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Barbara Glowacka, Department of Forest Protection,

Forest Research Institute, Wery Kostrzewy 3,
02-362 Warsaw, Poland

INTRODUCTION

The nun moth (Lymantria monacha L.), one of the most dangerous
forest pests, is a polyphage feeding on pine, spruce and other
coniferous trees, on deciduous trees and shrubs and on forest
ground cover plants. Its outbreaks, being a mortal threat to the
forest, are known in many countries in Eurgope. In Poland, in the
years 1946-75, the nun moth was controlled 25 times, thus almost
every year, on a -total area of 113,000 ha. In the years 1978-84,
during the greatest outbreak in the history of forestry, the total
area where the nun moth was controlled reached more than 3 million
ha.

Many factors contributed to the expansion of the pest on a
scale now known to this time. Well developed in this species is
its migration ability, high biological potential and
reproductiveness of population. Lack of effective control in the
first years of the outbreak resulted in the ingect appearing from
year to year in new locations, finally threatening stands on almost
40% of the total forest area in the country.

In the rich literature concerning mass appearances of the nun
moth, especially in stands of central Europe, there are many
descriptions of the nuclear polyhedrosis virus {Wipfelkrankheit,
tree-top disease), causing rapid epizootics and considered in the
19th and the first half of the 20th century as the main factor
limiting the pest outbreaks (Esherich & Miyajima, 1911; Komarek &
Briendl. 1924; Tyniecki, 1891).

In Poland, the nuclear polyhedrosis virus of the nun moth was
was last observed in the years 1951-52. During later mass
appearances of this pest (Fig. 1) in the years 1956-60, 1962-69 and
1970~75. no viral diseases were observed.

In the years 1970-72, Slizynski (1974), performed studies on
activation of the latent form of virus in larvae from several
outbreak centres. Use of chemical stressors, X-rays and
ultraviolet radiation did not give positive effects. For
unexplained reasons the tree-top disease stopped playing any role
during ocutbreaks and one did not manage to find it in the period of
30 years. In the late seventies, at a very high population density
where they never occurred before (reaching several dozen thousand
larvae per tree}, studies were started on epizootic diseases of the
pest and on the influence of some factors on the induction of
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Baculovirus efficiens. An evaluation was also made on
possibilities of controlling the nun moth with the use of
biclogical insecticides containing B. efficiens and Bagillus
thuringiensis.

thousands of ha
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Figure 1. Area of the nun moth control in
the year 1946-198Y4,

METHODS

Viruses and bacteria evoking epizootic diseases of the nun
moth were studied on:
- larvae hatched in laboratory and bred on culture medium
- diseased larvee sent to the laboratory from the forest
districts
= larvae dying in stands in natural conditions
s5ibility of the control of the nun moth with the use of B.
ns and B. thuringiensis was studied on:
- larvee collected in pine stands and bred in the laboratory
on medium or placed on 5-year-old pine trees
- larvae living in natural conditions in pine stands - Pinus

Pa
efficie
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sylvestris L. or mixed pine-spruce stands; Pinus
sylvegtris + Picea abjies Link.

Viral Diseases

In the years 1981-84, in June and July, trained workers of the
forest administration noted the appearance of nuclear polyhedrosis
virus in the nun moth populations.

In chosen stands where the virosis was occurring, we collected
materials for microscopic analyses and observed in lew day
intervals the development of the disease and the rate of dying of
the larvae.

The studies on the structure of polyhedra and measurement of
virions were made by Dr. J. Zieunicka from the Institute of Plant
Protection in Poznan.

Bacterial Diseases

Pathogenic bacteria of the nun moth were studied in the years
1980-81. 1In July, materials were sent to the laboratory from
forest districts where epizootics developed in late larval instars
feeding on pine. After elimination of decaying material and
parasitized larvae, we chose several live specimens from each
sample and analyzed microscopically their hemolymph. In the case
of finding bacteria in the body cavity of diseased larvae or pupae
the bacteria were isolated from the hemolymph and identified by
their morphological, cultural and physiological features, according
to Bergey (1957) and Gibbs & Skinmer (1966).

Mortality of Larvae and Induction of Latent B. efficiens
in the Laboratory

In the years 1982-84, we studied the dependence of the total
mortality of larvae and of the induction of the virus on three
factors:

-~ density of larvae in laboratory breeding

~ duration of the mass appearance in a given area

- population density of the pest in a stand expressed with
the number of eggs found on one tree up to 2 m in height;
the pcpulation density index was divided into three
ciasses: 200-500 eggs in a sample; 501-1000 eggs, more
than 1000 eggs.

In chosen stands with different stage of the outbreak and
intensity of appearance of the pest, workers of forest districts
searched out every year in January and February {(using a uniform
method) eggs on six trees and sent the eggs to the laboratory.
From samples of eggs received from each forest district, we chose,
if it was possible, three samples: from the trees on which 200-500
eggs were found, from trees on which 501-1000 eggs were found, and
from trees on which more than 1000 eggs were found.
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To eliminate vertical transmission of the virus on the surface
of the chorion, the eggs were sterilized for 5 minutes in 6%
formaldehyde and then washed five times in sterile water.

Hatched larvae were bred in three densities: 5, 25 and 50
specimens per glass flask of 100 ml volume, containing 20 ml of
diet (Leonard & Doane. 1966). The percent mortality of the larvae
and the frequency of B. efficiens were determined during the 3
weeks of breeding. To avoid transmission of the virus from flask
to flask, the brushes used for taking out dead larvae were
sterilized for 5-7 minutes in 3% chloramine after each use. if
samples from one forest district contained similar numbers of eggs.,
two samples were taken for breeding and the larvae were bred in one
density -- 50 specimens per flask.

Results were recorded taking into consideration the year of
the outbreak. They were statistically evaluated with the use of
three-factorial analysis of variance and by Tukey's test. The
percentage distribution of the mortality was brought to the normal
distribution through transformation y' = 2 arc sin Vy.

Contral with the Use of B. efficiens

The evaluation of the virulence of B. efficiens to the larvae
was made under laboratory and field conditions. The LT, o was

calculated after the method of Litchfield and Wilcoxon (Slizynski &
Lipa, 1973).

In the laboratory, the larvae were bred in flasks on diet
mixed with standardized suspensions of polyhedra in order to get 5
x 10", 5 x 105, 5 x 105, and 5 x 107 PIB/ml diet.

In ficld conditions, the larvae developed on S5-year-old pine

trees which were sprayed (5 ml/tree) with polyhedra suspensions in
concentrations of 5 x 107, 5 x 10°, and 5 x 107 PIB/ml.

Moreover, we performed three trials of controlling larvae with
the use of B. efficiens products prepared in the laboratory. The
stands wore sprayed by helicopters, at a volume of 100 1/ha. The
Pﬁduﬁtf&ﬂ of the nusber of larvae was calculated according to
?ggzzt & formula ns modified by Schwerdtfeger (Glowacka-Pilot,

!QW“'??;)rirnt nnq second trials were performed in the years

! ?}uﬂ in the Szeazytno forest district. Five and 8 9& of 40-50
ﬁ?;ﬁh?!d pine stamds were sprayed at § x 107 and 3 x 10
upr;§;3 uz?z ?roduct wns obtained from larvns bred on pine twigs
dnl;iovﬂd ; ;usptus{on of polyhedra (5 x 107 PIB/ml), kindly
folivored ;i v:;“i:f:n Bonnubauer f'rom the Federal Forest Research

The third ¢ - :
diatrict, 4 trinl was carried out in 1983 in the Kudypy forest

Hixed pine-spruce stand (8 ha, 60-year-old) was sprayed



with a product obtained from larvege collected in the Swidwin forest
district, where the nun moth was dying as a result of endemic B.
efficiens.

Control with the use of B. thuringiensis

In the years 1978-84 the microbial treatments were performed
in pine or mixed (pine-spruce and pine-deciduous) stands where,
because of environment protection, chemical insecticideg were not
applied. The stands were sprayed from helicopters and planes with
imported and home B. thuringiensis products in doses of 0.75-2 kg
in suspension quantities of 2-100 1/ha.

RESULTS AND DISCUSSION
Viral Diseases

In 1981, viroses were found in 32 forest districts.
Observations of epizootics showed that the polyhedrosis was
developing in third to fifth stage larvae, feeding mainly on spruce
and larch. MNumerous Sarcophagidae flying intensively among
diseased and dying caterpillars were observed. Like in the
observations made by Wellenstein (1942), warm and sunny weather
contributed considerably to the development of epizootics.

The dead larvae were filled with triangular and hexagonal
polyhedra. Bacilliform virions of 375~406 nm length and 36-48 nm
diameter were immersed in the protein of polyhedra, in bunches of
1-15 pieces. On this basis, we acknowledged Baculovirus efficiens
as the cause of viral diseases.

In 1982, viral epizootics were observed in 26 forest
districts, in 1983 in 9 forest districts. Previous observations
that the viral disease develops only in larvae feeding on spruce
and larch have been confirmed. Besides typical cases of dying
third to fifth stage larvee. desad first and second stage larvae
were found. In 1984, the last year of outbreak, no viral diseases
were observed in natural populations.

European forest literature concerning calamities of the nun
moth in the 19th and first half of the 20th centuries contains many
data giving evidence to an essential role of virus in suppression
of the pest. The epizootics developed in cases of mass appearance
of the nun moth on spruce, which was at that time the main food for
larvae. Together with the reconstruction of stands and
intraduction of pine into larger and larger areas, the nun moth
attacked the new host plant, but the larvae feeding on pine did not
suffer viroses.

In the territory of Poland, the nun moth finally changed host
plant in the fifties. Outbreaks that took place in the years
1946-52 in the pine-spruce stands were ended by viral epizootics in
the northeastern part of the country. In the succeeding 30 years,
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three outbreaks developed only in pine stands, and the larvae were
free of polyhedrosis. However, B. efficiens survived in the nun
moth and was observed during the last outbreak, when the insect
occurred in immense quantities and came back to the spruce host.
At first, in the years 1978-80, we observed cases when among pine
trees with completely damaged needles, green intact spruce trees
remained as "unsuitable" food for the pest. After that, in the
years 1981-82, the nun moth partly damaged spruce in the northern
part of Poland and in the same time viral epizootics commonly
developed in spruce stands and on spruce undergrowth in pine
stands.

Results suggest that B, efficiens is present in the latent
form in the nun moth populations, but unknown components of pine
needles protect the larvae against the induction of the virus into
acute form. On other host plants (gpruce, larch) latent B.
efficiens becomes active in the larvae and, by horizontal
transmissions, leads to the development of epizootics. Wwhen pine
twigs were cut from a tree and kept for several days in water their
needles lost the value as an inhibitor of virus induction., B.
efficiensg expresses itself in larvee bred on such twigs and acts
similarly as on spruce.

It is difficult to say which group of components of pine
needles is the factor inhibiting the induction of the virus. One
of the differences between the pine needles and those of spruce is
the quantitative content of volatile oils. Pine needles contain
about 7 times more of them than spruce needles. To explain the
inhibition of B. efficiens in larvae living on pine trees, special
biochemical and physiological studies are required.

Bacterial Diseases

In the years 1980-81, we analysed 196 samples of diseased
insects from heavy damaged pine stands. In June and July, in 51
forest districts, great quantities of diseased and dead larvae were
presant on the ground around the stems. Also, some larvae dying in
the crown were observed. After the first evaluation of the
material, 36 samples were rejected because they contained larvae
and pupse attacked by Tachinidae or were in the state of decaying.
In the other 160 samples mobile bacterial cells were observed in
the hemolymph of examined insects. After identification, they
appaared to belong to Entercbacter cloacse, E. acrogenes, Proteus
vulgaris and Preudomonas fluorescens. -

Bentioned bactoria are the group of potential pathogens living
in the environment and in the alimentary canal of insects (Bucher,
19601, In the case of excessive density of insects their defensive
wechanisss can be weakened and the intestinal saprophytic bacteria
bacowes virulent. In most cases the food deficiency is the
stressor that wenkens the insects, although the death of the larvae
was also obeerved in stands, where the crowns kept 40-50% of the
needles, thus the {nsects had the possibility of feeding. Maybe,
in partly damaged trees, the foliage changed the biochemical
fentures unfavourably for the nun moth and that was the reason of
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the reduction of resistance of caterpillars to intestinal
microflorsa.

Bacterial epizootics observed in the years 1980-81 in several
dozen forest districts had a small range, they occurred in patches
of several hectares in pine stands. In 1982, when the efficacy of
chemical control was in general high and in stands surrounding
waters, B. thuringiensis products were applied: bacterioses were
only sporadically observed. The practical importance of bacterial
digseases was not great. One can consider them as an interesting
example of the mechanism of restoration of balance in the forest
environment. In case of food limitation, when number of insects
excessively increased, they lose their resistance and die as a
consequence of increased virulence of their own bacterial flora.

Diseases of
Unexplained Etiology

When larvee dying in natural conditions were observed, the
occurrence of a disease was manifested by the lack of appetite,
cessation of [eeding, and drying up of the body. Analyses of
internal organs did not reveal the presence of microorganisms
distinguishable under the light microscope, but they showed changes
in the alimentary canal and the presence of numerous brown melanin
granulations in the cells of the mid-gut. When healthy larvae were
infected with water filtrates of "drying up" individuals,
experiments did not give positive results, which would suggest the
non-infectious character of the disease.

The "drying-up" connected with the presence of melanin
granulations in the mid-gut was also frequently observed in
populations of larvae bred on diet in laboratory (Table 1). The
analysis of variance (Table 2) and the Tukey's test showed a
significant relation between that mortality and:

~ the increase of density in breeding (Fig. 2)
~ the duration of the mass appearance (Fig. 3)

In the literature, there are only mentions on the high
mortality of insects caused by other factors than microorganisms.
Campbell and Podgwaite (1971) published results of investigations
on the complex of diseases of the gypsy moth, They suspected an
unknown factor, physiological in nature, which was a frequent cause
of the death of young caterpillars in oak stands in Connecticut.
Physiological weakness of the larvae and decrease in number of the
nun moth during an outbreak in Austria is described by Jahn
(1968). An unexpected breakdown of an appearance of the nun moth
in Holland in 1986 also was not connected with the occurrence of
infectious diseases (Steijlen et al., 1987).

Most studies concerning diseases of insects deal with
infections caused by microorganisms. These infections are easier
to detect than disturbances in the functioning of organs., One
estimates that about 304 of insects examined in laboratories of
insect pathology die as a consequence of diseases not connected
with the microorganism (Steinhaus, 1963). Because of insufficient
knowledge of the physiology and biochemistry of insects which are
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Analysis of variance of total mortality of the

nun moth in laboratory in the years 1982-8Y4.

Source of Degrees of Mean F theor.
variation freedom square significance
a - density 2 574 .9998 21.325xx
b - number of 2 17.2377 0.639
eges
¢ - year of mass L] 1400 .3549 51.935xx
appearance
Error 36 26.9638 -
Total 4y 176.2857 -
xx = significance level & = 0.01
42
I ] e
~ ~
w®
R_ 39 T l
bl g
i 4 40
T 3 i 1
P I & 30 I
g 8
g 30
} { 2 | {
£ 25 50 I IO IV V
number of larvae in a flask year of outbreak

5-25, 5-50, 25-50
significance of differences
at o= 0.05

Fig. 2. Total mortality of
the nun moth in dependence
on density.

I-I11 I-IV I~V significance
11-I11I 1I-IV II-V} of differences
I11-1V III-V IV-V{ at a = 0.05

Fig. 3. Total mortality of the nun
moth in dependence on the year of
outbreak.
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necessary for the determination of the kinds of disturbances in
normal metabolic processes, the non-infectious diseases are little
known and studies on them are reluctantly undertaken.

Induction of Latent B. efficiens in the Laboratory

In 1982, we bred in flasks with diet 15,000 larvae originating
from 152 samples of eggs collected in 50 forest districts. During
3 weeks of breeding, 4,753 (31.47%) of the larvae died. B.
efficiens was observed in 260 cases; i.e., in 1.72%. In 1983,
13,625 larvae from 136 samples of eggs sent from 49 forest
districts were bred. During 3 weeks, 5.944 (43.62%) larvae died:

B. efficiens was observed in 103 (0.75%) cases. In 1984, the mass
appearance of larvae was ending and from seven forest districts
only small numbers of eggs were obtained. We bred 1,100 larvae,
from which 500 (45.45%) died during 3 weeks, and viruses were found
in 8 (0.72%) cases. Totally, from among 30,000 larvae bred on
diet, the polyhedrosis developed in 371 larvae, amounting to
1.24%. Taking into account that the eggs for breeding were
collected in pine stands, where the viruses did not occur in the
previous generation of the insects and that the eggs were
superficially sterilized, we can consider that the viral disesses
in the first 3 weeks of breeding were caused by the induction of
the latent form of B. efficiens.

The induction of B. efficiens proved to be significantly
dependent on:

- the number of eggs on a tree; virus was most frequently
revealed in larvae from samples containing more than
1000 eggs (Fig. U);
the year of duration of the mass appearance; the virus was
most frequently found in the second year (Fig. 5):
the breeding density; the virus was least frequently found
in flasks containing 25 larvae (Table 3). Increased viral
induction was connected with higher number of eggs in a
sample, which suggests that the surpassing of a threshold
population density causes an increase of the induction of
latent B. efficiens in nature.
It is a characteristic fact that the highest freguency of B.
efficiens occurred in 1982, when the mean number of eggs in samples
was highest. In the later years, the induction decreased, which
could be partly connected with the fact that the material for a
breeding wos collected in areas where the nun moth was controlled

vith insecticides, and each year & drastic intervention into the
run of the outbresk took place.

Control with the use of B. efficiens

Evaluated virulence of the virus for nun moth bred on diet
proved that the rate of discase development expressed in LT
values amounted to 8-16 days depending on the concentration9f the
virus (Fig. 6). 1In a similar evaluation made in field conditions
on pine tress sprayed with the same concentrations of polyhedra the
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virug proved to be weaker than on the medium and the LT
oscillated from 12 to 31 days (Fig. 7).

2,4

Hous l [ )

<500 501-1000 >1000
number of eggs on a tree

/<500/~/>1000/ ) significance
/501-1000/ - of differences
/-1000/ at « = 0,05
Fig, . Induction of B.

efficiens in the nun moth
depending on the number of
egES on a tree,

50 values

2,0

B. efticiens /%/
Y

"

1 m oTIr o1voov
year of outbreak

1T-I TI-III TI—IV} significence

11~V ITI~V IV-V of differences
at «x = 0,05

Fig. 5. Induction of B.
efficiens in the nun moth
depending on the year of
outbeak,

Table 3. Analysis of variance of frequency of B. efficiens
in laboratory in the years 1982-84.,

Source of Degroes of Mean Ftheor‘

variation frecdom sguare significance

a - density 2 3,1566 9.110xx

b - number of 2 15.7831 45 .552xx
eges

¢ - year of mass U 1.0509 3.033x
appearance

Error 36 0.3465

Total 4y 1.2399

xx = significance level ¢ = 0.01

[

b3

significance level «= 0.05
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LT, o values (8-16 days) obtained for the nun moth reared on
dfet with polyhedra of B. efficiens can be compared with LTSO
(5-19 dnys) obtnined for the gypsy moth (L. dispar) and B.
primens (Doane, 1907) as well as LT. ., (7.4-8.6 days) for the
satin moth {Loucomn salicis) and B. gfilprnotiac {(Lameris et al.,
198%) . Such a comparison shows that, B. offi s is weaker than
the viruses causing similar symptoms of nucleac polyhedrosis in
other Lymant piidao,

In three aorial trials, performed in the yoars 1979-80 and
1983 to control the nun moth with the use of B. efficicns. the
veduction of the population of caterpillars {nfter Abbots) reached
up Lo 50%, 29-68%, and 32% for pine and to 82% for spruce,

In spite of the high doses of polyhedra {1.5-3 x 10
PIB/ba), which were soveral times higher than doses used in control
trinls by other authors (Tuble 1), the reduction of the number of
coterpillars was rather low,

Besults obtnined by Wollenstein (1973), Hidman (1976) and
Jetlaer (1976) oluo show that the process of dying caused by B.
efviens in popelntions of larvae on pine is delayed or inhibited.
wherens the mortality on sprice and lavch gppears carlier and
renches higher values.,

In all deseribed cnsns, the

farvae fod intensively and caused
Viaable damare an spraved stands.  No expansion of the virus in
flgncent anupraved slands was observed
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Because the virulence of B. efficiens is rather low and that
the nun moth occurs now mainly on pine, which needles distinctly
inhibit the development of polyhedrosis, one must state that the
prospects of using the virus as a control product are little., B.
efficiens can, however, regulate the number of the nun moth, -
inducing epizootics on spruce and larch.

Table 4. Aerial spray trials using B. efficiens to control the
nun moth.

Country Tree species Dosage Efficacy Reference
PIB/ha
12
West Picea abies 1.5 x 10 1 week: Wellenstein
Germany wmortality 84X 1973
11
Sweden Pinus 6 x 10 2 weeks: Eidman 1976
sylvestris epizootic
Larix sp. on Larix
11
Denmark P. sylvestris 8 x 10 2 weeks: Zethner
Abies grandis epizootic 1976
P. abies on Abies
10
Denmark  P. gbies 8 x 10 4 weeks: Zethner
epizootic 1976
on Picea

Control with the use of B. thuringiensis

In the years 1982-83, B. thuringiensis was applied in pine and
mixed stands surrounding waters, recreation places and national
perks, on a total area of about 46,000 ha. The mortality of larvae
was differentiated and dependent on the insect density and on the
species composition of the stands (Fig. 8). In pine stands, the
efficacy of the treatments was as a rule higher than in mixed
pine-spruce stands.

Different efficacy of control on pine and spruce resulted from
varying crown coverage by the product. In the case of spruce trees
with conical, long and dense crowns, even an increased dose of
liquid up to 100 1/ha did not ensure sufficient coverage,and the
efficacy of treatments often appeared to be unsatisfactory. In
pine stands with umbrella-shaped tree crowns, good coverage was
obtained at expenditure of 50 1 liquid per ha.



SUMMARY

During the mass appearance of Lymantria monache L. in Polend
in the years 1978-84, studies on epizootic diseases of larvae and
on the influence of some factors on the induction of the latent
form of Baculovirus efficiens were conducted. Furthermore,
possibilities of the pest control with the use of virus and B.
thuringiensis were evaluated.

area
in %

O pine
40 B8 pine + spruce
17 B8 pine + dec. trees

i

30 |
20

10

20 40 60 80 100
mortality in %

Fig. 8. Mortality of the nun moth after
treatment with Bactospeine (1.2 kg/ha).
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BACILLUS THURINGIENSIS IN THE MANAGEMENT
OF GYPSY MOTH POPULATION ERUPTIONS

E. Alan Cameron, Department of Entomology, 106 Patterson Building,
Penn State University, University Park, PA 16802 USA

INTRODUCTION

During the past 15-20 years the federal government of the United States.
in a series of accelerated and expanded substantially-funded programs, has
concentrated many scientist-years annually on efforts 10 improve our ability to
manage the gypsy moth, Lymantria dispar {L). (Lepidoptera: Lymantnidae).
Among the areas of investigation which have been pursued, research has
atlempted to expand the numbers of insecticides--both natural and synthetic.-
which are available for use. and to improve the technology associaled with
delivary of those pesticides. Success in these areas will parmit us to protect our
forests from damage and our people from excessive nuisance, to protect our
environment from unnecessary insults, and to develop more effective and more
efficient pest management capabifites. Many of these efforts are addressed in
other contributions included in these Proceedings.

Two years ago in Ljubliana, Yugoslavia, | descnbed the gypsy moth in
the New World. briefly covering s history from its introduction into Medford,
Massachusetts, in 1869 through 1ts establishment and the expansion of its
range to encompass northeastorn, mid-Atlantic, and midwastern areas of the
United States and adjacent pans of eastern Canada (Cameron, 1986). In that
paper, | suggested that the geographic area infested by the gypsy moth would
continue 1o expand (it has), that large-scale aerial spray programs would
continue to be controversial (they are), and that such programs would become
increasingly costly {that need not happen as quickly as | had feared only two
years ago). |also reported, based on United States Departmant of Agncuiture
Forest Service figures, that tha use of Bacillus thuringiensis (Bt} in cooperative
suppression programs had decreased as a percentage of total hectares treated.
from 79% in 1983 to only 38% in 1986. The preliminary figure for 1988 15 37%
{personal communication, P. W.Qrr, US. Dep. Agrc., Forast Service, Broomall,
PA}, or essentially no change in the last two years: the total area treatod in
1988, just over 300,000 hectares, was almost 30% more than in 1986, (The
insect growth regulator, Dimidin®, accounts for all but less than 1% of the
remaining forested areas trealed in these programs.) Bt is cleary the
insecticide of choice in environmentally-sensitive situations, or areas such as
Nationat Parks or Monuments which are frequently used by people. The
preference for Bt or Dimilin, or a combination of the two, for spraying large tracts
of forest land varies from state {0 state, and undoubtedly reflects local political
considerations as well as personal biases of those making decisions. Currently
for the majority of such spraying, Dimilin is chosen more commonly than s Bt
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Studies conducted in 1987 and 1988, in both the United States and in
sanada (Cameren and Fusco, 1987; van Frankenhuysen et al., 1988}, give
widence that considerably smaller volumes of finished Bt spray per hectare
han are normally used can be applied while still maintaining the efficacy qf this
1secticide. If spray volume can be reduced from what has been the practice in
ecent years, there are rather substantial economic implications. These would
e expressed as reduced per-hectare costs of pesticide application if
ipplicators can be persuaded to adopt technology which is already available.

Early attempts to control the gypsy moth through the application of
nsecticides relied on materials such as lead arsenate, a compound develpped
ipecifically for use against this forest defoliator (Burgess 1930) but later widely
1sed against a number of agricuitural pests. DDT was extensively used from
he mid 1940's until environmental concerns about its persistence and ils effects
n non-target organisms arose in the 1960's; its registration was cancalled fgr
nost uses in the United States in 1972 (White ef al., 1981). During the 1960's
ind 1970°s a number of new chamicals found their way into recommendations
or control of L. dispar, including the carbamate Sevin® (carbaryl), the
srgancphosphates Orthene® (acephate) and Dylox® (trichiorfon), and the
nsect growth regulator Dimilin® (diflubenzuron). A few other chemicals have
Jeen registered, but these were never widely used in pest control programs.

DEVELOPMENT OF BT FOR USE AGAINST THE GYPSY MOTH

it was not until the early 1960's that efforts began in earnest to develop Bt
lor use against this major forest defoliator, even though it had been known since
1929 that this pesticide kills the gypsy moth (Dubois, 1981). But field trials were
characterized by erratic, inconsistent, and sometimes unpredictable results.
Timing seemad to be critical, both as it related to the development of the larvae
and to weather following application; if most larvae were beyond the second
larval stadium, or if rainfall occurred within a day or two after application, results
of spray programs were genarally judged to be unsatisfactory. Early
formulations were not as potent as those currently available, and in most cases
two applications were needed if there was to be any hope at all of success.
Needless 1o say, the logistics of repeated treatments, compounded by economic
considarations, mitigated against enthusiastic acceptance of Bt as the pesticide
of choice. Too often treatments ‘failed--thay neither reduced the numbers of
larvae adaquately nor did thay do it quickly enough; they did not protect foliage

from further consumption; they did not reduce subsequent egg mass numbers to
the {rather arbitrary) goal of 125 per hectare or fewer.

Eatly attempts 10 overcome the poor performance included increasing
;Dfﬂy volume, if not dose; this was expected to improve coverage of foliage.
‘agvp:;ﬂe:d%pphcanons were applied against successive cohorts of early instar
o A ition of selectad ad;_uvants was expected to improve sticking to
3, reduce avaporation during treatment, and extend the time during which
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the insecticide was active after application (Lewis and Connola, 1965 (in;
Dubois, 1981)). Feeding stimulants were added in later years.

New formulations, both water- and oil-based, continue to be developed
and tested by commercial manufacturers of Bt in cooperation with researchers
in universities and government laboratories, and private consultants. A new
strain of Bt, NRD-12, has recently been identified and field-tested against the
gypsy moth with promising results (Dubois et al., 1988). Genetically-
engineered Bt is receiving considerable interest in some quarters as attempts
are made to exploit biotechnological advances to improve forest pest
management capabilities. Available aerial spray technology offers improved
delivery of Bt so that its efficacy is maximized while associated costs are
minimized.

CHOICE OF BT FOR USE AGAINST THE GYPSY MOTH

For the balance of this paper, | will focus on the use of Bt in situations
where management of gypsy moth in forested situations is the primary goal.
Once a decision to treat has been made, the choice of Bt as the insecticide to be
applied in situations which are especially sensitive environmentally, or where
human exposure to pesticide applications is of particular concem, generally is
not controversial, | shall not discuss those situations further.

Does Bt have a role in the management of gypsy moth population
eruptions? Most managers responsible for protection of forests from insects
today have at least a familiarity with terms such as ‘environmental impact’,
‘integrated pest management', ‘population regulation’, and 'foliage protection’.
But what these terms mean to individuals often varies from person to person
even among entomologists; when we expand our pool of specialists to inciude
forestars, environmentalists, bureaucrats, legislators, and others who may be
involved either directly or indirectly in decision-making, we have communication
problems! Let me present a few biases.

1 believe that those who ultimately make the decisions which determine
which of the available tools will be used in various programs to combat the
ravagas of the gypsy moth are seldom as knowledgeable of the alternatives as
they ought to ba. Even if they were sufficiently knowledgeable, political and
economic constraints as well as personal preferences play far too important a
role in final decisions and choices.

A forest is a valuable resource, renewable but only over a long period of
time. There is little room for, nor tolerance of, error. Those charged with pest
control responsibilities tend to be conservative, and want to use a material in
which they have a high degree of confidence so the end result will be
'successful’. Success normally is defined within narrow limits which relate
almost solely to the insect and the alleviation of its nuisance, prevention of
losses above often artificial or unrealistically low thresholds, or reduction of
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residual populations to levels which, in the context of management, may be
unnecessarily low. Under such conditions, it is easy to appreciate how there is
a tendency to choose chemical insecticides as the agent through whic_:h
protection is to be effected. After all, alarge proportion of today’s senior
decision-makers were in some of their most impressionable years in school, or
in entry level positions in their profession, during a time when chemical
insecticides (specifically DDT) were widely used, considered to be very
effective, and were relatively inexpensive. Except for a few lonely voices in the
wilderness, no one then was openly talking about, investigating, or apparently
even concernad about things such as effects of pesticides on non-target
organisms, development of resistance, food-chain magnification of texicants, of
poliution of aquatic systems. The simple answer was to spray, and often the
attitude was 'the more the better’. Having seen--and often been a par of--
programs which, by standards then used, were clearly successiul, adopting new
methods and materials is understandably difficult.

Environmental concerns

Conditions have changed. Environmental issues now are very much a
part of the public consciousness. But understanding of these issues often
leaves much to be desired. Demands for unrealistic restrictions on pest control
programs too often result from naive hopes for or premature expeclations of
developing technologies or control alternatives, and exaggerated fears--often
based on legitimate concerns--of the use of chemical insecticides. When these
run headiong into traditional attitudes of pest management decision-makers,
and too often a lack of confidence by decision-makers in new technologies,
conflict ensues. It is in precisely this available middle ground that | see a major
role for Bt in management of gypsy moth population eruptions.

There has been considerabie research time and money devoted to
understanding Bt and its role in gypsy moth management over the last 25 years
or so. A standard for assessing potency of Bt formuations has been developed;
mode of action studies have been underiaken; feeding behavior ot jarvae has
been investigatad; production of Bt is possible on a commercial scate; both oil-
based and water-based formulations continue to be tested; methods of spray
dslivery to maximize efficacy and minimize costs are under investigation.

Centainly not all of the goals and expectations of the perfect insecticide
have been achieved. But it is unlikely that any single material will ever be found
that is our long-sought but elusive panacea--silver bullets and magic cures do
notexist. Therefore, we must consider a series of compromises. Once we enter
this area, there are legitimate differences of opinion over just which individual
tactors are most important and which are of lesser importance.

- nt suggest that environmental concerns must be near the top of the list of
impontant concarns. Forests are complex ecosystems in which the dynamics of
‘91’3;505(; moth populations are played out annually. Man has the ability 10

uce disruptive elemants into these systems in the form of broad-spectrum
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pesticides, pollutants of aquatic systems, or toxicants with long-lasting residual
aclivity. At the same time, Man can employ materials which have a much
narrower activity spectrum, have minimal or no adverse effects on aquatic
systems, and which disappear either completely or as harmless breakdown
products in a relatively short time after application. Bt stands up well to these
latter criteria.

Protection goais

Regardless of how 'safe’ a material is, it must also be expected to
achieve the goals of the protection program before it will be considered for use.
This is one area where the use of Bt is often questioned. On the other hand, the
criteria used 10 set program goals may be inappropriate, arbitrary, or otherwise
open to question.

There is continuing debate about just what the goal(s) of gypsy moth pest
management programs are or ought to be. Many would agree that intervention
with pesticides occurs primarily to suppress populations which otherwise might
precipitate unacceptable tree montality as a consequence of defoliation by the
current generation of insects, and/or to abate a nuisance to people. In the
former case, this is closer to handling of a minor or major crisis than it is to pest
management; in the latter, non-biological factors, for example, political and
emotional factors, play an important role in reaching decisions.

Given suitable growing conditions--adequate moisture, for example (and
we haven't yet learned to manipulate rainfall)--following gypsy moth larval
defoliation, trees have a much better chance of survival if they do not have to
refoliate in the same year in which heavy defoliation has occurred. Situations in
which successive years of heavy defoliation are followed by refoliation the
same season increase the likelihood of free mortality. While with any pesticide
application program we normally want to achieve all possible objectives, it
would seem that the objective of primary imporiance would be to maintain
enough of the original foliage on the tree that refoliation would not occur. That
is, defoliation should be held to less than 60%. (See: Impacts, Silviculture, and
the Gypsy Moth, by K. W. Gottschalk, these Proceedings, for a mare detailed
discussion of defoliation and stand vulnerability.) If this argument is accepted, it
matters litile whether defoliation is in fact 15% or 50%. Certainly higher levels
of defoliation will likely contribute to a smaller annual increment of volume on a
given site; depending on the stage in the rotation, this may or may not be of any
important consequence. | would submit, however, that our ability critically and
precisely to evaluate growth loss leaves much to be desired.

Normal practice in pesticide application programs targeted against the
gypsy moth is to treat many smaller blocks, rather than vast unbroken acreages
as has been done in other forest defoliator spray programs, for example, spruce
budworms in Canada. Economics dictates this strategy in part, but citizen
opposition to massive spray programs, sometimes regardless of the material
peing used, colors decisions as well. Pesticide applications are almost always



restricted to situations where the insect is expected to cause at least moderate
{30-60%) defoliation in the absence of treatment, and often heavy defoliation
(>80%) is expected. Given this reality, along with the ability of first stadium
larvae of the gypsy moth to undergo airborne dispersal over Qonslderable )
distances, site protection only in the year of pesticide application is the reality
that we must accept. Truly it matters little whether new egg masses are
deposited at a rate of 50 per hectare or 500 per hectare, or perhaps even as
many as 1000 or more per hectare. A large enough source populahoq wnl} exist
in the forest surrounding the area treated that, in the succgedmg year, it will be
virtually impossible 1o identify diflerences in farval poputation density within the
previously treated block and the area outside of it. 1t is quite iikely that, i
populations are again heavy, the naturally-occurring nucleopolyhedros?s virus,
if it has not previously become epizootic, will appear and cause the entire
population to collapse. Tree mortality in that portion of the forest not treated the
previous year may well be higher than in the blocks that were treated, but this
would occur regardless of which insecticide was used for treatment; those areas
not treated received no protection in any case.

Host rasetvoir for natural enemies

I said earlier that environmental concerns ought to be among the most
important in the selection of a pesticide for aenal application. Compared to
most of the available chemical insecticides, Bt has a much narrower non-target
organism activity spectrum even though it has broad toxicity against
Lepidoptera; it tends to act more slowly, at teast in terms of dramatically
reducing numbers of larvae visible in treated areas: it often allows larger
numbers of gypsy moth larvae to complete their development with conseguent
higher numbers of egg masses subsequently deposited. On the other hand,
avoiding drastic decimation of larval populations may aid in the buﬂc{up or
maintenance of parasite populations, or keep predators in the area since their
entire food supply isn't eliminated. If these natural enemies have any real effect
on the site dynamics of this pest (see other papers in these Proceeadings for
more detailed discussions of the role of natural enemies), the use of Bt could

wall have substantial advantages over the choice of an insecticide which would
virtually efiminate all hosts within treated blocks.

Timing

It has fang been bafieved that Bt must be applied when gypsy moth
tarvae are in the first or second larval stadium. In mixed oak hardwood forests
which occur throughout much of the northeastern United States, leaf expansion
oo ovarstary trees may barely be underway at this stage of insect development.
Whita oak, Quercus alba L., a common species in our forests, typically flushes
its leaves rafatively iate. Decision-makers then get nervous that Bt will not work

becausa application must be delayed until i
minimum of 35%: S0o, yed until adequate leaf expansion (a

35% Gr more is preferable) has taken place. There is at least
98 suggestion in the iiterature, based on a modeling exercise, that appiication



of Bt to late instars of gypsy moth will be effective under some circumstances
(Valentine et al., 1986).

Whether it is improvement in formulations, increased numbers of BlU's
being applied per unit area, or some other reason, the first-or-second-larval-
stadium requirement at the time of application does not hold up. Since 1984,
wa have been evaluating various Bt formulations (Cameron, unpublished).
Rarely have we applied sprays before we had numbers of third stadium larvae
present in the field; in one year we had approximately 60% fourth stadium
larvae, 40% third stadium larvae, and small numbers of fifth stadium larvae
present at the time of treatment. Subsequent monitoring of pesticide efficacy,
using a modification of the techniques described by Cameron ef al. (1983),
allowed us to conclude that numbers of larvae observed during the post-spray
period, as well as numbers of egg masses deposited, were not statistically
separable from numbers in other Bt-treated plots where larval development was
not as advanced at the time of treatment. Reductions in numbers of egg masses
from one generation to the next ranged from almost 85% to over 96% in the
various Bt treatments. Foliage protection in the blocks with larger larvae
present at the time of treatment was intermediate between other Bt treatments
and the untreated check plots, being separable from neither, and in this one
case cenrtainly not satisfactory. However, it should be noted that, at the time of
pesticide application, defoliation had already exceeded acceptable levels in
some of the test areas.

It has been the norm rather than the exception that numbers of third
stadium larvae were present at the time of treatment during the last five field
seasons. In spite of this, we have consistently achieved acceptable foliage
protection in treated areas, with estimated final defoliation amounting to about
15-35%. Numbers of egg masses, while higher than what one would expect
following a treatment with most chemical insecticides, have in all cases been
reduced to levels which are acceptable.

Gypsy moth population density

Another prevalent belief has been that Bt will not give adequate
protection in areas supporting ‘heavy' populations. Ideally we would prefer to
conduct our efficacy trials in forests with 2500-4000 egg masses per hectare,
i.e., in populations that are in early cutbreak phase, where there is a high
probability of at least moderate or even heavy defoliation, and where the
chances of a virus-induced collapse are minimized. The ideal seldom is
manifested in reality, and numbers of trials have been conducted in forests with
entering egg mass populations of up to 10,000-12,000 per hectare. Cn
accasion compensation has had to be made during data analysis for virus-
induced mortality occurring in the untreated checks. In trials where mortality in
untreated plots was not common, satisfactory larval monality has been obtained
in treated areas, populations have been reduced, foliage has been protected,
and reduction in numbers of subsequent egg masses has been adequate.



Costs of application

The costs of insecticide application are always of concern. In recent
years, the cost of Bt has steadily declined in comparison with chemical
insecticides, and it is now competitive. This is in situations that call for 7.0, 9.4,
or as much as 14.0 I/ha (96, 128, or 192 oz/ac) of finished spray to be delivered.
In 1987, both van Frankenhuyzen et al. (1988) and Cameron and Fusco (1987),
in independent tests, showed that Bt could be applied in as little as 1.75-2.3
I/ha (24 - 32 oz/ac) of finished spray while maintaining efficacy. Preliminary
results from experiments | am conducting during 1988 suggest that the 1887
results will be confirmed. In addition, leaf bioassays (van Frankenhuyzen et al.
1988) or direct counting of fluorescent spots from a dye added to the formulation
{Cameron and Fusco, 1987, van Frankenhuyzen et al., 1988) gave evidence
that droplets of spray were well-distributed throughout the canopy of mature oak
trees, with impingement on both upper and lower leaf surfaces. It would appear
that, rather than the early emphasis on larger volumes of spray (Lewis and
Connola, 1965, (in: Dubois, 1981)), we ought now to change to nozzles, such
as those under the trade name of Micronair®, which can create very Iarge_
numbers of very fine droplets and reduce the total volume of material applied.
With continuing improvements in Bt farmutations, and the ability to achieve
potencies of at least 64 BiU's per US gallon of neat material, we are in position
to exploit economies that can be realized in application costs. With smaller
payloads required 1o cover similar areas of forested land, spray aircraft would
require fewer ferrying trips to airpents or helicopter operations pads; on larger
jobs, it is likely that fewer aircraft would be required. A spray window which is
already none too wide, and which frequently narrows with typical weather not

conducive to spraying at the time when spraying must be done, could more
efficiently be exploited.

Eradication of isolated infestations

This discussion has focused on the use of Bt primarily in forested
situations where the gypsy moth is a recurrent pest. it should be noted at least
in passing that Bt was used from 1984-1986 by the state of Oregon in the
western United States in a massive eradication effort. Up to 100,000 hectares
of forest were to be treated three times each year. | was among those initially
who gave that program virtually no chance of success, especially since gypsy
moth adults had been trapped over a very large area. Much to my
astonishment, that program, although costly in dollars, has to be classiflied as
successfut by many standards. | don't think it is fully understood just why
success was achieved. There is no way to report, except through speculation,
what would have happened had either nothing been done or alternative
methods been employed in the eradication effort. The fact is that locally heavy
and widely scattered sparse populations of the gypsy moth have been
drastically reduced foltowing three successive years of multiple applications of
Bt, even though eradication has not yet been achieved.



In 1987, the state of California, also in the western United States, used
four aerial applications of Bt in combination with narrowly targeted ground
applications of Dimilin to attempt to eradicate an established but local
infestation of the gypsy moth before the pest became established and spread to
surrounding areas. Even though egg masses were located within an area of
less than one hectare in size, 16 hectares were treated by air in an effort to kill
any larvae that might have dispersed during the first larval stadium. No adults
were trapped in pheromone traps during the summer of 1987, nor were any
new egg masses found. Eradication of gypsy moth from that spot may well have
been accomplished in a single season; monitoring will continue through 1988
and 1989 before such a claim will be made, however.

CONCLUSIONS

We have by no means reached the end of the line in improving either Bt
formulations or our ability to deliver them efficiently, effectively, and
economically. Open questions remain concerning the relative merits of oil- vs.
water-based formulations, helicopters vs. fixed-wing aircraft, flat fan vs.
Micronair vs. Beecomist® or other nozzles, volumes of spray to deliver, amounts
of toxicant to deliver, timing of applications, and other factors. But Bt has given
evidence during the last few years that it has a much wider potential role in
management of gypsy moth population eruptions in forested areas than has
generally been considered. It need not be restricted to areas which are
especially sensitive either ecologically or politically. 1t is also cost competitive
with chemical insecticides.

Bt is unlikely completely to displace materials such as Dimilin unless
currently unrecognized adverse environmental impacts of that material are
identified, or non-biological considerations dictate pest management decisions.
Nor is Bt likely to cause reductions of populations fo the same low levels that
Dimilin or other chemicals frequently achieve. But it must seriously be asked,
‘Are such reductions necessary given the conditions under which pesticides are
used in contemporary gypsy moth management programs?' By the sama token,
does leaving a small residual population of gypsy moth confer a benefit in
conservation or perpetuation of natural enemy populations that would be lost if
pest populations were more drastically reduced? Perhaps those who work with
the computer models can conduct the pertinent simulations to shed light on
these questions.

Does Bt have a place in management of gypsy moth poputation
eruptions in forested land? Yes, | believe it does. | also believe that its rele is
likely to increase at the expense of the use of chemical ingecticides as both
forest managers and other decision makers are persuaded by the accumulating
svidence that Bt does, indeed 'work'. its environmental advantages are
considerable; its relative cost is continually declining when compared to
alternatives; its reliability is improving ali the time; exploitation of available
application technalogy is only just beginning and can be expected to increase
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in the next few years. Add all these factors together, and the piace of Bt looks
secure.
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INTRODUCTION

Infestations of the brown-tail moth, Euproctis chryserrhoea (L. (Lepidoptera:
Lymantriidae) in the United Kingdom (UK) and in many other pants of its geographical
range present an unusual pest control problem. It is principally a defoliator of woody
Rosaceae, including ornamental and fruit trees and is, therefore, often a common insect
in urban and suburban areas. The larvac have highly irritant hairs to which human
allergenic reactions can be strong (Blair, 1979). Symptoms vary from mild urticaria to
temporary blindness and, amongst those disposed to respitutory problems, to asthma
and even death, E. chrysorrhoea is, therefore, a plant pest and a public health problem.

Throughout its range, Europe (including south-east England), North Africa and, by
accidental introduction, some eastern parts of the U.S.A,, it is univoltine. Eggs are laid
in the summer. The larvae live and feed gregariously through the autumn and
overwinter as second or third instars insidc silken nests. In the spring they emerge and,
in the UK, complete their development by June. The adult female flies feebly so that
dispersal tends 1o be very local (Sterling, 1983).

In the UK practical pest control at present tends to be by spraying chemical
insecticides, especially synthetic pyrethroids, an activity which is unpopular in built-up
areas and unsuitable for use in nature reserves. An alternative strategy is 1o cut out and
destroy overwintering nests, but this is a labour intensive and, therefore, expensive
option; it is also difficult where trees are tall. Consequently, there is much interest in the
development of a cheap and strongly species-directed controf method which would be
compatible with both human and conservation interests.

The main mortality factors operating in UK populations were examined by Sterling
and Speight (1988). Their analysis suggests that the most appropriate potential
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biological control agents are microbial pathogens, one of which is a naturally occurring
baculovirus, The Baculoviridae is a family of viruses whose infections are restricted to
Arthropoda, and particularly to insects where they are ofien major natural population
regulatory agents. Members of two major subgroups, the nuclear polyhedrosis viruses
(NPV) and the granulosis viruses, have been used widely as sprayable pest control
agents especially against larval Lepidoptera and diprionid sawflies (Entwistle and
Evans, 1985). After extensive safety testing of over a dozen types it is widely accepted
that the baculoviruses are detrimental neither to human welfare nor the environment.

An NPV of E. chrysorrhoea (EcNPV) has been isolated from larvae in the wild in
the UK and in Yugoslavia. In the latter country infection levels were at times very high
(60%; Sidor, 1975), but in the UK they have always been observed to be low.

This paper describes the quantitative and qualitative relationships of E. chrysorrhoea
larvae with the NPV’s, preliminary trials in the use of EcNPV as a sprayable control
agent and studies on the possible development of more than one infection cycle within
single host generations and the import of this for practical suppression.

METHODS

Rearing E. chrysorrhoea. Larvae were obtained either from the field or were reared
from eggs surface sterilised to minimise the persistence of transovum passed pathogens
in culture. Most larval rearing was on leaves of bramble (Rubus fruticosus L.) but a low

nutrient semi-synthetic diet was also found to adequately support development (Kelly,
in preparation).

EcNPV production. The NPV isolate used as seed stock to produce bulk NPV for spray
trials was originally collected in the Isle of Grain, Kent, UK, in 1978. A virus
suspension of 2.5x10° polyhedral inclusion bodies (PIB)/ml was painted onte the
surface of Crataegus monogyna Jacq. leaves which were fed to fourth instar larvae. The
infected larvae were maintained at room temperature and fed further C. monogyna
leaves ad libitum. Larvae began to die of NPV infections 15 days later when they were
harvested and stored frozen pending full purification for use in bioassay and DNA work
or semi-purification prior to formulation for spraying in control trials. The virus
particles of NPV’s are bound up in small crystals of virus-coded protein which confers
considerable environmental stability (Kelly, 1985). These crystals, which are of various
polyhedral forms generally range in size from 1-5um in diameter and are commonly
known as polyhedral inclusion bodics (PIB). The PIB is easily visible with the
compound microscope and is the usual calibratory unit of NPV preparations. The PIB
content of our preparations was counted using the dry film method of Wigley (1980a).

[“fe_“i"ill’ testing. LDsp tests on large larvae (3rd instar and older) were conducted by
fegdmg njcas?red \folumcs of PIB suspensions dried on C. monogyna leaf fragments of
a size which is rapidly and totally consumed by an individual larva. For smaller larvae



the droplet feeding method of Hughes et al. (1986) was successful. This method was also
tricd using fourth instar larvae, but they refused to imbibe an aqueous PIB suspension;
however, they did so readily when a leaf extract of C. monogyna was added.

EcNPV formulation, Following maceration and crude filtration of infected larvae, NPV
was prepared for spray trials by semi- purification, involving a single cycle of low speed
centrifugation to remove host body debris. The subsequent NPV concentrate was
formulated to suppress secondary replication of any contaminant microorgnisms
(formulation details are currently confidential).

EcNPV spray application, Immediately prior to spraying, the formulated PIB
suspension was diluted with water and mixed with an emulsifiable adjuvant oil
(Actipron; British Petroleum) in the proportion of PIB suspension:Actipron of 4:1. This
fluid was sprayed using a hand held, fan assisted, spinning disc ULV sprayer, the Turbair
Fox (Pan Britannica Industries), producing a fixed flow rate of 1.3mi/second. This
machine produces droplets with a volume median diameter in the size range 70 to
100um.

Assessment of NPV infection. Larvae from spray samples were individually smeared on
microscope slides and the smears stained by the simple Giemsa method of Wigley
(1980b). PIB’s could easily be detected under oil immersion at X900 magnification.

Spray trials: (i) post-hibernation trial. This was conducted on third instar larvae
emerging from overwintering nests previously stored at 4°C. Potted C. monogyna plants
(twofpot), circa 1m tall, were infested with 250 larvae per pot. A sample of these larvae
was individually weighed and allocated to instar. Five trees were apportioned to each
treatment and the spraying conducted inside a large draught free building, the Turbair
Fox being held 2m from the line of trees and moved along the line at approximately
1.3m/sec. Five dosages were used ranging from 2x10° to 2x107PIB/m of spray lane.
After spraying the trees were placed in a greenhouse; due to high levels of defoliation by
6 days post spray the larvae were then transferred to large plastic boxes, kept at room
temperature and fed fresh foliage ad libizum. Ten days post spraying samples of 50 larvae
were taken and and placed in smaller boxes. These were checked daily until 27 days post
spraying and any dead larvae removed and diagnosed for NPV infection. Further details
of this experiment can be found in Kelly et al. (1988).

Spray trials: (ii) pre-hibernation trial. A field trial of the virus was conducted in an
area of infested R. fruticosa at Portsmouth. Twenty four 3m sections, each separated by a
buffer zone of at Ieast 3.5m, were marked out in a hedgerow 200m long. Existing nests
were redistributed to produce 12 nests per plot. Because of variation in bush size, a
stratified random allocation of treatments was employed in which each treatment group
of three had one ’small’, one 'medium’ and one "large’ bush replicate. A series of five
doses from 2x107 to 1x109PIB/m, was applied plus a further oreatment of 1x10%PIB/m
applied with the others on 18:9:87 and again one week later. Two control treatments were
included, one unsprayed and one sprayed with the 20% Actipron carrier fluid. No dead
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larvae were found on foliage during visits to the site shortly after spraying. Samples of
larvae were collected on 23:10:87 (at the onsct of diapause) by removing three nests
from each plot and dissecting them open to reveal both dead and live larvae. Samples
of both were smeared and diagnosed for the presence of NPV.

EcNPV infection cycling and disease dispersal. In two field experiments, one in the
auturn and one in the spring, live laboratory infected larvae were introduced into
natural larval populations (Sterling et al., 1988). Introduction sites were large discrete
R. fruticosa bushes where larval densities had been estimated from nest counting and
sizing, employing a linear relationship between nest volume and number of resident
larvae (Sterling, in preparation). Since data involving proportions has a binomial
distribution, it is more essential to detect small differences in response towards the
extremes of the diswibution than at the centre. The proportions introduced were,
therefore, varied linearly along an angularly transformed scale (Litlle & Hills, 1978).
Infected larvae were thus introduced in the proportions 0.024, 0.206, 0.500, 0.794 and
0.976. Subsequently, disease incidence was measured both over time and at a series of
distances from introduction cenwres. The five introduction treatments were each
replicated three times (in low, medium and high natural infestations) in both the spring
and autumn experiments.

RESULTS

Quantitative host-EcNPV relationships. The LDsp was measured in four larval
instars (Table 1). These values were plotted logarithmically against larval weight
(Figure 1) where it can be seen that for Lepidopiera the apparently linear relationship is
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Figure 1. Relationships of | og LD50 and LD50/mg with log initial body weight
for Euproctis chrysorrhoea and Lymantria dispar (data for L.dispar from
Burgerjon et al., 1981).
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not abnormally steep. Dividing the LDsp by larvae weight produced a linear
relationship of zero slope against larvae weight.

EcNPV and heterologous ’hosts’. Using challenging doses of 1x10° and 1x10°PIB to
individual second instar larvae, no ECNPV replication was detected in any of 66 other
species of Lepidoptera (in 11 families, including Lymantriidae) tested. Cross-infection
was also absent in the honey bee, Apis mellifera L., and two species of sawfly.

Heterologous NPV’s in E. chirysorrhoea. In addition to EcNPV, nine other NPV’s
from eight different lymantriid host species were fed to E. chrysorrhoea larvae. Four
proved to be cross-infective (see Discussion).

Spray trials: (i) post-hibernation trial. The larvae in this rial were third instars with a
mean weight of 3.2mg at the time of spraying. The development of virus-related
mortality over time is shown in Figure 2 (the top dose shown is 1x109PIB/m; the
highest dose of 2x10°PIB/m gave similar results to this dose). The two top doses
delivered distinct sigmoid responses of mortality against time, starting 11 days post
spraying and reaching circa 90% by 17 days. Deaths in other doses began later and
largely levelled off by 20 days. Apphcanon of probit analysis to the fmal virus
mortality:dose relationship (up to 1x10° PIB/m) gave a spray LDsg of 1. 3x10°PIB/m
and an LDgg of 8.5x10°PIB/m.

Cm—— OB

Days after spraying

Flgure 2. Virus mortality in E. chrysorrhoea populations on potted C. monogyna
bushes sprayed with a series of doses in the post-hibernation trial.

The large majority of the deaths were in the instar (fourth) following that
predominant at spraying, with some mortality delayed until the fifth instar, particularly
in the low dose treatments.
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Spray trials: (ii) pre-hibernation trial. The larvae in this trial were also mainly in the
third instar, with a mean weight of 2.6mg at the time of spraying. The extensive samples
taken on 23:10:87 showed that infection had entered nests in all treatment plots.

However, no relationship could be discerned between dose and infection levels. Bush
dimensions also had no effect.

Bush category
Treatment Small Medium Large
Control 0.0 0.0 0.0
Actipron control 1.7 0.0 0.0
2x107 PIB/m 115 36.4 83
1x10° PIB/m 5.0 84.1 242
1x10¢ PIB/m x2 4.8 9.4 25.0
2x10% PI8/m 15.0 25.0 475
5x10? PIB/m 40.3 16.1 419
1x10? PIB/m 20.4 55.3 46.8

Table 1. Mean percentage NPV infection in larvae in nests in the
pre-hibernation spray trial on 23:10:87.

During the winter the site suffered very heavy damage and loss of nests due to an
exceptional storm (the worst in the UK for 200 years). In addition there was severe
predation on nests, presumably by flocks of birds. Consequently, very few larvae could
be found post-hiberation. In these an appreciable level of apparently non-virus related,
idiopathic, mortality was observed, even in the controls. However, in the remaining
larvac substantial levels of NPV infection were found in the spring.

EcNPV infection cycling and disease dispersal. Rapid defoliation of bushes in the
spring led to large scale emigration of larvae. Initial densities had ranged from
332-6500 larvae/m®, but, at ten days post introduction of infected larvae density had
fallen 1o about 50 larvae/m”. No relationship was found between initial density and
subsequent levels of infection. Whilst larval infection, almost certainly laboratory
derived, was found at ten days none was detectable after this date until 52 days after
introduction when a significant second peak of infection began. However, not all
bushes developed this second peak, and Figure 3 illustrates infection levels in two plots
in which the peak was present. No relationship was found between the size of this
second peak and the proportion of infected larvae inraduced.

In the autumn experiment differences between bushes were again extremely
variable. Although a sccond peak of infection was not as clearly pronounced as in the
SPTINE experiment, Its presence was suggested by greater levels of infection being

found 40 days after introduction than were present at 24 days. Figure 3 illustrates two
plots which showed this response.
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At 64 days significant proportions of infected larvae were found at all distances
from the introduction centre in the spring experiment (Figure 3). However, in the
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Figure 3. Examples of bushes which showed secondary infection cycles
following primary introduction of laboratory infected larvae in the spring {1 &2)
and in the autumn (3 & 4).

autumn experiment there were few examples of disease beyond 2 metres from the
introduction.

DISCUSSION

A highly infectious NPV isolate (i.e. low LDsg) is essential for good insecticidal
effect, since as susceptibility decreases the quantities of virus required to establish
control rapidly become uneconomic. To fully assess the infectivity of an NPV, and
contrast it with others, it is necessary to study its impact throughout the host larval
period. The susceptibility of lepidopterous larae to infection is known to decline
strongly with increasing weight (e.g. Entwistle & Evans, 1985). However, the degree to
which this occurs appears to vary greatly with different NPV-host species systems.
There seems 1o be a generally good linear relationship between log larval weight at
inoculation and log LDso/unit weight (mg). The gradient of this regression and the
LDsg per se of very early instar larvae (i.e. during the ideal period when NPV spraying
would be conducted) provide two valuable parameters for contrast, In estimating the
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effect of the virus it is, however, important to take larval feeding rate, and hence the
rate at which larvae acquire virus from plant tissue, into account; larger species may
well feed faster and thus compensate for an inately higher LD50.

In Figure 1 the responses of ECNPV and Lymantria dispar (L.) NPV (LANPV; the
use of this virus is very well documented) are contrasted in terms of the mutual
relationships of log LDsp and log LDso/mg to log body weight. It is evident that,
although the LDsp values for the various instars of L. dispar are much higher than for
E. chrysorrhoea, the values of LDsp/mg are most favourable for the former species
(data from Burgerjon ez al., 1981, and interpreted by Briese, 1986).

EcNPV is unusual amongst NPV's in general in that taxonomically broad tests

indicate a very high level of host specificity. None of the species of Lepidoptera tested
became infected.

This is not, however, a two-way phenomenon since, in testing a quite limited
number of NPV’s of other Lymantriidae, and characterising both the inoculum and the
progeny viruses by restriction endonuclease analysis Laport (1987) was able to
demonstrate true cross-infection in E. chrysorrhoea of the NPV's of Euproctis sirilis
(FssL), L. dispar and of two geographical isolates of NPV from Leucoma salicis (L-).
Some information is available on the susceptibility of E. chrysorrhoea to the Polish
isolate of Leucorna salicis NPV (LsNPV). Skatulla (1985) contrasted the susceptibility
of five European Lymantriidae to their homologous NPV's with that to LsNPV
employing fourth instar larvae (weights not declared). Unfortunately he was not able to
report on the susceptibility of fourth instar larvae of E. chrysorrhoea to its own NPV
and no direct information on this appears to exist elsewhere. Employing weights for
UK E. chrysorrhoea instars (1,2,3, carly 5 and 6) it can be seen that the relationship of
instar to log weight is close to linear, suggesting a weight range for 4th instars of
15-40mg and, therefore, (interpolating from Fig. 1) an LD30 of 1580-3980 PIB. This
last value is not strikingly different than that for LSNPV in E. chrysorrhoea, 5140 PIB,
quoted by Skawlla (1985). However, this information is too sketchy for conclusions
about the relative worth of the two viruses for use in controlling E. chrysorrkoea.

The application of EcNPV as an insecticidal spray using the Turbair Fox machine
was an efficient method of control for the spring emergent larvae under the specific
conditions of the trial described here (notably the lack of wind). It appears unlikely that
‘00‘56 primary mortality can be achieved since a dose increase from 1x10° to
2x10°PIB/m resulted in no increase in mortality, Spray coverage is never likely to be
totally uniform, and a proportion of larvae must escape ingestion of a lethal dose.

A serious divergence between this wial and a field application was the reduction in
exposure 1o solar ulra violet (UV) radiation, to which NPV’s are very susceptible.
However, ina commercial formulation UV screening agents could be used.

o l;cthc auturgn wial, carried out on slightly smaller larvae using the same equipment
e apen air, the results up to the onset of hibernation were very uneven.



Post-hibernation, for reasons explained above, it was not possible 10 continue
quantitative assesstments. However, the data indicated strongly that in at least on of the
replicat plots of each treatment a high level of infection had been achieved. This was
particularly apparent in the next to lowest dose, lxlOSPIB/m, supgesting that control in
the autumn could be achieved using lower doses than in the spring. It seems likely that
the wide variation in the results achieved in this trial was due largely to poor spray
coverage achieved on the leaves in some replicates, due to prevalent wind conditions
and the orientation of the leaves. Good coverage is of particular importance in the
autumn given the limited feeding area of the larvac.

Neither of these trials was able to clearly demonstrate the effects of additional
infection cycles generated by virus produced in the primary spray induced infection,
However, the introduction of pre-infected larvas to healthy populations in both the
spring and auturnn showed that such cycles can be generated in £. chrysorrhoea, thus
enhancing the potential efficacy of the virus as a control agent.

It is a common observation that NPV infected larvae of Lepidoptera dic of disease in
the following instar, as was the case in the spring trial described here. It thus appears
possible that, if virus was applied in the autumn, severai cycles of infection might occur
following the initial response. The gregarious habit of the larvae is likely to facilitate
this process. It is well documented that NPV can persist overwinter on trees (e.g.
Doane, 1975; Evans & Eatwistle, 1982) and that NPV's may be dispersed widely by
predatory and scavenging organisms (Entwistle, 1982). Consequently, pools of
inoculum created at the death of host larvae can not only persist but can also be
dispersed. Whatever the mechanisms involved, it is clear that wansmission of virus is
possible within a single generation of E. chrysorriwea.

It is apparent from this data that EcNPV has considerable potential as a
bioinsecticide. It not only seems possible that satisfactory primary control can be
achieved, but there may well be valuable persistenice giving rise to prolonged cycles of
mortality and host suppression. Environmentally it is unusually well suited for use in
nature conservancy and urban contexts, since it has an exceptional level of specificity
of gction.

On the debit side, this host specificity means that ECNPV must be produced in the
homologous hest, which poses severe problems for safeguarding the health of swaff
waorking on the production system. The use of LsNPV as an alternative would facilitate
virus production, but much further work would be required to assess its relative
efficacy and environmental impact. The spray technology used to date has proved
incompatible with the need to achieve good coverage on discrete vegetation units in
urban areas and further work on alternatives, such as knapsack mistblowers, will have
to be carried out.
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SUMMARY

Larvae of the univoltine lymantriid Euproctis chrysorrhoea (L.), which overwinters
gregariously in tents in the second or third instar, have intensely urticating hairs. They
feed preferentially on woody roasaceous plants and, because of the damage inflicted
and public health problem presented, are a notable pest in urban areas. In such a
situation, and in nature reserves, chemical insecticidal control is unacceptable and a
more specific biological approach seems appropriate. A nuclear polyhedrosis vinis of
E. chrysorrhoea (EcNPV), isolated in Britain, has an exceptional degree of host
specificity and, by LDso tests, seems highly infective to host larvae. Therefore, post-
and pre-hibemation EcNPV spray application trials were conducted. The results
demonstrated a strong primary mortality response to the virus, The nature of these
trials precluded demonstration of the possibility of secondary infection cycles
developing in surviving larvae of the sprayed generation. This question was separately
investigated. Introduction of pre-infected larvae into the autumn and spring stages 9f a
single generation resulted in secondary infection cycles. Collectively the data acquired
will be employed to conduct control trials designed to assess the comprehensive effect
of virus sprays in controlling E. chrysorrhoea larval infestations. ECNPV is potemial!y
the most acceptable and practicable means of controlling this pest, especially in
environmentally sensitive areas.

ACKNOWLEDGEMENTS

We would like to thank the local authorities of Portsmouth, Rochester-upon
Medway, Castle Point, Adur, Gosport, Havant, Dover and South Wight for their
generous financial support of this project. Our special thanks go to Alan Higgins, Chief
Environmental Health Officer of Portsmouth City Council, and the rest of Portsmouth
Environmental Health Department for their always friendly help and support. We also

thank the English Heritage Foundation for permission to carry out a trial at Fort
Cumberland, Portsmouth,

LITERATURE CITED

BLAIR, C.P. 1979. The browntail moth, its caterpillur and their rash. Clinical and
Experimental Dermatology 4: 215-222.

BRIESE, D.T. 1986. Insect resistance to baculoviruses. p. 237-263 In: Granados, R.
and Federici, B. (eds.). Biology of Baculoviruses, Vol. 2. C.R.C. Press, Boca Raton.

BURGERION, A., BIACHE, G., CHAUFAUX, 1. and PETRE, J. 1981, Sensibilite
comparce en fonction de leur age, des chenilles de Lymantria dispar, Mamestra

brassicac et Spodoptera littorales aux virus de la polyhedrose nucleaire.
Entomophaga, 26: 47-58.



DOANE, C.C. 1975. Infection sources of nuclear polyhedrosis virus persisting in the
natural habitats of the gypsy moth. Environmetnal Entomology 4: 392-394.

ENTWISTLE, P.F. 1982, Passive carriage of baculoviruses in forests. Proceedings of
the 3rd International Colloquium on Invertebrate Pathology and Microbial Control.
Brighton, UK. Pp. 344-351.

ENTWISTLE, P.F. and ADAMS, P.H.W. 1977. Prolonged retention of infectivity in
the nuclear polyhedrosis virus of Gilpinia hercyniae (Hymenoptera, Diprionidae) on
foliage of spruce species. Journal of Invertebrate Pathology 29:392-394.

ENTWISTLE, P.F. and EVANS, H.F. 1985, Viral control. p. 347-412 In: Gilbert, L.L
and Kerkut, G.A. (eds.). Comprehensive Insect Physiology, Biochemistry and
Pharmacology, Vol. 12. Pergamon Press, Oxford, UK.

EVANS, HF. and ENTWISTLE, P.F. 1982. Epizootiology of the nuclear
poloyhedrosis virus of European spruce sawfly with emphasis on persistence of virus
outside the host. p. 449-461 In: Kurstak, E. (ed.) Microbial and Viral Pesticides.
Marcel Dekker, New York.

HUGHES, PR., van BECK, N.AM. and WOOD, H.A. 1986. A modified droplet
feeding method for rapid assay of Bacillus thuringiensis and baculovirus in noctuid
larvae. Journal of Inveriebrate Pathology 48: 187-192.

KELLY, D.C. 1985. The structure and physical characteristics of baculoviruses. p.
469-488 In: Moromorosch, K. and Sherman, K.E. (eds.). Viral Insecticides for
Biological Control. Academic Press, London.

KELLY, PM,, STERLING, PH., SPEIGHT, M.R. & ENTWISTLE, P.F. 1988,
Preliminary spray trials of a nuclear polyhedrosis virus as a control agent for the
brown-tail moth, Euproctis chrysorrhoea (L.) (Lepidoptera: Lymantriidae). Bulletin of
Entomological Research 78: In press.

LAPORT, RF. 1987. The cross-infectivity of lymantriid nuclear polyhedrosis viruses
in Euproctis chrysorrhoea L. and Dasychira spp. (Lymantriidae, Lep.). Unpublished
thesis, Wageningen, Netherlands. 58pp.

LITTLE, T.M. and HILLS, F.J. 1978. Agricultural Experimentation; design and
analysis. John Wiley and Sons, New York. 350pp.

SIDOR, C. 1975. The most important diseases of European gold tail (Euproctis
chrysorrhoea L.) provoked by microorganisms over the period 1971-1974 in SR
Macedonia. Acta entomologica Jugoslavica 11: 125-134.

SKATULLA, U. 1985. Untersuchungen zur Wirkung eines Kernpolyhedervirus aus
Leucoma salicis L. (Lep., Lymantriidae) auf einige Lymantriiden-Arten. Anzeiger fur
Schadlingskonde, Pflanzenschutz, Umweltschutz 58: 41-47.



438

STERLING, P.H, 1983. Brown-tail: the invisible itch. Antenna, Royal Entomological
Society of London 7: 110-113.

STERLING, P.H., KELLY, P.M,, SPEIGHT, M.R. and ENTWISTLE, P.F. 1988. The
generation of secondary infection cycles following the introduction of nuclear
polyhedrosis virus to a population of the brown-tail moth, Euproctis chrysorrhoea (L.}
(Lepidoptera: Lymantriidae). Zeitschrift fur angewandt Entornologie: In press.

STERING, P.H. and SPEIGHT, M.R. 1988. Comparative mortalities of the brown-tail
moth, Euproctis chrysorrhoea (L.) (Lepidoptera: Lymantriidae) in south-east England.
Botanical Journal of the Linnean Society: In press.

WIGLEY, P.J. 1980a. Practical: counting micro-organisms. p. 29-35 New Zealand
Department of Science and Industrial Research, Bulletin No. 228.

WIGLEY, P.J. 1980b. Practical: diagnosis of virus infections - staining of insect
inclusion bodies. p. 35-39 New Zealand Department of Science and Induserial
Research, Bulletin No. 228.



EPILZOOTIOLOGY OF GYPSY MOTH

NUCLEOPOLYHEDROSI S V1IRUS

Kathlieen D. Murray, Joseph S. Elkinton, Stephen A. Woods,
Department of Entomology, University of Massachusetts,
Amherst, Massachusetts, 01003, and John D. Podgwalte,

U.S. Department of Agriculture, Forest Service,
Northeastern Forest Experiment Station, 51t Mill Pond
Road, Hamden, Connecticut, 06514 U.S.A.

INTRODUCT tON

Nucleopolyhedrosls viruses (NPV) are fredquently
associated with the coliapse of high density populations
of many of the lymantriids Including the gypsy moth
(Lymantria dispar L.) (Bess, 1981; Doane, 1970; Woods and
Elkinton, 1887), the nun moth (L. monacha) (Komarek and
Breindi, 1924), the Douglas-fir tussock moth (Qrgyia
pseudotsugata) (Torgerson and Dahlsten, 1978), and the
red-bellled tussock moth (L. fumida) (Katagirli, 1977
cited in Evans and Harrap, 1982). Lethal Infectlons
result in destruction of most Internal tlssues and larvae
¥itted by NPV have a characteristically flaccld
appearance. The cuticle is fraglle and ruptures easlly,
releasing the liquifled remains of the destroyed tlissues
and massive numbers of virus particles occluded within
crystalline protein structures (occluslon bodles, or
OBs). These OBs are reslistant to environmental
degradation and can persist outside of the host for
several years |f protected from sunlight. Larvae become
infected primariiy through Ingestion of the occluded
virus, which Is digested in the alkatine gut, thereby
releasing virions which enter the host tissues via the
midgut.

The gypsy moth, the Douglas-flr tussock moth and
other lymantriids are of economic and esthetic importance
in North America, Europe and Asia. Because the NPVs
appear to play a slgnificant roie In the dynamlcs of
their host populations, Information concerning the
epizootlology of NPV diseases Is potentially very
valuabie in management and research of these pests.
Unfortunately there are still many gaps [n our
understanding of the causes and patterns of expresslon of
these diseases. Although viruses have been formulated
and applied as control agents for several of these
Iinsects, the results have often been disappointing
(Yendol et al., 1977; Lewlis and Yendol, 1981; Podgwalte,
1985). Therefore, It Is clear that we need a better
picture of the processes by whlch natural ly—-ocecurring
NPVs act In order to successfully utilize viruses as
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control agents, Knowiedge of the factors that affect
expression and transmission of the disease might be used
to improve efficacy of augmentative NPV refeases through
genetic selection of more effective strains, or through
genetic englineering to produce new, more virulent
strains. Management of pest poputations by maniputation
of the habitat to enhance effectiveness of naturally-~
occurrlng NPV may be another approach.

This review Inciudes what Is presently known
concerning the eplzootiology of NPV of lymantrilids with
emphasis on the gypsy moth. This includes Important
factors Infliuencing host susceptibliity and disease
transmission as well as various environmentatl factors
which affect both the pathogen and 1ts host.

FACTORS AFFECTING PATHOGENICITY AND PERSISTENCE OF NPV

Genetlc Variabllity

Different stralns of NPV differ In their
pathogenicity. When isolates from Europe, North America,
and Asia were tested against a laboratory strain of gypsy
moth, the LDggs ranged from 1.7x10° to 5x108 oB/mi

{Shaplro et ai., 1984). The resulits of several studies
In which potencles of viruses from varlous sources were
compared were reviewed by Lewls et al. (1981).

Perxistence and Pilant/Pathogen Interactlions

The occlusion body (n which NPVs are embedded
affords a great deal of protection to the virions which

allows the virus to maintain viablllity for several years
in certaln habltats (David and Gardiner, 1967; Thompson
et al., 1881). Soll Is wel!l known as an Iimportant

reservolr for many Insect viruses (Jaques, 1870). Soti!
pH can significantiy affect persistence of viruses
(Thomas et al., 1973). Podgwaite et al. (1879) found
high concentrations of gypsy moth NPV persisting In solil,
litter, and on bark for at least one year following
sptrootics. Newly-hatched larvae can become Infected
upon contacting bark, pupal exuviae, and soll collected
from a forested site following an epizootic (Doane, 1975;
Weseloh and Andreadis, 1986; Woods et al., In press).
Persistence of virus on plant foilage is limited,
Drimarily due to inactivation by ultraviolet radiation of
suniight (David, 1969; Smirnoff, 19872). Virus survival
may aiso be affected by physica! and chemical

features
characteristic of the plant. NPV may persist longer on
the underside of leaves {Stacey et al., 1977) or in

stomates (Feed, 1971). Leaf exudates can aiso affect the
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survival of viruses (MclLeod et al., 1977; Young et al.,
1974) as has been demonstrated on cotton. Virus survives
longer on some piant specles than on others (Young and
Yeartan, 1974), due to structural or chemical
differences, but also because of differences in growth
characteristics or phenology. For Instance, persistence
of NPV on the deciduous foliage of the gypsy moth's
preferred host is timited to one season, since oak leaves
are dropped each autumn.

Plant/pathogen interactions may affect the Impact
that a viral pathogen has on lts Insect host. The work
of Rossiter (1987) and Keating and Yendol (1987) suggest
that NPV pathogeniclty may be different for gypsy moth
larvae feeding on oaks compared with larvae feeding on
other tree specles. However, studies with Douglas-fir
tussock moth NPV Indicate that the pathogen is equaliy
effective on Douglas—fir, grand flir, and white fir
{Thompson et al., 1978; Stelzer et al., 1977).

FACTORS INFLUENCING HOST SUSCEPTIBLITY TO NPV

Varlation In susceptibllity or resistance to viral
pathogens both within and between populations has been
shown for several tlepidopterous hosts, including the
gypsy moth (Briese and Podgwalte, 1985). For example,
Rollinson and Lewlis (1973, clited in Lewis, 1881) compared
the response of different gypsy moth populations to a
singie NPV Isolate and found that the LCgn of the most
resistant strain was more than 100 times higher than that
of the most susceptible straln. That these differences
represent a real shift in the level of resistance betwesn
the different popuiations is Indlcated by a comparlison of
the regression slopes (Briese, 1987). A genetic baslis
for the variation In response to NPV challenge has been
demonstrated for Spodoptera fruglperda (Relchelderfer and
Benton, 1974) and Eplphyas postvittana (Briese et al.,
1980) and In response to a cytoplasmic polyhedrosis virus
for the silkworm, Bombyx mor| (Watanabe, 1987). Such
susceptibtilty can be cantroiied by a single autosomat
gene or by complex genetic mechanisms (Briese, 1987). A
graduat, but signiflcant Increase in LDgg wag shown for a
Iaboratory gypsy moth straln exposed to NPV for 11
generations, suggesting that shifts In susceptiIbllity of
this poputation to NPV are also heritable (W. D.
Rollinson, unpublished data clted in 8riese and
Podgwalte, 1985). However, as Briese (1987) points out,
these resuits are weakened by the fact that some of the
early observatlons were based on single-dose comparisons.,
Viruses have evolved with thelir hosts, therefore, some
degree of host resistance to these pathogens |s ilkely to
have ar lsen independently among different geographicaily
isolated populations. Some of the variablility between
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gypsy moth populations Is |lkely to be genetically based,
however, a heritable component for host susceptiblliity to
NPV has yet to be conclusively demonstrated for this
insect.

Developmentai factors can also Influence host
susceptibitity to viral pathogens. in generai,
resistance Increases with the age of the host (Briese,
1987). The LCgg for second-instar gypsy moths tested
with the Hamden Standard NPV was about 200 times lower
than the LCgq for fourth Instars (Lewls et al., 1981).
This age-related Increase In resistance Is largely
accounted for by the increase In body welght In gypsy
moth, however, an additionat! age-related factor ailseo
appears to be Invoived {(Brlese, 1987). Briese (1987)
suggests that the development of speciflc defense
mechanisms against viral infection in older Insects could
be involved. Other developmenta! factors such as growth
rate, hormonal levais, metamorphosis, dlapause, and stage
of development may also affect host susceptibiity (Briese
and Podgwalte, 188%5; watanabe, 1987). Shapiro and
Robertson (1987) reported that the number of OBs In
Infected gypsy moths was reduced 12-fold during the
transformation from tarva to pupa and 115-~foid durling the
metamorphosis from pupa to adult. This suggests that
metamcrphosis is deleterlious to virus or that adult and
pupa!l tissues are iess favorabie for viral growth than
are larval tissues.

The host’'s nutritional state I8 aisc an Important
factor infilusncing susceptibillity or resistance. Levels
of sucrose, protein, celiulose, tannins and other
chemical and physical characteristics of the Insect’s
food plants can affect susceptiblliity to NPV. Keatling
and Yendol (1987) showed that mortallty among gypsy moth
tarvae which were fed NPV on oak leaves was significantly
lower trnan among larvae fed NPV on aspen leaves. These
differences were shown to be related to leaf pH and
tannin content (KeatIng et al., 1988). in another study,
NPV-dosed larvae reared on pitch pline follage survived
tonger than dosed larvae feeding on oak follage
(Rossiter, 1887). Such host-mediated effects couid be
Important in the deveiopment of gypsy moth NPV eplzootics
a8 has been suggested for some lepidopteran defcllators
(White, 1974),

Evidence that parasitism affects susceptibllity to
virus was presented by Godwin and Shields (1984). These
workers showed that parasitism by Blepharipa pratensis
{ncreased the pathogenicity of NPV In gypsy moth larvae.

Popuiation denslty may affect Insect susceptibliity
Lo virus, either directly, or indirectly through changes
::.22?:‘53‘"‘ foltar chemistry. Follar chemical changes

ed with defolliation have been shown to affect
gypsy moth davelopment time, pupal welght and survival
(Waiiner ana Walton, 1879. Valentine et at., 1983,
Rossiter et al., 1988). Denslty also effects




physiotlogical and behavioral changes In high-density
gypsy moth populations (Capinera and Barbosa, 1876;
Leonard, 1970; Lance et ai., 1986, 1987). !t Is likely
that such density-~related changes may also affect gypsy
moth susceptibiliity to pathogens, however this has not
been examined,

Stelinhaus (1958) suggested that crowding acts as a
stress factor capable of inducing latent virus to an
active state or of lowering resistance to Infection.
Although the Idea that latent Infections can be I[nduced
by varlious stress factors |s somewhat controversial, some
exper iments have been clited as evidence supporting that
hypothesis. For example, gypsy moth larvae fed the
hetercoiogous NPV of another insect, Aglals urticae, died
from gypsy moth NPV Infectlon (Longworth and Cunningham,
1868}, not from infection of the A. urticae NPV,
introduction of chemical agents have also resulted in
mortality due to NPV (Yadava, 1971). However, It Is
possible that treatment with heterologous virus or
chemlical stressors reduced resistance to low levels of
gypsy moth NPV contamination In the environment, rather
than inducing a iatent NPV Infection. Additional
research wiill be needed to conclusively demonstrate the
phenomena of latency and activation of NPV in gypsy moth
hosts.

var {ous models, but notably those of Anderson and
May (1980) are based on the notion that popuiations
conglst of susceptible and resistant individuals,
Obviocusiy more research to Identify and eluclidate the
factors which infiuence susceptiblity and rasistance to
NPVs Is needed in order to utillze similar models to
describe the epizootioiogy of these pathogens and to use
such information In gypsy moth popuiation management.

FACTORS AFFECTING TRANSMISSION AND DISSEMINATION OF NPV
Transmission In Space

Factors determining the extent to which Insects
transmit and acquire virus within a spatial context are
cruclal aspects of eplzootiology. Altered behavior,
Iincreased activity level, greater amounts of Inocutum
present {n the environment, or increased gypsy moth
population density may serve to increase the probabllity
of larvae encountering and acquiring virus. Population
denslity can directly or indirectly affect behavior,
inocutum quantities and actlivity tlevel.

NPV appears to be spread through a gypsy moth
poputation In a density-dependent manner, modifled by
environmental persistence of the pathogen after an
eplzootlc (Campbell, 1963; Doane, 1969, 1870, 1875, 1876;
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among larvae hatched from the eggs from 80% to 0.1%,
Indlcating that virus is carried on the surface of the
egg rather than internally. He suggested that infected
female moths transmit NPV transovum to the surface of the
egyg.

Shapiro and Robertson (1987) concluded from their
laboratory study, that femalies fed sublethal doses of NPV
transmitted virus to their offspring. These workers dlid
not examine whether the Iinoculum was transmitted
transovarially or transovum. In a simltar study, we were
unable to show transmission from NPV-fed parents to
progeny when egg masses were oviposited and overwintered
on forest oak trees (Murray and Elkinton, In press).
However, mortality rates among our dosed parental stock
were somewhat jower than those in the eariler study.

We also compared environmental versus maternal
factors In vertical transmission of NFV (Murray and
Eiklnton, In press). We examined the role of
precipitation In leaching NPV from the environment to
contaminate gypsy moth egg masses as has been shown to
occur with the Douglas-~flr tussock moth (Thompson, 1978).
We found that egg masses acqulre most NPV at the time of
oviposlition and subsequent precipitation was not an
important factor. Wwhen we switched females between high
density, high— Infectlon rate and low-denslity, jow-
infectlion rate populations, for oviposition in the
opposite site, we found that the site in which the eggs
were oviposited was the most important factor influencing
the Incidence of NPV Infection among progeny. Because
progeny of femaies from the epizootic population suffered
very ijittie mortailty when oviposited in the low-density
slte, we concluded that transovum transmission may not be
as Important a factor as environmental contamination of
eggs In transmission of NPV from one genaration to the
next. We suggest that NPV Is incorporated from the
substrate Into the eggy mass during oviposition (Murray
and Eikinton, in press).

Ailthough transmission across and within generations
may occur by a number of routea, and various factors
appear toc have an iInfluance, the refative Importance of
the various routes and each Influencing factor are not
well understood. it Is likely that the importance of
different transmission mechanisms varles with
environmental condltions such as host piant chemistry,

population density, or the amount of Inoculum present In
the environment,

SUMMARY

Epizootictogy attempts to descr ibe and explain the
Causes and patterns of disease. Compiex interactions
between the insect, Its host plants, the pathogen, and



the environment, Influence the expression and spread of
nucleopoiyhedrosis viruses In lymantriid populations.
Factors affecting the susceptibiilty of the Insect to
viral infectlon, as well as transmission, dissemlination
and environmental persistence of the pathogen are all
Important In the development of epizootics. Recent
studies have shown that gypsy moth NPV is transmitted In
a density dependent manner and have eiucidated some of
the mechanisms by which NPV is transmitted. Other
studles have shown that insect/ptant interactions are
Important Iin expression of NPV Infection. But many
questions remaln unanswered. For Instance, there is
circumstantial evidence that NPV can occur in a latent
state and may be activated by environmental stress, but
such a phenomenon has not yet been conclusively
demonstrated. Transovariat transmission, which occurs in
other host/pathogen systems has also yet to be
conclusively shown. The effects of many enviromnmental
variables on expression, transmission, dissemination and
persistence of NPV are not clear. A better understanding
of these iInfluences is needed in order to effectively
utliitze these viruses in the management of pest
lymantriid popuiations.

LITERATURE CITED

ANDERSON, R.M. AND MAY, R.M. 19880. infectlous diseases
and popuiation cycies of forest insects. Science.
210: 658-861.

BENZ, G. 1963. Physlopathology and histochemistry. pp.
299-338. In: "Insect pathology, an advanced
treatise* (E.A., Steinhaus, Ed.). Academic Press.
New York. 66% pp.

BESS, H.A. 19681, Population ecoiogy of the gypsy moth,
Porthetria dispar (L.) (Lepidoptera: Lymantrilidae).
Conn. Agric. Exp. Stn. Bull. B846.

BIRD, F.T. 1981. Transmission of some Insect viruses
with particular reference to ovarial transmission
and its Importance in the development of eplzootics.
J. lnvertebr. Patho!. 3: 352.

BRIESE, D.T. 1987, Insect resistance to baculoviruses,
pp. 237-283. in: "The blology of the
baculoviruses.* vol li. (B.A. Fredericgt and R.R.

Granados, Eds.). CRC Press. Boca Raton, FL.



448

BRIESE, D.T., AND PODGWAITE, J.D. 1985. Development of
viral resistance in Insect populations. pp. 361-
398. In: " Viral iInsecticlides for biotoglcal
control.* (K. Maramorosch and K.E. Sherman, Eds).
Academlc Press. New York. 809 pp.

BRIESE, D.T., MENDE, H.A., GRACE, T.D.C., AND GE1ER, P.W.
1980, Reslistance to a nuciear polyhedrosls virus In
the Ilght-brown apple moth, Epiphyas postvittana
(Lepidoptera: Tortriclidae). J. Invertebr. Pathol.
38: 211-215.

CAMPBELL, R.W. 1963. The role of disease and
desiccatlion in the population dynamics of the gypsy
moth Porthetria dispar (L.) (Leptdoptera:
Lymantriidae). GCan. Entomol. 95: 426-434.

CAMPBELL, R.W. 1967. The analysis of numerical change

In gypsy moth populations. For. Sci. Monograph. 15:
1-33.

CAMPBELL, R.W. AND PODGWAITE, J.D. 1971. The disease

complex of the gypsy moth: !. major components. J.
Invertebr. Pathol. 18: 101-107.

CAPINERA, J.L., AND BARBOSA, P. 1976, Dispersal of
first-instar gypsy moth tarvae In relation to
population quality. Oecologla. 26: 53-64.

DAVID, W.A.L. 1969. The effect of ultraviolet radiation
of known waveiengths on a granuiosis virus of Pleris
brasslcae. J. lnvertebr. Pathol. 14: 336-342.

DAVID, W.A. L. AND GARDINER, B.O.C. 1967. The
persistence of granulosis virus of Pleris brassicae
in soll and sand. J. Invertebr. Patnhot, 8: 342-347.

DOANE, C.C. 1869, Trans-ovum transmission of & nuclear-

polyhedrosis virus In the gypsy moth and inducement

af virus susceptibiiity. J. tnvertebr. Pathoi. 14:
198-210.

DOANE, C.C. 1870. Primary pathogens and their role In

the deveiopment of an eplzootic in the gypsy moth.
J. Invertebr. Pathol. 16: 21-23.

COANE, C.C. 1975, Infectious sources of nuclear
poiyvhedrosis virus persisting In natural habtitats of
the gypsy moth. Environ. Entomol. 4: 392-354.

DOANE, €©.C. 1876, Ecology of pathogens of the gypsy
moth, In: "Perspectives in Forest Entomology”

(J.F. Anderaon and H K. Kaya, Eds.), pp. 285-293.
Academic Prass, New York.



449

f

EVANS, H.F. 1986. Ecology and eplzooticiogy ©
baculoviruses. pp. 89-132, in: "The Biology of
Bacuioviruses" vol. 1l. (R.R. Granados and B.A.
Frederici, Eds.). CRC Press. Boca Raton, FL.

EVANS, H.F. AND K.A. HARRAP. 1982. Persistence of
Insect viruses. pp. 57-86. In: "Virus persistence”
(B.W.J. Mahy, A.C. Minson, and G. Darby, Eds.).
33rd Symp. Soc. Gen. Microbioi. Cambridge Univ.
Press. London.

GODWIN, P.A., AND SHIELDS, K.S. 1984. Effects of
Biepharipa pratensis [Dip.: Tachinidae] on the
pathogenicity of nucleopolyhedrosis virus In stage V
of Lymantria dispar [Lep.: Lymantriidae].
Entomophaga. 238: 381-386.

JAQUES, R. P. 1970. Natural occurrence of viruses of the
cabbage looper in fleld plots. Can. Ent. 102: 36-
41,

KEATING, S.T. AND YENDOL, W.G. 1987. Infiuence of
selected host plants on gypsy moth (Leplidoptera:
Lymantriidae) tarval mortality caused by a
baculovirus. Environ. Entomol. 16: 459-462.,

KEATING, S.T., YENDOL, W.G. AND SCHULTZ, J.C. 1988.
Relatlonship between susceptibliilty of gypsy moth
larvae (lLepidoptera: Lymantriidae) to a bacuiovirus
and host plant follage constituents. Environ.
Entomol ., in Press.

KOMAREK, J. AND V., BREINDL. 1824, Dle Wipfelkrankhelt
der Nonne und der Erreger derselben. Z. Angew,
Entomol. 10: 99-182.

LANCE, D.R., ELKINTON, J.S., AND SCHWALBE, C.P. 19886.
Feeding rhythms of gaypsy moth larvae: effect of food
quallty during outbreaks. Ecology. 87: 1650-1854.

LANCE, D.R., ELKINTON, J.S. AND SCHWALBE, C.P. 1987.
Behavior of tate-instar gypsy moth larvae In high
and iow density populations. Ecol. Entomot. 12
267-273.

LAUTENSCHLAGER, R.A. AND PODGWAITE, J.D. 1977. Passage
of infectious nuclear polyhedrosls virus through the
alimentary tracts of two smail mammai predators of

the gypsy moth, Lymantria dispar. Enviren. Entomol.
6: 737-738.




LAUTENSCHLAGER, R.A. AND PODGWAITE, J.D. 1879. Passage
of nuclieopolyhedrosis virus by avian and mammalian

predators of the gypsy moth, Lymantrla dispar.
Environ, Entomol., 8: 210-214.

LEONARD, D.E. 1870. Intrinsic factors causling

qualitative changes In populations of Porthetria
dispar (Lepidoptera: Lymantriidae). Can. Entomof.
102: 239-249.

LEWIS, F.B. 1981. Gypsy moth nucleopolyhedrosis virus.
Dp. 454-455. In: “The gypsy moth: research toward
integrated pest management.” U.S. Dept. Agrlc. SEA
Tech. Bull. no. 1584. 757 pp.

LEWIS, F.B., AND YENDOL, W.G. 1881. Gypsy moth
nuctieopolyhedrosis virus: efflcacy. pp. 503-512. 1n:
"The gypsy moth: research toward Integrated pest

management.* U.S. Dept. Agric. SEA Tech. Buiil. no.
1584. 757 pp.

LEWIS, F.B., ROLLINSON, W.D., AND YENDOL, W.G. 1881.
Laboratory evaluations. pp 455-461. (n: "The gypfy
moth: research toward integrated pest management.
U.S. Dept. Agric. SEA Tech. Bull. no. 1584. 757 ppP.

LONGWORTH, J.F. AND CUNNINGHAM, J.C. 1968. The

activation of occult nuclear—polyhedrosis viruses by

foreign nuciear polyhedra. J. Invertebr. Pathol.
10: 361-367.

MCLEOD, P.J., YEARIAN, W.C. AND YOUNG, S.Y. 1977.
Inactivation of Baculovirus hellothls by ultravioiet

frradiation, dew, and temperature. J. Invertebr.
Patho!. 30: 217-224.

MURRAY, K.D. AND ELKINTON, J.S$. Environmental
contamination of egg masses as a major component of
transgenerational transmission of gypsy moth nuclear

polyhedrosis virus (LdMNPV). J. Invertebr. Pathol.
(in press).

PODGWAITE, J.D. 1985. Strategies for fileld use of
bacuioviruses. pp. 775-797. In: “virat fnsectlicldes

for blotegicat controt." (K. Maramorosch and K.E.
Sherman, Eds.). Academic Press. N.Y.

PODGWAITE, J.D., SHIELDS, K.S., ZERILLO, R.T., AND BRUEN,
R.B. 19879. Environmental persistence of the
nucleopoliyhedrosis virus of the gypsy moth,
Lymantria dispar. Environ. Entomoil, 8: 528-536.




RAIMO, B., REARDON, R.C. AND PODGWAITE, J.D. 1977.
Vectoring gypsy moth nuciear polyhedrosis virus by
Apanteles meianoscelus (Hym.: Braconidae).
Entomophaga. 22: 207-215.

REED, E.M. 1971. Factors affecting the status of a
virus as a control agent for the potato moth
(Phthor imaea operculella (Zell.) (Lep.,
Gelichiidaeg)). Buil. Entomol. Res. 61: 223-233.

REI!CHELDERFER, C.F. AND BENTON, C.V. 1874. Some genetlic
aspects of the resistance of Spodoptera frugiperda
to a nuciear polyhedrosis virus. J. Invertebr.
Pathol. 23: 378-382.

ROSSITER, MC. 1987. Use of a secondary host by non-
outbreak populations of the gypsy moth. Ecology.
68: 857-8€8.

ROSSITER, M.C., SCHULTZ, J.C., AND BALDWIN, I.T. 1988.
Relationships among defoliation, red oak phenclics,
and gypsy moth growth and reproduction. Ecology.
69: 267-277.

SHAP IR0, M., AND ROBERTSON, J.L. 1987. Yield and
activity of gypsy moth (Leplidoptera: Lymantriidae)
nucleopolyhedrosis virus recovered from survivars of
virat challienge. J. Econ. Entomol. 80: $01-905.

SHAPIRO, M., ROBERTSON, J.L., INJAC, M.G., KATAG!R!, K.,
AND BELL, R.A, 1984. Comparative Infectivities of
gypsy moth (Lepidoptera: Lymantriidae)
nucieopolyhedroslts virus isolates from North
America, Europe, and Asia. J. Econ. Entomol. 77:
153-156.

SMIRNOFF, W.A. 1972. The effect of suniight on the
nuclear polyhedrosls virus of Neodliprlion swainel
with measurement of solar energy received. J.
tnvertebr. Pathol. 19: 179-188.

STACEY, A.L., YOUNG, S.Y., AND YEARIAN, W.C. 1877.
Baculovirus heliothis: effect of selectlive placement
on Heliothis mortality and efficacy of directed
sprays on cotton. J. Georgla Entomol. Soc. 12: 167~
173.

STEINHAUS, E. A. 1858. Crowding as a possible stress
factor In insect disease. Ecology. 39: 503-514,

STELZER, M.J., NEISESS, J., CUNNINGHAM, J.C. AND MCPHEE,
J.R. 1877. Fleld evaluatlon of baculovirus stocks
agalinst Douglas—fir tussock moth in British
Coltumbia. J. Econ. Entomol. 70: 243-246.



452

SWAINE, G. 1966. Generatlon-to-generation passage of
the nuclear polyhedrosis virus of Spodoptera exempta
{(Wik.) Nature. 210: 1053-1054.

THOMAS, E.D., REICHELDERFER, C.F. AND HEIMPEL, A.M.
1973. The effect of soll pH on the persistence of
cabbage looper nuclear polyhedrosis virus In soll.
J. fnvertebr. Pathol. 21: 21-25.

THOMPSON, C.G. 1878. Nuclear polyhedrosis
eplzooticlogy. p. 138. in: “The Douglas-fir tussock
moth: a synthesis." (Brooks., M.H., Stark, R.W., and
Campbell, R.W., Eds.). U.S. Dept. Agric. SEA Tech.
Bult. 1585. 331ipp.

TORGERSON, T.R. AND DAHLSTEN, D.L.. 1978, Natural
mortality. p 47. In: Douglas—-fir tussock moth: a
synthesls. (Brooks, M.H., Stark, R.W., and Campbell,
R.W., Eds.). U.S. Dept. of Agric. SEA Tech. Buil.
no. 1585. 331pp.

VALENTINE, H.T., WALLNER, W.E. AND WARGO, P.M. 1983.
Nutritional changes in host foliage during and after
defoliatlion, and their relation to the weight of
gypsy moth pupae. Oecologla. 57: 288-302.

WALLNER, W.E. AND WALTON, G.S. 1979. Host defollation: a
possible determinant of gypsy moth population
quatity. Ann. Entomet. Soc. Am. 72: 62-87.

WATANABE, H. 1887 . The nost population. pp. 71-112.
In: “Epizootiology of Insect diseases." (J.R. Fuxa

and Y, Tanada, Eds.). John Wiley and Sons. New
York. 553% pp,

WESELOH, R.M. AND ANDREADIS, T.G. 1986. Laboratory
assessment Of forest microhabltat substrates as
sources of thes gypsy moth nuclear polyhedrosis
virus. J. invertebr. Pathol. 48: 27-33.

WHITE, Y.C.R. 1874. A hypothesis to explain outbreaks
Of fooper caterpliiars, with special reference to
Ropuiations of Selldosema Syavis in a plantation of

génua radiata in New Zeatand. Oecoiogla. 16: 279~
1.

WOODS, S.A. AND ELKINTON, J.S, 1887. Bimodal patterns
Of mortaiity from nuc!ear polyhedrosis virus in

Sybay motn (Lymantria dispar) poputations. J.
invertebr . Pathot. 50:”73%:757.



WOODS, S.A., ELKINTON, J.S., AND PODGWAITE, J.S.
Acquisition of nuclear polyhedrosis virus from tree
stems by newly emerged gypsy moth (Lepldoptera:
Lymantrildae) larvae. Environ. Entomol. (in press).

YADAVA, R.L. 1871. On the chemlcal stressors of
nuctear-polyhedrosis virus of gypsy moth, Lymantria
dispar L.. Z. Angew. Entomol. 69: 303-311,

YENDOL, W.G., HEDLUND, R.C. AND LEWIS, F.B. 1977. Field
Investigations of a baculovirus of the gypsy moth,
Lymantria dispar L. J. Econ. Entomoi. 70: 598-802.

YOUNG, S.J. AND YEARIAN, W.C. 1874, Persistence of
Hellothis nuclear poiyhedrosls virus on cotton plant
parts. Environ. Entomol. 3: 1035-1036.

YOUNG, S.Y., YEARIAN, W.C., AND KiM, K.S. 1974, Effect
of dew from cotton and soybean foliage on activity
of Hellothis nuclear polyhedrosis virus. J.
Invertebr. Pathol. 29: 105-111.



455

EVALUATION AND SELECTION OF CANDIDATE
EUROPEAN MICROSPORIDIAFORINTRODUCTION
INTO US. GYPSY MOTH POPULATIONS

M. L. McManus ]
USDA Forest Service, Northeast Forest Experiment Station,
Hamden, Connecticut

J. V. Maddox and M. R. Jeffords
Illinois Natural History Survey, Champaign, Illinois

R. E. Webb
USDA Agricultural Research Service, Beltsville, Maryland

IMPORTANCE OF MICROSPORIDIA IN INSECT POPULATIONS

The Phylum Microsporida is a group of obligately parasitic
eukaryotes many species of which are parasites of insects. Unlike many
viral and fungal diseases of insects, Microsporidia do niot typically cause
dramatic epizootics during which large numbers of insects die over a short
period of time. Most microsporidia are insidious in that they cause some
mortality in all life stages of the insect; more important, they cause many
sublethal effects such as reduced fecundity, slower developmental rates,
and detrimental behavioral changes. For this reason microsporidian
infections often go unnoticed in insect populations. Different species of
microsporidia affect their hosts in a variety of ways depending on the
tissues infected, the modes of transmission, the virulence of the
microsporidium, and the initial spore dose.

As insect pathologists have become more involved in studies on the
population dynamics of insects, they have begun to recognize that
microsporidia are often important naturally occurring bioclogical control
agents affecting insects (Maddox, 1987; Canning, 1982) and that they
influence the population cycles of many insect species. Microsporidia that
affect the dynamics of insect pests have several similar characteristics:
they have a relatively low IC-50; they are transmitted efficiently, both
horizontally and vertically; they are moderately pathogenic: and much of
the mortality caused by microsporidia occurs in the vertically infected
progeny of infected females.

MICROSPORIDIA OF GYPSY MOTHS

Several species of microsporidia have been described and /or
reported from European gypsy moths (Table 1). There are additional
reports, both published and unpublished, of unidentified microsporidia
infecting gypsy moths collected in Poland, Bulgaria and Iran. Thus, it is



likely that microsporidia are widespread in European gypsy moth
populations.

Table 1. Microsporidia described or reported from European gypsy
moths.
Microsporidian species Location Reference
Nosema lymantriae Czechoslovakia Weiser, 1957a*
Nosema lymantriae Yugoslavia Sidor, 1979
Nosema muscularis Czechoslovakia Weiscr, 1957 *
Nosema muscularis Spain Romanyk, 1966
Nosema muscularis USSR, Ukraine Zelinskaya, 1981
Nosema serbica Yugoslavia Weiser, 1964 =
Nosema serbica USSR, Ukraine Zelinskaya, 1981
Thelohania disparis Not given Timofejeva, 1956 *
Theloharua similis Czechoslovakia Weiser, 1957a *
Vavraia schubergi Czechoslovakia Weiser, 1964
Vavrata schubergt USSR, Ukraine Zelinskaya, 1981
Nosema sp. Portugal Cabral, 1977
* Specles description.

There are major taxonomic problems associated with differentiating
the microsporidia of gypsy moths. The original descriptions of these
species of microsporidia contain no ultrastructural details and very little
tnformation on life cycle. Thus. it Is difficult to compare current isolates
with the originally described species. These problems are not unique to
gypsy moth microsporidia because ultrastructural observations have only
recently become a necessary part of the procedure used to describe
microsporidian species. The lack of ultrastructural and life cycle details i.
especially critical in identifying the microsporidia isolated from Lepidopter
because many species are dimorphic {Maddox and Sprenkel. 1978). These
dimorphic specics, most of which are in the genus Vairimorpha, produce
two lypes of spores. Unfortunately, the microsporidia described from the
£ypsy moth in Europe were described before the occurrence of dimorphisiy
was recognized (see Table 1), Consequently, many of these species that
were deserthed earlier as mixed infections of Thelohania sp. and Nosema
Sp- maty represent a single dimorphic species in the genus Vairimorpha..
Therefore, it ts essentinl that the microsporidia from gypsy moths be
characterized ultrastructurally and. if appropriate, transferred to the
appropriate genera,

The tmportance of micros
Lypsy moth in Furope is not cle
references suggesting

poridia in the population dynamics of the
arly defined: however, there are several
that they can cause significant mortality and
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contribute to the demise of populations in regions where the period
between outbreaks is shorter, i. e., the Mediterranean Region, the Balkans.
and Crimea (Weiser and Novotny, 1987). Unlike the nucleopolyhedrosis
virus (NPV) of the gypsy moth, which kills massive numbers of larvae
outright and frequently decimates high-density papulations. microsporidia
were found to infect only 30-40% of the individuals at the pcak of the
outbreak but had an insidious effect on the surviving population
(Zelinskaya, 1980). Infected larvae developed at a slower rate and were
subject to increased parasitization, the fecundity of surviving females was
reduced from 2 - 9 times, and eggs produced by infected females incurred
higher overwintering mortality. Further, the incidence of infection by
microsporidia and its synchrony with gypsy moth outbreaks in Slovakia
(Weiser, 1987) suggests that microsporidian infections precede the buildup
of NPV during the progradation phase and may act as a precursor to the
development of viral epizootics.

Although microsporidia have been recovered from gypsy moth larvae
collected throughout Europe, microsporidia have never been recovered
from gypsy moths collected from U.S. field populations (Podgwaite, 1981).

IMPORTATION OF PATHOGENS AS A BIOCONTROL STRATEGY

The importation of parasitoids and predators has resuited in the
partial, substantial, or complete control of more than 157 inscct species
worldwide (Laing and Hamai, 1976). By contrast, few insect pathogens
have been imported and then intentionally introduced into a pest
population to provide a regulatory effect on succeeding generations
(Harper. 1978). There are several examples where a pathogen thal was
accidentally introduced into a new location along with its pest host hecame
a significant mortality factor in succeeding generations. The most
noteworthy among forest insects were the introductions of the
baculoviruses of the European spruce sawfly (Balch and Bird. 1944) and
the gypsy moth (Glaser, 1915). The microsporidium Nosema pyrausta is
an important biological control agent of the European corn borer int the
United States but it too was introduced accidentally. prestimably via the
importation of contaminated parasitoids. To the best of our knowledge.
microsporidia have never been intentionally imported into the United
States for the control of insect pests.

Although it is not known why few exolie pathegens have been
targeted for foreign exploration and eventual introduction inte the United
States for control of economic pests, we offer a possible explanation,
Whereas protocols have existed for the importation of parasitotds and
predators and quarantine factlities are maintained both here and abroad to
receive candidate species, guidelines for the importation of ‘
entomopathogens have been developed only recently. These are discussed
briefly in a forthcoming section. Exploration for parasitoids usually entails
collecting large numbers of host insects which are then reared or



maintained until parasitoids emerge. Many of these activities can be
performed by trained technical personnel. Searches for cntomopathoger
must be conducted by trained insect pathologists who can dissect and
examine diseased tissues on site, identify the microbial pathogens, and
then properly care for them, i.e., exclude contamination by secondary
organisms and determine the best storage conditions for shipment.
Whereas parasitoids usually are percelved as biological control agents th
cyele in both low- and high-density pest populations and ideally maintas
host populations below an economic threshold, pathogens, notably the
baculoviruses. are perceived to cause epizootics only at high host densiti,
and therefore to have little regulatory effect on their host populations
before the economic threshold s exceeded. This is probably a
misconception that reflects our poor understanding of many
entomopathogens such as the microsporidia and their role in the dynamt
of populations.

FOREIGN EXPLORATION

For several reasons we believed that there was scientific merit for
importing European microsporidia as potential biocontrol agents of the
gypsy moth: 1) microsporidia are known to be important biological conirc
agents of many species of insects; 2) the foreign literature suggests that
several species of microsporidia are important mortality-causing factors i
the dynamics of gypsy moth populations in Eurasia; and 3) microsporidi
have not been recovered from U.S. gypsy moth populations. With the
support from a USDA Forest Service cooperative agreement and after
consultations with many of our gypsy moth research colleagues in the
United States, Maddox and Jeffords in the spring of 1986 scarched for

microsporidia in gypsy moth populations in Europe. Excellent cooperati
was recetved from the following:

Portugal: Dr. Marta Teresa Cabral, Mr. Fernando Barbosa,
and Mr. Antonto Completo

Yugoslavia: Dr. Radovan Marovic and Mr. Aleksandar Mancic

Czechoslovakia: Dr. Jirf Vavra and Dr. Jaroslav Weiser

) In Portugal. gypsy moth larvae were collected In cork oak forests
within ca. a 150 km radius southwest of Lisbon. Larvac were returned tc
the Forestry Inatitute in Lisbon where tissues of the midgut, salivary
gl?l-lds. and the fat body of each larva were examined under a compound
‘:‘[*mf““)pﬂ' Nearly 1,700 larvae were dissected Although the prevalenc
ab microsporidian infections was low (< 5%) Maddox and Jeffords found tt

species of microsportdia infect
s of m po cting gypsy moths, a Nosema sp. and a



Gypsy moth populations were low in Yugoslavia in 1986--only 500
larvae from five different locations south of Belgrade were collected. No
mierosporidia were recovered from these collections.

Two different microsporidia from Czechoslovakia were obtained, both
of which had already been isolated by Drs. Vavra and Weiser from gypsy
moth populations in that country. These cooperators also provided a
species of microsporidia that had been isolated from gypsy moths collected
in Bulgaria.

CHARACTERISTICS OF MICROSPORIDIA OBTAINED FROM EUROPE

Five species of microsporidia were isolated from gypsy moth
populations in Europe (Table 2} and returned to our laboratory for
evaluation and potential introduction. We briefly discuss the
characteristics and taxonomy of these species.

Table 2.  Characteristics of five species of microsporidia obtained
from Europe.

Species Country Tissues Infected
Nosema sp . Portugal SG., FB, MG
Vauvraia sp. Portugal FB

Vairimorpha sp. Czechoslovakia MG, FB
Vairimorpha sp. Czechoslovakia MG. FB, SG
Vairimorpha sp. Bulgaria MG, FB, SG

FB = fat body; MG = midgut; SG = salivary gland.

We believe that the Noserna sp. from Portugal probably represents a
new species, though it is similar to Nosema serbica (Weiser, 1964} , a
species described from gypsy moths collected in Yugoslovia and reported to
occur in the Ukraine (Zelinskaya, 1980). The Portugal isolate should be
compared to N. serbica.; unfortunately, we do not have an isolate of N.
serbica and there {s no information on its ultrastructure and few details
available on its life cycle.

The Vavraia sp. is similar if not identical to V. schubergi. a species
that has been recovered from several species of Lepidoptera. It is not
known if V. schubergi represents a single species with a extensive species
variability,or several different species. Microsporidia similar to V. schubergi
have been isolated from several species of Lepidoptera. These isolates
usually have been considered subspecies of V. schubergi. but because no
thorough studies have been conducted on these isolates, it is possible that
they may be separate species (Sprague, 1977).
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The three species of Vairimorpha obtained from Drs. Vavra and
Weiser present taxonomic difficulties common to many micresporidia
described from Lepidoptera before their dimorphic nature was recognized.
The genus Vairimorpha was established as a repository for these
dimorphic microsporidia. At present it is not clear whether these
Vairimorpha spp. represent the dimorphic forms of Nosema and Thelohania
spp. described previously (Nosema lymantriae, Nosema serbica, Thelohania
similis, Thelohania disparis) or are new, undescribed species. To clarifv
these taxonomic relationships, we are conducting ultrastructural
examinations and life cycle studies on the five species we now have. In
cooperation with foreign cooperators, we plan to conduct parallel studies
on additional isolates from Eurasian gypsy moths.

EXPERIMENTAL RELEASE OF EUROPEAN MICROSPORIDIA
INTO U.S. GYPSY MOTH POPULATIONS

Regulatory Issues

Establishing guidelines for the introduction of nonindigenous
pathogenic microorganisms has been viewed as a regulatory dilemma as
there is a legitimate concern about introducing organisms that may pose
an environmental hazard. Are such organisms to be regulated in a manner
similar to that for pesticides, genetically engineered organisms, or
parasitoids and predators? Because our experiments constitute the first
deliberate effort to introduce nonindigenous microsporidia into the United
States, and because the regulation of nonindigenous insect pathogens has
been an enigmatic issue, we believe it is appropriate to describe in some
detail the regulatory matters germane to our proposed introductions.

In December, 1984, the Environmental Protection Agency (EPA)
proposed a mechanism for reviewing genetically engineered,
nonindigenous, and pathogenic microbial pesticides under the Federal
Insecticide, Fungicide and Rodenticide Act (FIFRA). Particular emphasis
was placed on small-scale field trials (terrestrial field studies on plots of 1@
acres or less) with genetically engineered and nonindigenous microbial
organisms. All isolates of microsporidia that were recovered from gypsy
moth populations in Eurasia are considered to be nonindigenous to the
United States and therefore subject to review. The EPA established a
notification policy as set forth in Federal Register Notice (Vol. 51, No. 123.
p. 2313-2335, dated June 26, 1986) titled "Coordinated framework for
regulation of biotechnology: Announcement of policy and notice for public
comment.” We have adhered to these regulations in our annual ficld
releases and briefly discuss the protocols that have been established for
past and future releases.

The nonindigenous microsporidia were imported into the United
States under certification by the USDA Animal and Plant Health Inspection
Service (APHIS} . Laboratory studies were conducted for 2 years at the
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Hlinois Natural History Survey to determine the biological characteristics
{thost ranges. 1C-50 and LD-5¢. tissues infected. eted and generic identity
of the Furopean microsporidia. After 2 years an Envicomuenial Asspssinent
(EA) was prepared for each organism as prescribed by the Agricultural
Research Service (ARS) National Environmental Policy Act regulations {7
CFR 520). and was reviewed by APHIS. APHIS determined that. on the
basis of the evidence submitted, there was no significant covironmental
impact. and issued a courtesy permit for a small scale-ficld test. The EPa
recognized that there had been prior review and permits issued at the
federal level by ARS/APHIS. The EPA then agreed to minunize s
notification requirements under FIFRA for our field releases of
microsporidia. Under this agreement. the following information was
provided to the EPA for each microsporidian species to be introduced
experimentally.:

1. Identity of the microorganism, including taxonomic
characterization.

2. The geographic location and a description of the natural
habitat from which the microsporidinm was isolated,

3. The host range of the microsporidium.

4. A description of the experimental introduction inclurding
site location, crop to be treated, target pest. amonnt of
material to be applicd. and method of application.

5. Verification that the microorganisim was subjeet to
USDA/ APHIS regulation, and that the necessary APHIS
permits were obtained for import. movement, and/or
ficld testing of the microsporidia.

OBJECTIVES

The immediate objectives of our experimental introduciions of
microsporidia into gypsy moth populations were to:

1. Determine the best methad for introducing these
microsporidia into gypsy moth populations,

2. Estimate the horizontal transmission of the
microsporidia in the field.

3. Evaluate the ability of each species of microsportdia to
establish (overwinter) In U.S. gypsy moth populations.

4. Determine the spread of microsporidian infections
outward from the central release point to other areas i the
experimental gypsy moth population.

The tong-range objectives are to establish the most approp fate
microsporidia in U.S. gypsy moth populations and then cvaluate their role
as naturally occurring biocontrol agents in gypsy moth populatiens  These



objectives, however, will take many years to complete and logically follow
the modest objectives listed.

METHODS
Introduction Methods

Although both inundative and inoculative releases have been used to
introduce pathogens into insect populations, we chose an inoculative
method involving the contamination of gypsy moth egg masses with smali
quantities of microsporidia (Jeffords et al., 1988). We contaminated egg
masses by soaking 60 laboratory-reared egg masses (NJ F30 strain) per
plot (woodlot) with the microsporidium to be introduced into that plot. Egg
masses were soaked for 5 minutes in spore suspensions that contained a
few drops of Tween 80 and concentrations of microsporidian spores varying
from 1.3 x 105 to 3.3 x 106. depending on the IC-50 and LD-50 for each
particular specics of microsporidium. The objective was to chose
concentrations that would infect most hatching larvae but would cause
little mortality in early larval instars. The treated egg masses were allowed
to air dry for 2-4 hr and then were individually encased ina 2 x 2-cm
saran mesh envelope before being transported to the field. The mesh
gauge of the saran envelope was large enough to allow newly hatched gypsy
moth larvae to easily exit the envelope.

At each woodlot the saran mesh packets containing the egg masses
were distributed equally among 6-8 preferred host trees and stapled to the
boles at approximately 1.5 m above the ground. We preconditioned the
laboratory-reared egg masses so that they hatched within 2-3 days of the
hatch of the feral population.

Several criteria were used to chose the experimental woodlots, all
located in central Maryland. Woodlots were predominantly ocak, were
isolated from other woodlots and forested areas, and had a gypsy moth
population estimated at 25-150 egg masses per ha.

We believe that there are several advantages to our
egg-contamination method of introduction as opposed to inundative
methods of release:

(1) Very small quantities of the microsporidia are released into
the environment.

(2) Few if any nontarget organisms are exposed to the initial
introduction of the microsporidia.

(3} Laboratory-reared egg masses are free of the gypsy moth
NPV which could interfere with the introduction process.

(4) We can better evaluate the interaction between the
microsporidia and the target gypsy moth population because
we can better estimate both the number of infected larvae



and the intensity of infections in larvae released into the
waodlot relative to the density of the feral larval population.

(5) The newly emerged larvae become infected as they exit the
egg mass and exhibit their normal dispersal behavior: thus,
the microsporidian infections are distributed naturally
among the feral population.

By cpngrast, w}}en a pathogen is sprayed inundatively onto a forested
canopy it is virtually impossible to determine the proportion of the target
population that is initially. infected. )

Larval Sampling Methods

Larval sampling methods have been described {Jeffords et al., 1988}
but will be briefly reviewed here. Each woodlot was divided into four
cardinal quadrants and into sampling zones as shown in Figure 1. Burlap
bands were placed on all oak trees > 10 ecm dbh within the sampling zone,
Locations of burlap-banded trees within each site also were mapped §o
that the specific locations of all larval collections were known. Three
sampling methods were used.

Method 1

First- and sccond-stage larvae were collected from foltage within 20
m of the center of each site to determine percentage of Initiat tnfection and
spread of disease from the site center. Gypsy moth Jarvae collected in
these samples were placed individually in cups containing artificial dict
and reared at room temperatures until at least the Ath instar. This
additional period of development allowed time for the micction to progress
and enhanced its diagnosis. Larvae were then examined fov neidence and
degree of infection. For each larva collected, the site, quadrant, and
sampling zone were recorded.

Method 2

Fourth- and fifth-stage larvae were collected from the burlap-banded
trees to determine percent of infection, spread of disease from the site
center, and persistence of disease within the populations. Approximately
10% of the larvae that were resting under the burlap were collected from
each banded tree, placed individually in empty diet cups, and examined in
the laboratory for infection.

Method 3

This method was used to determine percerntigd of infeetion on
selected trees and was conducted at the same time as Method 2. All Tarvae
remaining under the bands after the Method 2 sampling were collected
from randomly selected banded trees at various distanees from the site
centers. All larvae were removed from individual trees, placed together in a
container. and dissected within 12 hr after they were collected.
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Diagnosis of Infections

Microsporidian infections were diagnosed in the laboratory by
dissecting each larva, preparing wet tissue mounts and determining the
presence and abundance of spores by observing the wet mounts under a
phase-contrast light microscope. Depending on the species of
microsporidia being diagnosed, midgut, fat body, and/or salivary glands
were examined. The intensity of infections in individual larvae were

subjectively rated as light, medium, or heavy depending on the number of
spores presernt.

RESULTS

Because the specific results of our experimental introductions are
lengthy (Jeffords et al., 1988} we will provide a synopsis of what we
consider the major findings in our study.

The egg-contamination method was an acceptable procedure for
introducing all five species of European gypsy moth microsporidia. For
species such as Vavraia sp. and Nosema sp., the contamination method
works best because the LD-5¢ and the IC-50 are far apart. making it casy
to select a concentration of spores that will infect most of the larvae
without causing much mortality, Vairimorpha spp. are much more
pathogenic than Vavraia sp.. making it more difficult to select a spore
concentration that will infect most larvae and kill few. 1t is possible that
for some other species of microsporidia the egg-contamination method is
less appropriate.

Our larval sampling demonstrated that in all woodlots, infected
larvae dispersed from the center release trees, where contaminated
laboratory-reared egg masses were placed, into other arcas of the woodlot.
Thus, the spread of infection throughout the woodlot was facilitated by the
natural dispersal habits of the larvae. Results from our disscctions
indicated that some degree of horizontal transmission was occurring in
populations of gypsy moths infected with all five species of microsporidia.

One species, Nosema sp. from Portugal, overwintered and persisted
in the gypsy moth population from 1986 to 1988; however, Vauvraia sp..
also from Portugal, did not persist, The three species of Vairimorpha were
first introduced experimentally in 1987, so it is too early to evaluate

overwintering success.
FUTURE STUDIES AND OBJECTIVES

Although we are optimistic about the results of our initial releascs
and the potential role of microsporidia in the dynamics of gypsy moth
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Acquisition of additional microsporidian isolates.

In selecting candidate pathogens for introduetion, icolates shonled be
sought that are particularly well adapted to the host's speeitic geogsaphic
or ecological environment. We have initially introduced mierospor iy that
were available to us into gypsy moth populations in the most expedient
locations. [t is likely that certain species or strains of microsporidia will
become established more readily and be more successful bielogival contrng
agents in some areas of the United States than in others. We belirve that
there are many additional isolates and species of microsporidia infeeting
gypsy moths in Europe and Asta that should be acquired and evatuated for
subsequent introductions.

Taxonomy

As emphasized earlier, previously described species of mictosporidim
from gypsy moths as well as new isolates must be examined
ultrastructurally to confirm their generic placement, There alsoos o neeyd
for studies to determine intraspecific variability and geographiv
distribution of species of microsporidia that infeet gypsy moths popubateas
worldwide.

It is extremely important that we be able to unequivocally wlenhiy
any microsporidia recovered from gypsy moth populations as the
microsporidian species that we released. To this end we are devedogone
rRNA sequences for all microsporidia from the gypsy moth 1o assist s
identification and taxonomic placement.

Laboratory evaluations

Additional laboratory studies will be conducted to furthes
characterize the five specics of microsporidia we now have as welt ws
additional isolates we may obtain in the future. We need to mbapt the =0
contamination method for more pathogenic speetes of micresporidu fo
obtain quantitative information on the vertical and horwontal Hananises
of all available isolates, and to determine their sublethal elfects no wypsy
moth life stages. Ultimately, studies will be designed to evaluate the
interactive effects of each isolate with other bivlogteal controt agrats
affecting gypsy moth populations.
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Field studies

Our field experiments have been aimed at answering two gges_tionsz
what is the most appropriate method for introducing microsporidia inte
gypsy moth populations. and can introduced European gypsy moth
microsporidia persist in U.S. gypsy moth populations?

If these nonindigenous microsporidia can persist in U.S. gypsy moth
populations, and it appears that at least one species can, then many
additional questions should be addressed, including the following:

(1). What is the effect of these microsporidia on the population
dynamics of the gypsy moth? )

{2). What factors are important in the horizontal and vertical
transmission of the microsporidia within a population?

{3). Should we consider a multiple release of several isolates
of microsporidia rather than single-species releases?

{4). Should we vonsider inundative releases or continue using
inoculative releases?

In the months ahead, and after consultation with other scientists, we
will address these questions and many others before we prioritize short-
and long-term research needs.
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PREDATTION ITS INFLUENCE ON
POPULATION DYNAMICS AND
ADAPTIVE CHANGES IN
MORPHOLOGY AND BEHAVIOR
OF THE LYMANTRIIDAE

Harvey R. Smith, USDA Forest Service, Northcastern Forest
Experiment Station, Hamden, Connecticut 06514 USA

INTRODUCTION

Predation is a major suppressive force on natural insect
populations (Holling, 1965; Murdoch & Oaten, 1975). Although
Connell (1975) suggests that predation is the single most important
biotic factor affecting natural communities, most biclogists believe
it to be the third most important limiting factor, with food and
intraspecific competition being first and second, respectively. One
of the main characteristics of the living organism is that it
possesses an overwhelmingly complicated system of mechanisms that
protects it against adverse influences of the environment including
predation (Tinbergen, 1951). Because the magnitude of predation
depends on a large number of variables that interact with one
another (Holling, 1959) it is exceedingly difficult to generalize
about the role of predation on a particular lymantriid {prey)
population. Predators, howover, are often regarded as an cssential
factor in the regulation of endemic forest pest insect populations
(Buckner, 1966; Campbell & Sloan, 1977: Mason & Torgersen, 1987;
Wallner, 1987).

Two related but separate issues are involved in discugsing the
relationship between predation and Lymantriidac. First, what is the
role of predation in the dynamics of insect populations? Second,
what is its potential use in integrated pest management (1PM)7  Our
perceptions of the role of predators on the population dynamics of
Lymantriidae and its use in pest management have been strongly
influenced by (1) reports of early naturalists, whose observations
were usually anecdotal in nature and {2) the realization through
recent studies (Smith & Lautenschlager, 1981; Smith, 198%) of the
complexity of predator-prey interrelationships that makes praciical
implementation of predation theory difficult. Successful management
depends on our knowledge of tha role of predation; however,
insutfficient basic knowledge is available to develop renlistic
management scenarios at the current time.

The objectives of this paper are threefold. First, to briefly
discuss the evidence for an adaptive evolutionary influence by
predators on the morphology and behavior of Lymantriidas. Seccond,
to discuss the effect of predation on the population dynam?cs of
Lymantriidne. Third, to discuss some mechnnisms of predation Lhat

influence predation rate. ‘
Because all of my research has been with gypsy moth (Ly




the discussion on adaptive relationships and on the mechanisms that
interact to influence the level of predation is applicable to
Lymantriidae.

PREDATORS AS AN AGENT IN NATURAL SELECTION

The relationship between predator and prey in the "game of
survival” is as old as natural populations of organisms. Therefore,
it seewms appropriate in an overview of predation to begin with a
coevolutionary perspective. Since the first interactions between
predator and prey, a variety of adaptive strategies and/or
charascteristics in order to gain a survival advantage of one over
the other have evolved. Dawkins & Krebs (1979) suggest that prey
actually have an inherent evolutionary advantage over predators.
Selection by the predator on the prey for defenses is stronger than
selection by the prey on the predator for hunting (Vermeij, 1982}.
In spite of this, no prey has evolved s perfect defense. Actually,
the selective advantage of a particular defense mechanism may be
quite small but enough to account for its evolution in a variety of
species. Ford (1957) considers an improvement of 1 or 2 percent in
8 prey's chances of evading a predator as being highly significant.
Price (1987) reported “...responses of insects to hunting predators
have provided evolutionary biclogists with some of the best evidence
available on the force of selection and the precision of the
evolutionary process.” He suggests that a defense mechanism confers
8 30% advantage or more over individuals without the defense.

Today, it would seem difficult for a naturalist to dispute the
impact that natural enemies (including predators and parasites) have
had on the cvolutionary biology of any insect species and that all
have devcloped to some degree an anti-predator defense. That
natural enemies have had a profound affect on Lymantriidae is even
evident Ip the family common name “tussock moth," a name derived
from the "tussocks" or conspicuous dorsal tufts of protective heir
on cortain lorval segments of sowe species,

The Lymantriidae is a highly diverse femily. Although some
2,500 species have been described worldwide, lymantriids show only
modest diversity in temperate regions. Worldwide descriptions of
Lymantriidac are remarkably siwilar. Tillyard (1926) wrote the
following description of Lymantriids in Australia and New Zealand:

Larvae very hairy, often with tufts or brushes of hairs,
sumetimes with urticating hairs, frequently conspicuously
eolored and distasteful to birds: many species have
gregarious larvae living within a large bag-like shelter,
spun botween twigs and leaves of trees. Pupae in a cocoon
often with larval hairs spun into it.

Motealf et al, {1962), in deseribing North American species,
stated:

:..thn larvae make up for the plainness of their parents.
They are frequently of striking or beautiful appearance,



bearing tufts or pencils of besutifully cropped, close-set
hairs of gaudy colors or brilliantly colored tubercles
partially concealed by the hairs of their bodies. Hairs
play an important part in the economy of life of these
ingects. Some of the hairs of the larvae are nettling

and no doubt serve to protect their lives from certain
enemies;

It is suggested from these descriptions and those of others
(Forbes, 19i48; Seitz, 1913; Craighead, 1950) that predators have had
a major influence on the morphology of Lymantriidae and subsequently
an array of defensive mechanisms have evolved (i.e., changes in
color, size and pattern of hairs, urticating spines a&nd tubercles).
It is most probable that the principle selective force for
particular color patterns is predation by vertebrates (especially
birds) {Ford, 1945).

Harvey & Greenwood (1978) and Jarvi et al. (1981) write that
certain insect species "have evolved distastefulness as a means of
defense against predators...and...many such unpalatable species are
brightly colored." Bright aposematic coloration is common among
Lymantriidae. According to Harvey et al. (1983}, three conditions
of biological importance favor the evolution of aposematism and seem
particularly applicable to my observations pertaining to gypsy moth
larvae. First, aposematism is favored when prey families are found
at low densities and, second, the predator must easily recognize the
prey and remember. It has been shown that birds quickly learn to
avoid aposematic prey after only a few trials and remember to
associate particular color patterns in prey for several months
(Brower, 1958; Brower et al., 1963). Third, the prey must not be
too easily recognized. The aposematic coloration of the gypsy moth
ig conspicuous only when viewed closely by a predator; however, when
viewed from a distance, even in aggregations, they appear cryptic,
This relationship appears to be characteristic of lymantriids even
though it would seem less obvious with the brilliantly colored
larvae of Dasychira pudibunda, a tussock moth distributed in Europe
and the forest zones and steppes of European USSR. The full-grown
larva is yellow-green and is c¢ryptic on or near the foliage in the
crown until pupation. However, the larvae are very conspicuous when
viewed closely. They have black transverse cuts and erect bundles
of yellow hairs on the 4th and 7th segments and a long reddish tail
in the 11th segment.

Bright coloration among unpalatable diurnal prey is usual
{Turner, 1975; Cittleman & Harvey 1980). Palatability is difficult
to determine and various defensive aduptations will affect it
differently. It is not usually because of color alone but rather a
combination of disagreeable attributes such as hairiness. bad
flavor, and conspicuous coloration that affords the greatest
protection against predators. Taken individually, hairiness seems
to offer the greatest protection from the attack of birds (Judd,
1899). Ixcept for cuckoos, I am unaware of any gpecies of birds
that has adapted itself to specialize in hairy caterpillars. It
appears all others prefer hairless larvae.

Many Lymantriids have developed hairiness to a high degree and
in certain regions of the body grow urticating hairs especially
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modified for defense (example, browntail moth, Euproctis
chrysorrhona). An interesting account of the importance of these
hairs to survival in the yellowtailed moth (E. similis) in Europe i
was presented by Ford (1955). The hairs on this Iymentriid a?tuall)
take the form of barbed spicules and protect throughout the life of
the moth. Most insect-eating birds avoid cating the pupa because
the irritating spicules are spun up among the silk. When the fe?ale
moth emerges, she collects the spicules on the yellow tuft Uf.halr
on the e¢nd of the abdomen. Therefore, the yellow-tail moth (in the
female) is as irritating as the larva., The spicules produced by the
larvae are then used to protect the eggs as they are incorporated
into the yellow-down egg mass during egg deposition. ;

In this discussion of adaptive influence of natural enemies of
Lymantriidae, it is appropriate to focus on the morphological and
behavioral changes in the immature stages of L. dispar. Larvae of
gypsy moth undergo complex changes in morphology and behavior
' immediately following the third molt. It is generally accepted that
older {IV-VI instar) larvae within innocuous densities descend from
the canopy at dawn to aggregate in sheltered places and asc?nd at
dusk to resume feeding, It is important to note that the timing of
larval movements to and from feeding and resting sites occurs bq_gf‘ore
and after birds are foraging especially actively, thereby reducing
risk to predation by birds (Allen, 1925). Interestingly. Campbell &
Slomn {1976) were the only researchers in North America to
hypothesize that this bechavior evolved in order for larvae to evade
natural cnemies in Burope in spite of all the evidence to suggest
such a relationship, They made no reference, however, to the
morphological changes.

Coincidental with this behavioral change are morphological
changes, Tt is my contention that these changes coevolved with
behavioral changes as adaptive protective mechanisms to reduce .
mortality from natural enemies, particularly predators. Changes 1in
coloration would appear to serve little function against parasites
ns larvace moved nway from the canopy. Certainly, movement should
incraase vulnerability to predators and additional protection of
Tarenr {n geotting to and from resting locations, often 20 m from
where they fed in the canopy, was essentinl.

In larval instars IV-Vl, the head of the gypsy moth has yellow
markings that intecrupt the previously sll black head., It is wmy
contention that they create the illusion of two large "eye' spots.
The bedly remsins dusky or sooty-colornd and hairy; however, there is
now 1o prosinent deuble row of five pairs of blue tubercles followed
iy o double row of six pairs of rod tubercles on the dorsum.  Each
tuherenle boars nuperous urticating setae.

Altlowprh 1t has not beon shown experimentally for gypsy moth to
what degres the bright eoloration {red and blue tubercles) or "eye"
spots intinusdate predators, it s reasonable (based upon studies
with other Lepidoptora) (o sssume they serve a similar function.
Uatiepi e several species have eye spots with some being very
Yarpe, ol cartoon-like (Uwens 1980). Small birds have an innate
Fosp o darae eyen and are oasily startled. Blest (1957} tested the
offectivencas of frightening patterns on bird foraging behavicr. In
his osperiments, birds were semewhat troubled by even a pair of

it parallel bars and wern progreusively frightened as the

ool
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pattern became more "eye-like." Certainly, this wogld suggest that
the large "eye" markings on the head of gypsy moth instars ?V-VI
would be sufficient to trigger a startle response in many bl?ds and
thereby reduce predation. Adding credence to my contention is the
fact that electron microscopy failed to reveal any structural
differences between the "eye" bands and the rest of the head )
capsule. Also, I am unaware of any reported physiological function
of these bands.

Whalen et al. (in press) present further evidence that supports
the idea that predation by birds could have had a major influence on
these adaptive changes. Heritable propensity to attack gypsy moth
larvae, measured in an aviary, was greatest among those species that
forage in the mid and upper canopy. Therefore, the evolution of a
behavioral pattern to move away from the stratum where the greatest
amount of predation would likely occur would have obvious survival
value to the species. In addition, their study concluded that
earlicr instars are preferred over later instars, giving further
credence to the hypothesis that earlier instars are at greatest risk
to predation. It is also important to note that the en masse
arrival of migratory insectivorous species, particularly warblers,
which also forage in the canopy, occurs during the availability of
instars I-III. Recent data of stomach analysis of insectivorous
birds show a significant decline in consumption of mature larvae
(larvae after the third molt). Rejection due to increased size
alone is not a likely explanation. Jones {1932) found that when
birds were fed Lepidoptera and Coleoptera of various sizes (small,
tedium and large) the highest acceptability within each group was
for the largest.

There is also evidence to support the relationship between
distastefulness and conspicuous coloration in gypsy moth larvae.
Aside from protective hairiness, which has a major influence on
palatability, it has been shown that fifth instar larvae contain
four times the histamine content of first instar larvae (Sharma et
al., 1982). It is also possible that increased tannin levels in
maturing larvae that fed on osks (Quercus spp.) will further reduce
palatability. The gut of Bypsy moth larvae is rejected by
white-footed mice in the wild (Smith & Lautenschlager, 1978).

Because these changes in merphology and behavior appear so
abruptly in the development of the gypsy moth, adaptive theory would
suggest that survival of later instar larvae is a critical link in
the next generation. It isg argued that instars IV-VI is a key age
interval in deciding whether sparse populations of L. dispar will
remain at innocuous levels (Campbell & Sloan, 1977).

Evidence shows that predators have had a profound affect on
Lymantriidac. They have changed their appearance and their
behavior, These adaptive changes persist in natural populations
today suggesting that the forces that brought about these changes
are still operative and are still potentially regulating factors in
the dynamics of Lymantriidae.

PREDATION AND POPULATION DYNAMICS
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Understanding the dynamics of Lymantriidae requires the
detailed knowledge of a host of complex, interrelated factors
interacting on the insect's life system. Predstion is one process
that can have a substantial impact on populations of lymantriids.
Although accounts of predator interactions with a variety of
lymantriid species are commonly found in the literature, the roles
of predation on Douglas-fir tussock moth (QOrgyia pseudotsugata) and
the gypsy moth are the only well-documented cases. Typically, many
tussock moth populations are relatively stable at low densities most
of the time and only occasionally erupt to outbreaks (Mason & Luck,
1978). Most gypsy moth populations are usually maintained at
innocuous densities once the original outbreak has subsided
(Campbell, 1981). Within both of these sparse, stable population
systems, predation seems to play a major role (Campbell & Sloan,
19775 Mason et al., 1983; Mason & Torgersen, 1987).

Early naturalists studying predators of the gypsy moth
emphasized the importance of birds and Forbush and Ferneld (1896)
considered them to be the primary predators of gypsy moth.
Subsequently, other studies have suggested that the regulatory
impact of predators on endemic gypsy moth populations in North
America results predominantly from the accumulative effect of birds
and mammals (Campbell & Sloan, 1977; Smith & Lautenschlager, 1981).
The greatest impact is attributed to predation of pupae by small
mammals. The impact of invertebrate predators on gypsy moth
populations has not been well documented. Smith (1985}, studying
risk to predation by pupse placed at various densities in selected
microhanbitat locations, determined that pupae located above the
ground were more vulnerable to predation by invertebrates than
vertebrates.,

Calosoma sychophanta, a large carabid beelle imported from 1906
to 1926, may be abundant during outbreaks and can account for as
much as 25% of pupal mortality (Campbell, 1967). However, because

L odepends on prey density, it is not effoctive on sparse
populations. This is also true in Hurope (Patocka & Capek, 1971).

Campbell & Sloan (1977) hypothesized that year-to-year
numerical stability (mmong the sparse populations they studied) was
deternined largely by a combination of predaceous birds that tended
to concentrate on instar IV-VI larvae, and small mammals, cspecially
Peromyscus leucopus, which tended to concentrate on the pupsae.
Unfortunately, their study produced ambigucus results regarding the
netual role of birds. The exclusion of birds alone produced no
effect. while the exclusion of mamwals plus birds had the greatest
of feet on ehimge in E¥Ypsy moth egg-wass density,

Although nearly 70 species of birds are known to occasionally
ratogypsy moth, their of foct on the dynamics is less clear than that
ol amall mammals. Prodation of Eypsy moth by birds at sparse
densities s variatle and can b very tow. Diets {based on stomach
rontent annlysis) of 251 individusls of eight insectivoreus bird
species rovenled that only stomachs of the black-capped chickadee
{Farus ntricapillus), tufted titmouse (Parus fnornatus), and
yelbose-tiitied cuckoo {Coceyzus americanus) contained gypsy moth
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{Whitmore et al.. 1987, unpublished progress report). Smith (1985)
cxamined frequency of occurrence of gypsy moth in 557 stomachs of 17
species of insectivorous birds collected in areas of high gypsy moth
{outbresk) densities in Massachusetts and New York. All but two
species had eaten some gypsy moth; however, frequency of occurrence
was < 25%7 in 13 species. Overall, 24% ate some gypsy moth (19% with
cuckoos excluded from sample). Evidently, hairs on the larvae
caused a significant reduction in predation by birds as evidenced by
the high rate of predation of other hairless Lepidoptera. Predation
by birds actually involves two separate periods (instars I-III and
instars IV-VI). Birds inherently prefer early instars over later
instars of gypsy woth. Therefore, the en masse migration of
insectivorous birds, especially the wsrblers, which coincides with
the availability of these young larvae, may account for high
mortality of these larvae while they are still vulnerable in the
canopy. Predation by birds of instars IV-VI, although still of
potentially important magnitude, would decline dramatically due to a
combination of larval defense mechanisms and the availability of
alternative foods.

Bess et al. (1947) were the first to suggest that small mammals
{mice and shrews) were important predators of the gypsy moth. Bess
(1961} indicated that in mesic forests survival is low when gypsy
moths rest in the litter and innocuous populations predominate.
Campbell & Sloan {1976, 1977) presented further evidence that
predation by vertebrates is essential in maintaining low populations
and showed conclusively that small mammals are a major factor in the
dynamics of these populations, Campbell & Torgersen (1983) further
reported that birds and small mammals contributed about 27% of the
killing power during the gypsy moth generation, and about 47%
between instar V and adults. In this life system, small mammals
compensated for birds but not the converse. However, to
conclusively answer the question of "regulation" by predators, it
still must be shown that changes in mortality rates due to predators
and not other agents occurs prior to changes in the overall dynamics
of the gypsy moth,

Survival of pupse at different densities and in selected
microhobitats {litter, bole, bark flaps) was studied by Smith
{1985). 1In this study, predation wag significantly (P<0,001)
greater in the litter than on the bole or under bark flaps at all
densities {Table 1). However, vertebrates and invertebrates
evidently differed in foraging behavior. Essentially, all
vertebrate predation was by small mammals. At the two higher
densities, small mammal predation in the litter accounted for most
mortality. Evidently, at the lowest density, litter aggregations
(Table 1) were too scarce to be found whether by random encounter or
by a learning-search-image response. Invertebrates, being
omnipresent, attacked pupae uniformly in all locations and at all

“Whitmore, R.C., Cnoper, R.J., and Smith, H.R. 1987. Vertebrate
predator and gypsy moth population interactions and their influence on
defoliation. Unpublished Progress Report, Gypsy Moth Program. 7 pp.
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Table 1. Percent survival of gypsy moth pupae within different
microhabitats and at different densities. (Smith, 1985).

Percent- Percent- Percent-
age eaten age eaten age dead Percent-
by verte- by inver- of other age sur-
No. /ha Location brates tebrates causes vival
2,491 Flap 13 19 15 52
Bole 14 17 17 52
Litter 45 22 8 25
712 Flap 7 15 11 68
Bole 22 19 11 b9
Litter 42 25 7 26
237 Flap 2 13 6 78
Bole 3 1b 8 76
Litter 9 37 3 52

densities, Most invertebrate activity was attributed to ants. The
high proportion eaten by invertebrates (37%) at the low density may
have resulted from reduced competition from the small mammals. Moth
survival was greatest at all densities under bark flaps.

Figure 1 shows the pattern and amount of predation that
occurred at each aggregation within the high-density area. In the
illustration it is apparent that invertebrate pressure is much more
uniform between locations than predation pressure from the
vertebrates. Clearly, mortality by vertebrates (specifically small
manmals) was concentrated in the litter, This illustration would
also suggest an example of Darwinian selection (see Ford, 1945;
Dobzhansky. 1970; Darlington, 1980) by gypsy moth larvae to rest and
pupate on the bole if it can be shown that gypsy moth larvae have a
genetically based difference in behavior for the selection of their
resting locations. Predation by birds on early instars in the
canopy ®ay have resulted in selection for a behavior that involves
seeking refuge in bark crevices, flaps, and litter. This behavior
may then subsequently reduce mortality by birds and/or other natural
onemies. However. larvame that attempt to pupate in the litter have
beon shown here to have the lowest survivorship. Therefore,
predation by swall mammals {n the litter would favor the
survivorship of individuals in the gypsy moth population to rest and
pupate above the litter. Because predation by invertebrates secms
to be more uniform there does not appear, on their part, to be any
spatially related survivorship or any selective advantage to
relocate.  Conversely, predation pressure from small mammals could
br the seloctive agent causing pupation sites above the litter.
Observetions made during 8 1986 vigit to the Ukraine, USSR, also
suppart this contention. No larvae were cbserved resting in the
Hiter and all egg mnsses (previous generation) were Found only at
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PREDATION BY VERTEBRATES

PREDATION BY INVEATEBRATES

LITTER

LITTER

Fig. 1. Pattern and percentage of predation of gypsy moth pupae by
vertebrates and invertebrates within selected microhabitats. (Peak
indicates range of mortality from 1 to 12.)

the base of the trece. A census of small mammals estimated the
combined density of Apodemus spp. and Clethrionomys glarecolus to be
nearly 100 per hectare, which would certainly represent a formidable
predation potential. Rothgchild (1958) cobserved remains of gypsy
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moth larvae and pupae in the stomachs of Apodemus sylvaticus and A.
flayicollis in the Soviet Union. In the U.S., Campbell et al.

(1975) reported that bark flaps provided virtually the only pupaticn
locations within the highest density stratum studied where female
pupae had a reasonable survivel probability. Interestingly, within
the lowest density stratum studied only about 16% of the female
insects pupated in places other than the litter or bark flaps, but
survivorship of these from Yother places" represented nearly half of
the adult females and, presumebly, egg masses within that stratum.
References to vertebrate predation on gypsy moth in the Eurasian
literature are fairly common and all except Rothschild (1958)
emphasize the importance of birds. Bruns (1960) concluded that
birds can remove substantial proportions of low-density insect
populations and Turcek {1350) noted that birds probmbly play a role
in maintaining gypsy moth populations at low levels. Furuta {1982}
reported that birds intensely devoured the larvae of higher density
subpopulations and caused density-dependent mortality on the
population. He concluded that predation by insectivorous birds was
the most important factor in determining the density within
innocuous density levels. These observations are certainly in
contrast to gypsy moth populations in North America. Another )
difference is the predation by birds of egg masses. In Europe, bird
predation of egg masses has been reported to average 34% and up to
90% in sheltered areas (Schaefer, 1980). In the Soviet Union, seven
species of birds reportedly exterminated up to 35% of the
overwintering eggs (Kondakov, 1961). Reichart (1959) reported,
following a gypsy moth outbresk, that tits {(Parus sp.), nuthatches,
and tree-creepers attacked 34-76% of the egg masses and destroyed
from 25% to 78% of the eggs. 1In an attempt to gain insight into the
amount of predation by birds on egg masses in North America, 104 egg
masses located predominantly on oak (Quercus spp.) were monitored
from January to April in Connecticut. Forty-nine percent were at
least partially destroyed and 13% were completely destroyed
presumably by birds. White-breasted nuthatch (Sitta carolinensis).
black-capped chickadee (Parus atricapillus), and Downy woodpecker
(Picoides pubescens) were observed eating eggs.

Douglas -~ fir tussock moth
Orgyia pseudotsugata

Considerable effort has been made in recent years to understand
the dynamics of tussock moth populations particularly the processes
that maintain sparse, stable populations. When tussock moth numbers
are low and food is plentiful, vertebrate and invertebrate predators
are a primary cause of mortality (Mmson & Wickman, 1988). Predation
is considered to be a major regulatory process in sparse populations
(Mason et al., 1983; Mason & Torgersen, 1987). All life stages of
the tussock moth are eaten by predators. However, unlike the gypsy
moth {impact on pupse), the greatest impact by predators is on
larvae. The most important factor affecting change was the
disappearance of larvee, which accounted for 63% of the total
generation mortslity and exceeded by several times the other causes
of mortality (Mason et al., 1983). Predation of pupae and eggs



accounted for 9% of the total generation mortality. Because
predators often consume the entire insect, "predation” and
"disappearance® are difficult to quantify. Mason and Torgersen
(1987) found that vertebrate and invertebrate predators were
responsible for removing a large portion of the larvae that
disappeared. Spiders and predaceous ants commonly attacked small
tussock moth larvae (Mason & Torgersen, 1983), and a variety of
passerine birds preyed on larvae of all ages but were significantly
responsible for the removal of late instar larvae. Torgersen et al.
(1983) identified 21 species of birds as predators of the tussock
moth.

Early-instar larvae appeared to be preyed on mostly by
foliage-foraging arthropods, and late larvae by birds. Although
individually none of the estimated mortality factors qualified alone
as & key factor (based on analysis of k-values), Mason & Torgersen
{1987} concluded that predation was independent of prey density and
the major mortality factors interacted in a compensatory way so that
their combined effects were delayéd density-dependent and
regulatory.

PREDATION BY OTHER
LYMANTRIIDAE

With the exception of one reference by Jensen (1986), a search
of the literature failed to reveal any studies of other
lymantriid-predator relationships except for general accounts of an
anecdotal nature. Jensen reported that during a decline phase
following an outbreak of nun moth (Lymantria monacha) in Denmark,
81-86% of adult mortality could be attributed to birds. The
following year a decrease in larval and pupal density from 1 to
2,000 larvae per tree to almost nil could only be explained as a
result of bird predation, Pratt (1972}, writing about the browntail
moth in Maine, considered birds, next to disease, to play the most
important role in helping to check the spread of this insect.
Species commonly known to feed on other hairy caterpillars were
mentioned as predators, however, he felt the northern oriole
(Icterus galbula) and blue jay (Cyanocitta cristata) were the most
important. Similarly, birds were reported to "undoubtedly consume
many larvae of the satin moth," (Leucoma salicis) (Burgess, 1927).
Unfortunately, from these and numerous other reports one can
determine little regarding the role of predators in the dynamics of
these insects.

Conversely, based on what is known regarding gypsy moth and
Douglas-fir tussock moth, it is reasonable to hypothesize that
predation is an integral process in sparse stable dynamics of other

lymantriids.

UNDERSTANDING MECHANISMS OF PREDATION



Over the past decade our knowledge of the basic importance of
predation on sparse stable gypsy moth populations has actually
changed little while our understanding of the interrelationships
between mechanisms that effect the magnitude of predation has
changed dramatically.

It is evident from the earlier discussion in this paper that
defense mechanisms influence predation rates. Yet, in spite of
them, predators often appear to regulate certain sparse stable
insect populations. It is also known that these insect populations
are regulated indefinitely and the occurrence of ocutbreaks testifies
to the inability of predators to maintain their control. A
Understanding the wechanisms that contribute to the variability in
predation impact is essential From an IPM perspective. While
population release is a complex phenomenon, tied to seve:_'al biotic
and abiotic factors, reduced predation could be a releasing
mechanism,

Although the various components of predation arc well known
(Holling, 1959), their interactive effects on the magnitude of
predation and the role of predation to the susceptibility of forests
to defoliation by gypsy moth has not been well documented. The
relationships between predator diversity and density, prey
vulperability and microhabitat, alternative foods and site
characteristics (stryctural features offer refugia for prey and
vegetative cover for predators) to survivorship of gypsy moth were
examined in a series of comparative studies conducted with sto_::ked
cohorts of pupae in a resistant and a susceptible forest in Vermont.

New England forests vary in susceptibility to defoliation by
BYpSy moth. Susceptible forests characteristically are on dry, open
ridgetop sites where trees (mainly oaks) are scrubby with numerous
structural features (i.e. bark flaps, wounds and deep bark fissures)
that provide refuge for the gypsy moth (Valentine & Houston, 1979).
These sites are open and have little or no leaf litter. The
predominance of lowbush blueberry (Vaccinium spp.) is a positive
index of susceptibility (Bess et al.. 1947). Blueberries, along .
with huckleberries (Gaylussacia spp.) provide smell memmals an ample
supply of a very palatable food at the same time gypsSy moth pupae
are available. By contrast, resistant stands are mesic. They are
commonly .areas of deep loamy soils and possess well-developed.litter
layers. Resistant stands are well stocked with vigorously growing
trees that are relatively free of gypsy moth refugla. Understory
plants often create a well-defined shrub layer. In addition, the
closed nature of resistant stands is not favormble to the production
of borrtes,

Specien diversity and density was shown to be greater in

resistant than susceptible stands for both birds and small mammals
(Smith, 1985). Numbers of

avian species and density of birds were,
respectively, 3 and 4 times greater in the resistant stands. Shrew
density (Blarins end Sorex Spp.) was slso 2-1/2 times greater in the
resistant stands; however, Peromyscus, a habitat generalist, had
densitios that were remarkably similar between sites. The

importance of reduced predator sbundance to increased insect
population growih has been demonstrated experimentally by Campbell &
$iean {1977} and also reported by Khanislamov et al. (1962) in the
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litter decreases. Therefore, survival ool’ Insects peating in the
pupae will generally be wmuch h
reduced wulnerability to litter fo:

Comparative survivorship curves orr?;gip:: mlm'?:{".” 2 n
indicate that differences exist between susceptible and r;m:;tmc
stands. For example, in 1985 all pupae (all locations, lftter-
bole-bark flap) were destroyed by predators within % days in the
resistant stand compared to 12 days in the susceptible stand.
Detailed methodology and resulta of these Studies vill be pressated
in subsequent manuscripts. Average P. leutopus densitios {besed on
minimum number known alive, 1.2 ha) in the resistant and susceptible
stand for 1985, 1986, and 1987 were 65, 53, and 2B, wnd 63, 32, ad
34, respectively. Coinciding with the trend in declining mouee
density was an obvious annual increagse of berry stundance on the
susceptible ridge site. In addition to the verious factore slroady
mentioned that influence site susceptibility, the sbundance,
availability, and palatability of mlternative foods are of »ujot
importance. The opportunistic foraging behavior of ¥, lewcopys te
evident in Table 2. In the susceptible stand, sa the sbundance of
ripe berries increamsed, their consumption incressed with »
corresponding decrease in the consumption of arthsopods which
undoubtedly reduced the effectiveness of these jmportant predatovs.
Conversely, in the resistant stand, the summer diet of wice resained
predominantly arthropods due to the unavailability of becriss. The

dgher in suscoptible standy because of

Table 2. Percentages of major food groups observed in stomschs of
E. leucopus.

June June July July Augunt
Food 7-10 2124 67 19-21 [ 2314)
—————————— amm e e GUECEPLiblgem v e st mnak s oy
(&) 8 {6} {51 gi
Arthropods 52 98 19 59 .
Berries 0 4] 19 3: o
Mast 48 1] 0
B et B - P it it
(9} {11) {13) (;;, ﬂgl
Arthropods 52 37 “D H .
Berries ] 0 : 2 8
Mast 48 60

(n} Bryant Mountain, 1983,

rand {fall 1980,
unanticipated selective logging of ch?‘r::x:n:‘n P
which opened the canopy. ceused 4 rep ranphery
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blackberries along the logging roads. This resulted in a
significant change in the foraging behavior and food selection of
these mice. Consumption of berries (volumetric percentage)
increased from 5%-22% by 1985. Berries have continued to increase
since 1985 and its effect in combination with & declining mouse
population is reflected in the 1987 survivorship curve (Fig. 2).
The influence of an alternative food that reduces predator impact is
especially appropriate when discussing lymantriids because of the

100

1965

1966

1987

50

PERCENT ALIVE

N - .
5 10 15

DAYS AFTER SET UP

Figure 2. Survivorship curves of gypsy moth pupae in a resistant
forest,

hairiness of these larvae and some pupae. Not only will the
eoincidental availability of berries reduce predation on lymantriids
but the presence of hairless caterpillars will greatly mollify the
magnitude of predstion. One interesting cxample was reported nearly
a century sgo by Howard (1897). He wrote,

One of the early results of the introduction of the

English sparrow was the practical extermination by

this bird of cankerworms... The removal of the cankerworm
afforded room for the multiplication of the white-marked
tuusock moth (Orgyis leucostigma) which, from the fact that
ita larvae are hairy, was not eaten by the sparrows, and
consequently multiplied with rapidity.



One other important factor worthy of menticon in relation to
predation rate and site susceplibility is habitat structure,
particularly vertical stratification of cover. Pecomyscus, although
a habitat generalist, prefer grester densities of cover in order to
reduce their own risk of predation. Density of cover has a major
eflfect on foraging behavior and food selection by mice. OGypsy wmoths
rasting on boles or under bark flaps in areas where associated shrub
cover is moderate to dense {resistant forest) acve much more 1ikely
to be eaten by mice than those resting above the litter (n wore
"open® arcas {susceptible forest). The only pupse that survived
{1986) in the susceptible stand all rested above the litter. These
studies show conclusively that predator effectivencss is of amajor
importance to the concept of site susceptibility to defoliation.
These studies also reemphasize the overall impact potential of
predation on sparse insect dynamics but more {mportantly desonstrate
(1) the causal relationships explaining variability of i{ampact on
survivorship and (2) can provide valuable forest management
implications. The mechanisms and ecological principles iavoleed in
these studies may apply to lymantriids around the world. Thest were
cvident as 1 observed habitat selection, utilization, and foraging
behavior by ecological equivalents of North American gypsy soth
predators in the Soviet Union.

100

50

PERCENT ALIVE

[»] ., A " " A, A...

o 5 10 13-
DAYS AFTER SET UP

Figure 3. Survivorship curves of gypsy moth pupac in a susceptible
forest.
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SUMMARY

- Predators were shown to be important agents of natural
selection in the evolution of insect defenses among Lymantriidae.
Adaptive changes in morphology and behavior demonstrate the impact
predators had and still have on these insects. Studies on natural
regulation of sparse Douglas-fir tussock moth and gypsy woth
populations suggest that predation can regulate these populations
indefinitely. However, predator effectiveness is influenced by
several interactive mechanisms. Studies of these mechanisms have
shown a causal relationship between site susceptibility or
resistance to defoliation and predation. Reduced predation can have
a "releasing" effect on an insect population. The interactions
between predator density (a declining Peromyscus population),
increasing availability of a preferred food (berries), and site
differences in vertical stratification of cover accounted for the
differences in rate of predation of gypsy moth, the total
survivorship of pupae within years, and trend in survivorship
between years.

These studies also helped to put in proper perspective the role
of predation in the management of forest pest insects. Predators
should not be regarded as ineffective simply because they cannot be
“applied" as other control agents such as insecticides or viruses.
The interactions between predator and prey are more complex, often
subtle, but effective. Predation theory can be integrated into
effective management schemes capable of extending the innocuous
phase of insect populations. For example, a significant reduction
or elimination of a palatable alternative food that could be
achieved by the spplication of a chemical that would prevent fruit
set {on blueberries) would reduce the survival of target insects.
This could have a dramatic effect on survivorship of gypsy moth.

Sufficient knowledge of predation is also necessary for the
successful utilization of other biological control agents in IPM
({.e., the release of parasites or sterile insects). Finally,
understanding the relationship between the mechanisms that determine
predation rate is critical to the development of "useful” population
models and population forecasting. Particular emphasis in future
studies should be on those mechanisms that affect both functional
and numerical responses of predators. Although a great desl of
evidence suggests the importance of predators, little actusl
documentation on the actual role exists.

In conclusion, predators have had a profound effect on the
morphology and behavior of Lymantriidae; predation undoubtedly
continues to have a significant impact on the dynamics of
Lymantriidae and predation can play an important role in future
attempts to manage these forest pest ingects.

ACKNOWLEDGMENTS



485

I wish to thank C.G. Jones, C.L. Resington, and R.J. Sloan for
their very helpful critical reviews of an earlier draft of the
manuscript, and R.T. Zerillo for photographic assistance, especially
for the excellent slides used during the conflerence presentation,

LITERATURE CITED

ALLEN, G, 1925, Birds and their attributes. Marshall Jones, Co..
Boston. 338 p.

BESS, H.A. 1961. Population ecology of the gypsy woth, Forthetrin
dispar (L.) {Lepidoptera: lymantriidae). Conn. Agric. Exp. Stn.
Bull. 646.

BESS, H.A., SPURR, S.H. & LITTLEFIELD, E.W. 1947. Forest site
conditions and the gypsy soth. Harv. For, Bull. 22.

BLEST, A.D. 19%7. The function of eyespot patterns in the
Lepidoptera. Behaviour 11: 209-255.

BROWER, J. V.Z. 19%8. Experimental studies of mimicry in soms
North American butterflies. Part 1. The monarch, Danaus
plexippus., and viceroy, Limenitis archippus archippus. Fvolution
12 (1): 32-47.

BROWER, L.P., AALCOCK, J. & BROWER, J.V.Z. 1963. Avian feeding
behaviour and the selective advantage of incipient simicry.

p. 261-274 in: R. Creed (ed.}. Ecological genstics and evelution.
Blackwell Scientific, Oxford.

BRUNS, H. 1960. The economic importance of birds in forestry.
Bird Study 7: 193-208.

BUCKNER, C.H. 1966. The role of vertebrate predators in the
biological control of forest insects. Ann. Rev. Ent, 11: 489-870,

BURGESS, A.F. 1927. The satin moth, a rocently introduced pest.
U.S. Dep. Agric., Dep. Bull. 1469,

CAMPBELL, R.W. 1967. The analysis of nuserical change in gypay
poth lations. For. Sci, Monogr. 15.

CAMPBELEO.O:.H. 1981. Population Dynasics. p. 65-B6 in: C.C. Doans &
M.L. McManus (eds.). The Gypsy Moth: Research twnf‘d integrated
pest mansgement. U.S. Dep. Agric. Tech. Bull. 1584,

CAMPBELL, R.W., HUBBARD, D.L. & SLOAN, R.J. 1975, location of
gypsy moth pupse and subsequent pupal survival in sparse, stable
populations. Eaviron. Bnt, 4: 597-600.

CAMPBELL, R.W. & SLOAN, R.J. 1976. Influence of behsvioral
evolution on gypsy moth pupal survivel {n sparse populstions.

. . B 1211-1217.
Chﬁggéiﬁ? HE;"- I.SSLOAN. R.J'{ 1977. Nntugil}:&;ﬂé;tim of innoCuoun
th ulations, Environ., Ent. &: - .
caﬁggﬂ.‘,‘on.u‘.’o: TORGERSEN, T.R. 1983. Cospensatory 6*—“2‘*;“7 fe
defoliator population dynamics. Environ. Ent. 1: 30~ i" natural

CONNELL, J.H. 1975. Some sechanisag producing stiuctute in
communities: & wodel and evidence from field euwrsmu.m
p. §60-490 in: M.L. Cody & J.N. Dismond (eds.]. Ecology .
Evolution of Compunities. Belknap Press of Harvard Univeraity

. bridge, Mass.

CRi;E::‘AD?a:.C. g:9‘5(). Ingect enemiss of Eastern foreste. U.S.

Dep. Agric. Misc. Publ. 657.



486

DARLINGTON, JR., P.J. 1980. Evolution for naturalists: The
simple principles and complex reality. Wiley & Sons, New York.

DAWKINS, R. & KREBS, R. 1979. Arms races between and within
species. Proc. Roy. Soc. London, B. 205: 489-511.

DOBZHANSKY, T. 1970. Genetics of the Evolutionary Process.
Columbia University Press, New York.

FORBES, W.T.M. 1948, Lepidoptera of New York and neighboring
states. Part II. Cornell Exp. Stn. Mem. 274.

FORBUSH, E.H. & FERNALD, C.H. 1896. The gypsy moth. Wright &
Potter, Boston. 495 p.

FORD, E.B. 1945. Butterflies. Collins, London.

FORD, E.B. 1955. Moths. The MacMillan Co., New York.

FORD, E.B. 1957. Butterflies. London. 368 p.

FURUTA, K. 1982, Natural control of Lymantria dispar L. {Lep.:
lymantriidae) population at low density levels in Hokkaido
Japan, Z.-ang. Ent. 93: 513-522.

GITTLEMAN, J.L. & HARVEY, P,H. 1980. Why are distasteful prey not
cryptic? Nature, London 286: 149-150.

HARVEY, P., BULL, J. & PAXTON, R. 1983, Why some insects look
pretty nasty. New Scientist 261: 26-27.

HARVEY, P.H. & GREENWOOD, P.J. 1978. Anti-predator defence
strategies: some evolutionary problems. p. 129-151 in: J.R. Krebs
& N.B. Davies (eds.). Behavioural ecology: An evolutionary
approach. Blackwell, Oxford.

HOLLING, C.S. 1959. Components of predation as revealed by a study
of small memmal predation of the Buropean pine sawfly. Can. Ent.
91: 293-320.

HOLLING, C.S. 1965. The functional response of predators to prey
density and its role in mimicry and population regulation.

Ent. Soc. Can., Memoirs, No. 45,

HOWARD, L.0. 1897. A study in insect parasitism. U.S. Dep. Agric.
Div. Ent. Tech. Ser. No. 5. :

JARVI, T., SILLEN~TULLBERG, B. & WIKLUND, €. 1981. The cost of
being aposematic. An experimental study of predation of larvae of
Papilio machaon by the great tit, Parus major. Oikos 36: 267-272.

JENSEN, T.S. 1986. Bird predation on nun moths, Lymantria monacha.
Flora Fauna 92: 17-20,

JONES, F.M. 1932, Insect coloration and the relative acceptability
of insects to birds. Ent. Soc. London Trans., 80: 345-385.

Jupb, S.D. 1899. The efficiency of some protective adaptations in
securing insects from birds. Amer. Nat. 33: 461-484.

KHANISLAMOV, M.G., GIRFANOVA, L.N., YAFAEVA, Z.SH. & STEPANOVA, R.K.
1962. Conditions under which foci are formed and numerical
increases occur in the gypsy moth (Ocneria dispar) in Baskkiriya.
Ufa. 2: 32-66.

KONDAKOV, YU.P. 196%. Distribution of egg clusters of the gypsy
moth in forests of the southern part of the Krasnoyer region.

Uch. Zap., Krasnoyarsk. Gos. Pedagog. Inst. 20: 17-32.

MASON, R.R. & LUCK, R.F. 1978. Population growth and regulation,
p. 41-46 In M.H. Brookes, R.W. Stark & R.W. Campbell {eds.}. The
Douglas~- fir tussock mwoth: A synthesis. U.S. Dep. Agric. Tech.
Bull. 1585.

MASON, R.R. & TORGERSEN, T.R. 1983. Mortality of larvae in stocked
cohorts of the Douglas-fir tussock moth, Orgyia pseudotsugata,




487

(Lepidoptera: lymantriidae). Can. Ent. 115: 1119-1127,

MASON, R.R. & TORGERSEN, T.R. 1987. Dynamics of & nonoutbreak
POPu}atfon of the Douglas-fir tussockmoth (Lepidoptera:
lymantriidae) in Southern Oregon. Env. Ent. 16: 1217-1227.

MASON, R.R., TORGERSEN, T.R., WICKMAN, B.E, & PAUL, H.G. 1983.
Natural_yegulation of a Douglas-fir tussock moth (Lepidoptera:
;§?a§;£11dae) population in the Sierra Nevada. Env, Ent, 12:

MASON..R.R. & WICK@AN. B.E. 1988. The Douglas-fir tussock moth in
the interior Pacific Northwest. p. 179-209, In A.A. Berryman
(Ed'?~ Dynamics of Forest Insect Populations: Patterns, Causes,
Implications. Plenum Publ. Corp.

METCALF, C.L,, FLINT, W.P. & METCALF, R.L. 1962. Destructive and
useful insects. Their habits and control. McGraw-Hill Book. Co.
New York. ’

MURDOCH, W.W. & OATEN, A. 1975. Predation and population stability.
Adv. Ecol. Res. 9: 1-131.

OWENS, D. 1980. Survival in the wild. Camoflauge and mimicry.
The University of Chicago Press. 158 p.

PATOCKA: J. & CAPEK, M. 1971. p. 461-485, In Population changes of
certain oak defoliators (Lepidoptera) in Slovekia. Acta Inst.
For. Zvolen,

PRATT: D. 1972, The brown-tail moth. Unpubl Rep., Maine Dep.
Agric., Augusta, Maine,

PRICE, P.W. 1987. The role of natural enemies in insect popula-
tions. p. 287-312, In P. Barbosa & J.C. Schultz {eds.]. Insect
Qutbreaks. Academic Press, San Diego.

REICHART, G, 1959. Birds destroying eggs of Lymantria dispar L.
Aquila 77: 315-317. -

ROTHSCHILD, E.V. 1958. Extermination by rodents of the gypsy moth
in the area of mass reproduction. (Trans. from Russisn.} Byull.
Mosk. O-Va. Ispyt. Prir. Otd. Biel. 63: 129-130.

SCHAEFER, P.W. 1980. Natural enemies of gypsy moth {Lymantria
dispar) in Japan and Korea, especially new and potentiaily useful
species. XVI Int. Congr. Ent., Kyoto. Abstr. 9P2, p. 267.

SEITZ, A. 1913, The macrolapidoptera of the world. A systematic
description of the hitherto known macrolepidoptors. Verlag des
Seitz'schen Werkes, Stuttgart.

SHARMA, S.K., ETKIND, P.H., ODELL, T.¥., CANADA, A.T., FINN, AM. &
SOTER, N.A. 1982. Gypsy moth catevpillar dermatitis. Oceas.
Note, New Engl. J. Med. 306: 1300-1302.

SMITH, H.R. 1985. Wildlife and the gypsy moth, Wildl, Sec. Bull,
13: 166-174.

SMITH, H.R. & LAUTENSCHLAGER, R.A. 1978, The predators of the
gypsy moth. U.S. Dep. Agric. Iaf. Bull. 534, 74 p.

SMITH, H.R. & LAUTENSCHLAGER, R.A. 1981, Gypsy moth predaturs. g,
96-124 In €.C. Doane & M.L.McManus {eds.}. The gypsy moths
Research toward integrated pest managesent. U.S. Dep. Agric.
Tech. Bull. 1584.

TILLYARD, B.J. 1926.
Angus & Robertson, Ltd., Sydney.

TINBERGEN, N. 1951, The study of imstinct, Oxford University
Press. 228 p.

TORGERGEN, T.R.. MASON, R.R. & PAUL, H.G. 1983,

The insects of Australin and New Zealand.

Predation an pubac



488

of Douglas-fir tussock moth, Orgyja pseutotsugata (McDunnough)
(Lepidoptera: lymantriidae).’ Env. Ent, 12: 1678-1682.

TURCEK, F.J. 1950. The bird population in some deciduous forests
during a gypsy moth outbreak (in Czechoslovakian, English and
Russien summary). Bull. Inst. For. Res. Czech. Repub. 3: 108-131.

TURNER, J.R.G. 1975. A tale of two butterflies. Nat. Hist.

84: 28-37.

VALENTINE, H.T. & HOUSTON, D.R. 1979. A discriminant function
for identifying mixed-cak stand susceptibility to gypsy moth
defoliation. For. Sci. 25: 468-474.

VERMEIJ, G.J. 1982, Unsuccessful predation and evolution. Ag.
Nat. 120: 701-720. .
WALLNER, W.E. 1987. Factors affecting insect population dynamics:
Differences between outbreak and mon-outbreak species. Ann. Rev.

Ent. 32: 317-340.

WHALEN, C.J., HOLMES, R.T. & SMITH, H.R. Bird predation on gypsy

moth larvae: An aviary study. Env, Ent. {In press).



489

PREDATION OF LYMANTRIIDS BY
ARTHROPODS

Ronald M. Weseloh, Department of Entomology, Connecticut Agricultural
Experiment Station, 123 Huntington Street, New Haven, Connecticut 06504
U.S.A.

INTRODUCTION

It is difficult to obtain definitive results in predation
studies. Even when a conspicuous predator attacks an easily—observable
prey, the relationships between the two are often not well known
(Taylor 1984). When arthropods prey on arthropods, especially if prey
or predators are small and arboreal, it may be particularly difficult
to obtain reliable information. Predators often leave no identifiable
remains, so prey just seem to disappear. It is usually impossible to
determine whether dispersal, predation, disease, or sometimes even
parasitism is responsible., The large "unknown mortality" category in
many life tables attest to the difficulties of assessing the effects of
predators, but also suggests the important roles they play.

Some studies have begun to show that arthropod predators can have
substantial impacts on lymantriids, Evidence varies from observations
of associarions between predators and prey to controlled experiments
involving prey-~exposures. The studies have so far only touched on the
impact of these predators. Rigorous research is needed to clarify
their roles, not only so dynamics of prey populations can be better
understcod, but in order to find out if and how these predators can be
made more effective in suppressing prey populations.

My intent is to review known cases where arthropods attack
lymantriids, paying particular attention to effects of predators on
prey and methods used to obtain results. By pointing out areas where I
feel more research is needed, I hope to encourage more study on these
important natural enemies.

GENERAL PREDATORS

These are arthropods that feed on a wide range of prey, among
which lymantriids may be of greater or lesser importance. In most
cases, general arthropod predators are effective biological control
agents only when prey populations are low. In this, they are like
vertebrate predators. Because they are not dependent on a particular
organism for their survival, they are not closely linked to the
populations of any one prey species. As a consequence, general
predators usually have lirtle ability to influence prey populations
when the latter are at high densities. They may be able to keep prey
populations low, but in no case is this known for sure because the
population dynamics of the relevant natural enemies are not well enough
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understood, The following survey will demonstrate the rrue of this
last statement but will also detail some encouraging research
directions.

Among hemipterous ingects, the pentatomid, Dinorhynchus dybowski,
is known to prey upon lymantriids in Japan (Schaefer et al. 1979),
Feeding studies showed that D, dybowski is an obligate predator,
Nymphs and adults readily feed on larvae, pupae,handladultsigg the o
8ypsy moth, Lymantria dispar, and also attack other lymantriids such as
Leucoma candida , L. salicis, and Ivela auripes. However, apart from
field observations that the bug does feed on caterpillars, little is
known about its impact on prey. The species has been imported and
released in the United States, but is not known to be established,
Other species of pentatomids are known at least occasionally to feed on
8Ypsy moths, but reports are only anecdotal. 3

Polyphagous predacecus Coleoptera include the coccinellids,
Anatis rathvoni and Neomysia subvittata, found in association with {but
not necessarally feeding on) the Douglas—fir tussock moth, Orgyia
pseudotsugata, (Mason 1976). Ground beetles have been implicated as
being either predaceous or saprophytic on gypsy moths because of prey-
specific antigens in their 8ut contents (Cameron, personal
communication), Also, Mason and Ticehurst (1984) observed larvae of a
dermestid, Cryptorhopalum ruficorne, on about 3% of gypsy moth egg
masses in parts of Pennsylvania, U.S.A. Laboratory tests showed the
beetle was a predator of 8ypsy moth eggs. However, its frequency of
occurrence was low,

Matsui (1976) found that mantids not only directly kill young
larvae of pine caterpillars, Dendrolimus spectabilis, but dislodge them
80 they fall to the ground. This apparently often resulted in their
death by other, ground-foraging predators.

Furuta (1983) investigated predation on gypsy moths by the
Japenese paper wasp, Polistes jadwigae, in southern Honshu by placing
BYPSy moth larvae on small (1.5-9 g high) forest trees, observing the
predators, and determining disappearance rates of caterpillars, Was?s
primarily fed on large caterpiliars, and aggregated in the plots having
the most 8ypsy moths. They were observed to capture prey in about 50%
of attempts. Larvae that escaped usually did so by falling to the
ground, Wasps failing on the first try often searched for other prey,
especially at high larval densities, They spent more time searching
(1.2 times more) and did not always capture prey when prey populations
were low, The number of larvae that disappeared from a study plot was
linearly and positively correlated to the number of wasps seen in that
plot. Furuta concluded that the wasps were largely responsible for
this diseppearence. They also apparently learned to forage in areas
vwhere they had previously been successful, because the number of wagps
viaiting a site increased after it was artificially stocked with
larvae,

Disappearance rates of 8ypsy moth caterpillars were rapid enough
that most larvae were gone after 10 days. Furuta felt that both birds
and waspa were responsible, but he could not be definite because in
this experiment prey were not continnously ohgerved,

T have described Furuta's study in detail because it illustrates
how useful data ecan be gathered through careful research, It seems
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clear from his study that P. jadwigae is a significant predator that
aggregates to prey clumps and thus can be expected to act in a densit
dependent manner., The favorable circumstances under which he worked
undoubtedly contributed to his success, hut his tactics (direct
obgervations, coupled with exposures of differeat densities of prey)
could be used in other situations as well,

Spiders are among the more prominent predators that attack
lymantriids. Sometimes they have only been seen in association with
potential prey, as reported by Dahlsten, et al. (1977) for the Dougla:
fir tussock moth. However, Wickman (1977) observed unidentified
spiders actively preying on newly-hatched tussock moths. Furuta (197
made a rather detailed study of spiders in Japan. He released
dif ferent numbers of gypsy moth third instars on trees in a pine
plantation that had populations of two hunting spiders, Oxyopes
sertatus and Q. badius, and noted that over 9 days, only 5% of
caterpillar mortality could be attributed to the spiders. Most
mortality was due to the paper wasps previously noted. At very low
prey densities, spiders responded in a direct density-dependent manner
but only up to 15 larvae per tree. In another field experiment with
the pine caterpillar, Dendrolimus spectabilis, Furuta (1977) found tha
numbers of spiders did not seem to be affected by numbers of
caterpillars on trees, and thus the former apparently did not aggregat
to clumps of prey. He also found that these spiders could not feed
successfully on large caterpillars, and so concluded that gpiders are
not a very important predator of lymantriids in Japan. However, Matsu
{1976) indicated that spiders are quite effective in destroying first-
stage pine caterpillars.

Fairly good evidence about the nature of spider predation on
Douglas—fir tussock moths is given by Mason and Torgersen (1983). The
exposed cohorts of larvae on branches placed over drop-trays and
recorded the numbers found dead or disappeared. While it was not
possible to definitively determine that larvae had been killed by
spiders, the shriveled nature of those found dead in drop-trays was
very similar to those killed by bona fide spider predation in the
laboratory, and spiders (dominated by species in the families
Theridiidae, Thomisidae, and Salticidae), were often found in the drop
trays, Most of the predation occurred on instars T and II (8.7%) and
IIT and IV (6.6%), and, unlesa larvae were removed from the branches
before being discarded by predators (which the authors felt was
unlikely owing to sticky-barriers at branch bases), spider predaticn
wag probably not more than this because ants were also agsoclated with
the caterpillars.

Harvestmen (Leiobunum longipes and L. politum), were ohserved to
feed on artificially-exposed gyspy moth pupaec and "appear to have
considerable predator potential™ (Smith and Lautenschlager 1981).
Spiders occasionally feed on gypsy moth larvae as well (personal
observations).

The evidence concerning predation on lymantriids by spiders and
other arachnids is somewhat sketchy, but where reasonably-well
documented their effects appear to be rather small. What impact they
have seems to be greatest on young larvae. However, they need to be
better known, and study on them is encouraged.




Using ants as biological control agents is an ancient practice,
Weaver ants (Oecophylla smaragdina F.) have been used by the Chinese to
control citrus pests for millennia (DeBach 1964). Red wood ants
(Formica spp.) are encouraged in European Forests (Finnegan 1971}, ané
forest ants are credited with suppressing populations of some forest
insects (Donley 1983, Fowler and MacGarvin 1985). There are a number
of reports of ants feeding on lymantriids. Torgersen and Mason (1987)
observed a Camponotus sp. pull several eggs from a Douglas-fir tussock
moth egg mass and finally carry one away. Ants sometimes remove all
eggs from a mass of gypsy moth eggs (Campbell 1975). Mason and
Torgersen (1983), in the before-mentioned exposure of Douglas-fir
tussock moth larvae over drop-trays, noted ants as well as spiders ia
the trays. The most common species were Lasiug pallitarsis and
Tapinoma sessile, both small and omnivorus species that were
particularly abundant when caterpillars were young. What impacts they
had on the prey populations were apparently restricted mainly to the
first two instars, and cannot really be separated from the predation
due to spiders already mentioned,

Kim and Muraksmi (1983) investigated the effects of the ant,
Formica yessensis, on the pine caterpillar, Dendrolimus spectabilis, in
Korea. They carried out a number of experiments on small trees on
which specific numbers of caterpillars of different ages were placed.
If instars I to III were placed on trees from which ants were excluded
by flypaper around the trunk and other predators excluded by cages,
they suffered 37% mortality after 14 days. 1f the flypaper and cages
were not present, mortality went up to 46%. With an ant nest at the
base and no flypaper, all larvae were destroyed, whether or mot trees
were caged. The suthors felt that much of this mortality occurred when
larvae became dislodged and fell to the ground where ants vere
foraging. If post-diapause pine caterpillars (instar IV and larger)
were used, mortality was never higher than 17%, even with an ant nest
at the tree base. Thus, F. yessensis appeared to have & strong impact
only on young pine caterpillaers.

In some situations ants have the greatest impact on older, not
younger, lymantriid larvae, Schmidt (1985) found that laboratory
colonies of the red wood ant, Formica polyctena, did not recognize
stage one to three of the rusty tussock moth, Orgyia antiqua, as prey.
However, ants killed almost 60% of instars four to six that were
offered to them,

Predation by ants of large gypsy moth larvae also occurs (Weseloh
in press). Gyspy moth fifth instars were tethered by tying pieces of
thread around their bodies and anchoring these in leaf litter by means
of wire stmkes, Caterpillars were placed in litter because large RYPS¥
moth larvae often rest here during daylight hours. These were obgerved
hourly for 24 hr periods. Ants, particularly the carpenter ant,
Camponotus ferrugineus, and a brown forest ant (Formica fusca group}

were observed attacking and removing up to 30% of these larvae in a 2
hr period.

Ants were active both day and night, but mainly when the
foreat floor waa dry.

Vhile it is not entirely clear what effect tethering had on these
predation rates, interpretations of preliminary data suggest that at
least the carpenter ants probably attack free-living prey with the same



Large gypsY moth larvae may be

success that they do tethered larvae. ing predators because of

particularly vulnerable to such ground-fora ’
their habit of resting in leaf-litter during the day. fids

Ants may also successfully attack pupae of lymanul' i e e
Torgersen et al. (1983), exposed laboratory-reared Doug 35‘ ir dUSSOC
moth pupae in field plots. Two kinds of predation were obsérvec--pup
and cocoons were either entirely removed or cocoons were tornhDPeﬂ an
pupae were missing or in fragments. The authors attributed the forme
to birds and at least some of the latter, in vhich pupal fragments
remained, to carpenter ants, probably Camponotus modoc Wheeler.
Becanse of uncertainties about how much of the predation could be
attributed to ants, their real impact remained unkncwn.

Carpenter ants (C. pennsylvanicus and C. ferrugrlneus) were ofte
observed to attack gypsy moth pupae placed in leaf-litter (Smith and
Lautenschlager 1981). Vertebrate and invertebrate p:"edation could be
distinguished based on characteristics of pupal remains, and
invertebrates, with ants prominent among them, were concluded to be
important predators of gypsy moth pupae. Again, however, the impact
ants vs. other invertebrates could not be determined readily because
ambiguities in identifying effects due to one or another predator,

As the above survey shows, information on the impact of general
invertebrate predators on lymantriids is not definitive. (I wish to
stress that I am not trying to denigrate the efforts of researchers :
saying this, but only to point out that evaluating predation is hard
do.) It is sometimes possible to determine that invertebrate predat¢
are involved, but not always which ones. Predation by invertebrates
certainly exists, and in some cases may be quite important. The
predators for which most data have been gathered are ants, and these
emerge at present as the most important ones. However, comparable
studies need to be done with true bugs, spiders, harvestmen, and oth
invertebrates known to prey upon lymantriids before anything definit
can be said about the importance of any of them. Their further stud
should be encouraged, not only to fill in the "unknown" or
"disappeared" mortality categories of life-tables but to see if any
be used as effective natural enemies. Their contributions to the
mortality of lymantriids at low densities may lead to ways to keep p
populations low, and so enable the elusive goal of pest management t
become a reality,

CALOSOMA SYCOPHANTA, A SPECIFIC PREDATOR

Specificity in predators is probably an uncommon occurrence.
None of the predators so far considered feed only on one species of
prey. However, the carabid beetle, Calosoma sycophanta, feeds
primarily onr gypsy moth larvae and pupae. C. sycophanta is not
actually monophagous, because in the laboratory and sometimes in the
field it readily consumes other caterpillars (Burgess 1911). Its
specificity {s hased on behavior and life history characteristics ti
ensure this beetle is virtually never found except in association w:
high gypsy moth densities (Smith and Lautenschlager 1981, personal
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observations). Through progeny production, it appears in some cases to
be able to cause prey populations to decrease from outbreak levels
(Bess 1961, Smith and Lautenschlager 1981, Weseloh 1985b), something
that none of the other predators are able to do. In fact, largely
because of its unique characteristics, C. sycophanta is the only
predator attacking gypsy moths which is known to have been successfully
introduced into North Americas from Furope. T am treating it separately
here because of these unique characteristics and because the
information known about it is different and perhaps more extensive tham
for most of the other invertebrate predators,

The life-cycle of the beetle is well-adapted for preying on the
gypsy moth. Adult beetles pass the winter in soil and emerge in June
to climb trees in search of the large gypsy moth caterpillars present
then. In late June, females lay up to 500 eggs in the ground, which
hatch in &4 to 7 days. Immature beetles are active tree climbers and
feed on the available gypsy moth pupae, chewing characteristic jagged
holes in them, Larval development takes about 26 days under usual
field conditions, but feeding is often completed in the first 15 days
or so, Third instars pupate in the soil and transform to adults in
about 2 weeks. Beetles then stay in soil until the next spring
(Burgess 1911). Thus the predator's phenology is well synchronized
with that of the gyspy moth, and its dormancy through summer and winter
ensure that it need not depend on any other prey. There is even some
evidence that C. sycophanta can determine when gypsy moth numbers are
high., Vasic (1972) in Yugoslavia placed adult beetles in cells in soil
and over several years periodically re-examined them. He found that in
years when gypsy moth numbers were low, most beetles remained in the
ground, apparently dormant. Only when prey numbers were high did the
predators initiate significant activities above ground. Adult beetles
are known to live for 3-4 years, and perhaps they live longer if
dormant. Long-life would be necessary if significant numbers survive
from one prey outbresk to the next, which in North America is 8-10
years or more (Campbell 1981). Perhaps beetles emerge each year and,
if prey are not available, briefly feed on nectar end/or honeydew and
re-enter the soil, The adult beetle is known to survive well on sugar
sources such ms fruits (Vasic 1972). However, the beetles are also
known to be strong fliers (Doane and Schaefer 1971), and the importence
of long-range dispersal is unknown.

In my own studies, I used a mark-recapture technique to determine
population levels and disperssl potential of beetles (Weseloh 1985a).
In a year when gypsy moths were abundant, adult beetles were active,
very visible, and produced many progeny that probably helped cause the
decrease in the prey population that occurred that year (Weseloh 1985a,
1987). The next year at this same site gypsy moths were scarce.
Calosoma adults were present in as high numbers as in the previous
year, but were very inactive and did not reproduce. Virtually no
emigration of beetles from the site occurred (Weseloh 1987), supporting
the results of Vasic (1972) that beetles in non-outbreak years are
inactive.

The number of adult beetles required to substantially affect
gypsy moth population densities is quite small, no more than about 200
beetles of each sex per ha (Weseloh 1985a, 1985b), They have a large



impact probably because each female can produce from 200-500 eggs per
season (personal observations). These eggs are large (2.4 X 5.2 wm),
and the first instar averages 9.3 mm long. To produce such a mass of
progeny, each reproducing female consumes hundreds of large
caterpillars (Burgess 1911). While there are no data on field
hatchability of eggs or the survivorship of beetle larvae, it is known
that the soil-deposited eggs hatch only a few days after they are laid,
that first instars can travel about 2 km in search of food (Burgess
1911), and that larvae grow rapidly. Thus, there would be little time
for eggs or larvae to be killed by predators, and survivorship is
probably high. Many progeny would therefore live to destroy large
numbers of gypsy moth pupae.

The special relationship that C. sycophanta has with the gypsy
moth may be exploitable. The beetle is very seldom effective during
the first year of an outbreak, and even in older infestations its
incidence may be spotty (Smith and Lautenschlager 1981), This is
probably because relatively few beetles survive from one outbresk to
the next, even though they are dormant in the soil. Thus, if beetle
populations could be augmented by releasing a relatively few number of
adults into increasing prey populations, the pest might be controlled
before it has a chance to cause much damage. If this could be
demonstrated, the most important practical problem will be to obtain
enough of the beetles for releases, It can be reared, but larvae are
cannibalistic and must be handled individually, greatly adding to cost.
Trapping the beetle in areas where it is abundant may be the most
effective procedure, as a rather efficient trap alreadly exiats
{Collins and Holbrook 1929).

DISCUSSION

If C. sycophanta can be used effectively against the gypsy moth,
it may also be effective against other lymantriids and other
lepidopterous pests that have life-cycles similar to the gypsy moth. I
can think of no reason why it should not thrive on any prey that meets
its requirements of seasonal availability.

The effectiveness of other invertebrate predators might be
enhanced as well. Ants are especially attractive possibilities, As
already mentioned, they have been purposefully manipulated in Europe
for biological control of forest caterpillars. Ants, however, often
tend aphids or other honey-dew producing Homoptera {Fowler and
MacGarvin 1985), Such trade-offs must be considered. To be
ef fectively used, more definitive information on predator ecology and
behavior is needed. Some of the research methods discuased,
particularly prey-exposure techniques, can be used to obtain such
information. Researchers should also be more willing to simply watch
individual prey and predators, as Furuta (1983) has done with paper
wasps preying on gypsy moths, I suspect that many e.n:omc_)logista who
are accustomed to encountering large numbers of insects in field
experiments feel that watching individuals does not produce enough
data. However, when organisms are closely observed, deep inaights



496

bout their behavior and effects on population biclogy can often be
ade. One need only look at the extensive behavioral literature on
ertebrates to appreciate the effectiveness of this approach, The
ifficulties of observing small arboreal orgenisms are, of course, not
rivial, but the information gathered can be very valuable. I urge
esearchers to follow such paths whenever possible,

SUMMARY

The importance of arthropods which prey on lymantriids is
iiscugsed in relation to the impact of the predators on prey
populations and the methods used to assess this impact. General
predators of lymantriids are quite common, and include insects in the
orders Hemiptera (Pentatomidae), Coleoptera (Carabidae, Coccinelidae,
Dermestidae), and Hymenoptera (Vespidae, Formicidae), as well as
splders (various families). They only have significant impacts when
prey populations are low. Evidence on predator effectiveness is best
for the Hymenoptera and spiders. Through host-exposure techaniques, the
paper wasp, Polistes jadwigae, was found to be a significant mortality
agent to large larvae of the gypsy moth, Lymantria dispar, in Japan,
Spiders feed on the small caterpillars of gypsy moths, pine
caterpiliars (Dendrolimus spectabilis), and Douglas-fir tussock moths
(Orgyia pseudotsugata), but generally appear to have only a small
impact. Ants have been perhaps the best researched general
invertebrate predators, They attack primarily small larvae of the pine
caterpillar and Douglas-fir tussock moth, but will feed on pupae of the
latter and on large larvae and pupae of the gypsy moth. Sometimes
their impact is quite large, especially near a nest, The carabid
beetle, Calosoma sycophanta, owing to its life-cycle and behavioral
characteristics, is quite specific to the gypsy moth and is most
important at high prey population densities. Through progeny
production, the beetle is sometimes able to cause crashes in its prey’s
population. The feasibility of using releases of C. sycophante to
control gypsy moth populations is discussed, and a plea for more
detailed study of all invertebrate predators is mede.
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INTRODUCTION

The gypsy moth (GM), Lymantria dispar, was accidentally introduced
into North America 120 years ago, and is probably the most serious pest
of forest and shade trees in the northeastern U.S. Moreover, it
imperils other regions, notably southern forests, as it continues to
expand its range. Being an introduced insect, it was considered a
prime candidate for biological control, and efforts to import and
release natural enemies of this pest have been conducted intermittently
from 1905 to the present time.

The early work (done prior to 1960), summarized by Dowden (1962)
and by Clausen (1978), resulted in the establistment of 10 species of
parasites and one predator. Although these introduced natural enemies
were believed to have ameliorated the impact of GM to a certsin extent,
primarily by retarding outbreaks and reducing their severity,
population explosions still occurred with troubling frequency.

Consequently, foreign explorations were resumed during the late
1960’ s and early 1970°s in three regions: Europe, the Far East, and
India (Coulson et al. 1986, Doane and McManus 1981}. Although mast of
the early exploration work had been done in Europe, it was felt that
additional work there was warranted for the following reasons: (1) The
race of |. dispar in North America came from Europe {Campbell 1974).
(2) Present-day rapid transit and modern rearing techniques could
permit the establishment of species received and released in inadeguate
numbers during earlier efforts. (3) Augmentation of the gene pool of
species already established in North America could increase their
effactiveness. (&) The early work in Europe stressed mass collections
in GM outbreaks (Burgess and Crossman 1929), so tow host density
parasites possibly were overlooked (Pschorn-Walcher 1977}, (3} The
southward dispersal of GM into the Middle Atlantic States ratsed the
possibility that suitable alternate hosts might be available for some
of those parasites requiring them that had not become established
earlier. {6) The possibility existed that a “new" or prgvicus!y
untried natural enemy might be found. Exploration work in the Far fast
was resumed because previous explorations there had been limited, being
confined to Japan (Burgess and Crossman 1929). Moreover, the genus
Lymantria is believed to have originated in Asia {Goldschmidt 1934):



therefore, a mature, well-balanced complex of natural enemies could be
expected to exist there. In support of this view, Townes (1971) noted
that 25 ichneumonids had been recorded from lymantriids in Japan and
Korea alone. Because there have been examples of successful biological
control of pests by natural enemies originally associated with closely
related host species (Hokkanen and Pimentel 1984), explorations and
importations of natural enemies of the closely related Indian gypsy
moth (IGM), Lymantria obfuscata, were started during the 1960°s. In
pursuing the various lines of research associated with this biolegical
control project, it became apparent to us that the complexes of
parasites attacking GM in Europe, North America, and the Far East, and
IGM in India had many interesting similarities and differences, which
we review in this paper. The scope of this review is Yimited to
primary parasites and a few species which are facultative
hyperparasites. Because of this restriction, species which are
exclusively secondary or hyperparasites remain undiscussed.

METHODS

In certain respects, this is a review paper since we are
integrating the results of our earlier research in Europe, North
America, and India with those reported elsewhere in the literature for
these regions and the far Fast. In many cases, methods used for
rearing parasites from field collected hosts are not given in the
literature. However, methods used by one of us in Europe (Drea and
Fuester 1979) are probably typical of those used by most investigaters.

Since many records, particularly those in the older literature,
could be faulty owing to misidentifications of parasites or
contamination of host rearing cages, we have relied primarily on our
own rearings or those which are cited recently. Although many names
cited in the older literature have been reduced to synonymy, the
taxonomy of the most important groups has been reviewed recently:
braconids by Marsh (1979), ichneumonids by Gupta (1983}, and tachinids
by Sabrosky and Reardon (1976), and it has been possible to establish
the correct current name in many cases. Highly questionable recoveries
(for example, those of parasites not previously recorded from
Lepidoptera) have been omitted from our discussion.

RESULTS
Brief Description of Host Life Cycles

Both GM and IGM have similar 1ife histories. There is one
generation per year, with the eggs hatching in the spring and the
tarvae completing feeding 7-12 weeks later depending upon climatic or
meteorological conditions, population density, or host plant. Young
Tarvae of GM are blackish in color. Older GM larvae from Europe and
North America are mottled grey and black and may be recognized by the
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five pairs of blue spots and six pairs of r o

Older Tarvae from the Far fast arg simﬂar.egu:? grs‘ :Qdf{'?ofmﬁgfé
bright yel!w markings on the dorsum. Older larvae of IGM ténd to be
more brownish in color than those of GM. After feeding, the larvae
pupate, and adult moths emerge in about two weeks. Shortly after the
female emerges, she mates and deposits egq masses on trees, rocks, or
other objects. Females of IGM and of GM from Eurcpe and N&rth nmérica
have well-developed wings but cannot fly. In the Far East, however
adult femaTes'of L. dispar are capable of sustained flight which can
serve as a major means of population dispersal (Schaefer 1978}.
Females‘of both GM and LGM deposit a single egg mass which bears a
protective covering of buff-colored female vestiture, The egg masses
of GM females from Europe and North America contain 100 to 1.000 eggs
with means generally falling into the 300-700 range. Larvae and adults
of GM from the Far East are somewhat larger, and egg masses tend to be
somewhat larger containing 120-1,100 eggs. On the other hand, G
Tarvae and adults tend to be smaller than those of GM, and egy masses
contain 70-500 eggs (Rao 1966).

The gypsy moth is very polyphagous, and in Europe and North
America is a defoliator primarily of hardwoods, especially saks
(Quercys), but after the larvae are half-grown. they will attack
comf‘ers: In the Far fast, many outbreaks occur on larch {Larix
leptolepis), and other preferred hosts include oaks, pers tnmon
(Diospyros), chestnut {Castanea), and various fruit troes, particularly
Prunus. The IGM prefers poplar (Populus), willow {Salix). osks, alder
xl?tggt;e:nd also defoliates apple, apricot, pear, plum, and other

s.

Although the natural distribution of GM includes most of the
Palaearctic region, its distribution in North America is Timited
primarily to the northeastera United States and adjacent areas in
Canada. The IGM is restricted to the western Himalayas of fndia and
Nepal. Ramaseshiah and Bali (19B7) have noted that previous reports af
this species from southeen India are in error.

Because of the biological differences {e.g.. fiight of females,
host plant preferences) exhibited by [. dispar in different geographic
areas, {ts taxenomy is unsettled, and Pintureav (1980) conc luded from
biometrical studies that the Honshu form was a distinct species (L.
japonica), and the Hokkaido form, a subspecies {L. d. hekkgidoensisl.

Inventory of Parasite Species

Inventories published for parasites of L. obfuscats in India
{Obarmadhikari et al. 1985) and of L. dispar in North America (Simons
et al. 1979) and Eurcpe (Fuester et al. 1981) are somewhal ineomplete
and do not reflect current taxonomy in all groups. Ko recent
inventories have been published for the far fast, except in the rase of
certain groups in limited areas, e.9. the publication on tachiaid
parasites of Lymantriidae in Japan by Schaefer and Shima {1981).
Coulson et al. (1986) updated many of ihe vecent changes in sctentifis
nomenclature on recent importations in the U.S.

In comparing quantitative aspects of the inventor iy Compiled for
the complexes of parasites attacking L. dispar and L. obfyspale (Table

s

1), numbers of both genera and species are highest {and more oF fess
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comparable) on L. dispar in the Far East and Europe, lowest on L.
dispar in North America, and intermediate on L. obfuscata. Obviously,
the disparity between North America, where the gypsy moth is
introduced, and the other regions would be even greater were it not for
the biological control projects which resulted in the importation and
establishment of two species from the Far Fast and 10 species from
Europe, essentially half of the complex. In addition, one parasite
from the Far East, Doencyrtus kuvanae was intentionally introduced into
Europe following its introduction into North America {Anderson 1976).
Although older Tistings show complexes numbering 100 or more species,
our lower numbers reflect the elimination of recent synonyms and

dubious records, many of which have been perpetuated in the literature
for many years.

Table 1. Numbers of parasite taxa attacking gypsy moth and Indian
gypsy moth in different regions.

Numbers of Taxa Recorded

Host Species Region Genera Species

L. dispar Far Fast 32 4
Europe 29 45
North America 19 22

L. obfuscata India 25 36

Surprisingly, only 1l parasite species were shared by both host
species: an egg parasite, Anastatus japonicus (= disparis); 5 larval
parasites, Dolichogenidea lacteicolor, Cotesia melanoscelus,

Ql anteles liparidis, Compsilyra concinnata, and Palexorista
inconspicua; and 5 pupal parasites, Brachymeria intermedia, B. lasus,

Coccyqomimus disparis, and Monodontomerus aereus. With the exception
of 0. lacteicolor, €. melanoscely , and G. liparidis, these species ar
broadly polyphagous. In a few cases, species attacking IGM were
recovered from GM in Europe but not the Far East (e.g., P. inconspicua
or vice versa (C. disparis). As expected, the similarity was greatest
between the parasite complexes of . dispar in Europe and the Far East
and 20 species were recovered in both regions. Most differences
involved minor, polyphagous members of the complex. Several species
known to occur throughout the Palaearctic Region have been reared from
L- di;gar in Europe but not the Far East. Examples include D.
!gg;gxgg]or a parasite of Euproctis chrysorrhea, and the polyphagous
intermedia. However, many more studies have been made in Europe than
tn the Far East, and we suspect that additional field studies would
reveal an overlap of parasite species on the order of 60%.
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Ecological Homologues

 In some cases, species of parasites missing from one host or
region appear to be replaced by ecological homologues, closely related
species that have life cycles very similar to those of the species
replaced. Some of these are shown in Table 2.

Table 2. Fcological homologues in parasite complexes of gypsy moth
and Indian gypsy moth.

Host Stage Genus L. dispar L. obfuscata
Attacked Europe Far East India
Egg Anastatus Jjaponicus Japonicus  kashmirensis
Larval Cotesia ogneriae schaeferi ?
Glyptapanteles porthetriae ? indiensis
Hyposoter tricoloripes vierecki lymantriae
Exorista laryvarum Japonica rossica
Pupal rac ri intermedia Jasus both spp.

_ With most forest insects, major parasites are rarely absent from
different regions within the natural home of the pest {Pschorn-Walcher
1977). In our analysis, we have found a few instances where major
parasites are absent and not represented by ecological homologues
(Table 3).

Table 3. Significant lacunae in parasite compiexes of gypsy moth and
Indian Gypsy Moth. (1)}

Host Stage L. dispar L. obfuscata
Attacked Genus Europe Far East India
Egg Qoencyrtus kuvanae(2) kuvanae o
Larval Rogas - lymantrige indiscretus
Meteorus pulghricornis Jjaponicus -
Blepharipa pratensis schineri -

(1) Lacunae indicated by dashes (--).
(2) 0. kuvanae not indigencus in Europe.
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No obvious gaps were present in the Far East complex, but there
were two in Europe (0. kuvanae counted because it was imported into
Spain in 1923), and four in India. The absence of Metegrus in India
isnoteworthy because members of this genus are often important natural
enemies of Lymantriidae. An example is Meteorus versicolor, an
important parasite of the brown-tail moth, Euproctis chrysorrhea, and
the satin moth, Leucoma salicis (Clausen 1978). The absence of the
univeltine tachinids Parasetigena and Blepharipa in India is alse
surprising in view of the fact that the host is univoltine.

Structure of Parasite Complexes

Pschorn-Walcher (1977) divided the parasite complexes of forest
pests into four guilds corresponding to parasitological niches: egg
parasites, larval parasites, pupal parasites, and hyperparasites. We
are inclined to follow this arrangement (omitting the hyperparasites).

Eggs of Vymantriids are attacked by a variety of chalcideids and
scelionids (Anderson 1976). The dominant egg parasites of L. dispar
are Anastatus spp. (Eupelmidae) and 0. kuvanae (Encyrtidae). Other
egg parasites frequently recorded from gypsy moth include the
scelionids Gryon spp. and Ielenomus spp. from Europe (Fuester et al.
1981) and Irichogramma dendrolimi from the Far East (Schaefer et al.
1988b). These species are rare with the possible exception of G.
howardi which reportedly parasitized 75-85% of the gypsy moth eggs in
the Crimea (Mokrzecki and Ogleblin 1931).

Most larval parasites of Lymantriidae are endoparasites from three
families: Braconidae, Ichneumonidae, and Tachinidae. S$mall larvae of
Lvmantria are attacked by braconids (Cotesia, Glyptapanteles, and
others formerly considered Apanteles), Meteorus, and Rogas), as well as
by porizontine ichneumonids (Casinaria, Hyposoter, and Ehgggggmg;):
Large larvae of Lymantria are attacked by several genera of tachinids,
the most prevalent being Blepharipa, Carcelia, Exorista, Palexorista,
and Paraseticena. In addition, large larvae are often attacked by
multivoltine, gregarious braconids such as Glyptapanteles liparidis
(Fuester et al. 1983). In addition, a few species of gregarious,
ectoparasitic eulophids have been reported, but never in large numbers,
for example, Elachertus sp. from L. dispar in the Far East (Schaefer et
al. 19B4). Larval parasites exhibit widely differing degrees of host
specificity from apparent monophagy in the case of Phobocampe unicincta
to broad polyphagy in the case of the tachinid Compsilura concinnata.

Most of the pupal parasites are polyphagous chalcidoids
{Brachymeria, Moncdoptomerys) and ephialtine ichneumonids
{Coccyaomimus, Theronia). Some of these (e.g., Monodontomerus and
Iheronia) are facuitative hyperparasites.

0f special interest are the dominant members of the parasite
complex. They are often dominant by virtue of a high degree of
adaptation to the host, superior host-finding ability, high
reproductive capacity, or some other advantage.

The dominant parasites of the gypsy moth in the Far East are shown
in Table 4 together with information on rates of parasitization and
alternate host requirements. The ranges of egg parasitization shown in
Table 4 are somewhat misleading since Schaefer et al. (1988b) found
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overall egg parasitization in Japan and Korea to be rather low, on the
order of 1.3% and 10.0%, respectively. They cited large host egy mass
size, hyperparasttization by Tyndarichys navae, poor parasite dispersal
ability, ang predation of host egg masses by birds as contributing
factors, They further noted a total absence of egg parasitization in

some larch plantations, which tend to be fiighly artificial habitats
tacking in diversity,

Table 4. Dominant parasites of the gypsy moth in the Far Fact.
Host Stage Percent Alternate Host
Attacked Name of Parasite Parasitization Needed

Egg Anastatus japonicys 0-17% No
r kuvanae 0-71 No
Larval Cotesia melanoscelys g-;i ‘?:o
Glyptapanteles liparidis -70 es
Roqas lymantriae 0-33 Yes
Phobocampe ] ymantriae 0-;1 ;CS
3 ni 0-Nn (33
Blepharipa schineri 0-100 o
Pupal Brachymeria lasus 0-42 Yes

Far and away the dominant larval parasite in the Far Fast is §.

idis, which has two generations per year on gypsy math and twd
generalions per year on ifs primav{y a:;er?atelggég. tg:rg;?iimm of
caterpillar, Dendrol imus spectabilis (Kam ya .
QYDsypmoth is frequently high, greater than 20%, in both genen!\?:s.
Other species often attacking significant percentages of gymibmt -
were L. laponica, P. silyestris, B. schineri. and f. lmsé foout hal
of the species require alternate hosts. (ittle is knawn agg:) e
bfology of many species in the Far Fast (Schasfer et al. 1 N

Dominant species of parasites of the (¥ in Europe are g@:ﬂ }
Table 5. As in the Far East, about half require a!tm‘m\!:e hos &-f *
Over most of Europe, 4. Japonicus is the dominant egg pavas:te o b
(Fuester et al. 1981). The introduced 0gg parasite, §. ku\tiﬂ_f{:; !?z;r
common in southern Europe, but is not yet abundant Fyrihe:r?{;’; "
exampie, Fuester et al. (1983} recovered only & single S?L('?;)EA‘M‘
Austria. None were recovered from egg masses collected mwrmf?
(Fuester et al. 1981). Parasitization by 0. kyyanae 5? Gfusmn“m
15-20%, and where both it and f. iagonicus occur,*wia m;a NN
is ca. 20-30%. Interspecific competition does not f?"“t‘; b ranoniiys
important consideration as mean rates of parasitization {P.Am;ﬁb,r},;., 3
in areas where it occurred with and without §. kyvanag were s
Tess comparable, 9.6% and 11.3%, respectively.



Table 5. Dominant parasites of the gypsy moth in Europe.

Host Stage Percent Alternate Host
Attacked Name of Parasite Parasitization Needed
Egg Anastatus japonicus 0-28% No

Qoencyrtus kuvanae 0-30 No
Larval Glyptapanteles porthetriae 0-48 Yes
Cotesia melanoscelus 0-42 No
Glyptapanteles liparidis 0-17 Yes
Hyposoter tricoloripes 0-32 Yes
Phobocampe unicincta 0-19 Ne
Exprista larvarum 0-15 Yes
Ceranthia samarensis 0-80 ?
Pargsetxgeng silvestris 0-44 No
Blepharipa pratensis 0-77 No
Pupal Brachymeria intermedia 0-33 Yes

The Eurcpean complex of larval parasites (Table §) differs from
that in the Far East in several respects. G. liparidis is not nearly
so important as in the Far fast, rates of mean parasitism for the 1st
and 2nd broods being less than 5% and 10%, respectively. The dominant
parasite of early instars is €. melanoscelus, which appears to be more
important in Europe than in Asia. Several other species are important
in certain areas: §. porthetriae in the Mediterranean area and H.
tricoloripes in central France. A]though Phobocampe lymantriae, a
polyvoltine species, is also present in Europe, the univoltine P.
ynicincta is far more abundant. Likewise, B. schineri is present in
Europe (Sabroskey and Reardon 1976), but is rarely recovered from L.
dispar, and the most consistent tachinids are B. Qgg&gﬂ;lg and P,
stlvestris. Recent host exposure studies conducted in low host density
populations in eastern France by Mills (1984) show that . samarensis,
a parasite recovered only rarely at a very few locations during the
1970’s {Fuester et al. 1981), often parasitized very high percentages
of GM. This tachinid has a partial second generation (Mills and Dewar
1988), which probably utilizes an alternate host.

A1l of the dominant parasites of the gypsy moth in North America
are exetic species that became established following their importation
as part of the biological control program to control the gypsy moth
(Table 6). Although the gypsy moth has been present in North America
for ca. 120 years, none of the native species, even those with broad
host ranges (e.g., Exorista mella) have become sufficiently adapted to
the gypsy moth to attack it consistently. With the exception of the
tachinid €. concinnata and the chalcidid B. intermedia, both broadly
polyphagous species, none require alternate hosts. It is noteworthy.
perhaps, that egg parasitization is genera]ly much higher than in
Europe and the Far East, ca. 25-50%. It is generally felt that the
introduction of natural enemies from the Old World has resulted in
partial control of GM (Leonard 1974, Clausen 1978).




Table 6. ODominant parasites of the gypsy moth in North America.

Host Stage Percent Alternate Host
Attacked Name of Parasite Paragitization Needed
Egg Qoencyrtus kuvanae 10-82% No
Anastatus japonicus 0-40 No
tarval Cotesia melanoscelus 0-50 No
Phobocampe unicincta 0-30 No
Compsilura concinnata 0-60 Yes
Parasetigena silvestris 0-80 No
Blepharipa pratensis 0-56 No
Pupal rachymeria intermedia 0-87 Yes

The dominant species in the parasite complex attacking the Indian
gypsy moth appear in Table 7. The most striking differences between
the complex of parasites on Indian gypsy moth and those on the gypsy
moth are (1) significantly overall lower parasitization on Indian gypsy
moth, and (2) the much higher proportion of species that require
alternate hosts.

Table 7. Dominant parasites of the Indian Gypsy Moth

Host Stage Percent Alternate Host
Attacked Name of Parasite Parasitization Needed
Egq LJL_‘;_Ui Mﬁrmmu 0-30% No
Larval Glyptapanteles indiensis 0-30 Yes

Cotesia melanoscelus 0-25 Yes
Glyptapanteles flavicoxis 0-15 Yes
Glypt les ]ggrag]g 0-15 Yes
Hyposoter _Ym_ru:mg c-8 Yes
Rogas indiscretus 0-25 Yes
Exorista rossica 0-25 Yes
Palexorista spp. 0-30 Yes
Pupal Brachymeria intermedia 0-30 Yes
Brachymeria lasus 0-20 Yes

Only one egg parasite of any significance, A. kashmirensis, is
present, and rates of parasitization are more or Tess comparable to
those observed in Europe. Although recorded from [GM, A. japonigus is



very rare (Dharmadhikari et al. 1985). The gregarious braconids, &.
flavicoxis and G. liparidis seem to occupy similar parasitological
niches the former dominating in the Kulu Valley, and the latter in
Kashmir. Weseloh (1982) noted that the Indian strain of (.
melanoscelus differs from the U.S. strain in not having a
photoperiodically induced diapause in the cocoon stage. This appears
to be due to the fact that the Indian strain can readily attack satin
moth which occurs on the same host plants (Salix and Populus) when
ypsy moth larvae are no Tonger available. The ichneumonid H.
ixmgn&:igg achieves high parasitism in localities where cool humid
weather prevails. In this respect, it resembles H. iricoloripes in
Europe. The polyphagous tachinids, f. rossica and Palexorista
inconspicua, appear to be the most consistent parasites.

Role of Parasites in Host Population Dynamics

In North America, only a few long term studies have been made on
the tmpact of parasites on populations of L. dispar. Bess (1961)
working in New England and New York from 1937 to 1945, concluded that
parasites were not as important as predators, but that {. melanoscelus,
B. pratensis, and C. concinnata appeared to be the most important
species. He further noted that B. pratensis did poorly in xerophytic
areas where populations of the moth are likely to be high. Egg
parasitization generally was 20-40%, but there was no density dependent
relationship with host abundance. Ticehurst et al. {1981) working im 2
first cycle outbreak in Pennsylvania concluded that the parasite
complex had been ineffective in preventing host populations from
reaching outbreak levels but that high parasitism by B. i
together with nucleopolyhedrosis virus and stress had contributed to
the collapse of the host population and that high parasitism (60-70%)
by tachinids, primarily P. silvestris, during the post-culmination
period had been responsible for reducing populations to very low
Yevels. However, the results of Elkinton et al. (1988), presented
elsewhere in these proceedings, suggest that parasites may play an
fmportant role in regulating low populations of GM in North America.

In Europe, there are instances where parasites appeared to be the
major factor causing gypsy moth outbreaks to collapse: §. liparidis in
the USSR (Burgess and Crossman 1929), G. porthetriae in Poland (Burgess
and Crossman 1929) and Yugosiavia (Vasic 1958), and B. pratensis in
France (Fuester, unpublished data). Studies in Yugoslavia (Sisojevic
1975) and Austria (Fuester et al. 1983) indicate that the oligophagous,
univoltine tachinids B. pratensis and P. silvestris are major facters
in reducing populations during the first and second post-culmination
years of the gypsy moth gradation, respectively. Sisojevic {1975} also
noted that polyphagous, polyvoltine species such as E. larvarum and C.
concinnata are dominant during the latent and progression phases of the
host gradation. Outbreaks of qypsy moth seem to cccur most frequently
in scuthern furope (Spain, Sardinia, Corsica, and Yugoslavia), and in
some cases, appear to result from collapse of the natural enemy
complex. Werking fn Yugoslavia, Maksimovic and Siveev (1984) found
that they could maintatn populations of natural enemies (primarily
G-porthetriae and Cotesia melanoscelys) during the latent period by



adding eggs of L. dispar to test plots. The increase in abundance of
natural enemies that resulted from a steady supply of gypsy moths kept
populations of the pest at Tow levels.

There have been relatively few studies on population dynamics of
the gypsy moth in the Fap East, but there are reports of outbreaks
being triggered by unusual weather conditions (Nomura 1947), sunspot
activity (Kono 1938), and fluctuations in numbers of parasites snd
predators (Ishij 1941). Parasites do not appear to be as important as
birds in maintaining sparse populations, but furuta (1981} noted that
R. lymantriae and £. Jlaponica produced significant density-dependent
mortality at certain Tocalities. Oisease organisms, primarily NPV and
the fungus Entomophthora, generally cause outbreaks to terminate. High
Eates of parasitization have been‘ reported fr:quent\y fgrtﬁ. arig .

- lapgnica, and B. schineri (Table 4), but the stage of the gradation
is seldom indicated, so it 1s(difficult to evaluate the effectiveness
of these species or the extent to which they regulate Jow populations.

Very few studies have been conducted on the impact of parasites on
the Indian gypsy moth. The only in-depth studies were life tables
developed by P."R. Dharmadhikari and the late V. P. Rao {Dharmakhikari
1972}, which are discussed elsewhere in these proceedings {Milis
1988). In brief, the most important parasite over most of the study
appeared to be £. rossica followed by “Apanteles® spp.,

Spp., and B. intermedia. Although generational mortalities ranged from
83-39%, the residual populations often were sufficient to produce high
populations the following year.

DISCUSSION

The parasite complexes attacking gypsy moth in turope and the Far
East appeared to be the most complete and well-balanced (Tab!e§ 4 and
5), but even the one in Europe had a few lacunae {Table 3). Since the
most complete complex of natural enemies should be present in a pest’s
native Jand, this lends credibility to the theory that L. dispar h:d
its origins in Asia. The complex of parasites of Indian gypsy_?grt 5
appeared to be relatively immature being composed largely of mildly an
broadly polyphagous species with only one species, A. kashmirensfs.
entering diapause and having no neect} o:hahern::: zgsiz.‘cﬁd:agi?rs

ssib at L. ob represents the remn 3

g:t:odlgtitgn o% L?—mmgjggm‘to tphe Indian subcontinent during ant(q;;:ty.
Were it not for the introduction of parasites from Furope l:d“;:e“:r
East, the complex of parasites attacking gypsy moth in No:t . r @
undoubtedly would be very depauperate, since about half of the species

ntly known would be missing.
prese“ﬁtroﬂgh many of the most important members of the the parasite
complexes attacking gypsy moth in Europe and the Farﬁast}:;ﬁmte
nonophagous or aligophagous species that do not require snF G
hosts, some important species, notably G. ngr_t}_»g&!iﬁerm gf?fc (195*5}
liparidis in Asia, do have such requirements. Studies {:{ as e
and Fuester et al. (1983) suggest that, inm certain Inca} [Yé’if. _ s';
species may be important in maintaining sparse populations & QZPM .
moth. Alternate hosts of §. liparidis are well krown, but those g
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porthetriae are not {Marsh 1979). Stocking patterns using trees
preferred by alternate hosts of these or other important species would
probably result in higher attack rates on L. dispar and could become an
effective method of conserving or augmenting natural enemies.

Since most of the dominant parasites of the gypsy moth in Europe
and the Far East have already been introduced (successfully or nat) in
North America, there are only limited possibilities for future
importations. Many of the most promising species that failed to become
established did so because of stringent alternate host requirements.

It might be worthwhile to attempt development of strains of these
parasites that would attack North American species closely related to
their habitual alternate hosts by artificial selection.

Since there appears to be a dearth of well-adapted oligophagous
species attacking the Indian gypsy moth, it appears logical to attempt
the introduction of univoltine species such as P. unicincta, B.
pratensis, or P. silvestris. Since parasitism by 0. kuvanae is

" negatively correlated with egg mass size (Brown & Cameron 1979}, and
eqg masses of L. obfuscata are smaller than those of dispar, it seems
possible that 0. kuvanae could prove to be an effective parasite of L.
gbfuscata

scata.

Although efforts to obtain biological control of the gypsy noth
have been beneficial, they have not been 100% successful: It is
possible that new approaches in augmentation, classical importation, or
conservation may provide improved control. However, the guestion
arises as to whether it is worthwhile to attempt biological coqtrol of
Lymantriidae. According to Clausen (1978), classical importation
projects dirvected at the satin moth in the U.S. and Canada were
successful. Concerning the project directed against the broyn-taﬂ
moth in New England, he noted that a decline in moth populations
followed the importation of natural enemies from Europe, but that the
proper evaluation work was not done, and that an in-depth assessment of
the mortality factors affecting the pest should be made.
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SUMMARY

Lymantria dispar, the gypsy moth, and Lymantria obfuscata, the
Indian gypsy moth, are defoliators of deciduous trees, the former in
the Far East, Europe, and North America (where it is introduced), and
the latter in northwestern India. The parasite complexes attacking
gypsy moth in the Far East and Europe had the most species whereas that
on the gypsy moth in North America had the least. The number of
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species attacking Indian gypsy moth was intermediate. Species
attacking the gypsy moth in the Far East and furope seemed to be better
a@apted to their host than those attacking the Indian gypsy moth, A
sizeble praportion of the former were oligophagous having no aliernate
host requirements, but most of the latter were polyphagous and required
alternate hosts. Oligophagous parasites seem to be good at stahilizing
host populations following outbreaks, whereas polyphagous species may
play at least a minor role in maintaining sparse host populations or
slowing down their increase.
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INTRODUCT (ON

Accurately measuring the impact of parasitoids on
pest insects Is an important component of entomoioglcal
research. Values of percentage parasitism, cajculated
In various ways, are used for purposes such as
estimating the effectiveness of inundative parasitoid
releases, determining the effect of managemant
treatments on parasitism tavels, and constructing 11FE-
tables. In many studies, howevar, Insuffictent thought
is glven to the methods used to derlive vajues of
percentage parasitism and the biases that affect them
(Van Driesche 1983). Ffor this reason, the resyits of
many prior attempts to estimate parasitold tmpact on
lymantriid populations are difficult to interpret and
have been generally unsatisfactory. tn adaition,
researchers have often not been sufficiently spactfic
when describing methods used toO obtaln vatues of
percentage parasitism,

The Impact of a parasitold on Its host poputation
can be measured In two ways. One can measure the
proportion of individuals that enter tha host stapeis)
susceptible to parasitism that are Uyitimately attacked
by parasitoids (stage-specific parasttism) or tne
proportion of individuals present at the pepinning of a
time Interval that are attacked guring the tntervsal
(time-specific parasitism). Most of the values Gf
percentage parasitism reported In the llterasture purpontt
to estimate the stage-spectfic impact ot parasitoins but
these values are often severely biased. These blazes
can be the resuilt of elther host ang parasitold
popuiation phenalogles and mortalities ar blazes
Inherent !n the metnod of catculating percentags
parasitism. In this paper we will review the advantages
and disadvantages of each of seur methods for estimating
stage~speclflc percentage parasitism that have been “"”‘f
Iln the past (peak sample percentage carasitism. *popied
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percentage parasitism, the graphical method of Southwood
&k Jepson (1962), and direct measurement of host and
parasitoid recruitment) and one method for estimating
time-specific parasitism which has recently been
deveioped (time-specific k-vaiue analysls).

Method 1: Peak Sampie Percentage Paraslitism

This method invoives coliecting a serles of samples
of hosts and dissecting them or rearing them until they
dle or molt to a non-susceptible stage. Most often,
values of percentage parasitism for such samples are
calculated as the number of parasitized hosts divided by
the totail number of hosts In the sampie. The largest
value of percentage parasitism (the “peak” when graphed)
Is often used as an estimator Of the impact of the
parasitoid (e.g. Tlcehurst et ai. 1978 for Lymantria
dispar L. and Dharmadh!kari et al. 1985 for Lymantrla
ochfuscata Walker). vaiues of peak percentage parasitism
are not necessarily good predictors of stage-specific
parasitism, however. Values of parasitism seen In
sampies are easliy blased by the pattern over time of the
recrulitment of hosts and parasitolids intoc the sampied
stages, thelr relative rates of mortality in the sampied
stages, and the timing of host and parasitoid moit to
thelr next tife stages (Van Driesche 1983).

O T e GASE ¢
%0

a0
80}

s
w} / \s PA

» OF ANIMALS OR % PARASTISM

Fig. 1. Trends in sample percent parasit|sm values,
under Case |. HSC = Host Standing Crop, PSC = Parasitoid
Standing Crop, %PA = Percent parasitism, Pl =« Paraslitoid
oviposition, and PO « Parasitoid emergence. Reprinted
with permission from Environmental Entomolagy. Copyright
1983, Entomological Soclety of America.



Only under certaln condlitions does peak percentage
parasitism accurately estimate stage-specl!fic parasitism.
This can by seen by considering a series of examples
drawn from Van Drilesche (1983) In which stage-specific
parasitism was set at S0%. First consider Case | where
1} host recruitment to the susceptible stage !s complete
prior to the beginning of parasitold oviposition, 23 no
hosts moit to a nonsusceptible stage during the sampling
period, 3) mortallty of parasitized and heaithy hosts |3
the same, and 4) parasitoid recruitment and parasitold
emargence do not overlap (Fig. 1). Under these
conditions, there exists a period of time after
parasitoid oviposition Is complete and prior ¢o tha start
of parasitold emergence when sampte percentsge parasitism
(the peak value) accurately refiects the level of
parasitism for the susceptible stage. Samples must be
taken frequentiy, however, S0 that the pesk valus i3 not
missed,

Frequently the condlitions Just described are not met
and values of peak percentage parasitism do not
accurately reflect stage-specific levels of parasitiasm.
For examplie, |f unparasitized hosts deveiop to the next
{{fe stage during the sampling period more rapidiy than
parasito(ds develop in and emerge from the hosts and f
only the susceptible stages are being sampied,
parasitized hosts wili be over-represented in sangles.
This I8 due to an artificial concentrstion of parssitized
hosSts that resufts from longer residence times of para-
sttized hosts (as compared to heatthy hosts) in the set
of amimals from which sampies are drawn, This causes
values of percentage parasitism to overestimate actuat
parasitold impact (Fig. 2, Case i1). The greater the
proportion of unparasitized hosts that leave the sxusc:gm
tibie stage, the greater the error witl be In overest; -
mating parasitism. Unparasitized hosts may leave the "
susceptible stage faster because their development tn the
next host stage requires fewer heat units than is .
required for parasitized hosts to reach the point ©
parasitold emergence. The same rassult may occur 54
mortal ity of unparasitized hosts (by other ""O"z;”;
agents) 1s greater than that suffered by parasitire vo
nosts. Alternatively, |f parasitized hosts deveiog fo
their next stage faster or suffer higher ieveis of
mortal ity than hea!tny hosts, sample percentagy infiated
parasitism values wiil be depressed rather than / .

Another process that can affect vaiues of :m:;mw?
percentage parasitism |s the degree to which ”:.;“‘ 5
oviposition and parasitold emergence overiam ! ‘Z'g .
Case [11). For exampie. {f the immature si2g% 20 0
particular speclies of parasitotd (3 rejativ o):
sduits are jong ilved, considerabie QVQ;‘BQ{‘” ovar inp
oviposition and emergence may occur. If SUc
occurs,. thare s never a point in tims wne
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parasitized hosts occur together in the population and
are avaliable for sampiing. in such cases, peak values
of sample percentage parasitism always underestimate the
stage-specific levetl of paraslitism,
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Fig. 2. Effect of early Fig. 3. Effect of over-
emergence (EM) of non- lapping parasitolid
parasitized hosts. oviposition and emergence.

Reprinted with permission from Environmental Entomology.
Copyright 1983, Entomologica!l Soclety of America

'n cases where hosts enter the susceptible stage
graduatly and concurrently with parasitold oviposition,
teave the susceptible stage concurrently wlith parasitolid
emergence, or both, percentage parasitism wiil be higher
than in Case | during both the recruitment perlod and the
perlod when host are advancing to the next stage (Fig. 4,
Case V). If neither parasitold oviposition and emer-
gence nor host recrultment and advancement to the next
stage overlap, a pericd may exist when the peak percent-
age parasitism accurately represents the stage-specific
parasitism level. There |s no reason, however, for such
precise timing te occur and in most systems it Is tikely
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that hosts and parasitolds wilt gradualtly enter and teave
the system resuiting In complex overiapping patterns
(Fig. 5, Case V). When this occurs, vaiues of peak
parcentage paraslitism do not estimate stage~specific
leve!s of parasitism because sample percentage parasitism
at any glven moment results from the net bailance of four
compet ing processes (cumuiative parasitold oviposition,
parasitold emergence or death, host recrultment, ang host
ioss due to advancement or death) and bears no relation.
ship to valiues of stage-specific parasitism,
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Fig. 4. Effect of gradual Fig. 6. Effact of competing
entry and exit of hosts. entry and leaving rates
between parsasitolds and
hosts.

Reprinted with permission from Environmentatl Entomoelogy.
Copyright 1983, Entomoliogicai Soclety af America

Two advantages of using vaiues of peak percentage
parasitism are that they are easy to measure ang 1t 1y
not necessary to estimate the number of individuals
entering a stage. Peak percent parasitism can pe & good
estimator of stage-specific parasitoid impact but onty
under speciflc conditions. Knowledge of the pham}lagles‘
of host and parasl!told recruttment ang loss are sssentia
before values of peak percentage parasitism are used to
estImate losses from paraslitoids.
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Two alternative uses of values of sample percentage
parasitism sometimes empioyed are to take the mean
percentage parasitism of a series of samptles (l.e.
Weseloh & Anderson 1975 and Weseloh et al. 1983 for L.
dlspar) or to take only one sampie of a given |ife stage
to estimate parasltism (i.e. Mason & Torgersen 1987 for
Orgyia pseudotsugata McDunnough). From the previous
discussion it follows that such values have a greater
probabllity of belng blased than peak values and should
be avolded.

Method 2: “Pooled* Percentage Parasitlism

The most common method of estimating stage-speclfic
parasitoid impact is to use values of “"pooled” percentage
parasitism (e.g. Barbosa et al. 1975, Reardon 19786,
Ticehurst et al. 1978, Blumenthal et al. 1878 for L.
dispar; Massodl et al. 1986 for L. obfuscata: and Kukal &
Kevan 1987 for Gynaephora groenlandica Wocke). *“Pooled*®
percentage parasitism is caiculated as the tota! number
of parasitolds emerging from hosts (n a series of samples
divided by the sum of ail the hosts colliected. it Is not
clear what this vatue means In terms of stage-specific
parasitism. Some of the samples are taken when values of
sample percentage parasitism are Increasing because of
parasitol!d oviposition and some when these vailues are
decreasing due to parasitoid emergence. By pooling these
samples with samplies taken at the time of peak percentage
parasitism one is essentlially taking an average of sample
percentage parasitism during the period of parasitoid
occurrence, f "pooled" percentage parasitism is
calcutated for Case | (Flg. 1) where there are no
compiications due to host or parasitoid phenoliogles,
parasitoid fmpact is underestimated as 32% (stage-
speciflc parasitism was set at 50%). Another potential
problem |s that some samples may include hosts that were
not susceptible to parasltoid attack because they were
too young or too old when collected to be acceptable to
parasitolds for oviposition or because they were
collected prior to the seasonal onset of parasitold
oviposition. The combination of these two biases wil|
nearly always lead to underestimates of the stage-
speclfic Impact of parasitolds.

in generai, “pooled" percentage parasitism wiil
accurately estimate generatlonal parasitism oniy for
nondynamic systems where each sample can be consldered a
replicate estimating a flxed conditlon (e.g. estimating
egg parasitism in L. dispar from a series of sampies
taken during the late fall after parasitoid attack has
ceased). This method should not be employed as a means




of estimating stage~specific parasitism levels for
dynamic systems.

Method 3: Southwood & Jepson's "Graphlical® Techniqu

The “"graphical*" method of Southwood & Jepson (195
can be used to estimate numbers of hosts, paras!tolds
both that enter specified stages of a glven generation
(Beliows et al. 1988, 1989). To make such estimates,
number of insects per sample unit Is plotted versus
accumulated degree-days as measured in the field. The
area under the resulting curve has units of Individual
degree-days and when divided by the number of degree-d
required for complete development of an Individual,
estimates of the number of individuals that entered th
stage are obtained. Stage-specific parasitism estimat
can be constructed from this approach by dividing a
graphica!l estimate of numbers of parasitlized hosts by
graphicail estimate of total hosts (In which counts of
parasitized and healthy hosts are pooled). This appro
assumes that belng parasitlized does not change the
residence time of the host in the stage used to calcul
totai hosts, an assumption that may be true for some
species and stages, but expliclitly is not true for all
cases. This method has been empioyed to date only in
few cases (Garglullo & Berisford 1983, Schnelder et at
1988, Van Driesche et a!. 1989) and only once In stud!
of Lymantriidae (Kolodny-Hirsch et a!. 1988, In a stud
of lnundative releases of Cotesia melanoscela).

“ea -

rene=
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“* - » L » - e
degree-Doys

Flg. 8. The effect of mortality on estimates of the a
under the curve and thus numbers entering a stage.
A: No mortality B8: With mortaiity
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The use of the Southwood & Jepson graphlicai method
Is complex and Is subject to signiflicant blases. In
general, the Southwood and Jepson technique assumes that
there Is either no mortality during the stage or It
occurs only at the end of the stage (Southwood 1978).
Mortailty occurring during the sampling perlod leads to a
depression of the curve and to an underestimate of the

number of Individuals entering the stage. In a slmug?tzd
population (Fig. 6), 800 Individuals enter a stage whic
!s subJect to sampling. If there Is no mortality (line

A) the area under the curve divided by the developmental
time accurately estimates that 800 Individuals entered
the system. In the case where mortal ity occurs o
throughout the stage (line B), the curve is depressed an
an estimate of only 600 Individuals results. As
mortality increases so does the degree of bias In the
resultant estimates of numbers entering the stage. When
the technique Is used to estimate both the number of
hosts and the number of parasitolds (!.e. parasltized
Nosts) blas derives from: 1) mortallty of healthy hosts,
2) mortality of parasitized hosts, and 3) the degree of
Rarasitism. The interrelationships of these blases have
been examined In detall by Bellows et al. (1988) and the
method should only be applled to systems where blases are
minimal.

Another potentlal problem with the use of the
Southwood & Jepson graphical method |s that developmental
rates of indlviduals are usually calculated In the
laboratory under conditions of constant temperature.
Measurements of degree-days against which numbers per
sample unit are plotted are taken In the field under
conditions of fluctuating temperatures. In addition,
temperature measurements are usually of a general ambient
temperature; not necessarily of the microc! imate
temperature experienced by the Insect. Lance (1987)
found that the temperature of larvae In an ocutbreak
Poputation was 2-6°C warmer than those In a low-density
bopulation and that this temperature dlfference was due
to density-related shifts In microhabltat. Laboratary
studies indicated that this temperature difference could
fead to a deveiopmental difference of 1-2 weeks .

The Southwood & Jepson graphical method, whilie
potenttally useful, has significant risk of mlsuse |¥f ap-
plied without carefyl consideration of the bilases
Invotved as determined by the blologies of the specific
specles under study. Also, to obtain an acourate

estimate Of the area under the curve, samples must be
taken frequentiy. This may nat be possiblie for some
specles of iymantri

lds where sampling Is extremely labor
intensive,
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Method 4: Direct Assessment of Host and
Parasitold Recruitment

Direct assessment of host and parasitoid recruiltment
provides a record of both tota! hosts and of parasitoiqg
oviposition. This latter feature contrasts with the
previousiy discussed methods which Infer levels of
parasitold ovipositlon from observations of parasitold
emergence. Estlimating parasitism from emergence data can
be misleading If other mortaillty agents are seiective in
their attack on elther parasitized or healthy hosts.
Dlrect assessment of host and parasitold recryitment is
the only method that Is not subject to this difflculty.

Methods to assess recrultment of herbivores (l.e.
hosts) have been developed for a varlety of specles (e.p.
Birley 1977, Van Driesche & Bellows 1388, Lopez & van
Driesche 1989). For L. dispar total host recrultment to
the first instar may be determined by multipiyling
estimates of the numbers of egg masses per ha by the
nNumber of jarvae hatching per egg mass (Buonaccors! &
Liebhold 1988 and Gould et al. In preparation).
Recruitment to the pupa) stage for L. dispar has been
estimated by recording the number of new pupae appearing
In small areas over short intervals of time. The numbers
of new pupae per sample unit that are recorded during
each interval are summed to obtaln the total number of
indlviduals enterlng the pupa! stage for the generation
(Gould et al. In preparation, Weseioh, personat
communication).

Methods to directly assess recrultment of
parasitolds to their Immature stages have heen deveioped
more recentiy (e.g. van Driesche 1$88a,b, Lopez & van
Driesche 19839). Two general approaches to measuring
parasitold recrultment exlst, One s to dissect field
coliected hosts to detect some brief, eariy stage in the
l1fe cycie of the parasitold such as the egg or flrst
instar farva, the duration of which may be determined
under iaboratory conditions (Van Driesche 1888s, Lopez &
Van Drlesche 1989). There is a risk, however, that smaii
parasitolds may be overlooked when hosts &re dissentsd.

An alternative approach |s to deploy laboratory
reared hosts in the field as trap hosts, After exposure
to parasitold oviposition in the field for {imited
Intervals of time, trap hosts are recollected and
dissected or reared to detect the proportion that were
attacked by parasitolds durling the perlod of expozure.
Paraslitoid recruitment for each interval s then
estimated as the attack rate on trap hosts times the
density per sample unit of unparasitized, susceptibte
nosts In the fleld popuiation. Total recruitment of
parasitolds into the susceptibie stage for the generation
Is then estimated by adding together the estimates of
recruttment over al! successive intervals during wnich
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>arasitoid oviposition ocgurred. Percentage parasitism
for the stage is then estimated by dividing the number of
parasitoids recrulted by the number of hosts that entered
the susceptlibie stage across all sample periods.

A basic assumption of thls approach Is that trap
hosts are direct equivalents of fielid hosts. Factors
such as trap host Instar, denslty, pattern of occurrence
In the environment, etc. may make trap hosts more or less
susceptible to parasitoid attack. The sultablility of
trap hosts versus fleld hosts should therefore be
experimentally verified (Van DOrlesche 1988a). The trap
host approach s most often employed for sessile ||fe
stages (e.g. Torgersen et al. 1985 for eggs of Orgyla
pseudotsugata McDunnough and Weseloh 1972 for eggs of L.
dispar). The use of this technique Is more difflcult
when mobile host stages are Involved because parasitism
rates can be affected by host behavior (e.g. Gouid et ai,
in preparation) and because recovery of trap hosts may be
difficuit to achleve |f hosts move from the retease
focattion. We have found that recruitment estimates of
parasitism by Cotesla melanosceta Ratzeburg and
Parasetigena sylvestris Robineau-Desvoidy greatiy
underest imated the ievel of parasitism of L. dispar
larvae (Gould et al. in preparation).

For species where accurate samp!ing procedures can
be developed to measure host and parasitoid recruitment,
this approach provides the most robust means of assessing
stage-spec!fic iosses from parasitism of any of the
methods discussed in this paper. 1t Is not subject to
compiex or ambiguous biases and |s easily computed and
Interpreted. We recommend its use whenever possible.
The blology of many host/parasitold systems may, however,
make (ts use Impractical.

Methed 6: Time Speclific K~Value Analysls

Because of the probiems assoclated with the use of
methods 1-3 and because direct assessment of recrultment
is not aiways possibie, an alternative approach has been
devaioped by Elkinton (in preparation). This approach
has advantages over Methods 1-3 in that [t s not
affected by host and parasitolid phenologles, estimations
of host and parasttold numbers are not necessary, and |t
estimates the proportion of hosts attacked by a given
parasitold, not the proportion that are ultimately
kitted. This method consists of quantifying mortallty
over time Intervals rather than over speclfic stages or
ingtars., Samples of hosts are taken at given intervals
(e.9. weekly) without regard for the stage or Instar of
the Individuals collected. Individuals In each sample
are reared under fleid conditions untl! the next samplie
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Is taken and the number oOf hosts that dle due to each
species of parasitold during the intervatl (s recorded.
From these data estimates of the proportion of hosts in
the natural poputation that die from each parasitold
during each interval can be obtalned.

Except for the method of direct assessment of host
and parasltold recruitment, most methods of estimating
parasitoid impact lIgnore the issue of simu!tanepus sttack
by more than one mortality agent. Wwhen hosts parasitized
by more than one parasitold are coliected and reared {or
dissected after considerable parasitoid development), ona
species is usually detected and congidered to be the
cause of mortalilty and there is no evidence of attack by
the other species. The method of Etkinton {(in
preparation) expands upon the method deveioped by Royama
(1981) andg aliows calculation of the simuitaneous kK-~
values or percent mortallties of each agent (sse Royvama
1981 for a full description of the mathod). “Marginai
probabillty values* are catculated which are greatar than
the mortalities actually observed in rearings becsysze
they are estimates of the proportion of hosty that would
have been Killed by each parasitoid in the abaence of
mortallty from the other simultanecus agents. In the
method of Elkinton these values of the marginat
probabitity of mortality are caicuiated for esch
interval, for each parasitola speclies. They are then

used to calculiate k-values (variey & Gradwaeti 1980, 1568}
for each time Interval. K-values are then surmed cver
aili Intervals to obtaln the estimate of the total impact

of each parasitoid on the host population for the
generattion.

D1SCUSSION

Many Lymantritlds are major forest pests and
considerabte effort s expended to gain improved
understanding of their population dynamics. Conctusions
from such research |Influence management decisions, yet
estimates of the significance of parasitoids as sources
of mortatity In such systems are often baseg in part on
vatues of percentage parasitism derived using Methods 1.

3. These estimatss, unfortunately, msy be severaiy
piased and the Impact of parasitolds may not be
accuratety assessed. 1t 1s Important for reagarchars tes

have a good understanding of the temporat patteres of
host and parasitoid recrultment and ioss ang oiher
possiblie blases such as martal ity, benavior of trap )
hosts, etc. before chocsing the most ApHToOne At met hoed
of estimating parasitoig impact.
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SUMMARY

Accurateiy estimating the Impact of a parasitolid
specles on the population dynamics of tts host is a
cruclal component of much of the research on species of
Lymantriids. We review four techniques for estimating
stage-speci flc parasitism that have been used In past
studies and one technlique for estimating time-specific
parasitism that has recently been developed. We conclude
that the use of values of peak sample percentage
paraslitism and the Southwood and Jepson graphical method
is appropriate for some systems but these methods ¢can be

. subject to significant blases. Knowledge of the temporal
patterns of host and parasitold recrultment to and exit
from the stages susceptible to parasitism as well as
mortalitles suffered by host and parasitoid popuiations
is essentlal before these methods can be utllized
effectively. The method of "pooting” estimates of
parasitism across a series of samples Is a common
approach but such values have little meaning and this
method Is not recommended for dynamic systems. We
recommend direct assessment of host and parasltoid
recrultment to the host stages susceptible to parasitism
whenever possiblie but In many instances this may be
difficuit. When direct assessment is not possible the
use of a recentiy deveioped mehtod (time-specific k-value
anatysis) |s recommended as an effective technique for
estimating losses due to parasitism,.
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MODE
LS FOR THE POPULATION DYNAMICS

OF LYMANTRIA DISPAR

K!;that‘ine A. Sheehan, USDA Forest Service,
- 0. Box 38a0, Portland, OR 97208 USA

INTRODUCTION

The m .
in combi; :?i,o:d:xﬁeshln-comp uter technology during the past 25 years,
population dynapics th& increased quantitative understanding of
that gimulate the pe ave sparked the development of computer models
the Lymantriidse population dynamics of several forest insects. Among
BYPSy moth &;CS\_Jch nodels have been developed primarily for the
Drgyia w@i@ggtli_m dispar (L.), and the Douglas-fir tussock moth,
has been reStriot da (McD.). Because of space limitations, this review

Computer mod i to models of gypsy moth population dynamics.
eapirical op prce ¢ of biological systems are often classified as either
greater populactie s models, although many other sets of names have had
are l'egx-eSSionf;ty in the past {Bruce, in press}. The former usually
varisble of ing ased models developed from direct measurements of each
incorporate o erest in the system. Process models generally
Processes th t;t'l:‘t-:-n‘t knowledge of the biological, chemical, and physical
of process zd :ffect the system being simulated; often the primary goal
to extre ln €ls is a better understanding of the system or the ability
“ﬂweasurp21ate from observed conditiong to situstions that are currently
the f'orna ¢ (Bruce and Wensel, 1988). Applying the ters “empirical” to
are no er_categnry.of‘ wodels mistakenly implies that empirical clements
bas d"ver included in process models, so I prefer the term "regression-
thee - Most population dynasics models sre really mixed models because

Y incorporate both empirical cbservstions and theory sbout the
Procegses involved, so that a continuum exists beiween the two extremes
(Bruce and Wensel, 1988; Bruce, in press).

Models from the full continuue -+ aimple regression Bodels te
complex process podels are covered in this review. Mathesatical aodois
that way not be svailsble ss cosputer programs are also included bacausn

advences in progreming langueges snd increasing programing ski{lis asong
researchers often allow rapid, essy trenslation of & sathesatical acdel

€0 computer code. Hodels that siwulats within-geaeratioh protesses that

affect the population dynamics of gypey soth &re ajse coversd, these
models somctimes serve as the foundsticn for sulti-gensrwtinn popniation

dynamics models.



534

WITHIN-GENERATION MODELS
Phenology

Several models are available to predict the timing of gypsy moth
development and host foliage growth within a season based on weather and
other factors. Most are process models that use stand-wide averages of
daily minimum and maximum temperatures as weather input.

Johnson et al. {1983) predicted the dates of first and median egg
hatch using a degree-day based model. In field tests conducted in New
Hampshire, predicted dates of egg hatch initiation closely matched
obgerved dates for 2 of 3 years; egg hatch started about 1 week earlier
then predicted in the third year (Johnson et al., 1983).

To simulate the pattern of egg hatch, Waggoner (1984} incorporated a
delaying function, by which the development of certain portions of the
gyspy moth egg populaton is delayed each day, into a Poisson function.
This wmodel predicted a skewed pattern of hatch that is characteristic
for gypsy moth. The standard deviation for differences between observed
and predicted dates of mean egg hatch was 2/3 day in laboratory studies,
and was smaller for this model than for a degree-day model.

Larval and pupal development was simulated by Casagrande et al,
(1987) based on temperature-dependent development rates; they also used
Weibull functions to describe the distribution of development times of
individuals. Parameters for this model were based on data from gypsy
moths reared on white osk foliasge, and the authors provided indices
based on the literature for development on other hosts relative to
development on white oak. Tests of this model against independent data
from both laboratory- and field-reared gypsy moths revealed close
agreement (roughly 5% error) between observed and predicted developsent
(Cassgrande et al., 1987).

Models for predicting the timing of budbreak and leaf growth for six
eastern hardwood species were presented by Valentine (1983a). Either
degree-days (budbreak, leaf growth) or calendar-days (leaf growth only)
were used ag independent varisbles. No tests against independent date
were conducted, but for leaf growth the meen square errors were much
smaller for the degree-day model (.005-.066) than for the calendsr-day
model {.012-.082) (Valentine 1983a}.

Published date on gypsy moth phenology and the Valentine (1983a)
host phenology model have been incorporated into a comprehensive
phenology model developed by Sheehan (in review). This degree~day sodel
uses daily minimum and maximum temperatures to simulate sets of cohorts
of fesmale and male gypsy moths from egg hatch to adult emergence, by
host species. During an initial test of this model, differences between
observed and predicted dates ranged from 0.2 to 2.6 days for egg hatch
initfation, 1 to 3 days for early larval development, and 0.3 to 4.0
days for budbreak initiation (Sheehan, in review).

Growth

Gypsy moth growth and congumption within a season have been
simulated by Valentine and coworkers in a series of differential



equation models. Five state variables were used in Valentine et al.
(1976): number of gypsy moths per hectare, average larval weight (g},
cumulative foliage consumption by gypsy moths (kg/ha}), actual foliage
present (kg/ha), and potential foliage {kg/ha that would be present if
no defoliation occurred). A daily time-step was used, gyspy soth growth
and consumption parameters were based on larval rearings on artificial
diets, and potential foliage growth parameters were estimated to meoet
expected final foliage amounts (kg/ha}).

Subsequent models refined and extended portions of the initial
model. A degree-day based model thst simulated larval growth and
consuaption was developed from field observations on two red oaks
(Valentine and Talerico, 1980). Additional mortality sources
representing virus, starvation, other density dependent factors. and
ingecticides were added to the initial model, which was then linked to s
forest growth model in Valentine {1981). Budbreak and leaf oxpansicn
models were developed for six hardwood species by Valentine (1983a) as
described earlier. The sensitivity of this model to a series of
assumptions regarding gypsy moth response to changes in folinge quality
is described by Valentine (1983b). Although the refined models
performed well against the data from which they were developead
{Valentine and Talerico, 1980; Valentine, 1983a), they have not been
tested against independent data.

Density, Location

Multiple-regression models have been developed to peedict saxisus
density of third and fourth instars and the proportions of larvae and
pupae found in different resting locations., MWaximum larval denstty (per
.Cl ac) was predicted as a function of distance to the nearent CKE Rass,
number of egg wasses at that distance, bark flap density, and oak
density (Campbell et al., 1975 R"=.57). The density angd proportions
of fourth through sixth instsrs were predicted for four resting
locations (bark flaps on osk, other locations on ank, litter, mist mhor'
locations) using two variables that reflect average 1ife stoge {Camphel!
et al., 1975; range in R =.66~.99). ALl of these h{’ﬁd!‘i,"‘ were
developed from sparse, stable populations in Bagtford, T,

Dispersal

Dispersal of newly-emerged first instavs hns &R mfxartmxé r\‘ﬂlr x;\
the population dynamics of gypsy woth (Mason and ¥oManos . 1% i;, n':uj
several models simulating first instsr disprraal have twen gk f b
None of these larval dispersal sodels have poen tested againgt
independent data. N .

gisgf\ and McManus (1981) developed an atpospheric dispersion Nﬁ:;:;;;
which predicted that most larvee disperse short distances 6\-17@:?" IA_H
end that the few larvae that traveled long distances {anded wit -
for non-mountainous terrain and within 3 ka for :oun:,uirwoui w;:nu;m
Settling velocity was modeled by McHanus and Mason (.?83} s,;“;unm 2
of lacval weight and silk length based on laboratory obsery Lh
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Taylor and Reling (1986) developed & simple model that calculated
horizontal displacement of larvae based on wind speed, updraft duration,
and velocities for updrafts, downdrafts, and larval settling; during
wind speeds of 25 km/hr (which is probably the upper limit above which
gyspy moth dispersal declines [McManus and Mason, 1983]) and using
velocities reported in the literature, their model predicted long range
dispersal of 5-19 km. Based on aerial samples taken over one location
in one year, Taylor and Reling (1986) also reported a model that
describes the log-linear relationship of aerial density of larvae and
height above sea level; using this model and previous egg-mass counts,
they estimated that asbout 0.3% of newly-hatched larvae became airborne
and thus possibly subject to long-range dispersal.

A three-dimensional, stochastic wind model was linked to a
trajectory and Gaussian puff model for larval dispersal by Fosberg and
Peterson (1986). In 300 simulations of disperal given springtime wind
patterns characteristic of a currently infested coastal California ares,
transport greater than a few hundred meters occurred in 2% of the
simulations, Fosberg and Peterson (1986) then used their model and the
range of settling velocities reported by McManus and Mason (1983) to
predict the dispersal patterns associated with long-range transport.
They estimated that the centroid of the distribution of dispersed larvae
would range from 7.2 km {for & settling velocity of 120 cm/s) to 21.0 ka
(for a settling velocity of 40 cm/s); given an initial source of 1
million dispersing larvae, their model predicted that maximum larval
densities in long-range transport episodes would range from 49 to 14
larvee per hectare.

Mortality Sources

Models of mortality that occurs during the course of & season have
been developed for certain specific mortality causes (primarily egg
parasites and pathogens) and for certain life stages.

The population dynamics of Uoencyrtus kuvanae (Howard) (Hymenoptera:
Encyrtidae), a parasite of gypsy moth eggs, was simulated in a model
developed by Brown et al. (1982). Using a Leslie matrix approach for
this multivotline parasite, this model accounted for the effects of
egg-uass size and density, mutual interference, and age-specific
parasite fecundity. Predictions of 0. kuvanse densities closely matched
observed parasite densities in gypsy moth outbreaks, but became poorer
as gypsy moth densities declined., The authors concluded that 0. kuvanae
was not food limited, and that though it may be an important mortality
source during outbreaks, 0. kuvanae's reduced host-finding capacity and
the decreased proportion of eggs available for parasitism in large egg
masses have limited itg effectiveness at low gypsy moth densities.

The within-season effects of nucleopolyhedrosis virus (NPV) and
Bacillus thuringiensis (Bt} on gypsy moth populations have been
gimulated by Valentine and coworkers. Valentine and Podgwaite (1982)
modified the differential equation model of Valentine {1981) to include
changes in the densities of healthy and virus-infected larvae and
changes in polyinclusion-body density on foliage, bark, or litter during
the course of the larval stage. Effects of Bt application were
incorporated into the model of Valentine (1983b) by Valentine et al.
(1986), who then analyzed the influence of gypsy moth density and timing




of Bt application on the net rate of gypsy moth increase. Valentine et
al. {1986) reported that the optimal application date was very sensitive
to the density-dependent mortality rate.
Campbell has reported a series of regression models that predict
age-specific mortality rates based on studies conducted in two
locations. Eastford, CT populations (a well-estsblished infestation)
were sparse and stable, while the densities of Glenville. NY {a newly-
infested area) fluctuated tremendously during Campbell's studies.
Except as noted, none of these models has been tested against indepen-
d(:nt data. Age-specific mortality models developed by Campbell include:
proportion of small larvee (first through third instars} that survive
tq fourth instar, a function of inital egg density [Campbell, 1976;
R = .47 for Glenville, NY and .98 for Eastford, CT)

percent of large larvae (fourth through sixth instars) that die from
disease, a function of the density of newly-hatched first instars
and site moisture index (Campbell, 1963a: Glenville, NY)

percent of large larvae that die from NPV and that survive but CArey
subiethal doses of NPV, s function of the percent of large Larvae
that die from disemse (Cempbell, 1963a; Glenville. NY}

proportion of large larvae that survive to tae prepupal stage, &
function of egg density (Cempbell, 1976; R* = .25 for Glenville,
NY and .49 for Eastford, CT) or the density of gculy«hmvhad first
instars (Campbell et al., 1977: Eastford, CT. # =, 48}

proportion of larvae that survive specific portions of the lnrge
larval stage, a function of the proportion of larvae in diffevent
resting locations, the current lifestage, end average life stage
(Campbell et al., 1977; Eastford, CT, R=.58}

proportion of prepupae that die from desiccation, 8 function of the
nuwber of eggs per mass at the end of the current genneation {used
a5 an estimate of relative density during the current generationt
{Campbell, 1963a; Glenville, NY)

proportion of pupae (male and female combined) that survive ta
adults, a function of initial egg drnsity {Campboll. 197%:
Eastford, CT, R~ = .85}

percent mortality for female and mele pupne. & functivn of the ousher
of eggs per mass at the end of the current geAesEation (Cropbeil.
1963b; Glenville, NY) ‘

* percent mortality for female pupse caused by Iehnuemonid parasitas. 8

function of egg density at the start of the generation (Campbell.
1967; Glenville, NY, R®=.82)

.

Fecundity

A strong relstion between pupal fresh mégm and adult fmtusfsdft.y R
been reported by Hough and Pimentel (1578, B » S8y, Their sodel hae
been velidated by Sheehan et al. (in preperation] us
observations of pupal weights and fecundity. 7 .
Dther regression models that use Eypsy @oth density "‘“;"“ ”b .
generation to predict fecundity at the end of & generatioh "*‘fj} T:w-‘
developed by Campbell. Based on date fros Glenville, N{ -° R o AR .
new infestation -- the number of eggs deposited per r._-m,r-:w‘ “’g”x)r '
as a function,of egg density at the stscs of & geanration u\;r‘u‘i
1967, 19762 Hd=.72 and ,BO, msm“wiy) or the dongity of pewly

ing publ taleuld

- ot



538

hatched larvae (Campbell, 1963a}. A model based on the stable,
Eastford, CT populations showed low corrﬁlaticn between initial egg
dengity and fecundity (Campbell, 1976, R® = ,21).

Campbell later developed a regression model that predicted the
number of eggs per mass at the end of a generation based on the number
of fourth instar 1§rvae per hectare present during the generation
{Campbell, 1978; R"=.71). This Glenville, NY model was compared to
data sets from other sparse populations (Campbell, 1981)}. No
gignificant differences were found between data sets from Glenville and
from well established populations within the generally-infested area,
while the differences between Glenville populations and those from newly
infested areas or Cape Cod, MA (where repeated outbreaks have occurred}
were statistically significant (Campbell, 1981).

Sex Ratio

Seversal regression models for pupal sex ratios have been reported.
Based on a data set from Glenville, NY, Campbell described the
percentage of females among pupae as a function of the percentage of
disease and desiccation among larvae and pre-pupae {Campbell, 1963b) and
as a function of egg density, precipitation in June, and the percentage
of white oak foliage among the totml overstory foliage (Campbell, 1967;
R"=.73). Mauffette and Jobin {1985) predicted the proportion of malea
among pupae based on larval density as measured by either f{rass boards
during late June (R® = ,76) or tarpaper during mid-July (R = ,74).

Campbell (1976) reported two models that predict adult sex ratio
based on initial egg density. _One model was based on data from sparse
populations in Eastf‘ogd. CT (R = .97), while the other was based on
Glenville, NY data (R = .60), None of the models for pupal or adult
gex ratios have been compsred to independent data.

MULTIPLE-GENERATION REGRESSION MODELS

Several models have been developed that use regression analysis to
predict changes in gypsy moth numbers from year to year, Specific
variables that are predicted across generations include egg dengity,
egg-nass density, or changes in generation trend. Table 1 summarizes
the factors included in several regression-based models, which are
briefly discussed below.

Generation Trend

Campbell and Sloen {1978b) presented models that used egg density at
the start of generation n to predict the trend in density from
generation n to n+l. Because significant differences were found between
data sets from an area with sparse, stable populations (Eastford, CT)
and a recently invaded areg {Glenville, NY), separate models were
developed for each arem (R™ = .71 and .68, respectively). When each



Table 1. Summary of attributes included in mgression-vbﬂsm nodels for
multiple generations of gypsy moths.

Trend Dﬁﬁ?ty Egg-Mass Density
Attribute CS1 €82 €81 (€S2 i 933 B €2 2L
Egg Density [ ] [ [ ]
Egg-Mass Densgity L ¢ [ ] L] 1] .
Other GM Attributes (] . . L
Weather ¢ [ ] L] [ L
Stand Attributes [ L L
Tested [ ] [ ]

1

CS1 = Campbell and Sloan (1978b). CS2 = Campbell and Sloan {19788},
€1 = Campbell (1967), B = Biging et al. (1980). C2 = Campbell (1973},
and ZL = Znamienski and Liamcev (1983).

data set was compared to g gubset from the IPS aytes of plota {an
independent data set), significant differences (n denu {ty-teend
relationghips were found {P<.0L-.05), although visual inspection ol the
models did reveal general similarities.

A second model form that predicted egg density trend was reporied by
Campbell and Sloan (1978a), who used both cgg density at the sinant of
generation n and the coefficient of variation in egg dennity As
independent variables. Data frow the Glenville and IPS data sets of
Campbell and Sloan [1978b) were used to develop this wodel. No test
agminst independent data was conducted for thig model, nor were moy
estimates of goodness of fit provided.

For situations In which fecundity estimates are not avallabin, those
suthors also presented models that predicted egg-mpran density trend
using initial egg-mass density either alone {Cumpbell and Sloan, 1978h)
or with the coefficient of variation in egg-mnss density and the aount
of precipitation in June (Gazpbell end Sioan, 1978a). Both models were
developed from the Melrose Highlands dats sot, whirh in desoribed by
Caumpbell (1973b) and Biging et al. (1980). The K° valurs for the
firat model fors (using egg-mass density as the only fnvieprodent
variable) ranged from .23 to .51, and no comparisons wnry made with
independent data sets for either model. -~

The Melrose Highlands data was also used by Caspbeil {17734} o
develop a series of tebles that listed the proportion of obmervations e
each egg-mass trend category {{ncreasing five-foid, decreasing Dives
fold, or intermediate) as a function of zone epR-wAss denuity. sTARG
egg-nosg density, and the previous year's troend categnry.
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Egg Density

Campbell (1967) presented a model that predicted egg density for
generation n+1 as a function of egg density for generation n,
precipitation in June during generation n, and the percentage of
overstory foliage represented by swamp white oak. The Glenville data
get was used to develop this model, which had an R® value of .48; no
comparisons to independent data sets were reported.

Egg-mass Density

The Melrose Highlands data has been used to develop several models
that predict egg-mass density. Campbell (1967) developed separate
wmodels for the periods from 1910-1921 and 1922-1930; both models
calculated egg-wass density as functions of egg-mass density in
generation n and precipitation in June. No tgsts against independent
data were conducted for these models, whose R values were .35
(1810-1921) and .37 (1922-1930).

Campbell (1973a) later reported another set of regression models
based on the Melrose Highlands data, in which egg-mass density was
predicted separately for pcor food stands (with more than 50% of the
overstory foliage composed of species that are not preferred by gypsy
moths) and osk stands (with at least 50% of the overstory foliage
composed of oaks). A second model for oak stands used only variables
that can be observed by March 1 of a given year. Independent variables
used in these models were gypsy moth density (egg-mass density at the
start of generation n, percent of the surrounding zone with >500 and
»5,000 egg masses per acre, and previous egg-mass trend), stand
conditiona (total folisge per acre; percentage of overstory foliage in
three hoat categories -- most preferred, intermediate, and least
preferred: percentnge of overstory foliage in the red osk or white osk
groups, and percentage of dominant trees in the stand in the most
preferred host category), weather conditions (precipitation in May for
generation n and in June for generation n-1, and mean minimum
temperature for the coldest month experienced by generation n), and
defoliation (stand-wide parcent defoliation caused by generation n, agd
percent defoliation of food class A caused by generation n-1). The R
values for these wodels ranged from 0.66 to 0.74, and no comparisons to
independent date sets were made.

Biging et al. (1980) used the Melrose Highlands data to develop &
multiple-regression model that was tailored to tree species found in
Wiscongin, These authors predicted egg-mass density at the start of a
generation based on egg-mass density and weather data for the preceding
two generations plus a stochastic error term based on observed mean
square errors for egg-mass density. Weather variables included
precipitation and temperatures for May and June, and mean winter
temperaturcs.  Separate models were developed for six host groups that
were common to Wisconsin, Biging et al. (1980) ran a set of 10 or more
simulations for each host group using weather data from 11 weather
statfons in Wisconsin, reporting the results as state-wide hazard maps.
Models for all species groups consistently predicted higher populations
in northern Wisconsin; the authors speculated that winter temperatures,
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which played a relatively minor role in the Melrose Highlands models,
may play a much different role in Wisconsin. This aodel has not been
compared to an independent data set.

In the USSR, several models that use gypsy moth, weather, and stand
variasbles to predict egg density (egg quantity per 100 shoots) have been
developed by Znemienski and Liamcev {1983). Separate models for all
stands, cak stands only, and mixed stands were developed, with the
following independent variables: number of eggs per nass, egg-mass
density, and egg weight for the previous generstion; mean temperatures
for July-August and May-August, minimum temperatures for May, and the
ratio of the minimum temperature for May to the 10-year average,minimus
temperature for May; and the proportion of caks in the stand (R® =
.87-.88). Because egg weight is often not available to pest aanagers, o
fourth mogel that did not include this variable was developed for all
stands (R* = .85). Wwhen this latter model was tested against
independent data from three other areas, predicted densities c¢losely
matched observed densities.

Valentine and Campbell (1975) linked the egg-wmass denzity model of
Campbell (1973a) with other submodels thst simulated defeliation and
tree condition. Five state variables (egg-mass density, population
trend, defoliation last year, and the percentages of the surrounding
area that contain high and low egg-mass densities) plus a stochastic
element were used to estimate defoliation. Transition probability
matrices from Campbell and Valentine {1972) were used to estimate the
effects of defoliation on tree condition and mortslity. This model was
intended to be & decision-making tool for forest managers who were
considering gypsy moth suppression.

MULTIPLE-GENERATION PROCESS MODELS

Table 2 summarizes the general features ofl several pr:scvss*oﬁvnmd
models that simulate gypsy moth populations for sulliple generations.
The objectives of most of these models were elther ta ::yr@hestzes current
knowledge and guide research and/or to project long-tees fﬂpnt?tﬂ of
gypsy moths in currently uninfested areas whers forest ronditions wey
differ greatly from those found in the northeastern United States.
Accurate predictions were generally not objectives of theseo models, al
none of them have been tested against independent data. Thesa eodnls
are reviewed in approximate order of publication.

Dne of the earliest process models for gypsy woth wan developed by
Picardi (1973), who simulated female gYpsy moth and fchoenmonid e
densities based on available literature and the guidence of a consulting
entomologist. Six mortality sources were included: cgR
disease, small mammals. birds, Calogoma, end Iehneugoniids, \
was simulated as a function of disease wortality, and bath R}:’{)fu ;r‘..
density and available foliage were use§ to calculate -me;:'\‘:!x\.):.‘w ::’.‘ e
regular, B8-year cycles predicted by thig model were due primsctiy tn U
actions of Ichneumonids, which were modelled sy 8 demyffil ¢ ranetions
density-dependent mortality source. and the densu1}“fff‘?',«\"’“.-i‘t g\:w-’m‘-»(':‘
for disease and predation. Several pest cox}troltwptx:f:!« v;x:”:";»x””;i ol
including insecticide application, mating disruption wia pherd

parasites,
Yoo opatio



Table 2. Summary of attributes inclu?ed in process models for multiple
generations of gypsy moths.

Attributes P M/S v E Br _By _S _
Weather [ [ ] L]
Foliage ® [ ] [ ] [ ] [ ] [ ]

Growth/Consumption ] [ [ ] [ ] [} [ ] [}
Dispersal [} [ ]
Sex Ratio ] [ ] [ ] ]
Fecundity [] [ [ [ ] ]

Stand Model ] [ ] [ ] [ ] | ]

General Density- [ ] [ ] [ [ ] )

Dependent Mortality

Predators/Parasites @ . L
Starvation [ ] L] L

NPV-natural [ ] [ ] ® [ ] [ ¢

Ingecticides [} [ ] [] ¢

Other Controls [} [ ] L

L P = Picardl (1973), M/S = Morse and Simmons (1979}, V = Valentine

(1981), E = Etter (1981), Br = Brown et al. (1983), By = Byrne et al.

(1987}, S = Sheehan et al. (in preparation).

release, and a combination of both insecticide and pheromone
application. Picardi's (1973) model predicted that insecticide use
would lead to 2-3 year cycles with tremendous population fluctuations,
while pheromone release would lead to gypsy moth extinction after 25
years (if used alone) or 15 years (if used in combination with
insecticides).

Another early process model concerning gypsy moth was developed by
Morse and Simmons (1979) to explore the results of alternative gypsy
moth management strategies. Their forest submodel used site guality,
species compesition, stocking, and average tree size to predict amounts
of foliage present. Folisge consumption was predicted by a gypsy moth
submodel using stage-specific mortality rates and consumption rates. A
stochastic feature of the gypsy moth mortality section initiated
outbreaks when population densities were low. Tree mortality was
simulated as a funciton of site quality, current defoliation, and
defoliation history for the previous two years. Morse and Simmons
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{1979) concluded that annual aprays for eradication would fail because
gypsy moth populations would persist at low densities during spray years
and would rise once spraying stopped.

Brown et al. (1983) developed a simple process model to exasine the
effect of 0. kuvanae on gypsy moth population dynsmics. Mortality
factors other than the egg parasite included NPV, vertebrate predation
of pupae, and a genersl density dependent mortality factor. Foliage was
assumed to be unlimited, and environmental factors were mssumed to be
constant and optimal for gyspy moths. Brown et al. (1983) compared
sinulations with and without egg parasitism using their model, Picardi's
original model (Picardi, 1973), and Picardi's model modified to include
three other parasites and to update the egg parasite and pupal parasite
sections. Both the Brown et al, (1983) model and the originsl Picardi
time between outbreak, prolonging the duration of ocutbreaks, and
lowering the aversge gypsy moth density over time by several orders of
magnitude. In simulations with the modified Picardi madel showed the
egg parasite did not affect average gyspy moth density but did alter the
regular 2-year cycle (in the sbsence of the egg parssite) to an
irregular, acyclic pattern. Variation in psrasitise ratas predicted by
all three models was found to be similar to that found in two
independent data sets.

Two population models were briefly described by Etter (1981): &
simplified NPV compartment model, and a more complex process model. The
latter model simulated gypsy moth and host phenclogy. Kypsy moth growth
and foliasge consumption, and mortality caused by NPV and by other
factors. Etter (1981) reported that the process model was very
sensitive to the degree of synchrony between budbreak and egg hatch, but
details of this model have not been published.

To assess the influence of gypsy moths on existing oak foresats,
Valentine (1981) linked a forest growth model with a gypsy moth
population model. Tree volume growth was modelled as a function of
photosynthate production, which was assumed to decline when defoliation
occurs, and respiration. Increased tree mortality was nlso simulated
following defolistion. Valentine et ml.'s {1976) model of gypsy soth
growth and foliage consumption was the basis for the population sodel,
to which mortality sources representing starvation, NPV, and other
density-dependent factors were added. Application of cither NPV or
insecticides could be simulated. In 16-yesr projections with no
defoliation, predicted basal area closely matched observations. The
gypsy moth portion of this model was most sengitive L0 pRrameters
affecting larval growth and consumption and foliage phenolegy. ’

Another forest-gypsy moth model was developed by Byrne eF al. {1987)
to explore potential long-term impacts of gypsy moth populations nr:
succession in North Carolina forests. They used Juhnmm:s {1977} forest
cuccession model to simulate 12 forest types, each with 3 trvea-slze
clasgses. Based on species composition, forest Lypes v.-r.‘r-c* asaigned o
one of three preference groups, and Eypsy moth populations were i
simulated using development times and mortality rates that ‘:)‘i"\)pd w\\( 3
lifestage and preference group. Additional gypsy moth mortalily f*‘».f"U{
first instar dispersal, starvation, and NPV wv;s also includad. i:m al
but the least preferred hosts, this model predicted that gypuy mmg!"
populations would incresse steadily until they renched dfm‘h l.t‘,ﬁ."‘“ tha
trigger a NPV epidemic and subsequent papulation crash. Fopest
mortality was simulated as a direct function of defoliation in the
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wrrent end previous years. Byrne et al.'s (1987) model predicted
short-lived outbreaks at approximately 8 year intervals, with outbreak
"requency and severity largely controlled by forest composition.

The most comprehensive forest-gypsy moth model developed to date is
the Gypsy Moth Life System Model (GMLSM}, which was initially deveioped
through & series of workshops (McNamee and others, 1983) and later
axtensively revised and expanded (Sheehan, in press; Sheehan et al., in
preparation). This degree-day model uses daily weather to drive the
development of gypsy moth cohorts, foliage, and certain parasites.
Within GMLSK, & stand submodel that was modified from previously
existing stand models {JABOWA, from Botkin et al. [1972] and FORET, frows
Shugart and West [19227]) translates defoliation into effects on tree
growth, mortality, and recruitment; a wide range of silvicultural
treatwents may be simulated. To predict defoliation, the gypsy moth
submodel predicts gypsy moth growth and foliage consumption (based
largely on Valentine and Talerico [1980]), foliage growth {taken froa
Valentine [1983a])}, larval movement, and fecundity. Mortality sources
that may be simulated by the GMLSM include: NPV (either
naturally-occurring or applied), Bt, four predator groups, six parasite
species, starvation, released pheromones, insecticides, or released
sterile eggs or males. Aside from the gypsy moth and host phenology
gections (Sheehan, in review), this recently-developed model has not
been tested; testing will become a major emphasis in the ongoing work on
this model.

SUMMARY

A wide range of mathematical models has been developed to gimulate
the population dynsmics of gypsy moth. The primary goal of some of
these models has been to forecast gypsy moth densities, while other
models were developed to summarize existing knowledge, guide research,
or predict what might cecur in areas quite different from the current
North American infestations. Two alternative approaches have generally
been used: regression-based models, which use regression analyses to
identify statistical relationships among observed variables, and process
models, which quantify and incorporate the biological, chemical, and
physical processes that affect population dynamics.

Potontinl users of these models often face a dilemma. Regression-
basad models that are available in the literature generally have been
developed for only a limited number of locations and years, often
include variables that can not be used in other areas (such as specific
tree species with limited distributions), and cannot readily be wodified
to address new guestions, On the other hand, process models that have
been developed often include varisbles that are not easily measured,
genereally are either very complex (and difficult to interpret or
evaluate) or very simple {with results obviously dictated by model
structure and parameter values), and in many cases only cover a portion
of the system under study. Only a swall proportion of the models using
either approach have been tested, especially for multiple-generation
models.

Both approaches Lo wodeling -- regression-based versus process --
have inherent strengths and weaknesses, and the best choice for a given
situation depends on the objectives of the user, available data, and



current biological understanding of the system. The targe ausber of
untested models described in this review is a tribute to the need for
model builders to place greater emphagis on sodel tast frg,
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P:yllis S. Grinberg and William E. Wallner, USDA Forest Service,
ortheastern Forest Experiment Station, Hamden, CT 06514 USA

encouiglénggg each prgsentati9n, a 15-minute discussion period
heos dfsc e exp?es319n.of views and observations by participants.
additi0n81USS1°nS identified unresolved issues and indicated where
e o research is‘necessary for their clarification. Statements
. e not necessarily endorsed by all attendees and comments were
ecorded and later synthesized into general topics as follows.

OUTBREAK PERIODICITY

L Is‘Fhere outbreak periodicity for different species of
ymantrlxdae?‘ In Europe, outbreaks of the nun moth are related to
QEOUght. pgttlcularly in forests that are not optimal for the

insect. High summer temperatures preceded by low spring temperatures
appear to be good predictors of outbreaks. There is a possible
sunspot relationship for nun moth in Europe; defoliation often occurs
2 years following sunspots. In New England there appearS 1o be local
perlad}city of 7-9 years between gypsy moth outbreaks. There is
1n§ensxve defoliation by gypsy moth followed by years of decline.
This pattern seems to occur from west to east in the state of
Connecticut but has not been documented elsewhere.

The actual periodicity of gypsy moth outbreaks has not been
proven. It has been suggested that periodicity shown on & spatial
scale disappears when exapined on a time scale. In Eurcpe, where
annual surveys of life stages of the gypsy moth are meagured over the
same area, periodicity of population peaks has been observed, but
these peaks do not necessarily produce defoliating outbreaks. In the
United States, where defoliation is used as the criterion for
assessing outbresks, population peaks are often missed and it has
been difficult to demonstrate population periodicity. There 15 &
need to look at the Eurasian and U.S. dataon a gimilar scale
(population peaks or defoliation, or both) to determine whether

periodicity exists.

GYMPATRY OF LYMANTRIID SPECIES

where there is sympatry of the brown-tail moth end the gypsy

moth in Europe, the brown-tail moth tends to be displaced. The
1atter will relocate if gypsy moth already has stripped trees of
foliage needed for ¢gg deposition by the female brown-tail moth.
This may have contributed to the decline of brown-tsil moth
populations in the United States. Mechanical destruction of nests
has continued in the United States since the 1920's, but it is
unlikely that this alone is responsible the population decline. )
There is no effective method for surveying areas whare the hrown-tail
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moth once occurred and there still may be residual localized
populations that have gone undetected. Pathogens introduced sgainst
the brown-tail moth may have been the primary reason for its
reduction. However, habitat/host relationships appear to limit the
distribution of brown-tail moth to coastal regions of Burope and the
United States. Are these regions less favorable to other lymantriids
so that sympatry is less intensive or is weather limiting survival to
these discrete habitats? Is there evidence of other sympatric
interactions, such as with Douglas-fir tussock moth and other Western
United States lymantriids?

POPULATION DENSITY ESTIMATES

While protocols have been developed and others are being
evaluated for low-density sampling of several lymantriid species,
universal technigues are lacking. Factors that complicate this
problem include differences in behavior and development of low- and
high~density populations; effect of the spatial scale and forest
physiography; and a poor understanding of the role of dispersal. All
of these have a bearing on the size of research study areas.
Dispersal also is important when assessing spray techniques., In the
ridge and valley system of Pennsylvania the gypsy moth appears to
have a greater range of dispersal than was previously reported. It
has been difficult to evaluate spray efficacy in subsequent years
because even in blocks of 1,000 hectares, reinvasion makes it
difficult to distinguish the boundary of sample or treatment areas.
This raises the question of the magnitude of the spatial scale of the
sample area. What is the ideal sampling unit? The individual tree?
A hectare plot? When sampling Lymantriidae, there always is the
possibility of migration into or immigration from trees. Cooperation
with other researchers to establish tests and evaluate standardized
techniques internationally would be beneficial.

HOST AND STAND RELATIONSHIPS

It is generally agreed that host type, condition and stand
structure influence various Lymantriidae. Yet we lack a complete
understanding of these complex relationships. Host choices of the
nun moth differ in various countries. In Japan, the nun moth
develops fastest on larch; in Europe there are only small larch
stands and nun moth outbreaks rarely begin there. Nun moth does not
generally pose a problem in Western Europe, but in the French Alps,
an outbresk of nun moth began on larch. Three outbreaks of nun moth
are known in this century--usually triggered by a period of dry
weather. However, where there are larch stands in an area of
outbreek, the treeg are defoliated but the larch produces new
needles. When defoliation of spruce exceeds 80 percent, trees die;
spruce stands are killed in the first year of the outbreak, pine
trees survive one defoliation, and larch stands survive. Development
of the caterpillars is faster on larch. A suggested reason for the
decline in outbresks of the nun moth on pine in the second year of
defoliation ig that the insect consumes the new flowering buds, which



depletes food in the following year. One generation consuges the
food for the next generation causing the outbreask to die out.

The issue of the relationship of pollution and insect pests was
addressed. In Oregon, there scemed to be no relationship between
reduction in pollution and pest outbreaks. In fact, in recent years
the worst tussock moth outbresks have occurred despite improved air
quality. The relationship between the Mount. St. Helen's eruption
and a reducticen in populations of Douglas-fir tussock moth and
western spruce budworm is believed associated with ash deposits on
the foliage.

There appears to be a similarity in host composition and stand
structure in forests that are traditional epicenters for gypsy wmoth
outbreaks. In fact, the physiography of susceptible stands in New
York and Vermont are similar to outbresk sites in Chinp and Criwea,
U.S.5.R. Are there consistent habitat requirements for the
Lywsntriids per se? If so, how can factors assoclated with forest
physiography be used by researchers and pest mansgers worldwide?

FECUNDITY

How important is the assessment of fecundity in Lymantriidar?
In latent populations there is little difference in fecundity from
one year to the next on a single host plant, but focundity would vary
significantly from host plant to host plant. Temperatute also
influences fecundity. It is not clear at what spatial acale
fecundity should be calculated. Use of eggs per unit area will vary
by forest type and condition., For example, species stands such an
are found in Europe would probably require e different spatial wosle
than multispecies stands.

Do all Lymantriidse produce large nusbers of eggs capable of
outbreak proportions? Sowe specics deposit theic vgrs intermittently
(this {s true of species that feed on grasses and sedges) while
others deposit all of their eggs at one time, Some specics ara
destined to outbreak; others seew to avoid it. Comparison of
outbreak and nonoutbreak species on the basis of egg depoaition
characteristics and larval aggregations would bo useful in
understanding population dynaeics and predicting autbreaks,

FEMALE FLIGHT

For gypsy moth, the difference between a descending T1ight,
which more resembles a flutter of wings as the insect d«mmnd'.e to s
resting location (as found in the United States and Westeon Burops )
and an sscending [light, where the ingect cen choose novarioty of eRE
deposition sites, {as found in Eastern U,5.5.R. and Anin) 12 m;',‘r
clearly understood. There appears to be diminution in flight ability
from Eastern to Western U.5.5.R. and only flightleas foaalrs :we ‘
found in the Federal Republic of Germany. m}e'weuld exRpect mitl .x;
those cases where the female has lost the apility to fly, dispeesas
is not lost but shifts to a different life stage, such a3 A .
firat-instar larvae. In Japan, deposition of efg sasses by {"E{ ng
fepales is not affected by density. Nothing is known about Lhe
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genetics of flight in the overlap zone in the Soviet Union, where
some females fly and others do not. Information is needed on the
ecological correlates of wing reduction and dispersal and mate
finding. Patterns of defoliation associated with difference in
flying and nonflying female gypsy moth populations need to be
assessed with respect to adult flight and vagility.

BIOLOGICAL CONTROL

Is biocontrol successful? Some parasites introduced into the
United States are successful against several Lywantriids. However,
there has been no documentation that parasites have been instrumental
in reducing outbreaks or maintsining Lymantriid species at low
levels. It is not clear whether the recent change in distribution
and behavior of the brown-tail moth on Cape Cod, Massachusetts is due
to the collapse of unknown control factors or whether a period of
adjustment is required before an introduced pest increases
dramatically.

What is considered "unknown" mortality by Tachinids might be
overlooked, This would occur when & parasite attacks a larva that
dies without producing a parasite. The difference between mortality
in sites which favor Tachinids and those that do not might be
correlated with this unassessed mortality.

There is considerable concern about the methods of determining
percent parasitism. In the past, parasitism has been expressed as
either the highest sample percent parasitism value or an average of
all sample values. Since there are often large biasses associated
with these methods, a new method has been developed which uses K
values” which are calculated for short periods of time and added
together to give the total impact of the parasitoid. It is apparent
that there is a need for uniformity in reporting parasite assessments
both in the field and the laboratory.

What is the proper spatial ares to measure and what resolution
is most appropriate for parasites? Should they be studied at a
different resolution than that for predators? In fact, habitat has
significant effects on the predator community in that extreme
differences can be expected within short distances. Thus, the role
of predators must be evaluated carefully with respect to habitat
variation.

How should predation be assesscd? For example, some small
mammals are effective {nsect predators that in turn are preyed on by
other nnimals.  These relationships must be understood as insect
mansgement, schomes are developed. This is true for the deployment
and assessment of bird nest boxes as nest boxes may be used by
animals other than those intended.

With the usc of Bacillus thuringiensis (Bt) there is the problem
of extended egg mass hatch period combined with a short effective
period off Bt in the field. In the Western United States, 3-4
applications are used in field trials, The terrain in treated areas
often encompasses a range of elevations. This makes it difficult to
monitor individual sites where the geographic area is large and the
hatch is sparse. An important question is why spray programs are not
initiated belore pest populations become too large. The answer seeuws



553

to be that it is difficult to obtain a financial comnitsent for such
prograss when populations are low. In the Northesstern United Ststes
much of the land is privately owned, making it difficult to obtain
the necessary cooperation.

Should virus control be attempted for the brown-tail moth? In
one report, the treatment area was 10-20 square meters, It is too
early to determine whether virus control is economical. Reporting of
results should be uniform as differences in formulation and
application must be taken into account. Also, dosage (weight o
international units) should be reported consistently.

The methodology of treating gypsy moth eggs with NPV varies. In
the Federal Republic of Germany, there is no attempt to treat all of
the egg masses--just enough to trensport the virus inte the
population. This was recommended for isolated infestations. it is
not recommended for large gypsy woth outbreak areas.

Infection of andults by gypsy moth KPV has not been determined
completely. A sublethal dose of NPV fed to larvac with no evidence
of NPV in the next generation does aot necessarily mran the virns was
not transmitted. Efforts should be made to determine the presence of
the virus in the adult (female) stage of generation otc,

Microsporidia evaluation is ongoing and needs input from studins
of other populations in Furope. There is a need ta oinrify the
taxohomy of tho isolates on hand. The role of introduced
microsporidia into North American gypsy soth populations requires
careful assessment. Possible adverse effects from introduced
microsporidia include: sublethal effects such as lower porcoent hatch,
reduced fecundity, higher mortality of progeny in infecterd females,
and poor mating of males. Spatial and temporal effects of
microsporidia may have an impact on other factors such as parasiticm
and overwintering, Research an the sprend of microsporidia Fron
inoculated aress is being considered in the United Gtates.

Currently, only isolated infestations can ve treated.  In the
laboratory, these microsporidis infrct other Lepideoptera. But even
though they could infect another host, microsporidin may not
necessarily cause an epizootic. How wicrosporidis sove between
species would be an important tine of intornstlional reacacch,

GENETICS

1s the gypsy moth polysorphic since thore are several knnwo
races? Controversy existg over the application af rhis ters o
certain insoct species since polymorphine, when defined lm”f"ly m
“distinct forms™ conflicts with the clagsie genetic definition of
*single gene difforence.” There in a need for a gsore arcurate
definition of terms.

There is a possibility {unconl{raed) thay some gYpsy wyth
escapees {ron Asif to the Western Unfted S@ws wire fol eradicatsl,
However, they may not be identified eanily if they éac‘f‘urAin )
numbers. The goal is tn delinnate the populat{ons in Agin Fa wrew
what differences can be {dentified. Genetic sarkers can anSwors *z:n;ﬂ
of the guestions of arigin if one 18 villir}g fop devols zru; !iﬂi‘t'w\r
money invalved. Through collaboration it in possible Eijﬁ”‘) 34
populations from & gonetic point nf view Por Oregon or otied



subpopulations of gypsy moth in the United States. It has been
suggested that no difference would be found without the use of
high-resolution genetic analysis. The techniques for this analysis
have been refined and now there is a need for samples from diverse
areas. There are problems involved in crossing different populations
of gypsy moth for control purposes. Genetic manipulation has
inherent problems and it has been suggested that this is not a viable
strategy. This is an area of research which would require a
multinational cooperative effort.



