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ABSTRACT

The banded woollybear, Pyrrharctia isabella (J. E. Smith) was reared

under laboratory conditions from egg to adult. Groups of individually
reared larvae were kept at one of 8 photoperiods and in combination
with one of 4 temperatures and were fed one of 6 artificial diets and
fresh plantain. The times of moulting, head capsule widths, larval
and pupal weights, and adult characteristics (fertility, sex) were
recorded. |

Larvae were easily reared on bean, wheat germ, casein-wheat germ
and fresh plantain, while casein, alfalfa, and plantain diets proved
unsatisfactory. Development time increased at photoperiods longer
than 14 hours. This increase was characterized by extra instars.

The results suggest that scotophase may be more important than photo-
phase in influencing development. Temperature did not affect overall
larval development time although higher temperatures did slow the growth
rate. Mature larvae were found to undergo an obligatory diapause in

the Montreal-Ottawa area. Chilling was not an absolute requireinent for
diapause development, although mortality was high at higher temperatures.
Diapausing larvae at 30°C were found not to be cold hardy.

Increments in head capsule widths at each successive instar did
not follow Dyar's rule. The relationships between voltinism and
obligatory diapause, cold-hardiness and diapause, photoperiod, tempera-
ture and development, chilling and diapause development as well as

Dyar's rule are discussed.
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RESUME

Le lépidoptare Pyrrharctia. isabella (J. E. Smith) a &té &levé en labor-

atoire, de 1'éclosion au stade adulte. Les larves ont &té soumises indivi-
duellement & des combinaisons de 8 photopériodes et 4 températures et ont
€té alimentées par 6 didtes artificielles et du plantain frais. Les
intervalles des mues, Ta largeur des capsules céphaliques, les poids des
larves et des chrysalides ont été observés ainsi que les caractéristiques
des adultes (fertiiité, sexe).

L'élevage des larves a &té facile sur les didtes de haricots, germe de
blé, cas&ine-germe de blé, et plantain frais, tandis que Tes dietes de
caséine, luzerne, et plantain broyé n'ont pas donné de résultats satisfaisants.
La période du développement s'est allongée aux photopériodes supérieures a
14 heures. Cette augmentation s'est traduite par un nombre de stades
larvaires supplémentaires. Les résultats suggérent que 1'influence de la
scotophase est peut-8tre plus importante pour le développement que celle de
1& photophase. La température n'a pas affecté, dans- 1'ensemble, Ta longueur
de la période larvaire quoique les températures supérieures ont ralenti le
taux de croissance. L'esp&ce entre en diapause obligatoire au stade larvaire
dans la zOne Ottawa-Montréal. Le refroidissement n'est pas un criteére
absolu pour développement en diapause, quoique Ta mortalité soit &levée &
des températures plus chaudes. Les larves en diapause a 30°C ne sont pas
résistantes au froid.

Les augmentations de largeur de la capsule céphalique & chaque stade
larvaire successif n'ont pas suivi la Loi de Dyar. Ce travail discute enfin
des relations entre le voltinisme et la diapause obligatoire, la résistance
au froid et la diapause, 1la photopériode; la température et le développement,

le tefroidissement et de développement en diapause ainsi que de la Loi de Dyar.
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I. INTRODUCTION

a) Insect Development

(i) Larval growth

The larval period of an insect is characterized by a continuous increase
in weight. Growth.of the tissues occurs through_both cell division and
increase in cell size (Imms, 1964). It is during the larval period that
the final size of the adult is determined. The larva is the feeding stage
in the insect's 1ife whereas the adult is the reproductive stage. The
growth rate of an insect is influenced by environmental factors such as
temperature (Chapman, 1969), photoperiod (Beck, 1968; Danilevskii, 1961),
availability and quantity of food (Butler, 1976), humidity and population
density (Chapman, 1969).

| In order for an insect to grow continuously, it must moult at certain
intervals. Growth of the sclerotized parts occurs when the insect moults
and produces a new cuticle, for sclerotized cuticle does.not expand
(Chapman, 1969; Gains and Campbell, 1935).

The interval between the moults is known as the stage or stadium and
the form of the insect during a stadium is called an instar (Imms, 1964).
There has been much controversy regarding the criteria used to mark the
beginning and the end of an instar. Hinton (1973, 1976) claims that the
new instar commences at the time of apolysis (i.e.: detachment of the
cuticle) (Jenkin and Hinton, 1966) while Wigglesworth (1973) and Whitten
(1976) support the older view that a new instar begins and ends at ecdysis

(i.e.: shedding of the old cuticle). The latter definition is the one




most used in describing the 1ife histories of insects because ecdysis is
more easily observed than apolysis.

| In 1890, Dyar showed that the widths of the head capsules, of larvae
in their successive stages, followed a geometrical progression. This soon
became known or referred to as "Dyar's law" (or ruie). There has been much
controversy over Dyar's law as it pre-supposes that for each insect species
the number of moults is constant and that the head capsule does not increase
in size during the stadium.

Richards (1949) states that Dyar's rule only holds true when the stadia

are all of the same length, as the longer the stadium, the greater the amount

of head capsule growth. In the milkweed bug, Oncopeltus fasciatus (Dall.),

the head capsule does increase in width during a stadium, however, this
growth is negligible when applied to Dyar's law (Bliss and Beard, 1954).
Head capsule size may be affected by interferences such as parasitism,

demonstrated in the oakleaf caterpillar, Heterocampa manteo (Dbldy)

(Surgeoner and Wallmer, 1975). At times, moulting can take place without
any absolute growth, or, the insect may even moult into a smaller sized
individual (0ldroyd, 1970; Wigglesworth, 1972). In the cereal leaf beetle,

Oulema melanopus (L.), the increments in width of the head capsules do not

follow Dyar's geometric progression because of a smaller ratio of growth
in the last two instars (Hoxie and Wellso, 1974).

A variable number of instars has been recorded for many insects
(Kishi, 1971; Moreau, 1964; Plantevin, 1975; Wigglesworth, 1972). This
variation has been shown to be due to geographic location (Raske, 1976),
host plant (Drooz, 1965, Fogal and Kwain, 1972; Gaines and Campbell, 1935),
injury (Pipa, 1971), nutrition quality or quantity (McGinnis and Kastings,
1959; Nijhout, 1975; Poitout and Cayrol, 1969; Wigglesworth, 1972),
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temperature (Ingram, 1976; Pipa, 1976; Poitout and Cayrol, 1969; Wiggles-
worth, 1972) and temperature/photoperiod (Philog&ne and Benjamin, 1971).

The larvae of the tobacco hornworm, Manduca'sexta (L.), must attain a
certain size, in a variable number of instars before pupation will occur
(Nijhout, 1975). This size can be determined by measuring the head capsule
width. The head capsule width of a given instar is proportional to the
weight that the M. sexta larva had attained at the end of the previous
instar. Nijhout proposes that the larval size may be measured by a stretch
receptor mechanism of some sort. As soon as the threshold size is attained,
the corpora allata is inactivated and the insect pupates.

(ii) Temperature effects

Insects are poikilotherms and therefore the environmental temperature
has a large effect on their development. As the temperature rises, so does
the insect's metabolic rate and consequently it's rate of development
(Chapman, 1969). The latter reaches a maximum beyond which the insect can
no longer increase the amount of food ingested in order to satisfy it's
increased metabolic needs (Bursell, 1974). The temperature at which the
insect develops most rapidly is termed the "Optimum Temperature! (Hoar, 1975).
There also exists a lower threshold called the basal or developmental
threshold below which development does not occur (Bursell, 1974).

Although rising temperatures may increase the growth rate, fecundity,
fertility, adult longevity as well as survival are usually decreased
(Barlow, 1962; Barnes, 1976; Bursell, 1974; Greenfield and Karandinos,

1976; Janisch, 1932).

Temperature may also affect insect behaviour which in turn affects
the developmental rate (Barlow and Kerr, 1969; Bursell, 1974) and this has
been, and still is, neglected in many temperature studies (Wellington, 1960).

Diapause is also a temperature-related phenomenon as discussed in part b,

section ii of the introduction.

)




Many attempts have been made to relate growth and temperature by
developing mathematical equations (e.g. Barlow, 1962; Butler and Henneberry,
19765 Butler and Scott, 1976; Janisch, 1932; Logan et al, 1976; Sanderson,
19103 Siddiqui and Barlow, 1973; Trottier, 1971) and by using the concept
of day degrees (Arnold, 1960). In order for these mathematical equations
to be applicable to field situations, they must incorporate other develop-
ment affecting variables such as humidity, photoperiod and host plant.

{iii) Photoperiod effects

Photoperiod consists of a period of illumination (photophase) followed
by a period of relative darkness (scotophase) (Beck, 1968). Natural
recurring 24 hour photoperiods are due to the rotation of the earth around
it's axis. Since the earth's axis is at an angle of 23.5% to the plane of
the earth's orbit around the sun, a seasonal change in photoperiod (ratio
of photophase to scotophase) occurs at each latitude.

Insects have evolved mechanisms which utilize photoperiod for
seasonal information. The~ way in which they use photopértod to prepare
themselves for adverse conditions is discussed in part b, section ii.

Photoperiod regulates behaviour (Tocomotor and feeding rhythms,
oviposition and mating), adult emergence and swarming, circardian rhythms
and ecological adaptations (water conservation, reproduction (Barker and
Herman, 19763 Desed, 1973; Deseo and Siringer, 1975) food acquisition (Al1,
1973; Philogéne and Benjamin, 1971) and seasonal development), iorphology
(Vepsalainen, 1971, 1974; McPherson and Vangeison, 1975; McPherson, 1974,
1975), aphid polymorphism, as well as, certain physiological functions such
as oxygen consumption. (The number of references on the subject is so
numerous that only the most recent have been cited.)

Photoperiod has also been shown to affect the growth rate in some

insects. In several species of lepidopterous larvae, the growth is slower

oy




under shorter photoperiods (Cayrol, 1975; Danilevskii, 1961; Geyspitz,
1953) while in other species the opposite effect was found .(Danilevskii,
1961; Geyspitz and Zarankina, 1963). Beck (1968) suggests that these
growth responses are correlated with the photoperiodic effect of diapause
induction.

The effects of photoperiod on growth has been a neglected area in
photoperiodic studies as too much emphasis has been placed on diapause.
Extensive reviews on photoperiodic effects on insects have been prepared

by Beck, 1968; Danilevskii, 1961; Lees, 1968; and Wilde, 1962.

b) Diapause
(i) Definition
Wheeler (1893) first coined the term "diapause" to describe a stage

of arrested growth in the egg embryo of the grasshopper, Xiphidium ensiferum

L.. Later, Henneguy (1904) suggested that the term be used to embrace all
types of arrested development in insects. In 1929, Shelford suggested that
the term diapause be used only for the spontaneous arrest in development
which does not respond immediately to a change in the environment and the
term "quiescence" for the cases in which development is temporarily inhibited
due to an immediate unfavourable environment. In this latter case, as soon
as the insect is placed in a favourable environment, development resumes.
Way (1962) reaffirmed Shelford's (1929) definition of diapause but
also introduced a new term "dormancy" to define a diapause which "may not
be related in a simple way to temperature, during the dormant state".
Miller (1965, 1970) tried to reclassify dormancy according to the
factors which induce and terminate it. He used terms such as dormancy,
quiescence, parapause, eudiapause and o]igobause to identify different

types of diapause.




A reclassification of dormancies in insects, on the basis of the
evolutionary nature of dormancy, was suggested by Mansingh (1971). He
divided dormancy into three major groups: hibernation, aestivation and
athermopause. Each group was further subdivided into quiescence, oligo-

pause and diapause. Unfortunately, Mansingh did not attempt to incorporate

“any of Muller's (1965, 1970) definitions into his own, and this tog resulted
in much confusion (Thiele, 1973). Consequently, Shelford's (1929) definition

of diapause is still the one most widely accepted and used (Andrewartha,
1952; Beck, 1968; Danilevskii et'al., 1970; Harvey, 1962; Lees, 1956;
Tauber and Tauber, 1973a, 1976; Wilde, 1962). 'At present there is a need
for entomo]ogisté to come to an agreement on a reclassification of the
types of diapause, for Shelford's definition is actually inadequate.

Diapause enables the insect to survive a period-of unfavourable
conditions. It synchronizes reproduction and development to favourable
times of the season. Diapause is characterized by a reduction in endergonic
activities, such as protein synthesis, and exergonic activities, such as
respiration (Harvey, 1962). Usually there occurs a cessation of feeding,
water loss and locomotory inactivity.

(ii) Factors inducing diapause

It has been shown that the major environmental factor inducing diapause
in most species of insects is photoperiod (Adkisson, 1964, 1965, 1966;
Andrewartha, 1952; Beck, 1963, 1968; Danilevskii, 1961; Danilevskii et al.,
1970; Dickson, 1949; Lees, 1956, 1966; Saunders, 1976; Way et al., 1949;
Wilde, 1959, i962). Generally, short 1ight periods and long dark periods
induce diapause in most of the species studied.

Temperature also plays an important role in diapause induction and
cessation. Thermoperiod without any photoperiod can induce diapause (Beck,

1962a & b, 1968; Galichet, 1964; Jacquemard, 1976; Menaker and Gross, 1965;




Saunders, 1973). High temperature can prevént diapause in some species,
even in the presence of a short daylength (Beck, 1968; Danilevskii, 1961;
Dickson, 1949; Lees, 1950, 1953 a,.1956; McLeod, 1964; Philogéne and
Benjamin, 1971; Way and Hopkins, 1950; Wilde, 1962), while low temperatures
can induce diapause, even in the presence of a 1ong'day1ength (Beck, 1968;
Danilevskii, 1961; Danilevskii et al., 1970; Dickson, 1949; Wilde, 1962).

Diapause can be induced in some insects by the level of humidity,
(Cousin, 1932; Morris, 1967; Watson et al., 1973) in that high humidity
prevents diapause and Tow humidity induces it.

The quality of food also plays an important role in diapause induction
(Burges, 1962; Dickson, 1949; Lees, 19555 McMullen, 1967, Tauber and Tauber,
1973 by Tingle et al., 1971; Wilde, 1969). The fat content (Adkisson, 1961;
Bull and Adkisson, 1962), and dryness (Raina and Bell, 1974) of the larval
diet, as well as the crop maturity (Crowder et al., 1975), have been shown

to induce diapause in the pink bollworm, Pectinophora gossypiella  (Saunders).

~ However, humidity and food appear to be only secondary factors in
diapause induction with photoperiod and temperature having the critical
effect (Adkisson et al., 1963; Andrewartha, 1952; Beck, 1968; Danilevskii
et al., 1970; Morris, 1967; Wilde, 1962).

(iii) Diapause termination

Between the time of diapause initiation and termination, diapause
development occurs. This is the physiological, developmental process that
proceeds during the stage in preparation for the active resumption of
morphogenesis (Andrewartha, 1952). The age-class distribution at the time
of diapause induction, the diapause inducing stimuli, the innate character-
istics of the biotype, and the cénditions during diapause development can
interact to determine the ultimate Tength of diapause (Tauber and Tauber,

1976).




8.
Some species have a Tow temperature optimum for diapause development

(Andrewartha, 1952; Beck, 1968; Church and Salt, 1952; Lees, 1955; Danilev-
skii et al., 1970; Mansingh, 1971; Tauber and Tauber, 1973 a, 1976). For
some time it was believed that chilling was an essential requirement for
diapause development. However, many insect species do not require a chilling

period at all for diapause development to proceed (Church, 1955; Denlinger,

1972; Dickson, 1949; Hogan, 1960; Tauber and Tauber, 1973 b & c; Wilde, 1969).

In some species, diapause development can be terminated by long-day photo-
periods without simultaneous Tow temperature (Beck and Apple, 1961; MclLeod
and Beck, 1963). Low temperatures may prevent the exhaustion of fat body
reserves by Towering the metabolic rate, thus enabling the insect to survive
the period of diapause development (Beck, 1968).

Diapause development in some insects has been completed by mid-winter
and postdiapause development is arrested until temperatures rise above
the lower thermal threshold in the spring (Denlinger, 1972; Hans, 1961;
Hodek, 1962, 1974; Philogéne and Massalski, 1976 Tauber and Tauber, 1973 a,
1974, 1976). Post diapause morphogenesis begins after diapause development
is completed when environmental conditions such as temperature, photoperiod.

and humidity become favourable (Tauber and Tauber, 1976).

c) Artificial Diets

The use of artificial diets in rearing insects is very common and
widely used (House, 1967 a; Singh, 1972; Smith, 1966; Vanderzant, 1974),
Many diets are now available commercially (Bio-Serv, 1977).

An artificial diet for insects is defined as any diet that is not
the insect's natural food (Vanderzant, 1974). Artificial diets are used in
nutritional studies and for rearing healthy insects as uniformly as possible

for various other studies.




There are three main types of artificial diets. The first, called
holidic, is used mainly in nutritional studies. These diets include only
constituents whose chemical formulae are known (Dougherty, 1959). Very
few strictly holidic diets have been developed, although, diets which contain
some undefined substances such as agar, protein, vegétab]e oil, starch and
cellulose are sometimes considered holidic (Beck et al., 1968; Vanderzant,
1966, 1974).

The second type of diet is called meridic, and contains one or more
unrefined substances such as wheat germ or brewer's yeast. Most artificial
diets fall in this group. The incorporation of wheat germ into meridic
diets contributed substantially to their success (Chippendale, 1972;
Vanderzant, 1967, 1974).

Mainly crude plant materials are found in the third type of diet,
called oligidic. These diets are usually used in mass rearing and
maintenance of colonies, because they are:the most economical. Few of
these diets that use unrefined, or natural products, have proven success-
ful (Vanderzant, 1974).

An artificial insect diet should contain all or most of the following:

protein or amino acids, including 10 essential ones, (argenine, histidine,

isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan.

and valine), carbohydrate, fatty acids, cholesterol, choline, inositol,
pantothenic acid, nicotinomide, thiamine, riboflavin, folic acid, pyridoxine,
biotin, vitamin By,, beta-carotene or Vitamin A, alfa-tocopherol, ascorbic
acid, several minerals and water (Vanderzant, 1974).

Artificial diets are usually solidified with agar and/or sodium
alginate, and most contain some form of roughage such as cellulose. These
contribute to the physical properties of the diet which are important in

promoting adequate growth and development in the insects (Vanderzant, 1969).
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Antimicrobial agents such as sorbic acid or methyl paraben are also
added to most artificial diets to reduce fungal and microbial growth. At
certain levels, these antimicrobials have produced some detrimental effects
to the host insect (Kishaba et al., 1968; Ouye, 1962; Singh and Bucher,
1971; Singh and House, 1970 a & b).

An adequate diet should yield 70% or more reproductive adults from
eggs or immature forms (Vanderzant, 1964). Before a certain diet can be
considered successful, many insect generations must be reared. Vanderzant
(1966) has suggested.that some nutrients lacking in the diet may be passed
on through the egg, from field collected adults, from generation to generation,
until, at some point, it is exhausted and the insect can no longer survive
on the diet.

Insects reared continuously on artificial diets may lose vigour and
suffer reduced fertility, (Vail et al., 1967) fecundity, and longevity
(Lukefar and Martin, 1964). They may also lose the ability to survive on
their natural host plant (Rathore, Guthrie and Carter, 1976). These changes
may be due to genetic variation through inbreeding, rather than to the

inadequacy of the diet (Hinks and Byers, 1976; Huettel, 1976; McDonald, 1976).

d) Biology of P. isabella

The Tlarva of Pyrrharctia (Isia) isabe]]a] (J. E. Smith) (Lepidoptera:

Arctiidae), the banded woollybear, was so named because of its dense investi-
ture of setae. It has also been called the hedgehog caterpillar because of

its tendency to roll into a ball when the larva is disturbed. The woollybear

]The current name for the banded woollybear is Pyrrharctia isabella
(D.C. Ferguson and E. G. Munroe, 1977, personal communications). To
avoid confusion,~Pyrrharctia is used throughout the text although the
authors cited might have used Isia.
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is distributed throughout the United States and Canada (Mitchell and Zim,
1962; Saunders, 1873; Villiard, 1969).

There is some discrepancy concerning voltinism in P. isabella.
According to Riley (1880), the species is monovoltine in New England and
Canada and bivoltine in the more southern states. ?rench (1877) and Marten
(1880) report that it is monovoltine but that "in warmer latitudes there
are probably two broods". Forbes (1900) states that P. isabella is normally
two brooded in IT1linois while Dirig (1975) reports that it is monovoltive
in New York state. According to Metcalf, Flint and Metcalf (1962) and
Mitchell and Zim (1962) there are generally two generations a year in the
north.

In the larvae, the\brist1es are all of the same length and give the
caterpillar the appearance of having been shaven. The first and last few
segments usually have black bristles and the median segments have orange
ones, but the colors may vary from all black to all orange (Gibson, 1915;
Riley, 1880). Lutz (1909) reported that this variation in color was due
to moisture; 1in a wet environment the larvae were all black and in a dry
environment, all orange.

The larva is generally polyphagous, but feeds preferentially on

plantain (P]antago‘spp.) (Chittenden, 1903; French, 1877). Shapiro (1968)

has shown that the Tarvae will accept almost any plant offered. He tested
95 plant species representing 57 families but only one plant, the horsetail,

Equisetum arvense (L.)., failed to elicit any feeding response.

The woollybear does not constitute a major economic pest. However,
it has been reported feeding on cotton seedlings, corn, melon crops as
well as ripening peaches, tomato fruits, damaging both blooms and pods of

legumes (Fenton, 1937), cuttings of apple trees, blackberry and raspberry
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canes (Lugger, 1899), beets, peas and corn (Chittenden, 1903), willow
(Peterson, 1946), and fall rye (Arnason and McDonald, 1951).. A complete
Tist of natural host plants was assembled by Tietz (1972).

Dyar (1890) reports that there are 10 larval instars and he gives
the head capsule width for each one. Stages in the.]ife history of
P. isabella are shown in Plate I.

The woollybear overwinters as a mature larva under Teaves, logs,
debris, or any other sheltered place that it can find (French, 1877;
Gibson, 1905; Lugger, 1899; Marten, 1880; Saunders, 1873). The findings
of Baumberger (1907) indicate that the larva diapauses during the winter
months. A small percentage of the population may avert diapause so that
moths sometimes emerge in the fall (Saunders, 1868).

In early spring, the larva leaves its overwintering site and searches
for a place to pupate. Some authors report that after overwintering, the
woollybear will feed on any available green plants (Lugger,'1899; Saunders,

1873). The larva pupates in a cocoon that it constructs out of rough silk

and hair shed from the body.

e) Summary and Objectives

The polyphagous nature, abundance, and ease of collecting of P. isa-
bella potentially make it a very convenient experimental animal. Because
of its size, and since it diapauses as a mature larva, the banded woollybear
is an ideal insect for diapause and other physio1ogica1 studies.

Surprisingly, very little work has been done with this species. Payne
(1927) demonstrated that the diapausing woollybear lost water, and related
this to cold-hardiness. Mansingh and Smallman (1972) also used P. isabella
to study the relations between polyhydric alcohol content, diapause, and

cold-hardiness. The banded woollybear has also been used for various other




PLATE I:

Stages in the Life History of P. isabella

A.
B.
C.

Eggs (the darker eggs are within one day of eclosion)
First instar larvae
Last instar larva

Adult
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studies: visual system; Dethier (1943), stemmata; Philoggne (1975 a),
tracheal glandular organ; Hinks'and Byers (1975), Byers and Hinks (1976).

Dirig (1975) reported that P. isabella is difficult to grow from
egg to adult, however Byers and Hinks (1976) found no difficulty in
rearing the larvae on an artificial diet.

A Tliterature review has shown that little is known about the biology
of P. isabella in the laboratory, a rear%ng method using artificial diets
has not been deve]Oped specifically for this insect, and there have been
no studies investigating the development of P. isabella as affected by
different environmental factors. This may explain why so 1ittle work has
been done with this species. Most physiologists, interested in a specific
problem seldom take the time to develop rearing methods for insects suited
to their particular experiment.

In 1975, preliminary rearings of P. isabella larvae at the Agriculture
Canada Experimental Station in 1'Assomption, P.Q., indicated that the
woollybear might respond differentially to photoperiod, according to the
diet used. Such information could be useful in the planning of future
experiments using artificial diets. Most photoperiod-diapause studies
using such diets have been performed without proper comparisons to the
insect's natural diet.

The objectives of this study were;]) to establish the biology of

P. isabella under laboratory conditions; 2) to find diets suitable for

laboratory rearing of the larvae, and; 3) to study the characteristics

of larval development and diapause and the way they are affected by diet,
photoperiod and temperature. While most diapause studies emphasize
temperature/photoperiod effects, this study also deals with the dietary

component of anticipatory regulation in insects.
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IT. MATERIALS AND METHODS

a) Experimental Conditions

The insect was reared from eclosion under a range of temperature,
photoperiod and diet regimes aé outlined in Table I.

(1) Temperatures

Environmental chambers maintained the experimental temperatures of
220, 26° and 30°% within 1°C. The Tarvae kept at room (Rm) temperature
were in a wooden fearing cabinet (Plate II) that included a constant air
flow to minimize temperature difference between the photoperiods.
Nevertheless, there was a fluctuation of approximately 4°C between light
and dark periods. The absolute maximum and minimum temperatures attained
during the rearing period for each photoperiod at Rm. temperature were
(in °C) at Tight/dark (L/D); 9/15, 33-15.5; 11/13, 32-14.5; 12/12, 32-14.5;
13/11, 33-17; and at L/D: 15/9, 33-16°C.

(11) Photoperiods

The photoperiods were provided by 24 hrs. time clocks. The light
source for the room temperature (L/D: 9/15, 11/13, 12/12, 13/11 and 15/9)
as well as the 22°C, L/D: 15/9 and 17/7 conditions were provided by one
Westingbouse] F20 Cool White fluorescent lamp. The light source for the
other photoperiods, (22°C-L/D 9/15, 16/8; 26°C-L/D 15/9; 30°C-L/D 12/12,
14/10, 15/9, 16/8) was provided by four Westinghouse] F40 Cool White
fluorescent Tamps. The spectral distribution of the light emitted by
these lamps is included in the appendix (Fig. IX).

IWestinghouse Canada Ltd., Dorval, P.Q.
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TABLE I:
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TEMPERATURE (°C)

_RRM 22 26 30

915 | XA | xa

113 | XA |
212 | XA XB
1311 | XA

14/10 XB
59 | XA | XA | x8 | x8
16/8 | xs XB
177 _XB- :

Combinations df photoperfod, temperatufe and diet used to

- rear P. isabella.

Diets: X - Bean, Casein, Wheat Germ, Alfalfa and fresh'p1antain
| A - Plaintain |

B -. Casein-Wheat Geym

. Twenty larvae were reared at eaqﬁ-diet/temperature/photoperiod

combination. No two diets were mixed.




PLATE II:

[}

Wooden cabinet used to rear'P. isabella larvae at room
temperature.

Screened cage used to overwinter P. isabella under
natural conditions.

Plastic medicine vials containing moist sand used for
P. isabella pupae showing pupa and newly emerged moth.
Screened cage provided with petri dishes containing

cotton soaked with honey water and inverted wax containers

used as mating and oviposition sites for P. isabella.
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(iii) Diets

Six artificial diets and fresh plantain were used, the compositions
of which are shown in Table II.

The bean diet was first developed by Hinks and Byers (1976). Corn
oil and inositol were added and the concentration of water was increased
(D. G. R. McLeod, 1975, personal communication). Antimicrobials were
added to Vanderzant's (1976) wheat germ diet, and the plantain diet was
essentially the same as the alfalfa diet, except that plantain Teaf meal
was substituted for alfalfa.

A11 the diets were prepared by homogenizing the ingredients in a
blendor with approximately 1/3 of the water. The agar was autoclaved
in the remainder of the water and then added to the homogenized diet
mixture. This was then thoroughly mixed by hand and poured into 1 1b.
(454 gm) plastic containers. Once the agar had solidified, the diets
were covered, dated and refrigerated at 4°C. The diets were cut into

1.5 cm cubes as needed and were never kept for more than one month.

Initially, the plantain used, Cﬂigntago major L.), was grown in the
greenhouse but due to an infestation of aphids and spider mites, it was
later substituted with plantain from the field. The leaves of the plantain
were collected and placed in a moist plastic bag at 4°C to retard wilting

prior to use and always used within 3 hours of collecting.

b) Experimental Animals and Rearing Methods

Approximately 300 larvae were collected in the Montreal, Quebec
and Ottawa, Ontario areas between mid-September and the end of October,
1975.

Each Tarva was placed in a clear plastic medicine vial (6 x 3.5 cm -
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i
DIET BEAN CASEIN WHEAT GERM ALFALFA WHEAT GERM-CASEIN
| (Hinks & Byers) | . (Ee$§6§§_qll (Va??gg;?nt) (Vai}ggz al) (Chipp?qggli et a1l -
_ CONSTITUENT (1976) . ( (PRI
Water......... Cereriareseeireanas 69.26% 85.17 84,77 82.70 82.12
Beans (soaked in water)eveeeee..s 19.71 - ——— [ ————
HHEBE GO eerereerererrarasanss 4.62 ———— 2.95 2.85 4.83
[or- £33 | - 4,13 3.45 3.32 3.38
Brewers Yeast.......... Cereeranes 2.95 m——- aten ———— ————
SUCTOSB.evvsecnnranss ereeraaases ———— ———— 3.45 3.3 am—-
DeXtrose.eeeeentrriavssacecenans ~——- 3.23 ——— - 3.38
AgAr.eiiietiiieenensns hesiananen 2.30 2.32 2.46 2.37 2.41
Cellulose (Alphacel)eiveveurennns - 3.23 ———- .47 " 1.64
Alfalfa/Plantain....coveeenens ees —— “——- ——— 1.42 -
Wesson's Salt Mixture......... vie ———— ———- .98. .95 -
Salt Mixture B.(Beck et al.1968 ———- ".50 — ———- .48
Ethyl Alcohol......v.tuns [P -———— ———— ———— .90 ————
Ascorbic Acid....ccieviiiniecnnas .30 .39 .40 .40 .48
Potassium Hydroxfde.....ecvvevess ———- ———- ——— .47 -——
Sodium Alginate.icieeiiacnnnaceas —n- .39 —— ———— .48
Corn 0il......... P 27% ———- ——— ———— -—-
Corn 0i1 with 1% ottocopherol.... -— 2 ——n - 19 .
Linseed 0ileeeerssrvecrreeeeennns — - 25 - - |
ChoTeSterol.ceeeeeienseeserennans ——— .15 .05 m——— .29 ;
Choline Chloride...ccvevenennanns ———— .07 .10 .09 ° .44
Methyl p-Hydroxy Benzoate........ .18 ———— .20* .14 .14
Formaldehyde....cvovveneans Cesenns .18 ———— .20% .13 m———
Sorbic Acid..... Cevesteessrieneas .09 .09 J10* ———— .06
INositoleeeenenicninnen, cereeeaes .09* .03 .04 ——— .02
L-Cystein Hydrochloride.cvscvsaves ———- .08 ——— ———— ———
T T P ———— ——e- .01 ———- ——-
TOTAL Vitamins..ueveeeuenrerennns - .03 .0032 .06 .0032
VITAMINS (x 107%)
Niacin....... veseenn esvsssresasas 21.20 9.80 18.90 9.60 ;
Calcium Pantothenate ...eeeveve. 54.50 9.80 18.90 9.60 é
Thiamine......... Creereeraaaenas . 1.80 2.40 4.70 2.40
Riboflavin.iieeeneosnrensnsonsnns 3.10 4,90 9.40 4.80 :
Pyridoxine Hydrochloride......... 2.40 2.40 4.70 2.40 :
FOTHC ACTdunrrerrnsensensnennens .80 2.40 4.70 2.4 ]
B3 132 . TS .5 . .3 A 3
Cobalaming....cvveencrasesennonne W1 Nal .03 ---
Para-aminobenzoic Acid.ccsseenses 10. - --- -
PHevrerrrnreranennns veesearanen . 4.77 4,43 4,98 Alfaifa--- 5.60 4.72
Plantain-~ 5.13
z = Modification of original recipe.
w

TABLE II: Composition of diets

Additional to original recipe.

(% weight) used to rear P. isabella.
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Plasma Vials No. 14)] containing about 2 cms of moist sterile sand
covered with a piece of absorbent paper. These Tarvae were kept at
four different temperatures (0, 5, 10 and 22°C) and were examined and
weighed twice weekly. Periodically, drops of water were added to the
sand to maintain proper humidity within the via].‘

Every two weeks, randomly selected larvae were removed from each

temperature group, then placed at 22°C, L/D: 17/7 and given fresh plantain.

Twenty-five larvae were kept under natural conditions approximately
12 meters above grbund (The Biology Building roof) in a screened cage
(60 x 60 x 90 cm) in which sawdust and Teaves were placed for shelter
(Plate II). One larva was removed in mid-February and the rest were
removed in the spring.

The larvae at 22°C, L/D: 17/7, were weighed twice weekly and examined
daily for pupation. Pupae were removed from the cocoon, weighed, sexed
(according to Villiard, 1969) and placed in vials with moist sand at the
same temperature and photoperiod. A strip of paper towel was placed in
each vial to provide a vertical surface for the moths to crawl up and
permit expansion of their wings upon emergence (Plate II).

Moths were placed in a screened cage (60 x 60 x 90 cm) provided with
petri dishes ;ontaining cotton and honey water (Plate II). Inverted waxed
milkshake containers (15 x 8.5 cm) with strips of paper towels attached
were added as resting and oviposition sites (Plate III).

Eggs deposited were removed daily by cutting the paper around the
egg masses, then the papers with the adherent eggs were put in vials

containing moist sterile sand at 22°C, L/D: 17/7. Within 12 hrs. of

Dominion Comb and Novelty Co., Warwick, P.Q.




PLATE III:

A - Inverted waxed milkshake containers with strips of paper
towels attached and used as resting and oviposition sites
for P. isabella moths.

B - P. isabelta larvae reared individually in plastic medicine
vials placed laterally on a white enameled tray.

C - Medicine vials used to rear P. isabella showing Tarvae

and cubes of artificial diet.
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emergence, newly hatched larvae were transferred with the aid of a fine

camel hair brush to the experimental conditions.

Twenty larvae were individually reared at each experimental condition
(Table I) which represents a total of 1680 larvae. Each vial, placed
Taterally on white enameled trays, contained a cube of diet (about 1.5 cm)
or 2-3 leaves of plantain (Plate III).

The larvae were examined daily during the photophase. Food was
changed and the larvae were weighed every 2 to 3 days. To control disease,
the weighing scaTé, bench top and forceps were rinsed periodically in a
solution of 5% acetic acid in 70% alcohol (Hinks and Byers, 1976). A1l
dead Tarvae were soaked with this solution in the vial for at least 24 hrs.
before being removed. Time of moulting was fecorded for each individual
and the head capsule width was determined using an ocular micrometer at a
magnification of 12.5x. Heads of dead larvae were cut off and also measured.

Approximately ten days after the continual decrease in mean weight
of an experimental group, 2 to 4 Tarvae were left under the same experimenta]i
conditions to provide controls, while the rest were removed and the same

procedure as outlined for the field collected larvae at 5°C was followed.

After removal from 5°C, the Tarvae were provided with the initial diet on

which they developed.

A A Y T YT SR 48 e ST

Moths from each diet group were kept in separate cages and fertility

was noted.

Five to 10 Tarvae were also individually reared at each photoperiod

and temperature regime on wheat-germ diet in opaque vials (5 .X: 3 cm empty

film vials). These larvae were examined twice weekly under Kodak] safelight
filter-Wratten series 2. Times of moulting and head capsule widths were

recorded.

1Eastman Kodak Co., Toronto, Ont.
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Approximately 100 newly emerged larvae were placed in screened cages
on the Biology Building roof and were fed plantain growing “in flats. In

the fall these Tarvae were transferred to vials containing moist sand and

maintained at 5°C.
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ITI. RESULTS

a) Growth .and Diapause of Larvae Reared on Different Diets

Developmental data on the larvae reared on different diets is
summarized in Table III. The type of diet that the larvae fed upon did
not affect the induction or prevention of diapause. Six percent of larvae
reared on fresh plantain completed development without diapause while 100%
of those on the casein diet entered diapause. Pre-diapause pupation ranged
between .7% and 2;3% on the other diets.

There occurred 91% and 67% mortality on the plantain and alfalfa
diets, respectively. Mortality on the other diets ranged from 5% to 32%.
Most of the deaths on fresh plantain occurred during the first two instars
(Tables XV a-d) because of drowning in water which had condensed from leaf
transpiration.

The larvae on the plantain diet were the only ones whose mean
maximum weight differed to any great extent from that of larvae on other
diets. The mean maximum weight of these plantain-fed larvae was 1.0 gm
while the mean maximum weights of the Tarvae on the other diets ranged
between 1.3 and 1.4 gm.

The time required by the larvae to attain maximum weight (at which
diapause occurs) ranged between 57 and 80 days; the larvae on the wheat
germ diet requiring the shortest, and those on the plantain diet, the
Tongest. The Tarvae on the other diets spent between 61 and 69 days in
completing their development.

The number of instars fluctuated among the larvae reared on each
separate diet. Some of the Tarvae which fed on the casein diet had up to
12 instars. The minimum number of instars was 6, although the mean number

was close to 8 on all the diets.




TABLE III:

Development of P. isabella larvae reared on 7 different
diets. Data on diapause response, percent mortality,
maximum weight, mean number of days from eclosion to
diapause (maximum weight), range and mean number of
instars. Data pooled from 8 photoperiods and 4
temperatures tested. (N - Sample size, S.D. - Standard

Deviation)
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On the casein diet there was a mean lag period of 10 days Tonger than
on the other diets before larvae began exbonentia] growth (Fig. I). Further-
more, all adults emerged with deformed wings (Plate IV) and laid infertile
eggs.
Larvae on all other diets except the plantain produced fertile
females, but too few adults were obtained from the plantain diet to verify

adult fertility.

b) Growth and Diapause of Larvae Reared af Different Photoperiods and
Temperatures |

The developmental parameters of larvae reared at the different photo-
periods and temperatures are given in Table IV. Ninety-eight percent of
all larvae entered diapause. The larvae that averted diapause, did so at
photoperiods between L/D: 15/9 and 17/7, although two pupated at L/D: 12/12.
Observations on the development of the non-diapause Tarvae are presented
in the appendix, part c.

Photoperiod did not seem to affect mokta]ity. Between 6% and 35% of
the larvae died before attaining maximum weight. The highest mortality
occurred at 30°C, L/D: 16/8. |

Maximum weight attained by the larvae was lowest at 30°C, L/D: 15/9
and 16/8. The highest mean maximum weight occurred at room temperature,
L/D: 15/9.

Development time (measured as days from eclosion to maximum weight)
remained rather constant between the photoperiods of L/D: 9/15 and 13/11.
As the photoperiod increased beyond L/D: 14/10, the time to diapause
(maximum weight) also increased, and the growth rate decreased (see also
Figs. VIII a-m). Temperature did not affect the amount of time required
for the larvae to complete development, (Table V) although it did affect

growth rates early in their development (Figs. VIII a-m). The growth rates




FIG.

I:

Growth rates of P. isabella larvae at 26°C and a photoperiod
of L/D: 15/9 reared on different diets.
Diet A - Bean, B - Casein, C - Fresh plantain, D - Wheat Germ,

E - Casein-Wheat Germ.
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PLATE IV:
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. isabella moth with deformed wings.

Head capsules of an eight instar larva of

. isabella. Head capsule widths (mm) - 1st

instar (not shown) - .4, 2nd - .5, 3rd - .7,

4th - 1.1, 5th - 1.7, 6th - 2.4, 7th - 3.15,
8th - 3.9.

i l
(
; ‘l
: 28. :
! ;
; :
H |
f i
: i
\
.
| |
: i
: ]
: |
|
; |
i
{
i
4 i
i .
il
3 i
i i
¢ 11
|




TABLE IV:

Development of P. isabella larvae at different photo-
periods and temperatures. Data on diapause response,
mortality, maximum weight, mean number of days from
eclosion to diapause (maximum weight), range and mean
number of instars. Data pooled from 4 diets tested
(Bean, Casein, Wheat Germ and fresh plantain).

N - Sample size, S.D. - Standard Deviation.
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TABLE V:

Cumulative daily mean temperatures for P. isabela larvae
from eclosion to diapause (maximum weight) at each combina-
tion of photoperiod, temperature, and diet (temperature in

degrees Centigrade). Cumulative daily mean temperature -

summation of low temp. of day + high temp. of day
2




e e s e e e e s ey e i T TR B N T e D N ER RN n a

30.

£obt 6991 ghLT 6691 99¢1 cght (2421 TYIOL

oLoz 0591 — 0012 o6vz 0661 o£12 0012 8/91 of
G961 0z€1 — 0691 - 0662 0t o£et oLoz 6/51 of
gt - 0961 —_— 06€T — OTLT 0961 obLt OTAVT Of
g121 0921 —_ 0111 -—_ oLTt 0get oLTT 2t/et of
L9g1 Celgt S 9hg1 — g9LT vz61 re61 6/51 92
yogt ghot ——tue yogt — 09LT e14°18 9Lt L/LT 2z
voze 9¥0z —_— vETe — 9512 9922 ozbe 8/91 22 .
LLET otrt —_ — 9€61 9501 evet FALS 6/ST 22 .
veot beot — —_— roeT rig 221l 9€g S1/6 22 _
govt 9091 — e gaLt " 6ETT 86T €911 6/5T 1a
6111 zlet elat — elet 869 LLot 26 11/€1 nu
121t el ro91 -_— €611 Glg 9001 Glg rALAR
LTt 0811 €112 —_ 0911 6L 966 L9g €1/11 Wu
g1t L2231 69L1T — G021 LEg 696 £2g ST/6 1y
TVIOL (HSZEd ) WEHD

NIVINVId ° NIVINVId C°IVAHM-NIZSYD® VJ4IVITV ° WyED LVAHM ° NIASYD *  Nvad  * Jd1d@ °

s




A A i a s e e cmen

e A it

31.

at 30°C were much slower than at the other temperatures. The increase
in developmental time was characterized by increased number of instars.
Increments in head capsule widths at each successive instar are shown in
Fig. II, Plate III and Table XII.

The mean Tight/dark hours that the larvae received before entering

diapause are presented in Table VI. The total number of 1ight hours to

diapause range from 315 and 1648 hours while the total number of dark hours

to diapéuse showed less variation; i.e.: 418 and 880 hours, each depending

on the photoperiod.

c) Diapause of Larvae Reared Under Natural Conditions

A11 of the larvae which were reared under natural conditions (photo-
period and temperature) entered diapause. These larvae ceased feeding by

the end of September.

d) Larvae Reared at Constant Dark

The mortality of these larvae was very high. The dark vials had
tight fitting 1ids which resulted in high humidities and possibly oxygen
shortages within the vials. The number of surviving individuals was too

small to warrant meaningful interpretation of the data.

e) Diapause Development

(i) Laboratory reared larvae

Because of the mortality levels during both Tlarval and diapause
developments, sample sizes are too small to allow comparison of diapause
developments of the different photoperiod, temberature and diet groups.
The results from all of these groups were therefore pooled.

A11 of the Tarvae from the 30°C group died within 3 weeks of being

placed at 5°C while there was a 51% mortality at 59C of larvae from the




FIG.

IT.

Mean head capsule widths at each instar for larvae of

P. isabella pupating after 7, 8, 9 and 10 instars. Data

pooled from 7 diets, 8 photoperiods and 4 temperatures
tested.
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TABLE VI:

Mean number of light/dark hours that the larvae of
P. isabella received from eclosion to diapause. Data
shown for each combination of photoperiod, temperature
and diet. Upper numbers refer to 1ight and Tower

numbers refer to dark (L/D).
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other temperature conditions. Time to completion of diapause development
was ggterminted as pupation within 20 days after removal-from 50¢. Diapause
development required 150 days at 59C for completion (Fig. III). F611owing
a 50 day period at 5°C, the morté]ity, prepupation and pupation rates
remained almost constant (Fig. IV). |

(i1) Field collected larvae

The diapausing larvae lost very little weight while at 0° and 5°C;
they lost 12% under natural conditions and up to 50% at 10° or 22°%.
Larval mortality was 13% at 0°C, 29% at 5%, 80% at 10°C, 93% at 22°C
and 46% under natural conditions. There was a 16% pupation rate of
larvae removed from OOC, 41% for larvae from 5°C, 11% from 10°C, 7% from
22°C and 33% from natural conditions. Because of the high mortalities,
there was insufficient data to determine the amount of time needed to
complete diapause development at 0°C and 10°%. At 5°C, 125 to 150 days
were required before diapause development was completed (determined as
pupation within 20 days of removal from 5°C) (Fig. V).

The 25 Tlarvae placed under natura1'cond1tions were frozen solid in
the sawdust and therefore were not removed until thawing. During a mid-
February rain storm (Feb. 16, 1976), one larva: thawed and was removed.
It pupated in 16 days. The rest of the Tarvae were removed on March 26
and were placed at 5°C. A1l of the Tarvae which pupated (5), did so within

20 days of' removal from 5°¢.

f)}) Summary of Results

The bean, wheat germ, casein-wheat germ and fresh plantain diets were
all found to be satisfactory for rearing P. isabella in the laboratory.
The increase in temperature from 22°C to 30°C resulted in a decreased

growth rate but the total amount of time from eclosion to diapause was
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FIG. III:

Mean number of days required for diapausing\g;_isabe11a
Tarvae to'pupate after removal from diapausing conditions
(5°C). Bars indicate Standard Deviation. Data pooled
from 20-77 Taboratory reared individuals at each time

period.
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FIG. IV: Percent mortality, prepupation and pupation for diapausing
P. isabella larvae after removal from diapause conditions
(5°C). Data pooled from 28 to 186 individuals at each time
period from all pre-diapause photoperiods, temperatures and

diets tested.
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FIG. V:

Mean number of days required for diapausing P. isabella
larvae to pupate after removal from diapause conditions
(5°C). Bars indicate Standard Deviation. Data pooled from

5 to 11 field collected individuals at each time period.
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not affected. Photoperiod was more important than. temperature in regulating
development time. As photoperiod was increased above L/Da‘14/10, the
developmental time also increased resulting in extra mou]té and a slower
growth rate.

The larvae can be considered to undergo an 6b1igatony diapause as
none of the experimental conditions prevented diapause to any great extent.
A11 of the diapausing larvae reared at 30°C died when placed at 5°C. Both
the laboratory-reared and field collected larvae required 125-150 days at
59C before diapadse was terminated. Diapause was also terminated in larvae

kept at 0, 10 and 229 although mortality at 22°C was very high.
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Iv. DISCUSSION

a) Development of P. isabella on Different Diets

The banded woollybear was reared with relative ease on the bean,
casein, wheat germ, casein-wheat germ and fresh plantain diets. The
growth rates on all of these diets were equally comparable except for a
10 day lag, in first instar larval growth, on the casein diet (Fig. I).
This Tag could be due to Tower palatability in the absence of wheat germ
(Chippendale, 1972; Vanderzant, 1974). However, once the larvae accepted.
the casein diet, the growth rate compared favourably to the other diets.

The deformed wing condition found in adults from larvae fed the
casein diet has been reported to be due to insufficient wheat germ oil
(Fraenkel and Blewett, 1946) and more specifically, to insufficient
Tinolenic acid (Poitout and Bues, 1974; Vanderzant, 1967). However,
deformed wings were not alleviated in a hesperid by the addition of

Tinolenic acid (J. A. George, 1976, personal communication). Because this

condition previously arose on meridic diets, it was difficult to show that

it was chiefly due to a fatty acid deficiency. Since deformed wings have
now appeared 1in an insect reared on a holidic diet, a unique opportunity
arises to study the deformed wing syndrome. Infertility was most Tikely
due to the inability of the moths with deformed wings to mate.

The salt marsh caterpillar, Estigmene acrea (Drury), was successfully

reared for 12 generations on the alfalfa diet (Vail et al, 1967). It is
therefore surprising that P. isabella, a species closely related to E.
acrea and with similar host plants (Tietz, 1972), was not at all successful

on this diet. Furthermore, when the alfalfa leaf meal was replaced by

plantain, a natural host plant of P. isabella, development was not improved.

This is a very common occurrence when using oligidic diets. Dried plant
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material may deteriorate during storage, thereby destroying nutrients
and forming toxic products which produce an unacceptable diet (Vanderzant,
1966, 1974). Furthermore, the plantain and alfalfa diets became contam-
inated much sooner than the other diets, which was probably because of
microbial contaminants introduced with the leaf meal. Plantain proved to
be an inconvenient food for several reasons: greenhouse grown plantain
was attacked by spider mites, aphids and whiteflies, because insecticides
could not be used to prevent such infestations. The use of fresh plantain
was therefore 1imited to the summer months when it was available in the
field. Furthermore, additional leaves had to be added to the vials
between weighings. When large quantities of plantain were added, the
resulting increase in humidity caused deterioration of the leaves. Conden-
sation within these vials was also a major cause of mortality in the first
2 instars. These problems were non-existent in the artificfa] diet reared

individuals.

b) Head Capsule Widths and the Number of Instars of P. isabella

Dyar (1890) based his law on the results of successive increases in
head capsule widths of 27 species of lepidoptera, one of which was P. isa-
bella. According to him, P. isabella underwent 10 instars, and successive

head capsule widths were found to be .4, .7, .9, 1.2, 1.6, 2.2, 2.6, 3.6

and 4.1 mm. The head capsule widths at each successive instar of P. jsabella |

larvae found in the present study (Tables XIII a-d) were not in agreement
with Dyar's results. Under all experimental conditions, the head capsule
widths of the 4th instar fluctuated above and below the widths indicated by
Dyar as belonging to both the fourth and fifth instars. Dyar most probably
obtained his results by collecting head capsules from different individuals

and then hypothesized that each successive increase in width was actually
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another instar. This would explain how he found 10 instars in P. isabella,
while the normal number found in this study was between seven and eight.

Increase in the length of larval development in P. isabella was
characterized by an increase in the number of moults. These moults should
be considered as "inter-moults" rather than supefnumerary ones, since the
last head capsule‘widths were almost of equal size (Fig. II). These
results support Nijhout's. (1976) theory that it is the size of the larva
and not the number of instars that it has undergone, that determines time
of pupation.

The 7, 8, 9 and 10 instar larvae had the same head capsule widths
for each instar in the first 3 instars, but each successive instar after
this number had a reduction in increment size with the increase in the
total number of instars (Fig. II). The increments in the head capsule

width at each successive instar as measured and analyzed in this study,

therefofe, do not follow Dyar's law.

c) Diapause in P. isabella

(i) Voltinism

Diapause in univoltine species has for a long time been considered as
being obligatory. A diapause is obligatory when every individual in every
generation enters diapause, irrespective of environmental factors
(Andrewartha, 1952; Philogéne, 1975 b). These insects diapause at one
and the same genetically determined developmental stage (Braune, 1973).
The number of insects with truly obligatory diapause is continuously being
reduced as highly specific conditions are being found to prevent diapause
in these species (Wilde, 1970). Nevertheless, a certain number of
individuals in populations of northern iﬁsects display an inherited tendency

to obiigatory diapause not regulated by photoperiod (Danilevskii et al, 1970;
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Wilde, 1962). Although the majority of individuals may enter diapause,
there usually is a wide range of individual variation (Mansingh and
Smallman, 1967). By selection of these individuals, one can rapidly
obtain a facultative strain from what may appear as an obligatory one,
(Barry and Adkisson, 1966; Harvey, 1961; House, 1967 b and Hoy, 1977) or
vice versa (Lees, 1955).

The genetic variability in insects would explain how obligatory and
facultative strains have evolved. Through continuous natural selection,
obligatory strains Have evolved where the ecological conditions allow only
one generation a year, and facultative strains in areas where more than
one generation is possible.

The collection dates of museum specimens (Fig. VI), field observations
(Appendix A) and rearing experiments indicate that P. isabella is univoltine
in Canada. Since diapause was not prevented to any great degree under any
of the experimental conditions tested; it must be conc]uded that populations
in.Canada undergo an obligatory diapause. A very small percentage of the
individuals under the experimental conditions did avert diapause (Table XVI)
showing the genetic variability of this strain. Presumably, these non-
diapausing individuals would be unable to survive the winter and therefore
the selection for the obligatory strain would be reinforced. Museum
collection data also suggest that P. isabella is bivoltine in the more
southern states (Fig. VI). There is a possibility that a seasonal influx
of this facultative population to the north maintains the genetic variability
of the northern population. However, this is unlikely, since the majority
of the non-diapausing larvae pupated under photoperiod conditions which do
not occur in the more southern latitudes of North Amerfca (Table XVI).

The critical daylength of the photoperiodic reaction of most species

greatly increased from the south to the north (Danilevskii et al, 1970),
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and therefore, it is most likely that.the Montreal-Ottawa regions are within
the northern Timits of a transitory region between obligatory and facultative
strains of P. isabella. Other factors such as. temperature might induce
diapause under natural conditions in the facultative strain, for all of the
individuals reared under conditions natural for the Ottawa area entered
diapause. It is difficult to show that prevention of diapause in P. isabella
was the result of the Tong photoperiods, because of the small sample size
of non-diapausing individuals. To further understand this phenomenon,
comparisons would have to be made with the photoperiod/diapause relation-
ships of the more northern and southern populations of P. isabella.

(i1) Cold-hardiness

The increasing ability of an insect to survive subzero temperature is
termed cold-hardening; the degree of cold-hardening which an insect under-
goes is expressed as its cold-hardiness (Hénec and Beck, 1960). There has
been much controversy over the relationship between cold-hardiness and .
diapause. Lees (1955), Salt (1961) and Ring (1972) believe that such a
relationship is only coincidental while Mansingh (1971, 1974) and Mansingh
and Smallman (1972), believe that there is a direct relationship.

Initially, it was assumed from the work of Payne (1926) and Sacchorov
(1930) that cold-hardiness was directly related to dehydration of the
insect. Payne (1927) postulated from dehydration curves of P. isabella
as well as other insects, that cold-hardiness could be measured by the
moisture content of the insect. At the point of inflection of the weight
loss curve, he found that P. isabella could survive freezing. Unfortunately,
Payne (1927) did not indicate in his paper whether the dehydration curves
were determined under natural or laboratory (constant temperature) conditions.
The inflection in the curve and subsequent cold-hardiness could have been

due to natural temperature changes and not to a cessation of dehydration
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resulting from the achievement of cold-hardiness, as he had postulated.
The results of this study seem to follow the former hypothesis. Diapausing
P. isabella larvae kept at between 22 and 30°C constantly lost weight while
those transferred to 0 and 5°C immediately stopped.1osing weight, much
Tike Payne's (1927) inflection point. This would indicate that temperature
and not the achievement of cold-hardiness, is critical in the maintenance
of weight in diapausing P. isabella. Temperature and weight loss in
diapausing P. isabella is further discussed in the section on diapause
development (iv).

Dehydration does increase cold-hardiness, but the increase is
negligible (Salt, 1961). In order for appreciable cold-hardiness to be
achieved, the water loss must be extreme, however, most insects cannot
tolerate the high electrolyte concentrations resulting from such dehydration
(Salt, 1961).

Cold-hardiness may be achieved by increasing concentrations of various
solutes in the haemolymph, such as polyhydric alcohols (Mansingh and Small-
man, 1972, Salt, 1959; Sgmme, 1967), and unsaturated fatty acids (Pantyukov,
1964). Mansingh and Smallman (1972) showed how the polyhydric alcohol
levels increased in diapausing P. isabella and concluded that “deve]opment
of cold-hardiness appears to be a part of the general diapause physiology".

In the present study, diapausing larvae reared at temperatures
between 22 and 26°C were found to be cold-hardy while those reared at 30°%C

were not. Hanec and Beck (1960) found that incubating cold-hardy Pyrausta

nubilalis (Hubn) Tarvae at 30°C for several days tended to destroy this

cold-hardiness. Furthermore, P. nubilalis larvae collected in August were
not found to be cold-hardy while those collected in September were.

Mansingh (1974) argued that the P. nubilalis Tarvae collected in August
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were less cold-hardy than the September collected larvae (Hanec and Beck,

1960) because complete diapause physiology was probably not yet induced.

P. isabella Tarvae reared at 30°C were never cold-hardy, yet, some did

complete diapause development at 30°C. If Mansingh's (1974) argument
was valid, it means that diapause physiology was neQer induced, i.e.:
these larvae never entered diapause.

The results of the present study with P. isabella as well as those
of Hanec and Beck (1960) would indicate that diapause may serve to be a
period during which éo]d-hardening may occur, but, that nejther the
weather conditions which induce diapause, nor diapause itself, produce
cold-hardiness. This, therefore, supports Salt's (1961) hypothesis that
the relation of cold-hardiness to diapause appears to be a coincidence
arising from concurrent timing. Furthermore, it has been shown in the
present study with P. isabella, and by Hanec and Beck (1960) as well as by
Mansingh and Smallman (1972) that cold-hardiness is not achieved in dia-
pausing individuals kept at high temperatures. Mansingh and Smallman
(1972) concluded from their findings that "the enzyme system responsible
for the Towering of supercooling points.... seems to work more efficiently
at Tow ambient temperatures and otherwise reduced biosynthetic and meta-
bolic activities during diapause". Because of the arguments against the
direct relationship between diapause and cold-hardiness presented earlier,

it would seem that lower temperatures actually induce cold-hardiness

during diapause, but that the two phenomena are independent of one another.

(1i1) Effects of photoperiod and temperature

Photoperiods with a photophase longer than 14 hrs. were found to slow
the developmental time in P. isabella. There are only two instances in
the literature where the development period was retarded by longer photo-

period. Danilevskii (1961) reported this phenomenon in the noctuid,




46.

Agrotis triangulum (Hufn.), while Geyspitz and Zarankina (1963) observed it

in the tussock moth, Dasychira pudibunda L. The photoperiod affected maxi-

mum larval weight in D. pudibunda to a greater extent than in P. isabella.

The total duration of illumination that P. isabella larvae were
exposed to before the onset of diapause varied much more than the duration
of darkness (Table VI). This would indicate that the dark period is more
important in contro]]ing the development rate in the larvae of this insect.
Moreover, the increase in developmental time, as indicated by the head
capsule widths (Fig. II), occurred only after the 3rd instar. This may be
the stage at which the larvae became 1ight sensitive, a response which has
to be further investigated.

Temperature did not affect the total larval development time in P.
isabella as would have been expected. Increase in temperatures did not
always result in a decreased developmental period. Short photoperiods
and low temperatures produced intensive acceleration in developmental
period in D. pudibunda (Geyspitz and Zarankina, 1963) while long days
produced inhibition, additional moulting, and a reduction in growth rate
(Geyspitz and Zarankina, 1963). Similar results were obtained with P.
isabella. Geyspitz and Zarankina (1963) concluded that "it is practically
impossible to apply the rule of heat total to D. pudibunda". This statement
seems to be equally applicable to P. isabella.

There are three possible reasons why longer photoperiods increased
development time and the number of instars. The banded woollybear may be
primarily a nocturnal feeder and therefore its rate of development may be
directly linked to the amount of dark per day. Short scotophase may result
in starvatfon of the larvae. Starvation has been shown to induce extra
moulting (McGinnis and Kasting, 1959; Nijhout, 1975; Jacobson and Blakeley,

1960). Furthermore, increased temperatures may decrease growth rates
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during Tong photoperiods because the metabolic rate is increased but the
insect cannot compensate for this increase by feeding more during the short
scotophase.

Another explanation is that, this phenomenon 1s correlated with the
photoperiodic effect of diapause induction. Many authors have found that
the scotophase was more important in diapause induction than the photophase
(Adkisson, 1964, 1965; Beck, 1962 b; Bowen and Skopik, 1976; Danilevskii,
1961; Dickson, 1949; Lees, 1953 b, 1966), while others postulate that it
is the phase of an bsc111ation of dark and Tight stimulated rhythms which
induce or prevent diapause. (Saunders, 1976). Nevertheless, an obligatory
diapausing insect must have lost its ability to respond to the diapause
preventing stimulus. Degenerate forms of photoperiod reactions are found
in many univoltine insects (Danilevskii, 1961).

It is possible that in the evolution of an obligatory strain of P.

isabella, the insect lost its photophase response and therefore depends

on the scotophase for diapause induction. If this is the case, it gives
us a unique opportunity to study diapause induction by comparing the
photoperiodic responses in this obligatory strain, to those of a southern,
facultative strain.

The third possible explanation for the photoperiod effect on growth
is that it is an adaptation, in this obligatory strain, which functions
to synchronize its Tife cycle with the season. If the growth rate was
overly dependent on the temperature in P. isabella, larvae would mature
and enter diapause well before fall during exceptionally warm summers.
Since all the Tarvae would enter diapause, mortality would be very high
because of the hot weather they would experience (as discussed previously).
The sTow down photoperiodic effect prevents this from happening. .During

hot summers when the photoperiod. is long, developmental time is lengthened
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by the slowing of the growth rate and by the production of inter-moults,
while during cool periods or towards the end of summer, when the photo-
period is shorter, the opposite effect is produced. This adaptation ensures
that diapause is induced only in the early fall when the temperatures are
conducive to diapause maintenance without high mortality. Geyspitz and
Zarankina (1963) concluded that the delay in the development in D. pudibunda,
due to photoperiod and temperature, was an "unusual case of diapause in
which movement and feeding are not eliminated but merely partly reduced".
A more appropriate éxp1anation would be that this delay has deveToped as
just a preparatory function for the proper timing of diapause induction.
Whatever thé reason behind the photoperiodic regulation of the
development period, it has been shown that photoperiod has a great effect
on P. isabella development and that the concept of day-degree accumulation
(Arnold, 1960) cannot be used with this species. More investigations will
have to be performed with univoltine species to determine how widespread
this phenomenon is. Possibly, greater attention will have to be paid to
the photoperiod when constructing future computer models for univoltine
insects.

(iv) Diapause development

Chilling 1is not'an absolute necessity for diapause development to
occur in P. isabella as diapausing larvae kept at 22, 26 and 30°C cdmp]eted
development. Mortality and weight Toss in these Tlarvae increased pro-
gressively as the temperature was. increased from 0 to 30°C. This indicates
that the cold may prevent the exhaustion of fat body reserves, thus enabling
the Tarvae to survive the diapause development period, as postulated by
Beck (1968) and McLeod and Beck (1963). Indeed, Scholander et al, (1953)

demonstrated that respiration rates in overwintering Chironomus larvae

were directly proportional to the temperature. Unfortunately, it is not

i
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known if diapause development had been completed in these larvae. Further-

more, diapausing pupae of the corn earworm Heliothus armigera (Hubn.) Tost

less weight when kept at higher humidities (Ditman et al, 1940). It is
Tikely that lower temperatures not only slow down the metabolic rate but
also reduce the amount of dessication in diapausing insects.

Post-chilling mortality was not affected by the length of chilling
time (Fig. IV), although time to pupation decreased as chilling time was
increased (Figs. III, V). It would be expected that both of these para-
meters should be decfeasing in parallel, as those larvae which terminated
diapause, theoretically, should have a lower mortality than those still
in diapause. Thé constant rate of mortality may be due to a temperature
shock (transfer from 5 to 22°C) and therefore might not be a reflection
of the actual post-diapause viability.

The high mortality during the diapausing period at 59¢ may reflect
natural diapause mortality (Appendix A), or it may indicate that this
temperature is not optimal for diapause development in this species. It
is unfortunate that too 1ittle data was obtained at 0 and 10°C to permit

a valid comparison with the 59C results.
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V. SUMMARY AND CONCLUSIONS

Experiments on the effects of photoperiod, temperature’and diet on
the development of P. isabella reVea]ed.that:

1) The species is univoltine in the Ottawa-Montreal area and under-
goes an "obligatory" diapause.

2) The Tlarva can be easily reared on bean, wheat-germ, casein-wheat
germ and fresh plantain diets.

3) Larvae réared on casein, alfalfa and plantain diets had greater
variations in the number of instars, than did those on the other diets.

4) The increments in the head. capsule widths at each successive
instar did not follow Dyar's rule. Moreover, the measurements of the head
capsules at each instar were found to be different from those reported by
Dyar.

5) Development time increased at photoperiods longer than 14 hrs.
This increase was characterized by extra instars that were due to "inter-
moults" rather than to supernumerary moults.

6) The results suggest that scotophase may be more important than
photophase in influencing development.

7) Temperature did not affect overall Tarval developmental time,
although, higher temperatures did slow initial growth rate. The day-
degrees/development relationship, typical of many insects does not hold
true in this insect.

8) "Chilling" was not absolutely necessary for diapause development,
although, mortality was very high at higher temperatures. Temperature
seems to be critical in lowering the metabolic rate of the diapausing

larvae.
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9) Diapausing larvae reared at 30°C were not cold-hardy and could

not withstand being transferred to 5°¢.
;
|
|
£
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VI. APPENDIX

a) Observations on the Life History of P. isabella

In early September, last 1nstér larvae were found feeding mainly on
plantain. Some were also feeding on clover and dandelion. When looking
for the larvae, one must search around the base of the host plants as the
woollybears roll into a ball and drop to the ground as soon as they are
disturbed. In this ro]1ed¥up position, they are very difficult to see for
they blend in with the debris on the ground. In early morning, the larvae
were observed basking in the sun on the highest points of the plants.

The Tarvae were first seen on the move around mid-September. It was
at this time that they were the easiest to collect. Woollybears were seen
crossing roads, especially in areas where there were fallow fields. This
travelling continued on warmer days until the end of October. Larvae were
also collected while on the move in mid-May. These larvae usually pupated
within five days of being collected. The head capsule widths of last instar
field collected larvae ranged between 3.8 and 6 mm (mean = 4.4, Standard
Deviation,=.6 and Sample Size = 12).

Pupae were collected under wooden planks in the beginning of June.
Under one pile of wood, 30 dried larvae, 1 prepupa in its cocoon, 2 pupae
and 1 recently emptied cocoon were found. This would indicate a high
overwintering mortality.

Moths of P. isabella were collected in light traps between early June
and July, but they were never very abundant. The collection dates of
specimens.” in the Lyman Museum of McGill University and in the National
Insect Collection of Canada indicate an early July flight peak in Canada
(Fig. VI). This same déta indicates that the species is bivoltine in the

more southern states and monovoltine in Canada.




FIG. VI:

Percent of P. isabella adults collected at different periods
of the year. Data obtained from the Lyman Museum (McGill
University) and the Canadian National Insect Collection.
Collections were made between 1875 and 1975. The number of
specimens were: Canada - 160, Northern United States - 21,
Southern United States - 15. There is a clear indication

of the univoltine nature of the species in Canada.
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Eggs and early instar larvae were never found in the field.
Only 3% of the 263 field collected larvae were parasitized. One

of the larvae contained five Parachaeta bicolor (Macq.) maggots. The

other parasite found was Compsilura concinnata (Mg.). A list of the

pathogens and parasites known to affect E;_isabe]]a'is presented in

Table VII.

b) Biology of P. isabella in the Laboratory

Eggs

The eggs turned darker as they developed and the head capsules could

be seen within the chorion approximately one day before eclosion (Plate I).

Between 3 and 9 days were required for the eggs to mature. (Mean = 6.1
days, Standard Deviation = 1.1, Sample Size = 28 single egg patches.) All
infertile eggs turned brown after a mean of 12 days. Some were also
attacked by fungus at this time. No eggs Were ever attacked by fungi or
bacteria within 12 days and therefore the fertile and infertile eggs were
easily distinguished. Eclosion from the fertilized egg patches was almost
100%.

Larvae

As soon as the larvae emerged, they devoured the chorion and then

proceeded to devour unemerged eggs, even in the presence of fresh plantain.

No cannibalism of emerged larvae was observed.

The Tarvae could be easily transferred after eclosion by using a soft
haired brush. Care had to be taken that the larvae did not stick to the
diet or to water condensation on the walls of the vial.

The exuvia,including bristles and head capsule was usually devoured

within 24 hours of moulting. Larvae completing their development sometimes

excreted 2 to 5 peliets of pink frass, 3 to 7 days after attaining maximum

[ o




FUNGY
Empusa giylli UsSaAs Vernk,C. 1941, Incect Pest Survey Bull.
Vol.21 (9) ; 721
Entomophtihioaa aulicae U.S.A. Verak,C, 1941, Insect Pent Survoy Bull.
‘ Vol.21 (9) ; 721
Spicarin farinosa U.S.A. Verak,C. 1941, Incect Pect Survey Dull.
, . Vol.21 (9) ; 722
Cordyceps militaris (L.) U.S.A., Vorak,C. 1941, Ingect Pect Survey Bulls
Vol.21 (9) ; 721
Muscardine Illinois Forbeo,S.A. 1900, Ill. Aér. Bxp, Sta. Bull,
: 60 ; 505
; Minnesota Lugger 1899, Min. Agr. Exp. Sta. Bull,
5 . . - 613 131 - 132
i NEMATODA
! Hoxamermis sp. Miscouri Puttler,B;; Thewke,S+E. 1971, Ann. ®nt. Soc.
3 Ane Vol.64 (5) ; 1177 -1178
i HYHEHNOPTERA ’
g Ichneumonidae
1
B Amblyteles centrator (Say) U.S.4. Schaffer ; Griswold,»1934, Rev. Appl. Ent,
Series A Vol.xxii ; 688
Campoplex sp. UsSeAs Schatfor , Griswold,»1934, Rev. Appl. Ent,
; : Seriea A Vol.xxii ; 688
| Bulinneria valida (Cress) U.S.A, Schaffer , Criswold,»1934, Rev. Appl. Ent.
} Series A Vol.xxii ; 688
i Pimpla pedalis (Cress) N. Am. Cushman, ,1921, Rev. Appl. Ent.
! Series A Vol. ix ; 169
i Schedl, ,1931, Rev. Appl. Ent.
Volexix 3 765
Ichneumon sirnatioes {Cress) Illinois Saunders, W. 1873, Ont, Ent. Soc. An, Rep.
; : US.A. Riley, C.V. 1830, Am. Ent, 3 ; 133
Trogus obsidianator (Brulle) Illinois Saundres, W. 1873, Ont. Ent. Soc. An. Rep.
U.S.A. Riley, C.V. 1880, Am. Ent, 3 ; 133
Ichneumon coerulsue (Crecs) UeSsAs Riloy, C.V. 1880, Am. Fnt. 3 ; 133
; Ophion macrurum (Linn,) U.S.A. Riley, CoV. 2880, Am, Ent. 3 ; 133
| DIPTERA
3 Tachinidae
: Exorista larvarum(L) U.S.A, Schaffer , Criswold.1934 , Rev. Apnl. Ent,
: : Series A Vol.xxii ; 688
! MHetcalf, Flint, Metcalf. 1962,
; Deostructive and Ureful Insects.,dth ed.
|
MHoGraw - Hill Book Co. H.Y, , 1087p.
i Rileymyia adusta Metcalf, Flint, Hetcalf. 1962,
i Destructive and Useful Incects. ,4th ed.
McGraw -~ 1ill Book Co, N.f. , 1087p.

Aplomya affinis (Pall) U.SeAe Schaffer, Griswold.,l934 Rev. Appl. Ent.
Series A Vol.xxii ; 688

Parachaeta bicolor (Macq) U.S.A. Schaffer, Griswold., 1934, Rev. Appl. Ent.
Series A Vol.xxii ; 688

Québec *

Winthemia datanae (Tns) UeSeAs Schaffer, Griswold. ;1934 Rev. Appl. Ent.
Series A Vol,xxii ; 688

Zenillia futilic (0.S.) Canada Tothill, ,1913 Rev. Appl. Ent.

Serics A Vol.i ; 114

Aldrich, Webber.,1924, Rev. Appl. #nt.
Vol.xii ; 214

Compoilura concinnata (Mg) Ontario *

* Pound in present study -

TABLE VII: Pathogens and Parasites of P. isabella.
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weight, in the case of the diapause larvae, and between 2 and 5 days before
pupating, in the case of non-diapause and post-diapause larvae.

The development of the larvae under different photoperiod, temperature
and diet conditions is discussed in the main text. Growth rates,percent
mortality, head capsule widths and days at each instar are presented in

parts d, e, f and g of the Appendix.
Pupae

Time of pupation was determined by placing the cocoon in front of a
Tight. The prepupa or pupa can then be readily seen within the cocoon.
Two to four days aftek‘pupation, the pupae were removed by carefully
cutting the cocoon with a pair of scissors. Removal from the cocoon within
two days of pupation can result in damage to the pupa as its cuticle is not
yet fully sclerotized.

Sexing by the examination of the position of the genital pore (Villiard,
1969) was 100% accurate if the cuticle was completely sclerotized. A small
number of pupae had completely sclerotized but deformed cuticle and the
sexing of these was not possible.

The mean development time of the pupae at 22°C was 14.5 days for the
females (Table VIII) and 15:5 days for the males (Table IX). Percent
mortality was 6% (N = 389) (males = 5%, N = 184 ; females = 2%, N = 193).

50% of the dead pupae had deformed cuticles.
Moths

Upon emerging, the moths immediately climbed onto the paper towel and
spread out their wings to dry (Plate II). Care had to be taken to ensure

that the paper was close to the vial wall so that enough space was available

for wing drying. Females confined in the vial for 3 days laid infertile eggs.

The moths oviposited readily on strips of paper towels. Eggs were

deposited in patches of 25 to 350. The moths were frequently seen feeding
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TABLE VIII: Mean number of days from pupation to emergence of female

P. isabella at each combination of photoperiod, tempera- ’
ture, and diet. :

N = Sample size, S.D. = Standard Deviation. ‘
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TABLE IX:

Mean number of days from pupation to emergence of male

P. isabella at each combination of photoperiod, tempera-

ture and diet.

N = Sample size, S.D. = Standard Deviation.
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on the sucrose solution but were never seen in copula. ATl eggs were
infertile if the moths were kept in a room above 25°C (25°C-35°C). There

was no problem of fertility at temperatures below 25°¢ (22°C-25°C).

c) Growth of the Non-Diapause Larvae

Observations on the development of the non-diapause larvae are sum-
marized in Table X. The development rates were much faster than for the
diapause larvae (Fig. VII). Time to pupation fluctuated between 30 and
56 days (except in one case on the alfalfa diet, 30°C, L/D 12/12) while
the time to diapéuse fluctuated between 35 and 110 days (Table XVIII).
These results would indicate that the commitment to the prevention of
diapause is determined in the early larval stages.

The maximum Tarval weights at 22°C were sTightly Tower than those of
the diapause larvae under the same conditions. The reverse was true for
the larvae at 30°C (Table XVII).

The number of instars for thé non-diapause larvae fluctuated Between
7 and 8. The majority of these larvae were from photoperiods of L/D 15/9
to 17/7. Only two larvae pupated without diapause at 30°C, L/D 12/12.




TABLE X:

Development of non-diapausing P. isabella larvae at each
combination of photoperiod, temperature and diet. Data

on mean number of days from eclosion to pupation, maximum
larval weight, pupal weight, range and mean number of instars.

N = Sample size, S.D. = Standard Deviation.
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FIG. VII:

Mean growth rates of diapause and non-diapause

P. isabella larvae at three temperature, photoperiod
and diet combinations. Data pooled from 1 to 3
individuals for the non-diapause larvae and from 5
to 10 individuals for the diapause larvae.

L/D = Light/Dark hours.
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Mean Number of Days at Each Instar of P. isabela at Each

Combination of Photoperiod, Temperature and Diet

62.
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TABLE

XI a:

Mean number of days at each instar of P. isabella at
each combination of photoperiod and diet at room (Rm)
temperature.

N = Sample size, S.D. = Standard Deviation
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TABLE XI b: Mean number of days at each instar of P. isabella at
each combination of photoperiod and diet at 22°C.

N = Sample size, S.D. = Standard Deviation
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TABLE XI c:

Mean number of days at each instar of P. isabella at
each combination of photoperiod and diet at 30°C.

N = Sample size, S.D. = Standard Deviation
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TABLE XI d:

Mean number of days at each instar of P. isabella at
each diet at 26°C, photoperiod (L/D) 15/9 and at
room (Rm.) temperature, photoperiod (L/D) 11/13.

N = Sample size, S.D. = Standard Deviation
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Mean Head Capsule Widths of P. isabella at Each Combination of

Photoperiod, Temperature and Diet.
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TABLE XII:

Mean head capsule widths (mm) at each instar for larvae
of P. isabella pupating after 7, 8, 9 and 10 instars

on each diet. Data pooled from 8 photoperiods and 4
temperatures tested.N = Sample size, S.D. - Standard
Deviation
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TABLE XIII a:

Mean head capsule widths at each instar of P. isabella

at each combination of photoperiod and diet at room
(Rm) temperature. Underlined results designate last
instar head capsule widths and do not necessarily
correspond to the instar number.

N = Sample size, S.D. = Standard Deviation
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TABLE XIII b:

Mean head capsule widths at each instar of P. isabella

at each combination of photoperiod and diet at 22°C.
Underlined results designate last instar head capsule
widths and do not necessarily correspond to the instar
number.

N = Sample size, S.D. = Standard Deviation
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TABLE XIII c:

Mean head capsule widths at each instar of P. isabella

at each combination of photoperiod and diet at 30°c.
Underlined results designate last instar head capsule
widths and do not necessarily correspond to the instar
number.

N = Sample size, S.D. = Standard Deviation
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TABLE XIII d:

Mean head capsule widths at each instar of P.. isabella

—_—

at each diet, at 260C, photoperiod (L/D) 15/9 and at
room (Rm.) temperature, photoperiod (L/D) 11/13.

N = Sample size, S.D. = Standard Deviation
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Percent Larval Mortality of P. isabella at Each Combination of

Photoperiod, Temperature and Diet

73.
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TABLE XIV: Percent pre-diapause mortality in P. isabella larvae at
each combination of photoperiod, temperature and diet.
N = Sample size
*This total does not include the Alfalfa, Casein-Wheat

Germ and Plantain diets.
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TABLE XV a:

Percent mortality at each instar in f;_isabe]]a at each
combination of photoperiod and diet, at room (Rm.)
temperature.

N = Sample size
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TABLE XV b: Percent'mortality at each instar in P. isabelta at
each combination of photoperiod and diet, at 22°C.

N = Sample size
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TABLE XV c:

Percent mortality at each instar in P. isabella at
each combination of photoperiod and diet at 30°C.

N = Sample size
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TABLE XV d:

Percent mortality at each instar in P. isabella at each
diet at 26°C, photoperiod (L/D) 15/9 and at room (Rm.)
temperature, photoperiod (L/D) 11/13.

N = Sample size
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Mean Growth Rates of P. isabella Larvae at Each Combination of

Photoperiod, Temperature and Diet
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h) Miscellaneous Data on the Larval Development of P. jsabella at

Each Combination of Photoperiod, Temperature and Diet
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TABLE XVI:

Diapause response of P. isabella larvae at each combination

of photoperiod,. temperature and diet.
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TABLE XVII: Mean maximum weight (gm) attained by P. isabella larvae

at each combination of photoperiod, temperature and diet.

*This total does not include the Alfalfa, Casein-Wheat
Germ and Plantain diet results.

N = Sampie size, S.D. = Standard Deviation
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TABLE XVIII:

Mean number of days from eclosion to maximum wejght
(diapause) of P. isabella larvae at each combination
of photoperiod, temperature and diet.

N = Sample size, S.D. = Standard Deviation
*This total does not include the Alfalfa, Casein-Wheat

Germ and Plantain diets.
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TABLE XIX:

Range and mean number of instars of P. isabella larvae
at each combination of‘photoperiod, temperature and
diet.
N = Sample size, S.D. = Standard Deviation
*This total does not include the Alfalfa, Casein-Wheat

Germ and Plantain diet results.
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Spectral Distribution of Fluorescent Lamps
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FIG.

IX:

Spectral distribution of F40 Cool White Deluxe Westinghouse

Lamp. (Taken from: A Practical Guide to Westinghouse.

Fluorescent Lamps, Westinghouse Canada Limited, Dorval,

P.Q., publication #18ME 5/74, 31 pp.)
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