between mid- 
September and late-October possess a more intense (pro
longed) diapause than those which arrest development later 
in the season. The authors consequently chose the terms 
"hard" and "soft" to represent these different degrees of 
diapause intensity. Although all insects in the present
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study were collected from the field at approximately the 
same time (Feb. 1 - 7 )  and placed in the constant- 
temperature cabinets together, the precise date of dia
pause initiation was not known. Much of the variability 
in time of emergence, therefore, could be an expression of 
the "hard" and "soft" diapause phenomenon reported by 
these authors.

It will be recalled that the variability in time of 
emergence was extremely low under the 28.8°C regime. In 
this instance the inherent variation within the sample was 
probably overruled by the excessively warm temperature.

One additional point of interest concerns the ap
parent delay in emergence of a small segment of the dia- 
pausing population. For example, at 20.3°C female pupae 
in both the wet and dry subtreatments broke diapause and 
emerged fairly regularly until the 40th day. This was fol
lowed by a period of ca. 30 days in which no new moths were 
produced. Then, on days 74 - 77, 3 new female moths 
emerged as well as 5 new males. This was then followed by 
another ca. 30-day moth-free period until 3 new moths again 
emerged on days 101 - 105. This temporary delay in develop
ment by a small segment of the diapausing population may 
function as a safety valve, enabling the species to survive 
despite adverse environmental conditions encountered in the 
early spring.
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Diapause Termination— Temperature 

and Duration
Emergence data for diapausing pupae following vari

ous exposure times at 10°C are presented in Tables 9 and 
10. At 28°C, moth emergence occurred rapidly and the mean 
number of days to emergence (calculated as the date of 
emergence minus the date pupae were transferred from 10°C 
to the final warming temperature), was not significantly 
different when exposure time was increased from 40 to 120 
days (Table 9). Females did, however, emerge in a signifi
cantly shorter time than males. This rapid termination of 
diapause when pupae were exposed to high temperatures 
(28°C) closely paralleled earlier observations with field 
collected material. Diapausing pupae recovered from the 
soil in early February also terminated diapause and emerged 
rapidly (X 13.2 days) when subjected to a temperature of 
28.8°C. If duration in diapause does influence subsequent 
moth emergence, the effect in this instance was probably 
masked by the high final temperature.

Transfer of pupae to a temperature of 23°C follow
ing cold treatment resulted in predictably longer times for 
diapause termination and adult emergence (Table 10). In 
the 10, 40 and 76-day regimes, females again terminated 
diapause and emerged before males. After 120 days of cold 
conditioning, however, no significant difference was noted 
between the sexes.



Table 9. Mean number of days to emergence for diapausing H. virescens trans
ferred to 28°C following initial exposure at 10°C.

Days Held at 10°C
Sex 40 120

Male 15.2 (18)3 15.8 (10) ^male 15.4^ (28)
Female 13.1 (12) 13.6 (ID Xfemale = 13.4 (23)
X Duration
(Sexes Combined) 14.4 (30) 14.7 (21)

fvalues in parentheses equal sample size for each treatment.
DMeans significantly different at the 0.05 level using Student's t-test.



Table 10. Mean number of days to emergence for diapausing H. virescens trans
ferred to 23°C following various lengths of exposure at 10°C.

Sex 10
Days Held at 10°C 
40 76 120

Male 61.0 (16)a 68.8 (18) 38.4 (22) 38.1 (18)
Female 53.2 (14) 52.5 (10) 27.1 (13) 37.1 (11)
X Duration 
(Sexes Combined) 57.4* 60.2* 34.4^ 37.8b

fValues in parentheses equal sample size for each treatment.
"Means not followed by the same letter are significantly different at the 0.05 
level according to the Student-Newman-Keul's multiple range test.
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A significant reduction in number of days to emer

gence occurred when initial exposure time was increased 
from 40 to 76 days. No significant reduction, however, re
sulted when the holding time at 10°C was increased from 10 
to 40 days. Likewise, an extended duration of 120 days 
did not increase the rate of reactivation and postdiapause 
development beyond that achieved by an initial holding 
period of 76 days. This suggests that a threshold time in 
diapause is required, above which further exposure fails to 
accelerate emergence time.

The existence of a threshold value is also sup
ported by previous termination studies on overwintering 
field-collected pupae. Pupae held at 14.9°C for 131 days 
emerged in 34.6 days after being transferred to a tempera
ture of 23°C. At transfer time these pupae had been in 
diapause approximately 8 months, compensating for the dia
pause period while in the field. This rate of termination 
is comparable to that for pupae held 76 and 120 days before 
final transfer to 23°C. Apparently the prolonged period in 
diapause (ca. 240 days) had no additional shortening effect 
on diapause termination. This time is still considerably 
longer than the mean of 18.5 days required for non-diapause 
pupae to emerge at this same temperature (Fye and McAda, 
1972).
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Results of these experiments also indicate a trend 

toward lower variation in days to emergence as the period 
of cold conditioning is increased. For example, pupae 
initially held in cold treatment for 10 days emerged in 
26 to 151 days, while moth emergence following 120-day 
exposures ranged from 21 to 77 days. This relationship is 
indicated by an overall decline in the coefficient of vari
ation as the duration of cold conditioning increased 
(Table 11).

Holtzer et al. (1976a) noted a similar reduction in 
DAYSEM when diapausing H. zea pupae were subjected to cold 
conditioning for increasingly longer periods. The authors 
also observed that variability in emergence declined fol
lowing longer initial exposures to cool temperatures (8 - 
18°C). Based in part on ideas presented by Andrewartha 
(1952), Lees (1955) and Tauber and Tauber (1976) they 
postulated that the physiological processes required for 
the reactivation and subsequent development of diapausing 
pupae may be divided roughly into two groups. Furthermore, 
the rate at which these processes occur is temperature- 
dependent, such that Group 1 processes are completed most 
rapidly at low temperatures while events in Group 2 proceed 
most rapidly at warmer temperatures. This reasoning sug
gests that processes in Group 1 would be nearer to comple
tion as the duration of the cold period increased.
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Table 11. Coefficient of variation (%) for days until 

emergence at 23°C (sexes combined).
Days Held 
at 10°C

10
40
76
120

54.36
50.83
36.42
34.82

Following a long exposure to cool temperatures, emergence 
would depend only upon the completion of remaining Group 2 
processes.

When pupae in the present study were maintained at 
10°C for 76 and 120 days, a minimum of 21 days were re
quired for emergence after transfer to the final warming 
temperature. Holtzer et al. (1976a) also found 21 days to 
be the minimum time required for emergence when diapausing 
H. zea pupae were transferred from cold storage to 23°C. 
They postulated that this value represents a lower limit 
exhibited when processes in Group 1 are completed prior to 
final warming of the pupae. It follows that the prolonged 
developmental period of certain insects (particularly those 
chilled for only 10 days) occurs when few Group 1 processes 
have been completed prior to the final warming period.



Diapause Termination— Duration 
in Outdoor Shelter
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The emergence data for diapausing pupae (sexes com
bined) transferred to 23°C at regular intervals from an 
outdoor shelter are presented in Table 12. The mean time 
periods required for emergence were not significantly dif
ferent for groups of pupae transferred between December 15 
and February 28. A significant reduction in number of days 
to emergence, however, did occur in pupae held outdoors 
until March 15.

The results of this experiment differ somewhat from 
the termination study conducted by Holtzer et al. (1976a) 
with diapausing H. zea pupae in North Carolina. These 
authors noted a consistent decline in the number of days 
required for emergence as the length of exposure to out
door conditions was increased. Consequently, they proposed 
that certain temperature-dependent physiological processes 
must be completed prior to diapause termination and subse
quent emergence. Furthermore, these processes move farther 
toward completion as the winter season progresses. While 
extended periods of cold conditioning appear to reduce the 
time required for diapause termination in H. virescens (page 
64), the results of this experiment suggest that the decline 
in diapause intensity throughout the winter may be less 
continuous than in H. zea.
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Table 12. Mean number of days to emergence for diapausing 
H. virescens pupae transferred to 23°C from an 
outdoor shelter.

Date 
to :

Moved
23°C

Number of 
Pupae

Mean Days to 
Emergence3

15 Dec. 37 23.4 a
30 Dec. 40 23.2 a
14 Jan. 39 24.8 a
29 Jan. 30 25.0 a
13 Feb. 34 23.6 a
28 Feb. 33 22.6 a
15 Mar. 21 6* 19.6 b 15.3**
30 Mar. 5 21* 16.8 13.3**
14 Apr. 0 20* — — 7.2**

aMeans not followed by the same letter are significantly 
different at the 0.05 level according to the Student- 
Newman-Keul's multiple range test. March 30 sample too 
small for statistical comparison.
♦Number of pupae which had terminated diapause before 
transfer to 23°C.

**Mean days until emergence for pupae which had terminated 
diapause before transfer to 23°C.
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The fact that no significant reduction in mean time 

of emergence occurred between December 15 and February 28 
suggests once again that a threshold value may be present. 
The previous section showed that while a significant de
cline in time of emergence occurred between 40 and 76 days 
of cold conditioning, no additional reduction was observed 
when pupae were held under cool temperatures (10°C) for 
periods of 120 and 240 days. In the present study it is 
conceivable that diapausing pupae collected from the field 
in December had been in diapause long enough (ca. 2 - 4  
months if we estimate diapause induction to have occurred 
in mid-October followed by the termination attempts in 
December-February) to have surpassed this threshold value.
If this is the case, a group of pupae transferred from the 
outdoor shelter to 23°C in late-November or early December 
might have produced the same abrupt reduction in days to 
emergence witnessed between the 4 0 - 7 6  day holding regimes.

It is also of interest that the pupae transferred 
between mid-December and late-February emerged in a con
siderably shorter time (22.6 - 25.0 day range) than those 
held under cool conditions for 76 - 120 days in the previ
ous duration study (34.4 - 37.8 day range). While the 
significance of this is unclear, differences could be due 
to the origin of the test insects. Pupae in the previous 
duration study were induced to diapause artificially in
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the laboratory whereas insects used in the present experi
ment were collected as diapausing pupae from cotton fields 
in mid-winter. The conditions under which an insect has 
been induced to diapause have frequently been shown to 
affect the intensity or duration of the diapause period 
(Tauber and Tauber, 1976).

At the time of the March 15 transfer, 6 pupae were 
determined to have terminated diapause. The mean time for 
emergence of these individuals as well as those which still 
retained the larval eyespots was significantly lower than 
in previous transfer groups. By April 14, all pupae in the 
outdoor shelter had terminated diapause and ca. 50 percent 
of the insects had emerged. In all cases, mortality among 
transfer groups was low, averaging ca. 5 percent.



CONCLUSIONS

Initial onset of diapause in field-collected larvae 
occurred during the latter part of September, and the level 
of diapause increased until a peak was reached in mid- to 
late October. This was followed by a decline in the re
sponse for the remainder of the fall season. Only a small 
segment of the total field population entered diapause and 
at no time did the level of diapause exceed 50 percent.

Adult emergence from overwintering pupae held out
doors in flats of soil occurred from mid-March to early May, 
with most moths appearing during the first 4 weeks of April. 
There was no apparent correlation between time of diapause 
induction in the fall and time of emergence the following 
spring. Emergence dates of male and female moths were 
similar and overwintering females laid an average of 750 
eggs.

Budworm larvae also showed a weak tendency to dia
pause when exposed to various light-temperature regimes in 
the laboratory. Daylengths of 12 - 12.5 hr proved optimum 
for inducing diapause while both longer and shorter photo
periods were less effective. Larvae reared at high tem
peratures (25*C) displayed a weak diapause response 
regardless of the duration of the light:dark cycle. While
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photoperiodic treatment of the previous parent and egg 
stage seems to affect the ultimate expression of diapause 
in the pupa, the specific relationship is still not clear.

In the tobacco budworm, temperature has a major 
influence on the rate of diapause termination and subse
quent postdiapause development. The large variation in 
time of emergence witnessed in this study reflects the 
genetic heterogeneity of field populations. In the labora
tory, diapausing females generally emerged before males.
This relationship, however, did not hold for pupae main
tained in an outdoor environment and subjected to naturally 
occurring temperatures. Moisture had no significant effect 
on the rate of diapause termination.

Extending the period of pupal exposure to cool tem
peratures (10*0 from 40 to 76 days caused a significant 
reduction in the time required for emergence of adult moths. 
Longer periods of cold conditioning (120 and 240 days) pro
duced no further reductions and suggests that a threshold 
value may be present.

Groups of diapausing pupae held outdoors and trans
ferred to 23°C at regular intervals throughout the winter 
and early spring required approximately the same number of 
days for adult emergence to occur. A significant reduction 
in mean days to emergence resulted only after pupae had 
been held outdoors until mid-March.
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