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ABSTRACT

LATITUDINAL COMPARISONS OF DIAPAUSE INDUCTION BETWEEN
POPULATIONS OF PAPILIO GLAUCUS AND PAPILIO TROILUS
(LEPIDOPTERA: PAPILIONIDAE)

By
Patricia Ann Tidwell

The multivoltine butterflies Papilio glaucus and P. troilus rely on seasonal
environmental cues to avert or induce diapause. The most reliable seasonal
cue in their range is thought to be photoperiod. Offspring of butterflies from
different latitudinal populations were reared in the laboratory under varying
photoperiods. Data were collected as to whether pupae did or did not
diapause. The purpose of this research was to determine critical photoperiods
for diapause and variation between these populations and to better
understand diapause induction in these two species. Statistical analysis
indicated that P. glaucus likely used a cue(s) in addition to photoperiod to
induce diapause, and that P. troilus used photoperiodic cues to induce
diapause. Understanding diapause dynamics can shed light on the evolution
of a species and on adaptations to the local environment. Diapause dynamics
can limit or allow wider distribution of a species by eliminating

nondiapausing individuals during adverse conditions.



To Penny Tidwell, my mother-in-law, who told me,
“Never let anyone tell you, ‘You can’t do it.””
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“The significance of photoperiodic adaptations in the formation of
physiologically different local races has also been demonstrated,
enabling us to approach from a new angle the problems of
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evaluating the possibilities of acclimatization and extending the
distribution range of insects.”

Danielevskii 1965
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INTRODUCTION

Preface

Diapause in insects is important because it gives insects the ability to
withstand adverse conditions; it also synchronizes insect life cycles to the
changing seasons. I investigated photoperiodic induction of diapause in two
species of swallowtail butterflies, Papilio glaucus and P. troilus. Butterflies
were collected from different latitudinal populations in the United States and
their offspring were reared in the laboratory under varying photoperiods
until pupation, the stage at which they diapause. Data were taken as to
whether pupae diapaused or not, and used to determine the critical
photoperiod for diapause.

This paper is divided into three chapters with the general introduction at
the beginning. The first chapter describes diapause in P. glaucus, and the
second describes the experiments with P. troilus. The third chapter is a
discussion comparing and contrasting the two species of butterflies with

respect to diapause induction.

Background
Many insects diapause to avoid adverse conditions (Lees 1955). Tauber et
al. (1986) define diapause as

a neurohormonally mediated, dynamic state of low metabolic activity.
Associated with this are reduced morphogenesis, increased resistance
to environmental extremes, and altered or reduced behavioral
activity. Diapause occurs during a genetically determined stage(s) of
metamorphosis, and its full expression develops in a species-specific
manner, usually in response to a number of environmental stimuli

1
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2
that precede unfavorable conditions.

Diapause should not be confused with “quiescence,” a rapidly reversible state
of suppressed metabolism, allowing insects to withstand aseasonal periods of
stress. The environmental cues regulating diapause are called “token

”

stimuli.” Token stimuli are not themselves favorable or unfavorable for
growth but indicate that a change in environmental conditions is forth-
coming. The most widely used token stimulus is photoperiod (Tauber et al.
1986, Danks 1987). The critical photoperiod for diapause, as defined by Tauber
et al. (1986), is the photoperiod which induces 50% of a population to enter
diapause, given other constant conditions. The critical photoperiod may be
changed due to factors such as different temperatures, host plant quality or
moisture levels.

Diapause in insects can occur at various stages of development, but the
stage is usually species-specific (Danilevskii 1965, Danks 1987). Most
swallowtail butterflies (Lepidoptera: Papilionidae) in temperate regions
overwinter as diapausing pupae, but Parnassius swallowtails overwinter as
eggs (Tyler et al. 1994). Diapause in Papilio can be “obligate” and genetically
determined, or it can be “facultative” and influenced by environmental
factors (Scriber 1994). Thus the number of generations per year, or voltinism
patterns, are genetically determined as well as environmentally cued (Slansky
1974, Scriber and Slansky 1981, Scriber and Lederhouse 1992). The genotype
can determine whether a population is univoltine or multivoltine, but
voltinism can be altered by environmental factors such as temperature,
moisture, food quality, or day length (Beck 1980, Danks 1987).

The onset of diapause in insects can occur during the sensitive

developmental stage when a critical environmental stimulus(i) is

experienced (Eizaguirre et al. 1994). However, Tauber et al. (1986) have shown
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3
that insects can detect changes in the environment long before the diapause

stage and can store this information. Some species can integrate different
types of stimuli to determine when to enter diapause. The Mediterranean
corn stalk borer, Sesamia nonagrioides (Noctuidae), which spends most of its
larval development inside plant tissue, integrates both photoperiod and
thermoperiod cues before diapausing (Eizaguirre et al. 1994). The anise
swallowtail, Papilio zelicaon, can also use more than one cue. It has both
univoltine and multivoltine populations, which occur respectively in
ephemeral habitats or in more stable environments (Sims 1983). The
incidence of diapause in P. zelicaon can be modified by temperature and host

plant species (Sims 1980).

Diapause and Voltinism

At any given location, the maximum number of generations per season
depends on environmental conditions such as thermal unit accumulations
(season length) and host plant quality (Scriber and Lederhouse 1992, Scriber
1994). If the host plant quality declines after one brood and the growing
season is short, the butterflies in that area are probably univoltine and will
diapause after one generation. If food plant quality remains high for many
months and the thermal accumulations are sufficient, then the butterflies in
that area will be able to produce at least two generations before going into
diapause. This is the case for P. zelicaon in habitats with a more permanent

host species.



Diapause in other Papilio
P. ole

Insects use different cues as indicators of season, depending on the biome
which they inhabit. Ishii (1987) showed that for tropical species such as
Papilio demoleus, seasonal changes in temperature trigger diapause. When
larvae reared at 14:10 (L:D cycle) were compared to larvae reared at 10:14 at the
same temperature, there were no diapause differences. When he investigated
different temperatures, all larvae reared at 25°C direct-developed, while 66%
of the larvae reared at 20°C went into diapause. This shows that P. demoleus
relies partially on temperature as opposed to a change in day length as a cue to
seasonal change.

In tropical regions, seasonal change in day length is nominal and may be
inadequate as an indicator of season (Figure 1) (Beck 1980). In temperate
regions however, day length is a reliable seasonal cue, and photoperiod plays
a major role in diapause induction in insects occurring there (Andrewartha
1952, Danilevskii 1961, Beck 1980, Saunders 1982). &Temperature
(thermoperiod) may also play a role in season determination in temperate
environments, but it may not be an accurate indicator because of warm spells
in winter or cold spells in sﬁmmer.

P. canadensis:

Papilio canadensis R & ], the northern tiger swallowtail butterfly, occurs in
northern latitudes from 42° to 45° from Minnesota to New England and
northward. It is an “obligate” diapauser having only one generation per
season. The growing season in these regions is very short and host plant
quality can usually only support one generation per season. P. canadensis is
univoltine for all photoperiods (Scriber 1982, Scriber and Lederhouse 1983,
Rockey et al. 1987a, Scriber and Lederhouse 1992). Even when larvae were
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6
reared under 24h of light in the laboratory, almost 100% of the pupae

diapaused (Rockey et al. 1987a, b). They also showed that in the P. glaucus
group, diapause behavior was a sex-linked gene and inherited from the male

(in butterflies, females are heterogametic).

P. glaucus and P. troilus

Papilio glaucus L., the eastern tiger swallowtail, and Papilio troilus L., the
spicebush swallowtail, are two multivoltine species of butterflies. P. glaucus
occurs in eastern North America from southern Ontario south to the Gulf
Coast, and west to eastern Colorado and central Texas (Figure 2). P. troilus
occurs in eastern North America from southern Ontario and southern New
England south to Florida and the Gulf Coast, and west to Oklahoma and
central Texas (Figure 2) (Opler 1992). Each has three or more generations
annually in the southern-most portions of their ranges and two generations
in the northern-most portion of their ranges (Scriber and Lederhouse 1992).
Photoperiod experienced during larval development cues pupae to develop
directly into adults or diapause until the next season (Tauber et al. 1986).
Larvae reared under short day conditions generally go into diapause when
they pupate, whereas larvae reared under long day conditions direct-develop
into adults.

Much of the range and many of the flight periods of P. glaucus and P.
troilus overlap, which prompted my interest in comparing these two species.
I wanted to know how these two closely related species respond to the same
photoperiodic conditions, given that they are located in the same areas and fly
at the same time. Results from a preliminary experiment indicated that there
rnay be differences between these two species with respect to diapause.

Data were collected to determine the critical photoperiod for diapause in






8
populations of both species occurring at different latitudes in the United

States, namely from Florida, Georgia, Ohio, and Michigan (Figure 3). It has
been shown that at a 16:8 photo:scotophase, a decline in direct development
(ie- more diapause) occurs in populations of P. glaucus at higher latitudes
(Hagen and Lederhouse 1985, Rockey et al. 1987a), and this research allowed
for both 1) intraspecific comparisons between populations at different
\atitudes and for 2) interspecific comparisons between species at the same
latitude.

The above locations were chosen because I wanted to investigate how
lati tude affects diapause induction, and I needed to do a transect through the
range of P. glaucus and P. troilus . These areas were known to contain
populations of both species of butterflies and could also serve as a recurrent
source of butterflies. Populations from Florida were included to serve as a
comparison between populations from a sub-tropical environment with

those from a temperate environment.



O = Papilio glaucus

® = Papilio troilus

Figure 3. Counties where butterflies were collected from the wild.
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CHAPTER 1

Photoperiodic Induction of Diapause in Populations of Papilio glaucus

Occurring at Different Latitudes

Abstract

Facultative diapause in P. glaucus is induced by seasonal environmental
cues. The most reliable seasonal cue in temperate regions is day length.
Females were collected from Florida, Georgia, Ohio and Michigan and their
offspring were reared in controlled environments with constant
temperatures, at different photoperiods. The purpose of this research was to
determine the extent of differences among populations in the critical
photoperiod for diapause and to better understand diapause induction in this
species. The critical photoperiod for diapause for the Florida population
appeared to be between 12.0h and 12.5h of light. For the Georgia population,
the critical photoperiod appeared to be between 14.5h and 15h of light. The
critical photoperiod for the Ohio population was different for the two years
tested, but when averaged together the critical photoperiod was between 14.5h
and 15.0h of light. For the Michigan population, the critical photoperiod was
at least 18h of light, even though Michigan larvae never experience 18h days.
"The R2 values obtained from the logistic regression suggest that P. glaucus
used a cue(s) in addition to photoperiod to induce diapause. These data help
explain the diapause dynamics of this species which can shed light on

adaptations to local environments and on the evolution of this species.

10
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Introduction

P. glaucus is a facultative diapauser, that relies on environmental cues to
determine the season (Scriber 1985, Lederhouse et al. 1995). P. glaucus is a
multivoltine species, producing one to three generations annually depending
on the environmental conditions and host plant quality. Photoperiod is the
major seasonal indicator for larvae of temperate butterflies that overwinter as
pupae (Tauber et al. 1986). The purpose of this research was to determine the
critical photoperiod that induced diapause in populations of P. glaucus
occurring in Florida, Georgia, Ohio and Michigan, and to determine if there

are any differences between these populations.

Materials and Methods

Florida Population, 1993

In March, female butterflies were collected from Highlands and Levy
Counties, Florida (Figure 3) and shipped via Federal Express or brought back
to Michigan in a cooler. Females were allowed to oviposit in the laboratory
and were fed a 1:4 honey:water solution. See Scriber, 1993 for oviposition
methods. Eggs were collected daily, put in a petri dish and placed in an 18°C
chamber, with a photoperiod of 18:6 (L:D). Eggs hatched in five to seven days.
Larvae were reared in controlled environmental Percival® chambers with
four 40 watt fluorescent bulbs at a constant 25°C. The neonates were set up in
150 mm wide x 25 mm deep petri dishes, one per dish, with foliage from the
field. The nine photoperiod treatments were as follows: 12:12 (L:D), 13:11,
13.5:10.5, 14:10, 14.5:9.5, 159, 15.5:8.5, 16:8, and 18:6. Twelve family lines were
set up, for a total of 490 larvae, which were set up between 3 - 7 April. Family

lines were followed throughout the experiment.
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P. glaucus larvae were reared on sweet bay (Magnolia virginiana) collected

in Florida and shipped to Michigan via Federal Express or brought back to
Michigan in a cooler. Leaves were placed in aquapics (rubber-capped, water-
filled vials) to maintain turgor. Fresh leaves were provided 1-2 times per
week for early instars and 2-3 times per week for later instars, until pupation.
Pupae were weighed one day after pupation and then placed in individual
petri dishes with a 175 mm high x 125 mm wide screen cylinder, returned to
the same treatment chamber as they were reared in and checked daily for
emergence. Pupae that develop directly take about 14 days to eclose. After six
weeks live pupae were assumed to be in diapause and dead pupae were
discarded. Pupae were considered to be alive if the abdomen was still flexible.
All butterflies, eggs, larvae and pupae in subsequent experiments were treated

similarly unless otherwise stated.

ri ation, 1

Females were collected from Highlands and Levy counties, Florida in
March. The first instars were set up across six treatments with five siblings
per dish instead of one per dish to increase efficiency of space utilization.
Each female’s offspring were randomly assigned as done in the previous
experiment to one of six treatments, and reared at 25°C. One to two dishes
were set up per female. After 10d, larvae were placed into individual dishes
to complete their development. The six photoperiod treatments tested were
as follows: 8:16 (L:D), 9:15, 10:14, 11:13, 12:12, and 13:11. These photoperiods
were selected because in Florida, the longest day is about 14.5h (Beck, 1980), so
all of the treatments used in 1993 were “long” days to the larvae except the
12:12 and 13:11 treatments. The modified photoperiodic treatments more

Closely match and bracket what a Florida larva would experience (Table 1).
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Ten different family lines were set up between 5 - 11 April for a total of 479

larvae.

Florida Population, 1995

Butterflies were collected from the same counties as previous years and
allowed to oviposit in the laboratory. Larvae were set up in petri dishes with
three to five siblings per dish and one to four dishes per female per treatment.
Larvae were place into individual dishes at 10d to complete development. A
total of 682 larvae in fifteen family lines were set up between 4 - 12 April.
Results from the previous two experiments (in 1993 and 1994) suggested that
the critical photoperiod for diapause was likely to be between 12h and 13h of
light; therefore a 12.5:11.5 treatment was added and the treatments were
modified to the following five: 10:14(L:D), 11:13, 12:12, 12.5:11.5, and 13:11.
Each female’s offspring were randomly assigned as done in previous
experiments. Those pupae that did not eclose within six weeks were

considered to be in diapause.

ia, Ohi Michigan Populati 1

Butterflies were collected from Clarke County, Georgia; Gallia and
Lawrence Counties, Ohio; and St. Joseph and Clinton Counties, Michigan in
July 1993 (Figure 3). The offspring from twenty-three different females were
set up for a total of 973 larvae. First instar siblings were set up two to five per
dish, one to three dishes per female per treatment, and at 10d larvae were
subsequently placed into individual dishes. Each dish was randomly assigned
to one of the nine treatments so that each female line was represented in each
treatment. The treatments were: 12:12 (L:D), 13:11, 13.5:11.5, 14:10, 14.5:9.5,

15:9, 15.5:8.5, 16:8 and 18:6. Larvae were reared to pupation on black cherry
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(Prunus serotina), collected in Michigan. Black cherry was used because sweet

bay is not available to northern populations of P. glaucus. Georgia offspring
were set up between 19 - 22 August, Ohio offspring set up between 11 - 13
August, and Michigan larvae were set up between 10 - 19 August.

Georgia. Ohi { Michigan Populati 1994
Butterflies were collected from Clarke County, Georgia; from Gallia and
Lawrence Counties, Ohio; and from St. Joseph, Eaton, Calhoun, and Ingham
Counties, Michigan in July. There was also one female butterfly used from
each of Columbus, Franklin, Harris, and Union Counties, Georgia. Offspring
were randomly assigned to treatments as described above. The treatments
were as follows: 12:12 (L:D), 13:11, 14:10, 14.5:9.5, 159, 15.5:8.5, 16:8, and 18:6.
Larvae were reared to pupation on black cherry. Twenty-eight different
family lines were set up across the eight photoperiod treatments for a total of
1,948 larvae. Georgia offspring were set up between 9 - 12 August and 16 - 22
August. Ohio neonates were set up between 7 - 10 August and 17 - 20 August.
Michigan larvae were set up between 31 July and 8 August. Larvae and pupae

were treated as in other experiments.

Data were analyzed using logistic regression analysis. Analysis was done
by testing percent diapause versus photoperiod for each state (with all years
lumped together). R2 values were used to determine how fit the model was
for predicting diapause induction, where 1 is a perfect fit and 0 means there is

no gain by using the model (JMP 1995).
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Results

The following results should be interpreted with caution. High mortality

rates and possible interactions with pathogens may have biased the results.

Florida Population, 1993, 1994 and 1995

In 1993, 50% of the pupae diapaused when reared at 12h of light; only 11%
of the pupae reared at 13h diapaused. At 13.5h of light and longer all pupae
direct developed into adults except for 20% (n= 1/5) at 15h of light (Figure 4,
Table 2).

In 1994, when larvae were reared at shorter day lengths, 25% of the pupae
in the 13h treatment diapaused and 60% diapaused in the 12h treatment
(Figure 5, Table 3). Percent diapause increased from 60% to 80% with a
decrease in day length from 11h to 8h of light, respectively. In no treatment
was there 100% diapause for Florida butterflies for either year. Therefore, the
critical photoperiod for diapause for these experiments appeared to be less
than 13h of light.

In 1995, the critical photoperiod was more closely approximated and
appeared to be between 12.0h and 12.5h of light. Percent diapause decreased
from 70% at 12.0h to 0% at 12.5h of light (Figure 6, Table 4).

rgi i ichigan Populati 1

In the 1993 Georgia population experiment, at 16h of light, 50% (n= 1/2) of
the pupae diapaused. No pupae diapaused at 15.5h and only 14% diapaused at
15h of light (Figure 7, Table 5). At 14.5h of light, per<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>