
Age-specific life table studies of potential strains or host races of Calophasia lunula (Lepidoptera:
Noctuidae) (Hufn.) reared on Dalmation toadflax, Linaria genistifolia ssp. dalmatica (L.) Maire and
Petitmengen, or yellow toadflax, Linaria vulgaris (Mill.)
by Todd Alan Breitenfeldt

A thesis submitted in partial fulfillment of the requirements for the degree of Master of Science in
Entomology
Montana State University
© Copyright by Todd Alan Breitenfeldt (1995)

Abstract:
Although the possible existence of host races in phytophagous biological control agents has only
recently come under general consideration when screening and releasing these agents, the implications
for successful establishment and impact on the target weed, and for minimizing impacts on nontarget
plant species are enormous.

The issues of potential host races and strain differences were investigated for different populations of
the defoliating moth, Caloohasia lunula, which attacks Dalmatian toadflax, Linaria genistifolia ssp.
dalmatica (L.) Maire and Petitmengen, and yellow toadflax, Linaria vulgaris (Mill'.), using age-specific
life table studies. Life table studies of the three Calophasia populations (one obtained from Europe on
Yellow toadflax, another obtained from yellow toadflax in Europe and established on Dalmatian
toadflax in Montana, and the third obtained from Dalmatian toadflax from Yugoslavia) were tested on
both Dalmatian toadflax and yellow toadflax.

Little evidence of host races was evident. Caloohasia lunula rates of development and weight gain,
survivorship, and fecundity occurred at the same rate or pattern on both plants of interest. This supports
the previous starch gel electrophoretic studies by McDermott and Nowierski (unpub. data).

Some strain differences were apparent. Analysis of life table data showed significant difference in
mean duration of life stages between strains, mean weight between strains, and differences in lower
developmental thresholds, intrinsic rates of increase (rm), population doubling times (PDT), mean
generation times (MGT), and net reproductive rates (Ro) . Little evidence of strain differences were
found in the analysis of survivorship, fecundity, mean rates of development, and mean rates of weight
gain.

It is probable that strains of C. lunula exist, but more research needs to be conducted to further clarify
these relationships. .

Strategies for mass rearing C. lunula and improving the chances for establishment on Dalmatian
toadflax are discussed. 
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GLOSSARY OF TERMS

CD- Calophasia lunula collected from L. g. dalmatica in
Yugoslavia, imported into Canada in 1991 and obtained 
from Alec McClay, Agriculture Canada, Vegerville,
Canada.

CD-D- The CD strain of C. lunula reared on L. g. dalmatica 
toadflax.

CD-Y- The CD strain of C. lunula reared on L. vulgaris 
toadflax.

CY- Calophasia lunula collected in Canada on L. vulgaris
toadflax and previously imported from Europe where they  ̂
were collected on L. vulgaris toadflax.

CY-D- The CY strain of C. lunula reared on L. g. dalmatica 
toadflax.

CY-Y- The CY strain of C. lunula reared on L. vulgaris 
toadflax.

Host Race- Insect host races are groups of insects that show 
genetic polymorphism in host use with reduced 
interbreeding between genotypes that produces 
pronounced genotypic differences.

MD- Caloohasia lunula collected near Missoula, MT on L. g. 
dalmatica in 1989-92. Imported from Canada where they 
were collected from L. vulgaris toadflax, and 
before that, Europe where they were collected from 
L. vulgaris toadflax (see Caloohasia history below).

MD-D- MD strain of C. lunula reared on L. g. dalmatica.
MD-Y- MD strain of C. lunula reared on L. vulgaris toadflax.
MGT- Mean generation time.
PDT- Population doubling time.
rm- Intrinsic rate of increase.
R0- Net reproductive rate.
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GLOSSARY OF TERMS— Continued
Strain- A strain is defined as a group of insects of 

presumed common ancestry with clear-cut 
physiological but usually not morphological 
distinctions; broadly: a specified infraspecific 
group or biotype.
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ABSTRACT
. Although the possible existence of host races in 

phytophagous biological control agents has only recently 
come under general consideration when screening and 
releasing these agents, the implications for successful 
establishment and impact on the target weed, and for 
minimizing impacts on nontarget plant species are enormous.

The issues of potential host races and strain 
differences were investigated for different populations of 
the defoliating moth, Caloohasia lunula, which attacks 
Dalmatian toadflax, Linaria qenistifolia ssp. dalmatica (L.) 
Maire and Petitmengen, and yellow toadflax, Linaria vulgaris 
(Mill'.), using age-specific life table studies. Life table 
studies of the three Calophasia populations (one obtained 
from Europe on Yellow toadflax, another obtained from yellow 
toadflax in Europe and established on Dalmatian toadflax in 
Montana, and the third obtained from Dalmatian toadflax from 
Yugoslavia) were tested on both Dalmatian toadflax and 
yellow toadflax.

Little evidence of host races was evident.' Caloohasia 
lunula rates of development and weight gain, survivorship, 
and fecundity occurred at the same rate or pattern on both 
plants of interest. This supports the previous starch gel 
electrophoretic studies by McDermott and Nowierski (unpub. 
data).

Some strain differences were apparent. Analysis of 
life table data showed significant differences in mean 
duration of life stages between strains, mean weight between 
strains, and differences in lower developmental thresholds, 
intrinsic rates of increase (rm), population doubling times 
(PDT), mean generation times (MGT), and net reproductive 
rates (R0) . Little evidence of strain differences were 
found in the analysis of survivorship, fecundity, mean rates 
of development, and mean rates of weight gain.

It is probable that strains of C. lunula exist, but 
more research needs to be conducted to further clarify these 
relationships. .

Strategies for mass rearing C. lunula and improving the 
chances for establishment on Dalmatian toadflax are 
discussed.
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I. INTRODUCTION

A Description of the Toadflax Weed Problem 
Many plants when introduced into habitats where they 

are not native become invasive, quite vigorous, and 
competitive (Baker 1974). These plants, often called 
noxious weeds, significantly impact native flora and fauna 
and cost farmers and ranchers millions of dollars each year 
in crop/forage losses and control measures (Cranston 1984, 
Lacey et al. 1985, Nowierski et al. 1987, Lacey 1989). '

iThese introduced plants often fit many of the 'ideal 
weed characteristics' as given by Baker (1974). For 
instance, the seeds of these weeds show great longevity, 
discontinuous germination, and the ability to germinate in 
many environments. They show rapid growth through the 
vegetative phase of flowering, are self-compatible but not 
completely autogamous or apomictic. Unspecialized 
pollinators or wind are used for cross- pollination. Seed 
output is high and continuous for as long as favorable 
conditions permit, and is achieved in a wide range of 
environments. These weeds have adaptations for long- and 
short-distance seed dispersal. If perennial, they have 
brittleness, so are not easily drawn from the ground, have 
vigorous vegetative reproduction and/or regenerate from 
fragments. They can compete interspecifically by some 
special adaptation such- as a basal rosette or 
allelochemics, and are tolerant to a wide range of
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environmental conditions (Baker 1974) .

These weeds also fit the 'ideal colonizer modelz as 
described by Saner (1991) . Their 'species specific factors' 
usually include high rates of growth and reproduction, v' 
persistence, dispersal, adaptability, phenotypic and/or 
genetic variability, and nondependence upon specific abiotic 
resources, specific pollinators, mycorrhizae or other 
mutualists. They are strong competitors and are resistant 
to or tolerant of predation by herbivores. 'Founder event
factors' often include: founder populations large enough to 
exclude negative genetic effects and random extinctions, the 
introduction of the proper biotypes to fit the environment, 
favorable selection, and a large number of founder events. 
These weeds are usually helped by 'factors which determine 
the suitability of the new environment.' These include a 
growing season well synchronized with the founder 
population, a large, readily available suitable habitat, and 
similar or less restrictive biotic and abiotic factors to 
the native habitat (Saner 1991).

Of the approximately 17 species of Liharia 
(Scrophulariaceae) that have been introduced into North 
America, and the nine that have become naturalized, two 
species, L. genistifolia ssp. dalmatica (L.) Maire and 
Petitmengen (Dalmatian toadflax or broad-leaved toadflax) 
and L. vulgaris Mill, (yellow toadflax, common toadflax or 
butter and eggs) have become widespread and have attained
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the status of noxious weeds in some parts of the North 
American continent (Saner 1991)(Figure I). In the state of 
Montana, L. g. dalmatica and L. vulgaris have been 
classified as a Category I Noxious Weed by the Montana State 
Department of Agriculture. These two species have been the 
subject of many control measures in both Canada and the 
United States (Harris 1963, ■Harris and Carder 1971, 
Lajeunesse et al. 1993, and Nowierski 1995) .

In the State of Montana, conventional measures used to 
control these weeds include the use of herbicides and 
cultivation. However, control of these weeds with 
herbicides has proven inconsistent particularly in the 
coarse, sandy to gravelly soils that these two weed species 
typically frequent (Nowierski 1995). Because of the lack of 
effectiveness of conventional control measures, the 
widespread nature of these weeds, and the fact that both 
toadflax species often occur on rangeland where expensive or 
intensive conventional controls are not economically 
feasible or are physically impossible to implement, more 
practical and cost-effective methods need to be developed. 
One such method called 'classic biological controlz uses 
host specific natural enemies of the target weed, collected 
and imported from the plant's native range, to decrease the 
competitiveness of the weed and lower it's density to
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Figure I. L . g. dalmatica (above) and L. vulgaris, (below).
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economically tolerable levels (van den Bosch, et al. 1982).
The first biological control agent approved in Canada 

and the United States for release on L. g. dalmatica and L. 
vulgaris was the moth Calophasia lunula (Hufn.)
(Lepidoptera: Noctuidae). Calonhasia lunula was first 
released in Montana in 1968 on both L. vulgaris and L. g. 
dalmatica. Larvae were obtained from a colony maintained on 
L. vulgaris in Canada, and originally obtained from L. 
vulgaris in Europe. This initial release was followed by 
subseguent releases, but establishment was not documented on 
L. g. dalmatica until 1989 (McDermott et. al. 1990).

This delay between the initial releases and documented 
establishment poses some questions: I) Why did it take so 
long to establish this insect on L. g. dalmatica? 2) How 
could releases have been made, or how could they be made in 
the future, to enhance the potential for establishment?, 3) 
Were the particular strains or host races of Calophasia 
lunula released in the wrong environment or on the wrong 
plant species?, and 4) What basic biological and ecological 
data are needed to help in the mass rearing, release, and 
establishment of this insect?

From these guestions I formulated some objectives for 
the study. These objectives are: I) To provide some basic 
life history/developmental data about C. lunula that may 
help fine-tune the timing and methodology of mass rearing 
and release efforts, and identify significant strain or host
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race developmental differences, and 2) To determine if the
I

growth, survival, and fecundity of each potential strain or 
host race will be affected by rearing them on different host 
plants (i.e. L. g. dalmatica versus L. vulgaris) and at 
different temperatures.

From these questions and objectives I formulated two 
hypothesis:
H0: The three strains or host races of C. lunula will show

no difference in growth, survival, and fecundity 
■ between strains and/or between host plants.

Ha: The three strains or host races of C. lunula will show
statistically significant differences in one or more of 
the above mentioned areas which may indicate strain or 
host race differences.
I attempted to record some basic developmental biology 

data about the three C. lunula strains by conducting age- 
specific life table studies using two different host plants, 
L. g. dalmatica and L. vulgaris. I reared larva from three 
C. lunula strains independently on both L. vulgaris or L. g. 
dalmatica at various temperatures, in an attempt to 
demonstrate strain or host race effects on growth, rates of 
development, survivorship, fecundity, and age-specific life
table statistics.
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2. BIOLOGY AND HISTORY OF L. Cf. dalmatica
Dalmatian toadflax, or broadleaved toadflax, Linaria 

qenistifolia ssp. dalmatica. is a robust perennial herb 
native to Eurasia, occurring from Yugoslavia to northern 
Iran (Tutin et. al. 1972) and is mainly restricted to 
Southern Europe and South Western Asia (Alex 1962). The 
plant was described by Alex (1962) and the first description 
by Linnaeus is included in his paper. Linaria qenistifolia 
ssp. dalmatica was probably introduced into North America 
for trial as an ornamental about 1894 (Alex 1962), although 
Lange (1958) reports that its first mention in the USA dates 
from 1793. Linaria qenistifolia ssp. dalmatica is now a 
problem weed in at least six western states (CO, ID, MT, OR, 
WA, WY) and three Canadian provinces (AB, BC, SR)(Forcella 
and Harvey 1980, Montgomery 1964, Reed and Huges 1970, 
Whitson 1987) and is found in at least 43 counties in 
Montana (Lajeunesse et al. 1993, Nowierski 1995). The weed 
has increased rapidly in the northwestern U.S. and is 
currently in an accelerated phase of range expansion 
(Nowierski 1995).

In the first year of growth L. g. dalmatica develops 
several prostrate stems which do not flower. The plant also 
develops a primary stem and up to 3 secondary stems which 
may flower (Saner 1991). These upright stems are robust, 
and woody at the base. New prostrate stems grow each fall 
which survive through the winter.
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After the first year early-spring top growth using root 

reserves and the long-lived prostrate stems, give L. g. 
dalmatica a competitive advantage during favorable' 
conditions in all seasons (Lajeunesse et al. 1993).

During the second year, prostrate stems form a loose 
rosette and up to 25 flowering stems may be produced.
Linaria qenistifolia ssp. dalmatica can produce new shoots 
from it's more or less horizontal, thick, primary and 
secondary roots. This causes the plant to stay relatively 
close to its original position (Saner 1991). The primary 
roots are reported to live only 3-5 years under most 
conditions (Robocker 1974), however, vegetative reproduction

ifrom each root bud can produce new plants, which will allow 
individual patches to survive for 13 years or more. The 
lateral roots extend up to 10 feet from the parent plant and 
usually occur at a depth of two to eight inches (Lajeunesse 
et al. 1993).

The flowers of L. g. dalmatica are yellow and are 
structurally very similar to garden snapdragons 
(Antirrhineae). The 1.5 to 4.0 cm long blossoms occur from 
midsummer (earlier in warm seasons) until early fall 
(Lajeunesse et al. 1993). Their structure is such that they 
are pollinated mainly by small bumble bees (Saner 1991).

The smooth margined leaves are from 2.5 to 7.5 cm long 
and from 0.5 to 2.0 cm wide. They are waxy green, and often 
have a bluish or whitish cast. The alternate heart-shaped
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leaves are broad, somewhat crowded on the stem, and vary 
from ovate, ovate-lanceolate, to lanceolate (Taylor 1990, 
Whitson 1992, and Lajeunesse et al. 1993).

Linaria qenistifolia ssp. dalmatica seems to occur only 
in the diploid (2n=12) form (Saner 1991) and reproduces by 
both seed and vegetative root buds. Seed production is . 
possible within 3 1/2 months of seedling emergence (Alex 
1959) and large plants can produce up to 500,000 seeds 
(Lange and Wolfe 1954, Robocker 1970). The angular, tiny, 
wingless seeds can be dispersed by wind, water, cattle, or 
deer (Robocker 1970, Lajeunesse et al. 1993), and human 
activity. The plant has an upright calyx which prevents 
seeds from being easily released. Seeds are often found in 
the calyx in spring, which implies that some seed may be 
released only during high winds. This may be regarded as a 
long distance dispersal adaptation (Saner 1991).

Seed germination success in L. g. dalmatica is 
generally low, but seems to be best in a variable 
environment. Longevity of the small black seeds in the 
field is probably 10 years (Robocker 1970) . Emergence is 
optimal in the soil at a depth between 0.5 and 2.5 cm. Seed 
at a greater depth germinates but cannot emerge from the 
soil (Bogavae 1974). Seedlings are poor competitors for 
soil moisture, whereas, established plants may be extremely 
competitive, negatively affecting toadflax seedling 
survival, annual vegetation composition, and the production

v
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of other perennial herbs (Robocker 1974).
The plant can survive in extremely poor soil (Saner 

1991, Nowierski 1995) which allows it to flourish in Montana 
rangelands where economic conditions do not justify 
widespread chemical use. Linaria qenistifolia ssp. 
dalmatica is adapted to semiarid, cool climates and sandy 
loam to coarse gravel soils in north America, and occurs 
most often on depleted rangelands and sparsely vegetated 
soils (Alex 1962, Robocker 1974, Nowierski 1995). The plant 
reportedly can establish even under heavy competition (Lange 
1958) and can replace other more useful plants in a stand. 
According to Saner (1991), L. g. dalmatica in Yugoslavia, 
Hungary and Italy is stress tolerant, that is it often grows 
in open space where summer drought hampers the growth of 
competitors.

Linaria qenistifolia ssp. dalmatica has been reported 
to be toxic to livestock (Polunin 1969) but many researchers 
have noted that a variety of animals including cattle, 
utilize the plant for forage (Reed and Huges 1970, Robocker 
1974). I have observed mule deer grazing the growing tips, 
horses grazing the flowers, and cattle heavily utilizing the 
growing tips, flowers, and newer stems in both Jefferson and 
Broadwater counties, Montana.

. Herbicide control of L. g. dalmatica has been quite 
variable and may be influenced by the coarse soils which the 
plant prefers (Lajeunesse et al. 1993). However, some good
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successes have been reported (Sebastian et al. 1990, 
Lajeunesse 1993). Even with excellent control from an 
herbicide application, reinvasion and dormant seed sprouting 
can occur which will necessitate re-treatment of the site 
every three to four years for up to 12 years (Sebastian et 
al. 1990, Lajeunesse et al. 1993).

Mechanical control methods can work well in some cases. 
Hand pulling can be effective on small infestations in sandy 
soils, but needs to be repeated yearly for up to 15 years to 
deplete established root systems and remove new seedlings 
produced by the dormant seed source (Lajeunesse et al.
1993). Cultivation with sweep-type cultivators requires two 
years to be effective. The first year treatment should 
start in early June followed by repeat cultivations every 
seven to ten days. Four to five cultivations will be needed 
the second year for eradication. Mowing is not recommended 
(Lajeunesse et al. 1993).

Cultural control measures include livestock grazing, 
plant community manipulation, and burning. Overgrazing will 
harm desirable plant species and increase the competitive 
advantage of toadflax, as will any soil disturbance such as 
logging and road building. Grazing regimes that maintain a 
dense, competitive plant community are essential. Quickly 
seeding disturbed areas with vigorous plant communities will 
slow or prevent toadflax invasion and spread (Lajeunesse et 
al. 1993).
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3. BIOLOGY AND HISTORY OF L. vulgaris
!

Linaria vulgaris, also known as common toadflax or 
butter and eggs, is a herbaceous perennial plant native to 
Eurasia (Tutin et al 1927). This weed was introduced into 
North America in the 1800's probably as an ornamental 
(Whitson 1992) and is now widely distributed in North 
America (McClay 1992), including Montana (Lajeunesse et al. 
1993) .

During its first year, L. vulgaris produces a main stem 
and up to 100 secondary shoots all of which flower. Two
year old plants can produce an average of 260 adventitious

(shoots per year. The plant can produce shoots from 
vegetative root buds, hypocotyl shoots and side shoots, all 
of which can flower (Saner 1991).

Reproduction can occur from vegetative buds on the 
horizontal root system. Maximum life span of individual 
roots is 4 years (Bakshi & Cdupland 1960), but the 
theoretical life span of an individual plant is limitless 
due to vegetative reproduction. The roots can survive 
freezing to -15 0C after hardening.(Saner 1991).

Linaria vulgaris also reproduces by seed (McClay 1992). 
Plants in small pots flowered 2 months after sowing (Saner 
1991) and are generally self-incompatible. However, a small 
proportion of seeds will develop without cross-pollination, 
but the plants grown from these seeds are smaller than
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individuals grown from cross-pollinated plants (Darwin 1878, 
as cited in Saner 1991). Mature plants reportedly can 
produce an estimated 35,000 seeds (Saner 1991).

Linaria vulgaris seeds are round, dark brown to black, 
have a papery circular wing and appear adapted for dispersal 
mainly by wind and water (Whitson 1992). Ants, mammals and 
birds collect and/or feed on the fruits and may aid in 
dispersal (Saner 1991). Buried seeds do not germinate 
(Zilke 1954). As with L. g. dalmatica. L. vulgaris produces 
an upright calyx in which some seeds may still be found in 
Spring. This also could be regarded as a long distance 
dispersal adaptation as these seeds would only be released 
during high winds (Saner 1991). Humans are one of the major 
mechanisms of seed dispersal. I have found both L. g. 
dalmatica and L. vulgaris fruits with seed, on numerous 
occasions, attached to my truck after driving backroads in 
infested areas in southwestern Montana.

Linaria vulgaris has sparingly branched pale green 
stems 0.3 to one m tall, slightly woody at the base, and 
smooth near the top. The pale green, narrow leaves are 
linear, pointed at each end and attached directly to the 
stem (Whitson 1992, Lajeunesse et al. .1993). The yellow 2.5 
cm long flowers are similar to L. g. dalmatica but have a 
bearded, orange throat. They occur from May to October and 
are usually found in clusters near the end of the stem 
(Whitson 1992, Lajeunesse et al. 1993).
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Linaria vulgaris is listed as a weak to moderate 
competitor in Europe and a strong competitor in Canada 
(Saner 1991). The plants ability to,sprout from the root 
system give it a competitive advantage where fire or 
herbicide applications are frequent (Saner 1991). Saner 
(1991) has occasionally observed the weed growing in dense 
vegetation which would mean that it may be 'competition 
tolerant'.

Linaria vulgaris is not as important a weed in Montana, 
but infests croplands in both Canada and other parts of the 
United States (Harris and Carder 1971) . Control measures 
for L. vulgaris are similar to those used for L. g.. 
dalmatica (Lajeunesse et al. 1993).
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4. BIOLOGY AND HISTORY OF C. lunula
Calophasia lunula, is a potentially useful biological 

control agent whose larvae defoliate both L. g. dalmatica 
and L. vulgaris. Karny (1963) in Europe, and Harris (1963) 
in Canada studied the host specificity of C_̂  lunula. found 
that it was host specific, and approval for release in 1 
Canada soon followed.

Caloohasia lunula has been recorded on the following 
host plants in Europe: Linaria vulgaris Mill., L. 
genistifolia L., L. aloina L., L. angustissima Lois.(= 
italica Trev.), L. cvmbalaria L., L. minor L.., and L. repens 
L. (= striata Lam.)(Malicky 1967).

Three subspecies of C. lunula have been described: I) 
anatolica Draudt, 2) bilunulata Warnecke, and 3) stemnfferi 
Boursin (forms: atrifascia Rebel, atrivestis Dannehl, cana 
Dannehl, melanotica Strand, and nigrata Kiefer). Distinct 
biological strains reportedly occur in southern and northern 
Europe (Classey 1954, Malicky 1967). There is no widely 
used common name for C. lunula although South (1961) lists 
it as "toadflax brocade."
Descriptions of C. lunula summarized from Haggett (1954, 

1955), Karny (1963) and Hoel (1984) follow.
Eggs are usually laid singly, but at times, 2 or 3 will 

be laid near each other. The distribution of eggs is 
irregular with eggs being deposited on both sides of the 
leaves, the stems, and occasionally on the flowers.
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Eggs are about 0.8 nun in height, and 0.8 mm in width at 
the base, which is flattened to fit the shape of the 
substrate to which the egg is attached. Eggs are dome
shaped, with vertically-ribbed sides. The micropyle is 
contained in a depression at the top of the egg. Eggs 
initially are pale yellow- or cream-colored and later 
reddish brown patches appear as the embryo develops. Egg 
color continues to darken until the egg is a uniform gray or 
near black at the time of eclosion. Unfertilized eggs stay 
very light in color and eventually shrivel.

During eclosion, the larva eats a circular hole in the 
egg-shell just large enough for the head to emerge, and does 
not consume the chorion. Following eclosion, the larvae 
climb about on the plant for a time and begin feeding within 
a few hours. Pyridine extracts of dried toadflax contained 
a larval feeding stimulant (Harris 1963). First instar 
larvae leave feeding traces that may appear similar to 
damage caused by leaf mining insects, but instead they are 
feeding on the surface of the leaves and move about from 
place to place on the plant. First and 2nd instar larvae, 
when disturbed, will drop off the plant on a line of silk. 
Silk does not appear to be used in later instars until the 
pupation chamber is prepared by the prepupa.

Newly hatched first instar larvae are 2.5-3.0 mm long. 
The abdomen and thorax are pale gray with black hairs that 
make them appear velvety. The prothoracic plate and head
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are brown and speckled with darker spots. ' Two rows of dark 
brown or blackish spots soon appear along each side of the 
dorsal midline. Each spot bears a stiff, black hair.
Towards the end of the first instar period a row of brown 
spots begins to form laterally, at the level of the 
spiracles. These spots also have stiff black hairs. The 
larvae molt when they reach a length of about 5 mm. At each 
molt, they generally consume the exuviae but leave the head 
capsule.

Second instar larvae begin to show yellow stripes with 
a blue-gray background color. These stripes form as small 
patches of color and gradually fuse together. They have one 
yellow stripe along the dorsal midline, and a pair of yellow 
stripes laterally, just below the level of the spiracles. 
They molt when they reach a length of about 8 mm.

Third instar larvae are similar in appearance to 2nd 
instar larvae, except that the stripes become a deeper 
yellow and the dark spots darken to black. They lose much 
of their hairiness and no longer appear velvety compared to 
earlier instars. Larvae molt when they reach a length of 
about 12 mm.

Third instar larvae become very aggressive to other C. 
lunula larvae, and always feed as high up as possible on the 
plant. As they are large enough now to eat the whole leaf, 
the larvae typically will not move down until all the upper 
leaves are eaten (Karny 1963). Larvae vigorously shake the
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front half of their body back and forth when encountering 
other C. lunula larvae, causing the stem to vibrate. No 
cannibalism has been observed. They also drop off the plant 
when disturbed, but no longer use a silk thread (personal 
observation).

Fourth and fifth instar larvae look much alike. They 
exhibit a striking black and yellow-striped appearance, 
resulting from the upper most yellow stripes being separated 
by rows of black spots. There are now five yellow stripes 
because of the addition of one pair of stripes above the 
level of the spiracles, however, the background color 
remains blue-gray, but is speckled with small black spots. 
Larvae molt when they reach a length of about 19 mm. Fifth 
instar larvae change little in appearance from 4th instar 
larvae but differ greatly in size. They molt (pupate) when 
they reach a length of about 36 mm (Figure 2).

Larval development is wel!-synchronized within a cohort 
at the beginning, but shows increasing variation with time. 
The beginning of molt depends on the skin becoming too 
small. Larvae molt as soon as they reach a certain size, 
and this is independent of the time taken to reach that size 
(Karny 1963).

Larvae stop eating before they pupate, leave the plant 
and crawl around searching for a pupation site. Karny 
(1963) reported that cocoons are only found in the soil, 
however, Bogavae (1974) found them mainly on the stems of L.
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c[. dalmatica and L. crenistifolia in Yugoslavia. Larvae 
become more compact lighter in color during this prepupa 
stage, and often spin a cocoon of tough white silk with a 
'trap door' or weak area at the anterior end. Plant debris 
and soil particles are usually incorporated into this 
construction (Figure 3). In the lab, materials such as 
shredded toadflax leaves and frass also were used by the 
larvae in construction of the cocoon.

Pupae, according to Haggett (1954), have a "dumpy"
shape with a "humped metathorax." They have a dorsal dark
brown color, a ventral orange-brown color, and are
approximately 14-15 mm in length and 4-5 mm in diameter.
The cuticle is soft and pliable but darkens during
development until they appear nearly black dorsally. Dark
eye spots become visible near the anterior end as the pupa
matures. Abdominal segments 4-7 have tooth-Iike structures.
Segments 5-10 are movable and, along with the toothed
structures, allow the pupae to move within the cocoon. The
pupae wiggle when touched or squeezed. Wing cases cover
most of the abdominal segments ventrally. The proboscis
case extends to the tip of the abdomen, is anteriorly
attached to the wing cases, but posteriorly is free.
Abdominal segments 1-8 contain spiracles, and segments 8-10
are fused to segment number 7. The genital pore of the malev
is found on the ventral aspect of the 9th abdominal segment 
and appears between two dark, shiny lumps. The genital pore
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of the female appears as a slit on the ventral aspect of the 
8th abdominal segment, which causes a large disruption of 
the segments in that area. The female genital pore usually 
lacks the dark shiny lumps present in males (Figure 3).

Adult moths exhibit no sexual dimorphism. They have a 
wing-span of 27-30 mm and a body length of 12-14 mm. The 
forewings are mottled gray, brown and white with a small 
white crescent in the center of each wing. The concave side 
of this crescent faces the apex of each wing. There are 
some other whitish spots, mainly leading from the apex along 
the posterior wing margin. Some other noctuids have a 
similar crescent. The hind wings are gray to medium brown 
and are darker at the margins.

Adult moths are nocturnal. They rest during the day 
and fly only when disturbed. Near twilight, the moths fly 
from flower to flower feeding on nectar (Karny 1963). I 
have observed mating during and after twilight in cages 
placed within a greenhouse setting, and occasionally within 
the cups while taking life table data, at all times of day. 
Copulation is abdomen to abdomen with neither the male or 
female abdomen being twisted.
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Figure 2. Late instar Calophasia lunula larvae, lab reared.
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Figure 3. Cocoon and pupa of Caloohasia lunula, lab reared.
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The native range of C. lunula extends from the, 
Mediterranean region north to central Sweden, and from Great 
Britain and the Atlantic coast of Europe, east to the Amur 
region on the Pacific coast of Asia, including Southern 
Russia and South Central Asia (South 1961, Malicky 1967). 
Caloohasia lunula can tolerate many different climates, 
occurring up.to 1800 m in the Swiss Alps (Malicky 1967), in 
Asia where the mean January temperature is -20 °C, and also 
in the mild Mediterranean region. Malicky states that -40 
°C may be its lowest,temperature tolerance and +40 0C may be 
its highest. The moth also seems to tolerate cold winter 
temperatures with poor protective snow-covering and seems to 
only be excluded from Eurasian habitats in which summers are 
very cool and wet. Calophasia lunula is excluded from the 
far north of Eurasia, and occurs only in low numbers in the 
warmer Mediterranean regions (Malicky 1967). However, more 
recent studies by FitzGerald and Nowierski (unpub. data) 
suggest that this insect may not be as cold tolerant as 
reported in the literature.

Both univoltine and multivoltine populations of C. 
lunula have been observed in Europe. At high elevations, 
and in northern Europe, only one generation occurs per year. 
The adults appear in May and June and the larvae from June 
to early August (Haggett 1955, Malicky 1967). In most of 
Europe there are two generations per year, with three being 
recorded in warmer areas. First generation adults occur
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from April to June, and second generation adults fly from 
July to September .(Malicky, 1967). Some larvae from the 
first generation diapause. Larval instars from any one 
brood show considerable overlap in the field (Haggett 1955, 
Karney 1963; personal observations in the Missoula, MT 
area).

The population imported from Switzerland to Ontario, 
Canada shows bivoltinism and partial diapause of the first 
generation (Harris and Carder 1971), as do some populations 
that have recently colonized Denmark and England. Two 
generations occur in East Sussex and Kent, England whereas 
only one generation reportedly occurs in nearby West Sussex 
(Haggett 1955). The northern strain appears to be 
univoltine and the southern strain appears to be bivoltine 
(Milicky 1967, Hoel 1984).

A History of North American Releases
Calophasia lunula were released in Ontario, Manitoba, 

Saskatchewan, Alberta, and British Columbia from 1962 to 
1968 (Harris and Carder 1971). One population, near 
Belleville, Ontario, became established during this time.
At this site, 280 larvae were released on L. vulgaris in 
1962, 1,535 in 1965, and 1,109 larvae in 1966. By 1968, the 
population had dispersed a distance of 2 miles and the 
density of larvae at the release site was 5.2 per 100 L.

I

vulgaris stems.
Early records indicate that C. lunula was released in
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the United States from 1967 through 1984 (Table I)(USDA-ARS, 
Albany California).
Table I. Historic United States releases of Caloohasia 

lunula aaainst L. a. dalmatica. and imoorts.
From USDA-ARS Albany, CA:

Caloohasia lunula (Hufnaoel) vs. L. a. dalmatica Mill.
# & Staae

Year Released Dates Releases bv State
1967- from Braeside, Ontario, Canada.

150 P Jul Idaho
1968- lab reared at Albany, CA

950 L 3 Jun Idaho
50 L 8 Jul Washington

200 L 6 Aug Washington
1,200 L

1969- lab reared at Albany,. CA
188. L 19 May Wyoming
200 L 27 May Idaho
200 L 2 Jun Wyoming
200 L 9 Jun Washington
200 L 11 Jun Wyoming
150 L 16 Jun Montana
200 L 25 Jun Idaho
200 L 16 Jul Wyoming
400 L 25 Jul Idaho

1,938 L
,

1970- lab reared at Albany, CA
185 L .3 Jun WA, Lab Rearing
396 L 4 Jun Wyoming

1971- from Braeside, Ontario, Canada
93 L 8 Jun Wyoming

1982- from Braeside, Canada (ex. L. vulaaris)
98 L 8 Jun Montana
50 L 8 Jun Washington
130 L 17 Jun Wyoming
100 L 18 Jun Washington
310 L 19 Jun - Idaho
100 L 21 Jun Washington
440 L 14 Jul Montana
30 L 14 Jul Montana

171 L 16 Jul Washington
215 L 16 Jul Wyoming

1,644 L
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1983-

1984-

lab reared at Albany, CA
400 L 10 Jun Montana
400 L 10 Jun Oregon
270 L 13 Jun Oregon
4 00 L Idaho
400 P 22 Jun Wyoming
800 P 22 Jun Wyoming
100 L 10 Jul Washington
52 L 27 Jul Colorado
48 L 27 Jul Colorado
135 L I Aug Colorado

3,005
lab reared at Albany, CA

197 L 11 Jun Nevada
' 47 L 19 Jul Wyoming
100 L 20 Jul Colorado
344 L

Year
# & Stage 
Released

Caloohasia lunula Imports 
Dates Location Recipient

1967- 7 00 E 29 May Belleville, Canada Peter Harris
1971- 2 00 L 28 May Bellevillfe, Canada Peter Harris
1972- 20 L 16 Aug Belleville, Canada Peter Harris
1973- 13 L/P 2 0 Jun Belgrade, Yugoslavia Milun Bogavac
1981- 37 L 3 0 Jul Ottawa, Canada James Kelleher

164 L/3 P 2 7 Aug Ottawa, Canada James Kelleher

There have also been other releases of C. lunula since 
1984 in Washington State from colonies obtained from Ottawa, 
Ontario, Canada (G.L. Piper pers. comm. 1989) and in 1984 
and 1985, 1502 larvae were sent to Washington State by Jim 
Story, Montana State University, Corvallis, Montana, from 
his mass rearing efforts (Story pers. comm. 1989).

In Canada, C. lunula is well established on L. vulgaris 
and is defoliating up to 20% of the stems (Harris 1988). It 
is also present at sites in Northern Idaho (J.P. McCaffrey, 
G.L. Piper pers. comm. 1990). Both Northern Idaho sites
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contain mixed stands of L. vulgaris and L. g. dalmatica. but 
no larvae were observed on L. g. dalmatica.

In an attempt to deal with the problem of lack of 
establishment on L. q. dalmatica. Agricultural Canada 
imported another strain of C. lunula, collected from L. g. 
dalmatica in Yugoslavia. This strain has been released on 
both L. vulgaris and L. genistifolia ssp. dalmatica in 
British Columbia and Saskatchewan, Canada.. Harris (1988) 
found that the moth developed egually well on both species. 
Larvae from this strain or host race, were used in this 
study and labeled the CD or Canadian L. g. dalmatica strain.

McDermott et al. (1990) reported the first north 
American establishment of C. lunula on L. g. dalmatica in 
1989. Larvae were observed and collected from L. g. 
dalmatica South of Missoula, MT. L. vulgaris plants were 
not observed at this site. This population apparently 
established from releases made by Jim Story (Table I) near 
Missoula between 1982 and 1985. These are probably 
descendants of individuals collected from L. vulgaris in 
Europe, and received by Jim Story from Braeside, Canada (ex. 
L. vulgaris) (see Table I) . This strain also was used in 
this study as the Missoula L. g. dalmatica or MD strain.
This population is now well established in the Missoula, MT 
area and attacks both L. vulgaris and L. g. dalmatica (J. 
Marks, Missoula County Montana State University Cooperative 
Extension Service, pers. comm., and personal observation).

27
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This Missoula L. g. dalmatica or MD strain is currently

being used in a mass rearing and distribution effort at
Montana State University under the direction of Dr. Robert
Nowierski, MSU Department of Entomology (see Appendix for
Mass Rearing Methods). This strain is mass reared under
greenhouse conditions with yearly supplements of wild larvae
obtained from the original collection site near Missoula,
Montana. Releases have been made throughout Montana since
1989 (Table 2), and larvae have been shipped to and released
in WY, CO, AZ, ID, and Canada.
Table 2. C. lunula releases from MSU.
Year ] Total Number of Releases
1992 4000 12
1993 6050 30 -with 2 or 3 releases at many sights.
1994 6600 33 -with 2 or 3 releases at many sights.
1995 8250 19 -releases contained larger numbers.

Some Montana sites have shown establishment on and 
observable damage to, L. g. dalmatica. Preliminary results 
from paired plant studies (damage versus nondamaged toadflax 
plants) showed that plants attacked by C. lunula contained 
significantly lower numbers of. seed capsules than unattacked 
plants (Nowierski, FitzGerald, Zeng, unpub. data, 1995).

Failure of C. lunula to establish at certain sites has 
been attributed to predation by ants and birds (Harris 
1984), disease caused stress (Bucher and Harris 1968), lack 
of the correct host plant strain (McDermott 1991, Nowierski 
1995), and stress upon exposure to a new environment (Hoel
1984).
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Bucher and Harris (1968) point out that the presence of 

disease may: I) prevent the establishment of the insect or 
the controlling of the weed at an acceptable level, and 2) 
should be considered when testing an insect's host range as 
"the presence of disease can make a borderline relationship 
appear safe" (Bucher and.Harris 1968). They mention that 
this may be the case with C. lunula and the ornamental 
snapdragon, Antirrhinum maius (L.), which is also a member 
of the family Scrophulariaceae. Early hosts range tests 
showed that C. lunula did not survive on A. maius (Harris 
1963), whereas Bucher and Harris (1968) found that 
cytoplasmic virus-infected larvae did not survive when fed 
A. maius. but A. maius is a border-line acceptable host for 
healthy larvae.

Biological control agents, especially those that are 
oligophagous; as is C. lunula- attacking both L. g. 
dalmatica and L. vulgaris in their native European habitat, 
should be tested for the possibility of strain or host race 
differences. Testing should be conducted to assess the 
possibility of: I) genetic differences, 2) morphological 
differences, 3) ethological differences, and 4) life history 
differences (McDermott 1991).

According to McDermott (1991) the seed head feeding 
weevils Gvmnetron antirrhini and Gvmnetron netum feed on 
both L. g. dalmatica and L. vulgaris in Europe, but occur 
almost exclusively on L. vulgaris in North America. Each
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species probably includes two or more host races as 
determined by electrophoretic analysis of several potential 
host races from both Europe and the United States (McDermott 
1991).

Nowierski (1995) reported that the ovary-feeding, 
nitidulid beetle, Bfachvoterolus oulicarius (L.) also occurs 
on both L. g. dalmatica and L. vulgaris in Europe, and until 
recently was only in association with L. vulgaris in North 
America. In 1992 a collection of B. oulicarius was made 
from L. g. dalmatica in British Columbia, Canada. This 
population has since been released in Montana and has 
apparently established. Preliminary laboratory studies 
indicate that the beetle may significantly affect seed 
production and the branchiness of L. g. dalmatica (Nowierski 
Pers. Comm. 1995, Grubb unpub. data).

Calophasia lunula, on the other hand, did not show 
genetic electrophoretic evidence to support the existence of 
host races, although these results may have been influenced 
by the laboratory rearing of some of the population's studied 
(McDermott 1991).

Another approach which can be used to assess strain or 
host race differences in insects involves the use of 
biological and ecological measures of individuals from the 
different suspected insect strains or host races. This 
information may be obtained from life table studies of the 
insect, which is the main thrust of this thesis.
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5. STRAINS AND HOST RACES
A strain is defined as a group organisms of presumed 

common ancestry with clear-cut physiological but usually not 
morphological distinctions; broadly: a specified 
infraspecific group or biotype (Webesters New Collegiate 
Dictionary 1973, Bernays and Chapman 1994). Host races of 
insects could be expected to be precursors of sympatric 
speciation, where as strains may be caused by the selection 
pressures of the local environment and/or, be precursors of 
host races.. Insect host races are groups of insects that 
show genetic polymorphism in host use with reduced 
interbreeding among genotypes that produces pronounced 
genotypic differences (Diehl and Buch 1984, Feder et al.
1988, McPheron, Smith and Berlocher 1988, Bernays and 
Chapman 1994).

I have used the word strain in this thesis to emphasize 
the fact that these infraspecific physiological differences 
may be very small or subtle, and to differentiate the term 
strain from the term host race. The idea of strains (and 
host races) and their function in speciation has been a 
controversial subject (Buch 1972, McPheron et al. 1988, 
McDermott 1991). The strain and host race concepts have 
been largely ignored in biological control efforts until 
recently (Tauber et al. 1986, Bradshaw 1990, McDermott 1991, 
Jolivet 1992). It is crucial that strains and host races of 
classical biological control agents be understood so as to



maximize their likelihood of success (Rosen 1978, McDermott 
1991, Nowierski 1995) and minimize the impact on non-target 
plant species. It is my focus in this research to search 
for developmental differences within the potential strains 
or host races of interest (MD, CD, and CY) and to increase 
our understanding of the basic biology of the insect, in 
hopes that this information will be useful in the biological 
control efforts against L. g. dalmatica.

An improper understanding of host race and strains 
could lead to two types of host specificity problems. The 
first type could occur when testing the potential biological 
agent for host specificity. If a specific host race is used 
in host specificity testing, and different or more broad 
host races are used for importation and release, the agent 
could cause unintended damage. An example of this has 
occurred in Montana where the weevil Rhinocvllus conicus 
which was thought to be host specific, was released on musk 
thistle and is attacking some native thistles (Boldt and 
DeLoach 1984, Zwolfer 1985, Goeden et al. 1984, and Rees,
Dr. Norm, USDA-ARS, pers. comm. 1995). The second type of 
mistake may occur , if a host race is imported that is not 
suitable for the target weed or if a strain is imported that 
is not adapted to the environment of the release site. This 
may be the case with C. lunula and its lack of consistent 
establishment on L. g..dalmatica in North America. This 
problem is one of the major issues addressed in this thesis.
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An example of host races within a population, 
interfering with establishment follows. The population of 
the biological control agent Rhinocvllus conicus was studied 
by Zwolfer and Preiss (1983), and Goeden et al. (1985). 
Failure of early attempts to establish the weevil 
Rhinocvllus conicus on milk thistle in California were 
attributed to the existence of host races. Three European 
host races were identified using isozyme analysis 12 years 
after the introduction of this weevil.

At first glance, it would seem to the advantage of 
phytophagous insects to have generalized feeding patterns, 
as large mammals generally do. However, most phytophagous 
insect species are specialists (Bernays and Chapman 1994), 
including C. lunula. This extreme specialization is useful 
because it makes these insects good candidates for the 
biological control of noxious weeds. However, in many cases 
(perhaps including Caloohasia lunula), the host races or 
strains within these insect populations may be even more 
narrow or specialized than the population in general and as 
mentioned above, should be of great concern when selecting 
and importing insects as biological control agents.

Reasons for the narrowing of the host range by insects 
are not well understood and the idea of strains and host 
ranges is a controversial topic. Bernays and Chapman (1994) 
state that "...it is difficult to say whether a factor 
caused specialization, or evolved later as a result of
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specialization." They divide the correlates of restricted 
diet breadth into 'enabling factors for specialization' and 
'post-specialization factors maintaining limited diets.'
Some enabling factors may be: I) resource availability 
including space, large numbers, large areas, time 
(ecological and evolutionary), and food availability in 
relation to insect size (insects are smaller than large 
mammals which may allow them to specialize), 2) competition 
between species, 3) behavioral patterns not associated with 
feeding such as thermal regulation, 4) secondary compounds 
in plants that limit their acceptability as hosts, and 5) 
limited insect sensory processing (i.e. greater efficiency 
of foraging when choices are few).

Some factors associated with, and hypotheses Concerning 
insect host-specialization are: I) morphology, the 
adaptations to the host, 2) post ingestive physiology (i.e. 
losing the generalists abilities to deal with other plant 
chemicals as they specialize on one plant), 3) the sexual 
rendezvous hypothesis, where individuals meet on the host 
plant and this enhances reproductive output, 4) phonological 
matching of host and insect, and 5) avoidance of mortality 
through specific behaviors associated with a host (Bernays 
and Chapman 1994). Disease interactions may also occur 
(Bucher and Harris 1968, Diel and Bush 1984).
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6. MATERIALS AND METHODS

Calophasia lunula larvae from each of the three strains
(MD, CD, and CY) were reared independently on L. g.
dalmatica and L. vulgaris. at each of the following
temperatures: 16, 20, 28, and 32 0C. Table 3 below shows
the number of C. lunula eggs used for each run.
Table 3: Number of Calophasia lunula eggs used for each 

cohort..
POPULATION-PLANT 16° 2 0° 28° 32° TEMP. °C
MD-D 50 50 : 50 50
MD-Y 50 50 50 50
CD-D 50 50 50 50
CD-Y 50 50 50 50
CY-D 50 50 50 * *
CY-Y____________ 11_______ 50_______ 50________*________ _____
*Disease affected these runs therefore, the data was not 
usable.

A cohort of 100 eggs from each strain was used to 
produce two runs of 50 eggs each at each temperature (for 
instance MD-D and MD-Y at 2 0 °C) . These eggs were deposited 
during the course of one night (within 12 hours) by a group 
of 15 to 20 adult C. lunula moths selected at random from 
laboratory rearing cages and placed in a separate collection 
cage of their own on the plant used by that population (MD 
and CD on L. g. dalmatica, and CY on L. vulgaris).
Individual eggs were placed in translucent Dixie Plastic 
Portion Souffle 5 1/2 ounce (163 ml) cups No. PO 55 
Transluc., with lid No. 905-P. Small holes were punched in 
the lids with a dissection needle. Eggs were either: I) 
removed from the collection cage with a moist paintbrush and
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placed on the plant sprig in the cup, or more often, 2) the 
small piece of substrate (leaf, stem, or flower) upon which 
oviposition had occurred was carefully cut from the plant 
and placed on the bottom of the cup (see Figures 4 and 5).

Each cohort of 100 was randomly divided into two runs 
of 50, one of which was fed an unlimited amount of fresh cut 
sprigs of L. g. dalmatica and the other was fed an unlimited 
amount of fresh cut sprigs of L. vulgaris. Each sprig was 
kept fresh by placement within a 1/4 dram Kimble shell vial, 
short style Art. N. 60930-L, Code N. 60930L-14, size 9 X 3 0  
mm, containing distilled water which was added daily. New 
sprigs were added as needed so as to provide a constant 
supply of food for the larvae. A wooden toothpick was added 
to each cup: I) to raise the vial/sprig end of the vial and 
prevent water spillage, and 2) to provide a cocoon building 
site for the larva. Cups were cleaned or replaced as 
needed.

Each cohort of 50 eggs was positioned within a clear 
plastic plant flat lid measuring 3 dm x 5.5 dm, 
and stacked within environment chambers set at the desired 
temperature. Each flat lid (per stack of three) was held 
above the other by three bamboo plant stakes, to increase 
air circulation. The three flat lids within each stack were 
rotated daily (Figure 6).

As adult moths emerged, males and females from the same 
cohort were paired and placed within a cup. Each pair was
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Figure 4. Cup setup with C. lunula larvae. Linaria 
Dalmatica (above) and L. vulgaris (below).
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Figure 6. Two Calophasia lunula cohorts in growth chamber 
(above). Larva being weighed (below).
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provided with: I) a sprig of the appropriate host plant, in 
a shell vial filled with distilled water as needed and taped 
upright to the side of the cup, and 2) a shell vial filled 
with a honey water solution taped upright to the side of the 
cup and filled as needed.

Eggs were counted and removed each day with a moist 
paint brush. When soaked in a small drop of distilled water 
for I min., young eggs easily brush off the substrate which' 
they were deposited on with little or no damage. The cups 
were cleaned and changed as needed. All tools and work 
stations were cleaned with alcohol or bleach at the end of 
each data collection session.

' The majority of life table runs were conducted in 
environmental chambers located at the MSU Insect Quarantine 
Laboratory (IQL). A few runs were conducted in environmental 
chambers located in the attached MSU Plant Growth Center 
(PGC). The chambers used were: IQL environmental chambers:
I) Percival: Model MB-60B, Ser. # 83J3022.I, 2&3 Sherer 
(Rheem Manufacturing* Co.): Model IRLTP 23 AHYf-A, Ser. #'s 
YS 7459-2C & YS 7459-4C 4) Sherer Model CEC 38-15 HLF, Ser.
# YS7459-1. Plant Growth Center environmental chambers were 
Percival, Ent. #3, and Conviron PGC #3.

Photoperiod was 16:8 (L:D). Light intensity varied 
from 200 to 3500 foot candles in the chambers. Temperatures 
were held as constant as possible and no major disruptions 
such as power failure or chamber break down, were recorded.
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Data was gathered at approximately the same time each 
day (this varied from cohort to cohort but was usually in 
the early afternoon), at room temperature, and individual 
larvae spent equal time per cohort at this temperature. No 
more than 25 minutes were used per data acquisition session 
and the cups were opened and closed as rapidly as possible.

The toadflax sprigs used were greenhouse grown under 
similar environmental conditions including water, 
fertilizer, soil, pot size, light duration and intensity.
In January 1991, a selection of sprigs from both toadflax 
species were collected from the greenhouse and used to feed 
the larvae. These sprigs were dried in separate ovens and 
analyzed by the Soil Analytical Lab, Plant & Soil Science 
Dept., Montana State University, Bozeman, MT 59715. This 
data gathered showed that the plant species in this study 
differed somewhat in mineral content (Table 4).

Table 4. Mineral content of L. g. dalmatica. and L. vulgaris 
food plants used.

L.
L.

Ca
%

Mg
%

K
%

Na
mg/kg

S
%

Fe
mg/kg

Mn
mg/kg

g. dalmatica:I.54 
vulgaris: 3.45

0.45
0.50

3.20 
3.17

H O
50

,0.43
0.35

112 
74 ■

186
208

Cu Zn P TKN
mg/kg mg/kg % %N

L. g. dalmatica: 8 60 0.59 4.84
L. vulgaris: I 71 0.46 4.38

Parameters measured in study:
I) Number of days spent in each life stage (i.e. egg, 1st, 

2nd, 3rd, 4th, and 5th instar, prepupa, pupa, and
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adult).
2) Number of eggs laid per day.
3) Weight at second day of 1st instar (first day, first 

instar larvae were too fragile to weigh) @ 0.001 g, at 
beginning (first day) of each instar (2nd-5th) @ 0.001 
g, and pupal weight @ 1.0 g (see Figure 6).

4) Sex as pupa (See Biology and History of C. lunula for 
description, and Hoel (1984) for photographs).
Presence of the shed head capsules, coloration, and

general body proportion observations were used to ascertain 
larval, instar. ' Immediately after molt, the larval head 
capsule is generally larger in diameter than the body and 
this makes the larvae look thin with an oversized head. As 
the larva grows, the skin stretches but the head capsule 
does not. This causes the larvae to look fat with a small 
head, just prior to molt. Larval coloration is also more 
striking just proceeding molt.

Weight (0.001 g) was measured using a Denver Instrument 
Company semianalyticaI balance, Serial # B033695.
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7. AGE-SPECIFIC LIFE TABLE/DATA ANALYSIS
Age-specific life table statistics including: I) the 

intrinsic rate of increase (rm) , 2) the net reproductive 
rate (R0) , 3) the mean generation time (MGT), and 4) the 
population doubling time (PDT) were calculated using a Quick 
Basic Program written by R. M. Nowierski (1988). Twenty out 
of twenty-two cohorts produced eggs and therefore, could be 
analyzed using this method. The CD-D at 32°C and the CY-D 
at 2 8 °C cohorts did not produce eggs.. Also, the CD-D and 
CD-Y at 16 0C had a large percentage of individuals that 
diapaused, and thd'se pupae were refrigerated for the winter 
and the life-table data were finished the following summer. 
Diapaused individuals were not used in duration of life 
stage measurements.

The mean duration in days of life stages of three 
strains of C. lunula (MD, CD, and CY) reared at 16 0C, 2O °C,
280C, and 320C were compared across rows for a particular 
toadflax species (L. g. dalmatica or L. vulgaris) using 
ANOVA and Student-Newman-Keuls means separation test.

Potential strain differences were analyzed within 
strains and between different host plants, in this case, L. 
g. dalmatica and L. vulgaris. For instance MD-D and MD-Y at 
16 0C were analyzed using t-test comparisons of mean life 
stage duration.

The mean weights at life-stages Ist-Sth instars and 
pupa, of three strains of C. lunula (MD,. CD, and CY) reared

(
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at 16 0C, 2 0 °C, 28 °C, and 32 °C were compared across rows 
for a particular toadflax species (L. g. dalmatica or L. 
vulgaris) using ANOVA and Student-Newman-Keuls means 
separation test.

Mean weights at life stages: Ist-Sth instars, and pupa, 
within strains and temperatures, fed on each host plant, 
were compared.

The mean daily cumulative number of eggs/female were 
generated for all cohorts that produced eggs at the four 
temperatures.

Development time in days against temperature curves 
were generated for development of C. lunula from the 
beginning of 1st instar to the pupal stage. From these 
curves, regression lines were produced. The CY strain is 
represented by only three points (no 32 0C) whereas the 
other strains have four points.

Results
Mean Duration of Life-Stages Between Strains

The MD Strain consistently required significantly more 
time for development for eggs, instafs 1-5, and pupae 
compared to strains CD and CY at 16°C

The mean duration of various life-stages for strains 
differed significantly when fed L. g. dalmatica for the egg 
stage and instars 1,2 and 4 (P<0.01), while differences 
between the three strains were only found in the 1st instar 
and pupal stage at 160C when the Calpphasia larvae were fed
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L. vulgaris (P<0.05). The pupa and adult life-stage results 
could not be compared because some diapaused pupae from each 
strain were mixed in refrigerated storage (Table 5).
Table 5. Mean duration in days of life stages of three strains of 
Calophasia lunula reared on L. g . dalmatica or L. vulgaris at 16 °C- 
Means across rows for a particular toadflax species followed by a 
different lower case letter or a capitol letter were significantly 
different at the 0.05 and 0.01 levels, respectively, using ANOVA and 
Student-Newman-Keuls means separation test.

L . g . dalmatica 16 0C L. vulgaris
Life
Stage MD-D CD-D QItHO MD-Y CD-Y CY-Y
egg X 10.72 A 8.92 C 9.97 B | 10.92 A 7.95 B 8.00 B

SE 0.6735 0.1699 0.1189 I 0.0629 0.1318 0.5477
n 50 39 44 | 50 42 5

1st X 6.84 A 6.31 B 4.85 C I 6.30 a , 6.00 a 5.2 b
SE 0.1456 0.2418 0.1833 | 0.0769 0.1675 0.3742
n 45 36 41 I ’ 50 41 5

2nd X 6.67 A 5.49 B 4.05 C | 5.78 A 4.59 B 4.60 B
SE 0.2202 0.2938 0.1192 | 0.1117 0.1157 0.4000
n 45 35 36 | 50 41 5

3rd X 7.23 A 5.28 B 4.92 B I 6.73 A 4.40 B 4.60 B
SE 0.1324 0.2428 0.2654 I - 0.1289 0.1230 0.4000
n 43 32 36 | 48 40 5

4th X 8.05 A 7.10 B 4.94 C I 8.27 A 5.46 B 5.80 B
SE 0.2156 0.3225 0.2103 I 0.1850 0.1595 0.3742
n 43 31 32 | 44 39 5

5th X 12.19 A 6.30 B 6.20 B | 12.98 A 6.73 B 6.80 B
SE 0.3128 0.1601 0.2269 | 0.2030 0.2281 0.5831
n 42 30 30 | 42 37 5

Prepu X 7.21 a 6.00 ab 5.36 b | 7.58 a 5.89 a 5.33 a
SE 0.5982 0.3187 0.2227 I 0.5310 0.1583 1.3333
n 39 26 25 ■! 40 36 3

pupa X 37.92 a 28.8 b 31.73 * | 38.14 * 29.00 a 24.00 b
SE 0.5898 0.5831 0.5646 | * 0.6022 0.000
n 35 5 15 | 25 14 2

adult X 11.59 13.1 19.67 | 11.5 * 18.21 17.50
SE * * 2.1106 1.6203 | * 1.5161 0.500
n * * 10 15 I 22 14 2

Although all life stages except two, showed significant 
differences in mean duration among strains at 20°C, no 
pattern Was discernable. The three strains showed
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significant differences (P<0.01) when reared on L. vulgaris 
at the 2nd and 3rd instar life-stages. The 3rd instar and 
prepupa reared on L. g. dalmatica. and all pupae that were 
previously reared on both L. g. dalmatica and L. vulgaris 
did not show statistically significant differences in mean 
duration (p>0.05 Table 6).
Table 6. Mean duration in days of life stages of three strains of 
Calophasia lunula reared on L. g . dalmatica or L . vulgaris at 20°C. 
Means across rows for a particular toadflax species followed by a 
different lower case letter or a capitol letter were significantly 
different at the 0.05 and 0.01 levels, respectively, using ANOVA and 
Student-Newman-Keuls means separation test.

Life
Stage

L
' MD-D

. g. dalmatica 20 0C ' L.
CD-D CY-D ' | MD-Y

vulgaris
-CD-Y CY-Y

egg X 6.96 A 6.07 B 6.83 A | 6.96 A 6.38 B 6.58 B
SE 0.0304 0.0515 0.0675 I 0.0618 0.0890 0.0745
n 46 43 42 | 46 47 45

1st X 3.57 b 3.91 a 3.89 a I 4.17 A 3.70 B 3.93 B
SE 0.0739 0.1171 0.1111 | 0.0565 0.0740 0.0862
n 46 42 36 | 46 47 42

2nd X 3.44 A 3.67 A 3.00 B I 3.27 B 3.81 A 2.90 C
SE 0.0749 0.1003 0.0797 I - 0.0935 0.0722 0.1026
n 45 42 36 ' | 46 47 39

3rd X 3.64 3.67 3.65 | 3.36 a 3.22 ab 2.95 b
SE 0.0850 0.0944 0.1393 I 0.0789 ,0.1316 0.1222
n 45 42 34 | 45 46 37

4th x 4.58 A 4.74 A 3.41 B | 3.81 B 4.67 A 3.62 B
SE 0.1077 0.1930 0.1898 I 0.1495 0.0935 0.1705
n 45 42 32 I 42 46 37

5th X 5.59 a 5.42 a 4.68 b I 5.83 A 5.23 B 4.65 C
SE 0.1187 0.3470 0.1266 | 0.1393 0.1412 0.1327
n 44 38 28 I 41 44 ■ 34

Prepu X 4.05 B 4.68 A 4.52 A | 4.24 b 4.64 a 4.33 ba
SE 0.0899 0.1445 0.1347 | 0.1218 0.0925 0.1124
n 42 34 27 | 38 44 33

pupa X 19.54 20.05 18.64 I 20.10 21.42 18.83
SE 0.4122 0.9854 0.7372 I 0.6992 0.9722 1.2725
n 26 20 22 | 31 38 23

adult X 20.39 A 10.4 B 12.19 B | . 26.67 A 10.-92 B 13.04 B
SE 2.0866 0.8596 1.2279 | 1.8750 1.0536 ■ 1.18201
n 26 20 21 . I 30 38 23
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<

Multiple comparisons of means for duration of life 
stages at 28° C showed significant differences at exactly 
half of the mean comparisons, although no consistent pattern 
was discernable. Those life stages not showing significant 
differences included 2nd and 3rd instars, prepupae, pupae, 
and adults reared on L. g. dalmatica. and 1st, 2nd, 3rd, and 
4th instars reared on L. vulgaris (P>0.05, Table 7).
Table 7. Mean duration in days of life stages of three strains of ' 
Calophasia lunula reared on L. g . dalmatica or L. vulgaris at 28 °G. 
Means across rows for a particular toadflax species followed by a 
different lower case letter or a capitol letter were significantly 
different at the 0.05 and 0.01 levels, respectively, using ANOVA and 
Student-Newman-KeuIs means separation test.

L. g. dalmatica 28 °C L . vulgaris
Life
Stage MD-D CD-D CY-D ’ I MD-Y CD-Y CY-Y
egg X 3.64 B 3.25 C 4.0 A I 3.77 B 3.44 C 4.03 A

SE 0.0722 0.0660 0.0000 I 0.0639 0.0766 0.0412
n 45 44 44 | 44 43 41

1st X 2.54 A 2.21 B 2.24 B | 2.27 2.22 2.10
SE 0.0839 0.0696 0.0821 I 0.0753 0.0891 0.0492
n 43 44 42 I 44 41 39

2nd X 2.33 2.00 2.31 | 2.00 . 1.90 2.00
SE 0.0723 0.1561 0.0722 | 0.0325 0.1000 0.0367
n 43 40 42 | 44 40 39

3rd X 2.29 1.88 2.07 I 2.09 1.95 1.97
SE 0.1572 0.1085 0.0862 | 0.0546 0.0896 0.0861
n 42 40 42 I 44 39 ' 39

4th X 2.88 A 3.125 A 2.39 B I 2.28 2.27 2.50
SE 0.1787 0.1761 0.1253 | 0.0901 0.1204 0.1116
n 41 40 41 | 43 37 38

5th X 3.21 B 2.72 C 4.70 A | 3.39 B 2 .,94 C 4.12 A
SE 0.1492 0.1333 0.1591 ■ I 0.1253 . 0.1417 0.1492
n 33 35 37 I 41 35 33

Prepu X 2.50 2.30 2.73 ' | 2.18 B 2.37 BA 2.61 A
SE 0.1474 0.1466 0.1882 I 0.0637 0.0895 0.1182
n 24 23 22 | 38 30 18

pupa X 10.14 9.86 9.83 I 9.94 B 9.75 B 11.25 A
SE 0.2310 0.5631 1.6210 | 0.0891 0.3067 0.3286
n 14 14 6 | 32 20 12



48
adult x 8.90 6.29 6.00 I 8.97 A 6.5 BA 3.67 BSE 1.2601 ■ 0.5286 1.5166 | 0.7466 1.0518 0.7817n 10 14 5 j 32 18 9

Disease affected the CY cohorts (which were fortunately 
the last tested) which were reared at 320C, therefore, 
statistical analysis were only possible for strains MD and 
CD. Significant differences in mean duration between the MD • 
and CD strains were obtained for all life stages except 3rd 
and 5th instars, pupae reared on L. g. dalmatica. and first 
and fourth instars, prepupae, and pupae reared on L. 
vulgaris (Table 8).
Table 8. Mean duration in days of life stages of three strains of 
Calophasia lunula reared on L. g . dalmatica or L. vulgaris at 32° C. 
Means across rows for a particular toadflax species followed by a 
different lower case letter or a capitol letter were significantly 
different at the 0.05 and 0.01 levels, respectively, using ANOVA and 
Student-Newman-KeuIs means separation test.

L . g . dalmatica 32 °C L. vulgaris
Life
Stage MD-D ’ CD-D CY-D MD-Y CD-Y CY-Y
egg X 3.57 A 3.00 B no data .74 A 3.02 B no data

SE 0.0739 0.0398 due to I 0.0637 0.0217 due to
n 46 36 disease. I 49 46 disease.

1st X 2.70 A 2.17 B I 2.13 2.11
SE 0.0914 0.6230 I 0.0579 0.0639
n 43 36 I 47 46

2nd X 1.38 B 2.25 A I 1.34 b 1.57 a
SE 0.0758 0.0833 I 0.0699 0.0739
n 42 36 I 47 46

3rd X 1.93 1.86 I 1.30 B 1.85 A
SE 0.1012 0.0904 I 0.0740 0.0821
n 41 36 I 47 46

4th X 2.18 b 2.58 a I 2.26 2.42
SE 0.06373 0.1511 I 0.0789 0.0926
n 38 36 I 46 45

5th X 3.17 3.15 I 4.02 A 3.51 B
SE 0.1091 0.1747 I 0.1222 0.1171
n 36 33 I 43 43
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Prepu x 2.31 a 2.00 b I 2.03 1.95

SE 0.08955 0.1082 I 0.1032 0,1063
n 35 19 I  38 38

pupa x 9.23 9.80 I '  9.00 9.96
SE 0.2308 0.3742 I 0.1904 0.6311
n 26 5 I  24 25

adult x 9.68 A 3.00 B I 10.71 a 7.24 b
SE 0.9322 1.0955 I  1.0598 1.2875
n 2 5 5 I 24 25

Mean Duration of Life Stages Between Plants
Another way to show potential strain differences is to 

compare life stage duration within strain between cohorts 
fed different host plants, in this case, L. g. dalmatica and 
L. vulgaris. For instance, MD-D and MD-Y at 16 0C.

Mean duration of all life stages: Ist-Sth instars, 
prepupa, pupa, and adult, within strains and temperatures, 
fed on each host plant, were compared (Tables 9-11). 
Significant differences in the mean duration in life stages 
were found between strains MD-D and MD-Y at 16 °C for the 
lst-3rd and 5th instars (P<0.OS). At 20 0C differences 
occurred in the 1st, 3rd, 4th instars, and adult stages, 
while differences occurred in the 1st, 2nd and 4th instars 
at 28° C. At 32° C differences occurred in the 1st, 3rd, Sth 
instars, and prepupae (Table 9).

Few significant differences in mean duration in life 
stage were found between strains CD-D and CD-Y at all 
temperatures (Table 10). At 16 0C differences between CD-D 
and CD-Y occurred for egg, and 2nd-4th instars (P<0.01). At 
20 °C differences occurred for egg and 3rd instars (P<0.01).



Table 9. Mean duration in days of life-stages within MD strain of Calophasia lunula compared by plant, L . 
g . dalmatica and L . vulgaris. x = mean, ±se = standard error, n = number, t = t-value, and p-val. = p- 
value. Means are compared by temperature, down column.

Life Stages
Strain Stat. Pre- -------
Tomp P a r a _____ I crf- 9  n r l IrrS A+-h ___ Suth-------------pupa____ Ptipa

MD-D 16 X 1 0 . 7 2 6 . 8 4 6 . 6 7 7 . 2 3 8 . 0 5 1 2 . 1 9 7 . 2 1 3 7 . 9 2 1 1 . 5 9
is © 0 . 4 5 4 0 . 9 8 8 1 . 2 1 5 0 . 9 3 2 1 . 1 8 9 1 . 4 7 4 1 . 9 3 3 1 . 8 6 8 *
n 50 45 45 43 43 42 39 35 *

MD-Y 16 X 1 0 . 9 2 6 . 3 0 5 . 7 8 6 . 7 3 8 . 2 7 1 2 . 9 8 7 . 5 8 3 8 . 1 4 1 1 . 5 0±se 0 . 0 6 3 0 . 0 6 3 0 . 1 1 2 0 . 2 1 9 0 . 1 8 5 0 . 2 0 3 0 . 5 3 1 * *
n 50 50 50 48 44 42 40 25 22
t - 2 . 2 2 7 3 . 3 0 8  ' 3 . 5 9 1 2 . 7 2 4 - 0 . 7 9 7 - 2 . 1 0 7 - 0 . 4 6 2 - 0 . 3 7 3 *
p-val 0 . 0 2 8 0 . 0 0 1 0 . 0 0 0 5 0 . 0 0 8 0 . 4 2 8 0 . 0 3 8 0 . 6 4 5  ' 0 . 7 1 1 *

MD-D 20 X 6 . 9 6 3 . 5 7 3 . 4 4 3 . 6 4 4 . 5 8 5 . 5 9 4 . 0 5 1 9 . 5 4  ■ 2 0 . 3 8
+ se 0 . 0 3 0 0 . 0 7 4 0 . 0 7 5 0 . 0 8 5 0 . 1 0 8 0 . 1 1 9 0 . 0 9 0 0 . 4 1 2 2 . 0 8 7
n 46 46 45 45 45 44 42 . 26 26

MD-Y 20 X 6 . 9 6 4 . 1 7 3 . 2 3  • 3 . 3 6 3 . 8 1 5 . 8 3 4 . 2 4 2 0 . 1 0 2 6 . 6 7
±S© 0 . 0 6 2 0 . 0 5 7 0 . 0 9 4 0 . 0 7 9 0 . 1 5 0 0 . 1 4 0 0 . 1 2 2 0 . 7 0 0 1 . 8 7 5
n 46 46 46 45 42 41 38 31 30
t 0 . 0 0 0 - 6 . 5 4 3 0 . 9 8 8 2 . 4 9 1 4 . 1 7 0 - 1 . 3 0 3 - 1 . 2 5 0 - 0 . 6 8 8 2 . 2 3 9
p-val 1 . 0 0 0 3 . 6 E - 0 9 0 . 3 2 6 0 - 0 1 5 7 . 3 E - 0 5 0 . 1 9 6 0 . 2 1 5 0 . 4 9 5 0 . 0 2 9

MD-D 28 X 3 . 6 4 2 . 5 4 2 . 3 3 2 . 2 9 2 . 8 8 3 . 2 1 2 . 5 0 1 0 . 1 4 8 . 9
±S© 0 . 0 7 2 0 . 0 8 4 0 . 0 7 2 0 . 1 5 7 0 . 1 7 9  . 0 . 1 4 9 0 . 1 4 7 0 . 2 3 1 1 . 2 6 0
n 45 ' 43 43 42 41 33 24 14 10

MD-Y 28 X 3 . 7 7 2 . 2 7 2 . 0 0 2 . 0 9 2 . 2 8 3 . 3 9 2 . 1 8 9 . 9 4 8 . 9 7
. ±se 0 . 0 6 4 0 . 0 7 5 0 . 0 3 3 0 . 0 5 5 0 . 0 9 0 0 . 1 2 5 0 . 0 6 4 0 . 0 8 9 0 . 7 4 7
m 44 44 44 44 43 41 38 32 32
t - 1 . 3 3 1 2 . 3 2 6 4 . 1 0 7 1 . 1 7 0 2 . 9 9 3 - 0 . 9 1 4 1 . 9 6 6 0 . 8 2 9 0 . 0 4 7
p-val 0 . 1 8 7 0 . 0 2 2 9 . 2 E - 0 5 0 . 2 4 5 0 . 0 0 4 0 . 3 6 4 0 . 0 5 4 0 . 4 1 1 0 . 9 6 3

MD-D 32 X 3 . 5 7 2 . 7 0 1 . 3 8 1 . 9 3 2 . 1 8 3 . 1 7 2 . 3 1 9 . 2 3 9 . 6 8
±se 0 . 0 7 4 0 : 0 9 1 0 . 0 7 7 0 . 1 0 1 0 . 0 6 4 0 . 1 0 9 0 . 0 9 0 0 . 2 3 1 0 . 9 3 2
n 46 43 42 41 38 36 35 26 25

MD-Y 32 X 3 . 7 4 2 . 1 3 1 . 3 4 1 . 3 0 2 . 2 6 4 . 0 2 2 . 0 3 9 . 0 0 1 0 . 7 1
is© 0 . 0 6 4 0 . 0 5 8 0 . 0 7 0 0 . 0 7 4 0 . 0 7 9  • 0 . 1 2 2 0 . 1 0 3 0 . 1 9 0 1 . 0 5 9
n 49 47 47 47 46 43 38 24 24
t - 1 . 7 3 7 5 . 2 7 2 0 . 3 9 3 5 . 0 1 9 - 0 . 7 5 6 - 5 . 2 2 8 2 . 1 0 8 0 . 7 7 1 0 . 7 2 9
p-val 0 . 0 8 6 9 . 5 E - 0 7 0 . 6 9 5 2 . 8 E - 0 6 0 . 4 5 2 1 . 4 E - 0 6 0 . 0 3 9 0 . 4 4 4 0 . 4 7 0



Table 10. Mean duration in days of life-stages within CD strain of Calophasia lunula compared by plant, L.
L . g . dalmatica and L . vulgaris. x = mean, ±se = standard error, n = number, t = t-value, and p^val. = p- 
value. Means are compared by temperature, down column.__________ ___________ _________________
Strain Stat.
T o m p  D a r a

Life Stages
I cz-K 9 rt H 9 r-rl A-bh m - h

Fre
_____ p n p a _____ - P n p a

CD-D 16 x 7.95 6.00 4.59 4.40 5.46 6.73 5.89 29.00 18.21
±se 0.132 0.168 0.116 0.123 0.160 0.228 0.158 0.602 1.516
n 42 41 41 40 39 37 36 14 14

CD-Y 16 x 8.92 6.31 5.49 5.28 7.10 6.30 6.00 28.80 13.10
±se 0.170 0.242 0.294 0.243 0.323 0.160 0.319 0.583 2.111
n 39 36 . 35 32 31 30 26 5 10
t -4.515 -1.039 -2.851 -3.238 -4.545 1.542 -0.312 0.239 1.968
p-val 2.2E-05 0.302 0.006 0.002 2.3E-05 0.128 0.756 0.814 0.062

CD-D 20 x" 6.07 3.91 3.67 3.67 4.74 5.42 4.68 20.05 10.40
±se 0.052 0.117 0.100 0.094 0.193 0.347 0.145 0.985 0.860
n 43 42 42 42 42 38 34 20 20

CD-Y 20 x 6.38 3.70 3.81 3.23 4.67 5.23 4.64 21.42 10.92
±se 0.089 0.074 0.072 0.. 132 0.094 0.141 0.093 0.972 1.054
n 47 47 47 46 46 44 44 33 38
t -3.074 1.463 -1.147 2.775 0.299 0.517 0.234 -0.993 -0.383
p-val 0.003 0.147 0.254 0.007 0.765 0.060 0.816 0.326 0.703

CD-D 28 x 3.25 2.21 2.00 1.88 3.13 2.71 2.30 9.86 6.29
±se 0.066 0.070 0.156 0.109 0.176 0.133 0.147 0.563 0.529
n 44 44 40 40 40 35 23 14 14

CD-Y 28 3c 3.44 2.22 1.90 1.95 2.27 2.94 2.37 9.75 6.50
±se 0.077 0.089 0.100 0.090 0.120 0.142 0.089 0.307 1.052
n 43 ■ 41 40 39 37 35 30 20 18
t -1.897 -0.132 0.540 -0.524 4.007 -1.175 -0.363 0.167 -0.182
p-val 0.061 0.895 0.591 0.602 0.0001 0.244 0.718 0.868 0.857

CD-D 32 3c 3.00 2.167 2.25 1.86 2.58 3.15 9.80 3.0
±se 0.040 0.063 0.083 0.090 0.151 0.175 0.108 0.374 1.095
n 36 36 ■ 36 36 36 33 19 5 5

CD-Y 32 3c 3.02 2.11 1.57 1.85 2.42 3.51 1.95 9.96 7.24
±se 0.022 0.064 0.074 0.082 0.093 0.117 0.106 0.631 0.288
n 46 46 46 46 45 43 38 25 25
t -0.479 0.646 6.148 0.109 0.909 -1.712 -12.840 -0.218 -2.508
p-val 0.633 0.520 2.9E-08 0.914 0.366 0.091 0 . 0 0 0 0.829 0.018

CD-Y 32



Table 11. Mean duration in days of life-stages within CY strain of Calophasia lunula compared by plant, L. 
g. dalmatica and L . vulgaris. x = mean, ±se = standard error, n = number, t = t-value, and p-val. = p- 
value. Means are compared by temperature, down column

Life Stages
Strain Stat. : Pre
T o m p  P a v a O l J f J I  G-h 9 rtri I v H 4+h ---pupa___ _____ P u p a AHiiI+-

CY-D 16 x 9.73 4.85 4.06 4.92 4.94 6.20 5.36 31.73 19.67
±se 0.119 0.183 0.119 0.265 0.210 0.227 0.223 0.565 1.620
n 44 41 36 36 32 30 25 15 15

CY-Y 16 x 8.00 5.20 4.60 4.60 5.80 6.80 5.33 24.00 17.50
±se 1.225 0.837 0.894 0.894 0.837 1.304 2.309 0 . 0 0 0 0.707
n 5 5 5 5 5 5 3 2 2
t 3.082 -0.831 -1.305 0.660 -2.010 -0.959 0.020 13.698 1.278
p-val 0.003 0.410 0.200 0.513 0.052 0.345 0.984 6.9E-10 0.221

CY-D 20 x 6.83 3.89 3.00 3.65 3.41 4.68 4.52 18.64 12.19
±se .0.068 0 . 1 1 1 0.080 0.139 0.190 0.127 0.135 0.737
n 42 36 36 34 32 28 27 22 21

CY-Y 20 x 6.58 3.93 2.90 2.95 3.62 4.65 4.33 18.83 13.04
±se 0.075 0.086 0.103 0.122 0.171 0.133 0.113 1.273 1.182
n 45 42 39 37 37 34 33 23 23
t 2.544 -0.282 0.790 3.784 -0.844 0.172 1.056 -0.129 -0.501
p-val 0.013 0.779 0.432 0.0003 0.402 0.864 0.296 0.898 0.619

CY-D 28 x 4.00 2.24 2.31 2.07 2.39 4.70 2.73 9.83 6.00
■±se 0 . 0 0 0 0.082 0.072 0.086 0.125 0.159 0.188 1.621 1.517
n 44 42 42 ■ 42 41 37 22 6 5

CY-Y 28 x 4.07 2.10 2.00 1.97 2.50 4.12 2.61 11.25 3.67
+ se 0.041 0.049 0.037 0.086 0.112. 0.149 0.118 0.329 0.782
n 41 39 39 39 38 33 18 12 9
t -1.777 1.415 3.821 0.797 -0.654 2.666 0.523 -0.857 1.368
p-val 0.079 0.161 0.0003 0.428 0.511 0.010 0.604 0.040 0.197
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At 28 0C differences occurred for 4th instars (P<0.01). At 
32 0C differences occurred for 2nd instars, prepupae, and 
adults (P<0.05)(Table 10).

The t-test comparisons of mean duration of life stages 
for the CY strain also showed few significant differences. 
At 16 0C differences between CY-D and CY-Y occurred for eggs 
and pupae (P<0.01, Table 11). At 20 °C differences between 
CY-D and CY-Y occurred for eggs and 3rd instars (P<0.01, 
Table 11) . At 28 °C differences between CY-D and CY-Y 
occurred for 2nd and 5th instars, and pupa (Table 11).
Mean Weight Between Strains

Mean weights at 16 °C showed significant differences at 
all life stages except 4th instars reared on L. g. 
dalmatica. and 2nd and 3rd instars reared on L. vulgaris 
(P<0.05). However, no consistent pattern separated one 
strain from the others (Table 12).
Table 12. Mean weights of life stages of three strains of Calophasia' 
lunula reared on L. g. dalmatica or L . vulgaris at 16°C. Means across 
rows for a particular toadflax species .followed by a different lower 
case letter or a capitol letter were significantly different at the 0.05 
and 0.01 levels, respectively, using ANOVA and Student-Newman-Keuls 
means separation test.

L . g . dalmatica 16 0C L. vulgaris
Life
Stage MD-D ’ CD-D CY-D I MD-Y CD-Y CY-Y
1st x 0.37 b 0.37 b 0.44 a I 0.35 0.34 0.33

SE 0.0163 0.0263 0.0181 I 0.0172 0.0320 0.0217
n 50 37 42 I 50 40 5

2nd X 1.67 A 1.27 B 1.89 A | 1.76 1.90 1.18
SE 0.0511 0.0941 0.1204 I 0.0494 0.1529 0.1280
n 46 36 41 I 50 41 5

3rd X 7.02 B 5.62 B 8.99 A I 7.04 7.14 8.06
SE 0.2064 0.3431 1.1437 | 0.2618 0.5098 1.3366
n 42 35 36 | 49 41 5

4th X 26.18 24.05 25.96 | 30.89 A 26.21 A 25.03 A
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SE 0.7111 1.2949 1.5119 I 0.9714 1.3524 0.8490n 43 32 36 | 48 39 5
5th X 92.16 B 116.12 A 110.19 B| 92.41 B 108.80 BA 116.76 ASE 2.2663 5.6361 3.9318| 2.4459 •4.2785. 11.7955n 43 31 31 I 44 39 5
pupa x 0.190 A 0.164 B 0.162 B | 0.167 A 0.146 A 0.161 A

SE 0.0043 0.0024 0.0037 I 0.0039 0.0024 0.0062
n 36 24 25 I 35 36 3*First instar larvae and pupae were weighed on day 2 after molt. all

other measurements taken on first day after molt.

The only data recorded for MD or CD at 2 0 °C were pupal 
weights, while the weights for CY for instars 1-5 and the 
pupal stage are presented in Table 13. Pupal weights did 
show significant differences among strains (P<0.01) when 
reared on L. g. dalmatica. When fed L. vulgaris. the CY 
strain was significantly lower in weight than the MD and CD 
strains (P<0.01, Table 13).
Table 13. Mean weights of life stages of three strains of Calophasia 
lunula reared on L . g . dalmatica or L . vulgaris at 20° C. Means across 
rows for a particular toadflax species followed by a different lower 
case letter or a capitol letter were significantly different at the 0.05 
and 0.01 levels, respectively, using ANOVA and Student-Newman-Keuls 
means separation test.

Life.
Stage

L . g .

MD-D
dalmatica

CD-D
20 °C 

CY-D |
L . vulgaris 

MD-Y CD-Y CY-Y
1st X

SE
n

no data no data 0.55 I 
0.0275 I 
41 |

no data no data 0.51
0.0303
45

2nd X
SE
n

1.91 I 
0.1350 I 
36 I

1.86
0.1370
41

3rd X
SE
n

8.62 I 
0.3962 I 
35 I

10.28
0.6381
37

4th X
SE
n -

43.74 I
3.8011 I 

34 ' I
43.70 
2.4566 

37 .
5th X

SE
n

115.48 ■ I 
6.9862| 

28 I
123.05

4.9335
36
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pupa x 0.16 B 0.190 A 0.157 C I 0.157 A 0.159 A 0.144 BSE 0.0028 0.00,23 0.0028 • | 0.0026 0.0020 0.0030n 39 29 25 | 39 44 31*First instar larvae and pupae were weighed on day 2 after molt. all
other measurements taken on first day after molt.

Significant differences in mean weights were found 
among the three strains at 28 °C for all life stages except 
4th instar larvae reared on L. g. dalmatica, and 2nd and 3rd 
instar larvae reared on L. vulgaris (P<0.01, Table 14). 
Although no consistent pattern separated one strain from the 
other, the MD strain was generally the heaviest when 
significant differences were found (Table 14).
Table 14. Mean weights of life stages of three strains of Calophasia 
lunula reared on L. g . dalmatica or L . vulgaris at 28°C. Means across 
rows for a particular toadflax species followed by a different lower 
case letter or a capitol letter were significantly different at the 0.05 
and 0.01 levels, respectively, using ANOVA and Student-Newman-Keuls 
means separation test.

Life
Stage

L.
MD-D

g . dalmatica 28
CD-D CY-D

°C L.
I MD-Y

vulgaris
CD-Y CY-Y

1st X
SE
n

1.08 a 
0.0520 
44 .

0.91 b 
0.0480 
44

1.03 ba
0.0390
44

I 1.15 A 
I 0.0511 
I 44

0.93 B 
0.0529 
43

1.22 A 
0.0332 
39

2nd X
SE

n

2.89 a 
11.25 
43

2.55 ba
0.1757
40

2.33 b 
0.1064 
36

I  7.15
I 11.96 
I 44

2.89
0.1655
40

2.81
0.1374
39

3rd X
SE
n

11.25 a 
0.6616 

43
9.25 b 
0.6505 
40

11.76 a 
0.5764 

42
I 11.95 
I 0.5858
I 44

10.99
0.6591

39
12.80
0.7255

39
4th xSE

n
42.04
2.2871

42
39.27
3.5946

.40
36.73
2.1964

41
I 47.97 A 
I 2.0468I  43

41.61 B 
2.3805 

38
35.56 C 
1.7691 

37
5th xSE

n
164.45 A 

7.4143 
38

179.27 A 
10.0571 

34
122.28 B 
4.7898 

38
I 138.37 A I  4.5494I  41

143.48 A 
5.8039 

35
113.32 B 

4.8747 
35

pupa xSE
n

0.158 A
0.0034
22

0.135 B 
0.0047 
16

0.119 C 
0.0045 
16

I 0.142 A 
I 0.0027 I  35

0.124 B
0.0051
23

0.124 B 
0.0030 
16

*First instar larvae and pupae were weighed on day 2 after molt, all 
other measurements taken on first day after molt.____________________

Mean weights were not recorded for the diseased CY
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population at 3 2 °C. Mean weights of the MD and CD 
populations were significantly different at all life stages 
except 4th instar fed L. vulgaris in all cases on both 
plants except 5th instar fed both (P<0.05, Table 15). The 
MD strain was found to gain more weight than the CD strain 
in all cases where significant differences were found except 
5th instar larvae reared on either toadflax species (Table 
15) .
Table 15. Mean weights of life stages of three strains of Calophasia 
lunula reared on L. g. dalmatica or L. vulgaris at 320C. Means across 
rows for a particular toadflax species followed by a different lower 
case letter or a capitol letter were significantly different at the 0.05 
and 0.01 levels, respectively, using ANOVA and Student-Newman-Keuls 
means separation test.

L. g. dalmatica • 32 °C L. vulgaris
Life
Stage MD-D CD-D 'CY-D I MD-Y CD-Y CY-Y
1st x 1.01 A 0.84 B no data 1.19 A 0.88 B no data

SE 0.0455 0.0454 disease 0.0575 0.0276 disease
n 41 36 I 49 46

2nd X 3.61 A 2.17 B I 4.10 A 2.69 B
SE 0.2095 0.1223 I 0.2340 0.1196
n 39 . 36 I 47 46

3rd X 13.46 a 10.07 b I 14.30 A 10.23 B
SE 0.9798 0.6834 I 0.7674 0.7668
n 38 36 I 47 46

4th x 50.23 A 37.25 B I 36.45 39.93
SE 2.6300 2.4697 I 2.0983 1.4050
n 38 35 I 47 43

5th X 159.24 b 176.86 a I 131.15 B 146.23 A
SE 5.9435 7.0999 I 4.0301 4.4201
n 36 36 '■ ' I 46 44 ■

pupa X 0.150 A 0.110 B I 0.125 A 0.102 B
SE 0.0037 0.0052 I 0.0028 0.0019
n 35 10 I 32 33

*First instar larvae arid pupae were weighed on day 2 after molt, all 
other measurements taken on first day after molt. ________________

Mean Weight Between Plants
Mean weights for all life stages (except adults) reared
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on each host plant, at the respective temperatures, were 
compared for the MD strain. At 16 °C differences between 
MD-D and MD-Y occurred for 4th instars and pupae (P<0.01> 
Table 16). At 28 °C differences between MD-D and MD-Y 
occurred for 5th instars and pupal weight (P<0.01, Table 
16). At 32 0C differences between MD-D and MD-Y occurred 
for 1st, 4th, and 5th instars, and pupae (P<0.05, Table 16). 
Pupal weight for MDD was greater in all cases.

.The t-tests of mean weights reared on the same plant 
also showed no apparent pattern. Differences at 16°C 
between CD-D and CD-Y occurred for 2nd and 3rd iristars, and 
pupae (P<0.05, Table 17). At 28 0C differences between CD-D 
and CD-Y occurred for 5th instars (P<0.01, Table 17). At 32 
°C differences between CD-D and CD-Y occurred for 2nd and 
5th instars (P<0.01, Table 17). However ■, no particular 
pattern was apparent (Table 17). .

Differences in mean weight at 160C were found between 
CY-D and CY-Y for 1st and 2nd instars (P<0.01, Table 18).
At 20 0C differences between CY-D and CY-Y were found for 
3rd instars and the pupae (P<0.01, Table 18). At 28 0C 
differences between CY-D and CY-Y occurred for 1st and 2nd 
instars (P<0.01, Table 18). However, no consistent pattern 
was observed (Table 18).



Table 16. Mean weight comparisons within MD strain of Calophasia lunula compared by plant, 
L. g. dalmatica and L. vulgaris. x = mean, ±se = standard error, n = number, t = t-
value, and p-val. 
strain.

= p-value. Means are compared by temperature, down column within
Life Stages

Strain Stat.
Temp. Para. 1st 2nd 3rd 4 th 5th pupal
MD-D 16 X 0.37 1.67 7.02 26.18 92.16 0.190

±SE O . 340 0.589 ■ 1.163 2.159 3.855 0.160
n 50 46 42 43 43 36

MD-Y 16 X 0.35 1.76 7.04 30.89 92.41 0.167
±SE 0.017 0.049 0.262 0.971 2.446 0.004
n 50 50 49 48 44 35
t 0.877 -I.256 -0.040 -3.911 -0.074 4.016
p-val 0.383 0.212 0.968 0.0002 0.941 0.0002

MD-D 28 x" 1.08 2.89 11.25 42.04 164.45 0.157
±SE 0.052 0.146 0.662 2.287 7.414 0.003
n 44 43 43 42 38 22

MD-Y 28 X 1.15 7.15 11.96 47.97 138.37 0.142
±SE 0.015 4.324 0.586 2.047 4.549 0.003
n 44 44 44 43 41 35
t -0.840 -0.985 -0.800 -1.933 2.997 3.366
p-val 0.4 04 0.328 0.426 0.057 0.004 0.001

MD-D 32 X . 1.02 3.06 13.46 50.23 159.24 0.150
±SE 0.046 0.206 0.980 2.630 5.944 0.004
n 41 39 38 38 36 35

MD-Y 32 X 1.19 4.10 14.30 36.45 131.15 0.125
±SE 0.058 0.234 0.767 2.098 4.030 0.003
n 49 47 47 47 46 32
t -2.443 -1.593 -O'. 678 4.096 3.912 5.193
p-val 0.017 ■ 0.115 0.500 9.7E-05 0.0002 2.2E-06



Table 17. Mean weight comparisons within CD strain of Calophasia lunula compared by plant, 
L. g. dalmatica and L. vulgaris. x = mean, ±se = standard error, n = number, t = t- 
value, and p-val. = p-value. Means are compared by temperature, down column within 
strain.

Life Stages "
Strain Stat.
Temp. Para. 1st 2nd 3rd 4 th 5th pupal
CD-D 16 X O .37 1.27 5.62 24.50 116.12 0.164

±SE O . 026 0.094 0.343 1.295 5.636 0.002
n 37 36 35 32 31 24

CD-Y 16 X 0.3'4 ' 1.90 7.14 26.21 108.80 0.146
±SE O'. 032 0.153 0.510 1.352 4.729 0.002
n 40 41 41 39 39 36
t —0.666 3.525 2.476 0.912 -1.034 -5.444
p-val 0.507 0.0007 0.016 0.365 0.305 1.1E-06

CD-D 28 X 0.913 2.55 9.25 39.27 179.27 0.135
±SE 0.048 0'. 17 6 . 0.651 3.595 10.057 0.005
n 44 40 40 40 34 16

CD-Y 28 X 0.93 2.89 10.99 41.61 143.48 0.124
±SE 0.053 0.166 0.659 2.38 5.804 0.005
n 43 40 39 38 35 23
t -0.193 -1.409 -1.882 -0.543 3.082 1.579
p-val 0.847■ 0.163 0.064 0.589 0.003 0.123

CD-D 32 X .0.84 2.17 10.07 37.25 176.86 0.110
+SE 0.045 0.122 0.683 2.470 7.100 0.005
n 36 36 36 35 36 10

CD-Y 32 3c 0.88 2.69 10.23 39.93 146.23 0.102
±SE 0.028 0.120 0.767 1.405 4.42 0 0.002
n 46 46 46 43 44 33
t -0.699 -3.031 -0.161 . -0.944 3.663 1.436
p-va I 0.486 0.003 0.873 0.348 0.0005 0.159



Table 18. Mean weight comparisons within CY strain of Calophasia lunula compared by plant, 
L. g. dalmatica and L. vulgaris. x = mean, ±se = standard error, n = number, t = t- 
value, and p-val. = p-value. Means are compared by temperature, down column within 
strain.

Life Stages
Strain Stat.
Temp. Para. 1st 2nd 3rd 4 th 5 th pupal
CY-D 16 X 0.44 1.89 8.99 25.96 110.19 0.162

±SE 0.018 0.120 1.144 1.512 3.932 0.004
n 42 41 36 36 31 25

CY-Y 16 x 0.33 1.18 8.06 25.02 116.76 0.161
±SE Oi. 022 0.128 1.337 0.849 ' 11.796 0.006
n 5 5 5 5 5 3
t 3.803 4.035 0.529 0.541 -0.529 0.126
p-val 0.0004 0.0002 0.600 0.592 0.601 0.901

CY-D 20 X 0.55 1.91 8.62 43.74 115.48 0.157
±SE 0.027 0.135 0.396 3.801 6.869 0.003
n 41 3 6 35 34 28 25

CY-Y 20 X 0.51 1.86 10.28 43.70 123.05 0.145
±SE 0.030 0.137 0.638 2.457 4.934 0.003
n 45 . 41 37 . 37 36 31
t 1.034 0.227 -2.214 0.009 -0.985 3.074
p-val 0.304 0.821 0.030 0.993 0.374 0.003

CY-D 28 X 1.03 2.33 11.76 36.73 122.28 0.119
±SE 0.039 0.106 0.576 2.196 4.790 0.005
n 44 36 42 41 38 16

CY-Y 28 X 1.22 2.81 12.80 35.56 113.32 0.124
±SE 0.033 0.137 0.726 1.769 4.875 0.003
n 39 39 39 37 35 16
t -3.640 -2.773 -1.128 0.415 1.311 -0.864
p-val 0.0005 0.007 0.263 0.679 0.194 0.395
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Survivorship

Strains CD and CY showed similarities in survivorship 
when reared on L. g. dalmatica at 16, 20, and 28 °C, and a 
higher mortality rates when compared to that of strain MD at 
16 and 20 °C (Figures 7A-7C). A higher survival rate was 
also found for strain MD compared to that of strain CD at 32 
°C (Figure 7D) .

Although the survivorship patterns for the three 
Calophasia strains reared on L. vulgaris looked quite 
similar across the temperatures considered, the MD strain 
again showed a higher rate of survival compared to either 
the CD or CY strains at 16, 28, and 32 0C (Figupe 8) .

Survivorship curves were generated using the proportion 
surviving each day. These curves were compared by 
transforming each to a quadratic curve by regressing 
proportion surviving against the mean and the squared mean 
(Table 19). From this the following equation was generated: 
y = a + b,x + b2x2 where y = the proportion surviving, a = 
the y-intercept, b, and b2 = the slopes, x = days, and x2 = 
the square of the days. These curves were compared using an 
F-test where, F = (A - B/l) / (B/ (df, + df2) ) , A = the residual 
sum of squares'from regression on days against strain I, 
strain 2 and both strains squared, B = the residual sum of 
squares of days against strain I and strain I squared + the 
residual sum of squares of days against strain 2 and strain 
2 squared. From these, F and p-values were calculated and
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Figure 7. Survivorship curves. Proportion of C. lunula

larvae surviving against time on L. g. dalmatica.
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Figure 8. Survivorship curves. Proportion of C. lunula 
surviving against time on L. vulgaris.
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/

are presented in Table 19.
Survivorship curves for strain MD-D differed from 

Strains CD-D and CY-D at 16 0C and 28 °C (P<0.05, Table 19). 
Differences in survivorship curves were also found between 
strains MD-Y and CD-Y, and MD-Y and CY-Y at 16 °C (P<0.01). 
Differences in survivorship curves were also found between 
strains CD-D and CY-D, and CD-Y and CY-Y at 16 °C; and CD-D 
and CY-D, and CD-Y and CY-Y at 28 °C (P<0.01, Table 19).

Table 19. Regression comparisons of quadratic survivorship 
curves of Calophasia lunula.

Temp. I 
°C |

Strains Compared 
p-values

16 IiiI
MD-D &
4.0E-07

CD-D** MD-D &
I.3E-OS

CY-D** CD-D & CY-D** 
2.9E-09

iiiii
MD-Y & 
5.4—06

CD-Y** MD-Y & 
6.7-03

CY-Y** CD-Y & CY-Y** 
3.3-05i

20 Ii
I

MD-D & 
0.08

CD-D MD-D & 
0.153

CY-D CD-D & CY-D 
0.395

IIIIi
MD-Y & 
0.122

CD-Y MD-Y & 
0.048

CY-Y* CD-Y & CY-Y
I

28 IIiI
MD-D & 
"0.020

CD-D* MD-D & 
0.014

CY-D* CD-D & CY-D** 
3.3E-06

IiIIi
MD-Y & 
'0.051

CD-Y MD-Y & 
0.318

CY-Y CD-Y & CY-Y** 
0.007I

3 2 Iiii
MD-D & 
0.27

CD-D ———*** -—

ii
II

MD-Y & 
0.09

CD-Y —

*SignifleantIy different at the 0.05 level. 
**Significantly different at the 0.01 level. 
***No data due to disease.
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Fecundity
Oviposition patterns for Caloohasia adult females 

reared on L. g. dalmatica differed both in the rates and 
duration of oviposition (Figure 9A). Although strains CD 
and CY showed higher oviposition rates than the MD strain at 
16 0C over most of the approximate three week oviposition 
period, the oviposition rate of females from the MD strain 
increased drastically on the last day of oviposition.

Dramatic differences in oviposition rates were seen 
among the three Calophasia strains at 2 0 0C. The CY strain 
showed the highest rates of oviposition followed by the CD 
arid MD strains. In contrast, strain MD showed a higher rate 
of oviposition than the CD strain at 28 0C,' over an 
approximately two week oviposition period, while the CY 
strain produced no eggs.

The oviposition rate was highest for the three strains 
and the oviposition period was longest (at least for the CD 
and MD strains) when Caloohasia were reared at 20 0C (Figure 
9B). The average number of eggs per female for each cohort 
are presented in Table 20 below for both L. g. dalmatica and 
L. vulgaris I On average, strains CY-Y, CY-D, MD-D and MD-Y 
produced the greatest numbers of eggs at 16, 20, 28, and 32 
°C, respectively compared to the other strains (Table 20).
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Table 20. Average number of eggs per female Caloohasia 
lunula, and highest individual number for each cohort.
Strain 16 °C POCN IO CO o° 32 °C
MD-D X

H#
44.09
212

±10.21 44.00 ±9.77 
97

79.33
180

±18.71 93.50 ±33.33 
301

CD-D X
H#

37.60
79

±11.72 84.85 ±20.60 
250

27.25
51

±10.51 0.0
0.0

CY-D X
H#

28.20
63

±6.24 194.00 ±24.67 
317

0.0
0.0

—

MD-Y X
H#

40.15
76

±12.87 82.83 ±26.50 
' 181

69.95
283

±15.60 118.69 ±20.20 
271

CD-Y X
H#

18.75
43

±8.46 61.05 ±16.72 
283

40.80
139

±25.07 72.55 ±14.91 
167

XIXU X
H#

54*
54*

* * 188.60 ±44.52 
292

52.5
92

±39.50 —

*, **Small cohort of 11 individuals, only one female oviposited, 
x = mean !standard error, H# = highest number of eggs for that cohort.

Mean number of eggs was compared between strains by 
plant. Four strain comparisons showed significant 
differences in mean number of eggs with no pattern apparent 
observed (Table 21).
Table 21. t-Tests of mean number of eggs between strains by

plant and temperature.
Temp.
0C

I Strains Compared 
j t-value 
| p-value

16
I
II MD-D & CD-D CD-D & CY-D MD-D & CY-D
| 0.501 0.708 1.910
I 0.642
I

0.491 0.071
16 I MD-Y & CD-Y CD-Y & CY-Y MD-Y & CY-Y

I 1.683 -0.647 -0.252
j 0.111
I
I

0.553 0.805

20
I
II MD-D & CD-D CD-D & CY-D** MD-D & CY-D**
I-1.792 -3.396 -5.652
I 0.086i 0.003 2.3E-5

20 I MD-Y & CD-Y CD-Y & CY-Y* MD-Y & CY-Y
I 0.695 -2.682 -2.042
j 0.494
i

0.012 0.061
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28 I. I MD-D,& 
I 2.427 
I 0.034
I

CD-D* — —

28 I MD-Y & CD-Y CD-Y & CY-Y MD-Y & CY-Y
I  0.988 0.250 0.411
I 0.334 0.8,13 0.685

32 I MD-Y & 
I 1.839 
| 0.080

CD-Y — —

*SignifleantIy different at the 0.05 level. 
**SignifleantIy different at the 0.01 level.
Some females laid a small numbers of eggs per day (5-20) for 
a week or more, while others laid many eggs (80-100) for one 
to three days.
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Figure 9. Cumulative number of of eggs per female for C. 
lunula reared on L. g. dalmatica.
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Figure 10. Cumulative number 

lunula reared on
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vulgaris.
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Larval Rates of Weight Gain ^

Patterns of weight gains for Calophasia strains CD and 
CY, reared on L. g. dalmatica at 16 °C, were similar and 
greater than those observed for the MD strain during the 
first five weeks (Figure 11A). However, although the MD 
strain took longer to develop, this resulted in pupae that 
weighed more on average than pupae from strains CD and CY.

Similar patterns of rapid weight gain were found 
through the 5th instar among the Calophasia strains reared 
at 28 °C (Figure 11C). Mean pupal weights of individuals 
from the three strains were lower than those recorded for 
the respective 5th instar stages, indicating a loss in 
weight following pupation.

Weight gains of individuals from strains MD and CD 
reared at 3 2 0C were nearly identical through the 5th 
instars and were similar to the weights recorded for these 
strains at 28 °C (Figures 11 and 12).

Linear !regression analysis using a In-In transformation 
was conducted to quantify the relationships between weight 
gain and time among the three different strains reared on 
either L. g. dalmatica or L. vulgaris.

From these data, an equation can be generated to 
predict weight gain at any time: y = eaxb, where y = , a = 
the y-intercept, x = the natural log of the mean weight, and 
b = the slope (See Table 22).



Table 22_. Regression parameters of weight-gain curves.
Strain/Plant MD-D MD-Y CD-D CD-Y CY-D CY-Y
Temo. Statistical

Parameters
16° C y-intercept -2.965 -3.172 -3.249 -3.973 -2.855 -3:384

(plain)±SE ±0.672 ±0.736 ±0.908 ±11.635 ±0.584 ±0.795
Slope 2.049 2.324 2.247 -27.875 2.327 2.449
r2 0.949 0.943 0.916 0.947 0.960 0.938
P-value 0.001 0.001 0.003 0.001 0.0006 0.002

20° C y-intercept No weight data taken. 1.125 -2.805
(plain)±SE ±0.141 ±0.750
Slope 0.375 2.641
r2 - . 0.952 0.938
P-value . 0.0009 0.002

28° C y-intercept -2.022 -1.423 -2.302 -1.882 -1.733 -1.530
(plain)±SE ±0.531 ±0.510 ±0.707 ±0.560 ±0.607 ' ±0.486
Slope 2.694 2.573 2.966 2.795 2.501 2.504
r2 0.961 0.957 0.937 0.953 0.941 0.958
P-value 0.0006 0.0007 0.002 0.0008 0.001 0.0007

32° C y-intercept -2.083 -I.505 -2.165 -0.028 No data due to
(plain)±SE ±0.620 ±0.620 ±0.720 ±0.657 disease.
Slope 2.920 2.730 2.793 2.861
r2 0.950 0.936 0.930 0.938
P-value 0.001 0.002 0.002 0.002
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Figure 11. Weight gain curves for C. lunula reared on L. 
g. dalmatica.
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Figure 12. Weight gain curves for C. lunula reared on L. 
vulgaris.
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A two-tailed t-test was conducted between strains fed 
the same plant species at the same temperature, to assess 
potential differences in weight gains among strains. The 
formula used was t= (b,-b2)/VZ(SEb̂ SEb2) where b = the 
correlation coefficient, and SE = the standard error. 
Statistical differences in weight gains between strains were 
found in only two cases out of 18. All comparisons, except 
two, produced p-values > 0.05 and therefore, showed no 
significant difference. The two exceptions where p-values < 
0.05 were MDY 16-CD-Y 16 where the t-value = 44.77108, and 
CDY 16-CY-Y 16 where the t-value = -57.3897, indicating 
little variation in weight gains among strains.

A two-tailed t-test was conducted within strains 
reared on different plants species at the same temperature, 
to asses weight gains within strains. The formula used was: 
t=(b|-b2) /\/(SEb2+SEb2) where b = the correlation coefficient, 
and SE = the standard error. All comparisons except one out 
of 18 produced p-values > 0.05 and therefore, showed little 
significant variation in strain differences. The exception 
where p-values < 0.05 was CDY 16-CD-Y 16 where the t-value = 
42.31529.
Developmental Time

The mean developmental times for the three Calophasia 
strains reared on L. g. dalmatica were plotted against 
temperature and are shown in Figure 13. Strain MD showed a
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developmental time of 97 days at 16 °C, compared to 61 and 
60 days for strains CD and CY, respectively at 16 °C. In 
contrast, the CD strain showed a shorter developmental time 
than the other two strains when reared at 2 0 °C.
Differences in development times among strains were not 
evident at the two higher temperatures (Figures 13C and 
13D) .

Mean development times for the three Calophasia strains 
reared on L. vulgaris were plotted against temperature and 
are shown in Figure 14. Development times for the MD strain 
at 16 0C again were longer than those shown by strains CD 
and CY (Figure 14A). Negligible differences in development 
times were found for the three strains at the other three 
temperatures considered.
Lower Developmental Thresholds

Regression lines were generated for 1/t against 
temperature, where t = the mean development time in days 
from eclosion to the pupal stage (Figure 15). From these 
data, the lower developmental threshold of each strain can 
be calculated using the formula y = -a + bx, where y is set 
to zero (i.e., where the rate of development is 0), -a = the 
y-intercept, b = the slope, and x = the temperature (°C).
The data used is listed in Table 23.
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Figure 13. Mean developmental times from eclosion to adult

for C. lunula reared on L. g. dalmatica at four
different temperatures.

FED DALMATIAN TOADFLAX
M D - D ----------
C D - D ----------
CY-D

TEMP. (C)
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Figure 14. Mean developmental times from eclosion to adult

for C. lunula reared on L. vulgaris at four
different temperatures.

FED YELLOW TOADFLAX
M D - Y -------
C D - Y -------
CY-Y

TEMP. (C)
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Figure 15. Rates of development for three strains of

C. lunula reared on L. g. dalmatica and L.
vulgaris at four different temperatures.
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Table 23. Summary statistics from regression analysis of 
rates of development against temperature for the three 
Caloohasia strains on Dalmatian toadflax and yellow 
toadflax.
Stat. 
Para. MD-D CD-D CY-D

a -0.0286 -0.01938 -0.002291
b 0.00329 0.00299 0.002706
r . 9868 .9683 . 9996
x** 8.693 6.482 1.180*

Stat. 
Para. MD-Y CD-Y CY-Y

a -0.02496 -0.01962 -0.01728
b 0.00318 0.00309 0.00308
r . 9769 . 9823 . 9996
X 7.841 6.346 5.615*

*Only 3 data points used.
**x = lower developmental threshold.

The MD strain consistently had a higher development 
threshold, followed by the CD strain, with the CY strain 
having the lowest developmental threshold, reared on either 
plant.
Life-Table Statistics

Life-table statistics (rm, Rov MGT, and PDT) for each 
of the three strains appeared to vary little within a strain 
for a particular temperature, regardless of the toadflax 
species they were reared on. Differences in life-table 
statistics were more apparent between strains and at most 
temperatures, although, the differences were not consistent 
between strains throughout the four temperatures considered 
(Table 24).
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Table 24. Life table statistics for three strains of Calophasia lunula 
reared at four constant temperatures.__________

Temp
(0C) MD-D

rm = intrinsic rate 
Mn-v rn-n

of increase, 
rn-v cv-n rv-v

16 °C . 023 . 020 . 021 . 02 3 . 030 . 03 5d
[.007 ] a [.004] '

2 0°C . 050 . 050 . 070 . 073 . 082 . 098
28°C . 088 . Ill . 050 . 077 —x—b . 036
3 2°C . 134 . 126 -x- . 090

R0 = net reproductive rate.
Temp
(0C) MD-D MD-Y CD-D CD-Y CY-D CY-Y
16°C 12.291 9.273 6.155

[2.267]
7.544 
[1.679]

12.056 15.900
2 0°C 25.378 21.108 57.704 66.430 102.546 180.801
28°C 21.715 43.987 5.327 12.104 -X- 3.502
3 2°C 61.566 55.025 -x- 34.425 — — —

Temp
(0C) MD-D

MGT = mean generation time, 
MD-Y CD-D CD-Y CY-D CY-Y

16°C 107.260 109.990 85.838 87.865 83.978 79.236
[117.053] [115.589]

2 O0C 64.308 61.111 57.605 57.535 102.546 52.825
28°C 35.175 34.120 33.216 32.373 -X- 34.782
3 2°C 31.032 32.370 -x- 34.425 — —

Temp
(0C) MD-D

PDT = population doubling time 
MD-Y CD-D CD-Y CY-D CY-Y

16°C 29.634 34.232 32.740 30.139 23.379 19.854
[99.144] [154.589]

2 O0C 13.784 13.890 9.846 9.504 8.501 7.054
2 S0C 7.921 6.250 13.763 8.999 -X- 19.234
3 2°C 5.221 5.598 -x- 7.674 —- —
“Part of the cohort in brackets [] diapaused and were stored
in the refrigerator from fall to the following spring when 
the data run was completed. 
bThese cohorts -x- produced no eggs. 
cCohorts --  diseased, no usable data.
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8. DISCUSSION

Mean duration of life-stages showed little difference 
between plants, yet much difference between stains (Tables 
5-11). - This would not support the idea of host races but 
would support the idea of strains. The MD strain at 16 °C 
consistently required more development time than the CD and 
CY strains. Mean duration at the other three temperatures 
showed much significant difference between strains but, no 
consistent discernable pattern separated one strain from 
another (Tables 5-11). Closely related strains would be 
expected to show only subtle differences, and perhaps no 
differences in some conditions, and yet still be unique 
enough to greatly influence successful establishment and/or 
effectiveness as classical biological control agents in 
specific environments or on specific host plants (Diehl and 
Bush 1984).

Mean weight gains, although consisting of a smaller 
data set than life stage duration, showed significant 
statistical differences between strains (Tables 12-18). As 
with life stage duration, no one strain consistently stood 
out from the others. However, the MD strain was in the 
highest weight gain category in a majority of cases. 
Therefore, these data indicate that there may be strain 
differences, though they are not consistent at all 
temperatures nor significant at all life stages. It would be 
expected that closely related strains would show only subtle
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differences, and perhaps no differences at specific 
temperatures or life stages, and yet still be different 
enough to vastly effect their chances of success as 
classical biological control agents in specific 
environments, and/or on specific target hosts within the 
species host plant range (Diehl and Bush 1984).

Mean weight gains showed little difference between 
plants. Further regression analysis of weight-gain data 
over time failed to demonstrate between-plant differences, 
and thus did not support the host race hypothesis.

Survivorship curves again showed that L. g. dalmatica 
and L. vulgaris are nearly equal in resource value as.host 
plants for C. lunula under laboratory conditions, supporting 
Harris' previous work (Harris 1988). Strain differences 
however, were apparent (Figures I and 8, and Table 19),.

Survivorship curves appear to be type I curves at the 
two lower temperatures 16 0C and 20 0C, and almost type II 
curves at the two higher temperatures 28 0C and 32 0C 
(Southwood 1966) for Calonhasia reared on either toadflax 
species. The curves are also strikingly similar between L. 
g. dalmatica and L. vulgaris (Figures I and 2) at all 
temperatures. Regression analysis of the curves showed 
little strain or host race differences. The strains reacted 
to different temperatures and the two different host plants 
in similar ways in terms of survivorship.

Fecundity was not useful in this study in demonstrating
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Larval rates of weight gain over time curves were 
generated for all populations except MD and CD at 20 °C and 
CY at 32 0C.

For both plants, curves at each temperature were very 
similar in shape. Regression analysis revealed few 
differences. The 16 °C and 20 0C curves were similar to each 
other with a slight "S-shape" (Figures 7 and 8). At 16 0C 
the MD-D strain stands out as taking longer and gaining more 
weight as a pupae.

The 28 °C and 32 0C curves show the effects of heat 
stress. At both temperatures, weight gain was much faster 
and the 5th instar weights were higher. However, pupae lost 
weight and one could assume that this lowef pupal weight 
might lower the survivability and reproductive capacity of 
the subsequent adults (Figures. I and 8) .

Lower developmental threshold data also indicate strain 
differences (Table 23, Figure 15). The MD strain had the 
highest lower developmental threshold followed by the CD and 
CY strains respectively. This pattern was the same for both 
host plants and supports the strain hypothesis.

Age-specific life-table analysis of Caloohasia lunula 
including rm, R0, MGT, and PDT showed little difference 
within.strains (MD, CD, or CY) between plants (L. g.

strain or host race differences (Figures 9 and 10, Tables 20
and 21). The unnatural setting of single females in cups
with single males may be to blame.
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dalmatica or L. vulgaris) and did not support the host race 
hypothesis. However, a marked difference was apparent in 
all categories between strains (Table 24). These data 
support the hypothesis of strain differences.

The above data show that all three strains of C. 
lunula. (MD, CD, and CY) show significant differences from 
each other in duration of life-stages, weights, differences 
in lower developmental thresholds, and life table 
statistics, thus supporting the idea of strains. Calophasia 
lunula generally showed little or no difference in rates of 
development, weight gain over time, survivorship, and 
fecundity. These parameters do not support the idea of 
strain differences.

Little information obtained during the course of this 
thesis supported the hypothesis of host races of C. lunula 
between plants L. q. dalmatica or L. vulgaris. Harris 
(1988) also found no differences in the rates of development 
between these host plants and similarly, McDermott (1991) 
found no genetic differences within these same strains.
This suggests that C. lunula larval life stage development 
is genetically controlled, as each strain developed 
similarly at each temperature, no matter which plant L. g. 
dalmatica or L. vulgaris. they fed on. However, between 
strains, developmental differences occurred, suggesting the 
existence of strains. Karny (1961) suggests that C. lunula 
feed and grow until they reach a specific size, dictated by
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exoskeleton size, and them molt. Slight physiological 
differences may account for the large number of statistical 
differences observed in some areas of this study.
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9. CONCLUSIONS

These data lead to the conclusion that the MD, CD, and 
CY strains are statistically different for mean duration of 
life stages, mean weights, and are different for lower 
developmental thresholds, and most importantly, life-table 
statistics. However, more genetic, morphological and 
ethological studies need to be undertaken, along with 
studies of other possible strains from Eurasia to clarify 
this relationship.

These data support the hypothesis that C. lunula 
develops egually well on either host plant (L. g. dalmatica 
or L. vulgaris) under laboratory conditions and therefore 
can not be called host races. Host plant selection of 
various potential strains (probably by adult females) could 
help clarify potential host race differences.

To increase the effectiveness of classical biological 
control agents, especially when oligophagous .in their native 
range, tests for potential strains (or host-races) should 
become standard procedure. Life-table and weight-gain 
studies as performed during this research, as well as 
genetic, morphological and ethological studies should also 
become standard procedure. This would increase the time and 
expense needed for importation clearance of potential 
biological control agents, but should greatly increase their 
chances of success once cleared because of the potentially 
useful biological and ecological data garnered.
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From genetic, morphological, life-table and ethological 

data, strains could be better matched to specific 
environments/host plants and larger numbers of precious 
individuals could be released at these chosen sites. This 
more sophisticated, 'one-shot' method, concentrating on one 
or a few selected sites, might increase the chances of 
successful establishment over the 'shot-gun' method of many 
small releases in many environments, as was used with C. 
lunula in the past.

It would also seem that higher numbers of individuals 
per release (for C. lunula, perhaps 500-1500 larvae) with 
supplementary releases at the same site' each year until the 
agent is well established, may improve chances of successful 
establishment (See Harris and Carder 1971, Hoel 1984, and 
Nowierski, Fitzgerald and Zeng unpub. data). Successful 
mass rearing programs such as those undertaken at Montana 
State University.under the direction of Dr. Robert 
Nowierski, MSU Department of Entomology, can easily provide 
these numbers (see Appendix) if staff is provided for the 
labor-intensive feeding and care needed.
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Calophasia lunula Mass Rearing Techniques Used At MSU
Calophasia lunula has been successfully mass reared at 

Montana State University since 1989. Two hundred pupae are 
placed in a 60 x 60 x 60 cm screen insect cage in a 
greenhouse setting. One or two healthy toadflax plants are 
placed within the cage when eclosion starts. A twilight- 
period is used to ensure egg laying. Larvae are allowed to 
feed on toadflax plants within the cage until they reach the 
third instar at which time they are transferred to plastic 
rearing cups, usually three larvae per cup. The cups are 
placed in plastic plant flats and stacked for convenient 
storage in the greenhouse or in a warm (20-24 0C) lighted 
chamber. Constant temperatures higher than 28 °C cause 
stress that is reflected in pupae weight loss, low 
survivorship and fecundity (see results discussed above). A 
long day length is used, usually about 8 hours of darkness 
and 16 hours light, to prevent diapause, and with a twilight 
period at each end to promote mating and egg laying. If 
diapause is desired, the day length is shortened (See Hoel 
1984) , the temperature is lowered and the pupae will be 
stored in small containers of sand in the refrigerator. 
Fungal pathogens may become a problem for the pupae if they 
are stored under high humidity conditions.

Larvae are fed unlimited amounts of cut sprigs of 
toadflax, mainly field-collected. The foliage is replaced

I



96
every second day and the cups are cleaned or replaced as 
needed. A moist buildup of frass in the cup can quickly 
cause fungal growth that will kill the larvae.

Disease outbreaks and other mortality are prevented in 
4 ways. The first is to keep all cups, plants and equipment 
clean to prevent fungal and bacterial buildup. All 
equipment washed for reuse should be rinsed in at least 10% 
bleach solutions. A second method is to have low numbers of 
larvae per cup, and similar sizes of larvae in each cup. 
Second through 5th instar larvae are very aggressive towards 
each other, and as a result, smaller instars may not survive 
such encounters.

The third method is to provide the larvae with 
unlimited amounts of fresh food to prevent starvation 
stress, as fifth instar larvae are voracious feeders (Karny 
1963) .

The last strategy may be the most important method to 
prevent viral or bacterial outbreaks such as the cytoplasmic 
polyhidrosis virus outbreak (see Harris 1963, and Harris and 
Carder 1971) that affected the CY population during the last 
three cohorts of my research. The people who work with the 
larvae need to start each day working with the youngest 
larvae and work progressively through older instar larvae so 
as to prevent the spread of disease among the young larvae. 
Also, any cup, including all larvae and plant material, in 
which a larva has died, should be autoclaved immediately.
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If a disease outbreak is suspected, the larvae can be 
stressed by increasing the temperature, and decreasing the 
food. Usually smaller amounts of food are placed in cups 
once daily. This method should stress the larvae causing 
infected larvae to die. Those cups containing infected 
larvae can than be removed and autoclaved.

Once the larvae are mature, they can be field released 
or allowed to pupate and stored in the refrigerator as 
mentioned above. Pupae should be,carefully removed from the 
cocoon before storage.

Dr. Nowierski's program has produced 6000-7000 larvae 
for release each summer for the past 3 years (See Table 2 
above).

Clean hands, handling equipment, cages, cups, etc.,.are very
important for minimizing disease problems in the mass
rearing process.
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