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FOREWORD

Tussack moths constdute the maps for-
@5t pest throsughout e world Whic smdanties
noecology, bahavior, nasteral enerues, and
means of control may be samilar for different
Lymantend speocies, no previous effont hadg been
made 10 synthosize g informaton,

These proceadings resulted rom a fve-
day conference held in June 1988 at the Park
Plaza Hotel in New Haven, CT. it offerad scen.
nsts kom Canada, the Sowmt Unon, the Peo-
ple's Republie of China, Groat Brtam, Switeer-
fand, Japan, the Faderg! Repuebtic of Germany,
Denmark. Poland, the Netherlands, and the
Unitedd States the uriue spportunty H present
resoarch findings. Jugt as imponant o provded
& Torum by which to discuss roseaich issues
and ageds, clarfy terminclogy and enhi
wenations collaboraton Tho imponsnag and
timehness of the conforence wig recogrired by
the USDA Forest Pest Soences Coimpettive
Grants Frogram, which provdod funds for oo
fraying travel gxpansas for sra s foren poanc.
iparts. The International Union of Forest Re-
sparch  Organzations  UFROY  was the
machamsm tor identfying paticipants axd, to-
gether with the Mortheagtern Forest Exporimont
Station which, published these proseedings,
co-aprnsored the Conferonce.

2

The conference agenda attowed eanh
participart 4% munutes for a presertation, ol
towed By a 15-minute question and answar pur-
ad. The comements that tollowed aach prosenta.
ton were recordnd and gre presentisd as a
separate section at the end of the procoodrgs.

thost of the papers werg submitted as
cameta ready copy  Sama of the forogn du
thors renuentea that ther papers e edited for
Cand s Bas been dune

COvER

Eiligtic al propecton of the worls
showing Lymantad detnbution, by
Poul A Bogwin, UBCA Forest Service,
retired

Fach cornbator is responsbie for the acouwaty
angd styte of thg or har pager Sttements of the
cornitorg from outside the U5 Depantmerntt
of Agroulture awny ot necessanly reflect the
pohey of the Qepartnant, The gse of trade, i,
OF COrpoLInon namps i tis publication s for
the mfarmation and convesdingn of the reader
Such use dos ot Ccongtituty an ofbgal an
dorsement of appr tiy the U 8, Departimant
o Ageculiyze o the Forest Sorvc e of any prod
GO OF SArviee to o othars that may
Diz surtabie
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G BT OO 4 BRH AV TOUT A
CONSTDERAT 3

4 re31 Ao Clarke, Department of Genetlos, tversity of Liverpocl,

po.oLr. Box 1T, Liverpool L6 38X, England.

grnst Mayr wrote to me recently and told me that some years ago a
. oiatbreak of dispar tovally devastated the vegetation around his
coun By bouse in New Hampshiy Ihe massivensss of the infestation

4 peren unbellevabdle ~ he counted 25 on fthe trunk of a
cherry tree. TL was the first 'n his area for sowme
veam, and hc pulnbed out that instar Jlarvae can
1 ‘na winds lor hu*ﬁ ! When they
., &b \Jonsacemxblp dengitios, in an area free of ] and path-
v, Chey mualbiply explosively. Hizn ocutbroa k soon subsided, as a
13t of viruses, bacteria Braconld wasps., However, from this ine
sea - ioa I odraw the concl t the coly way Lo s dispar is
by ceericentrating on aress whe it 1s known to be ,mjwuc sinco geo-
grapkiical "anticipation" iz uareliable.

Loet us now considar come merhodz of atbtacxi

tio.

nl Hanlipulation of ithe

well known thot ln the US4 and Canado are no distine~
1 opaces, probably because of the foun principle, which
weani. that the original genobic ctocks were very small In number {(aee
Wood  zand Way, 19887, fn Japin on the other hanc al dird nees a
narkezad o Sterile lnversexes may Lharefore occur iy b i
¥ arsd foldactuadt (1931, 1930 de a gcia, As
resud t , attempte have beer made 1o suppre 1 rod “ i:!fz by intro-
ducirigz sterile males [Mastro =t 1G81Y,

Live or

. B, Ford and 1 thousht
unidt's crosses and
CRE . e o to an =nt
Adng Goldschmidt's most

i

Go ldama 1t iryn
teci‘wm,

s

fo Lcio and the one in the Arohi recinn of
1950, 1982, 1983 and 1684).

Tiue new techniqus
T absen
oresent in
= the males
= of Lepidoapiers

o



‘p dissecting sclssors, an

moved, and endugh tissue

Lo make one good prerara-
2

& procedura is as follows: u ;
inal proleg from the larva (Mig.2)
can b2 scraped from the inside of
on, the material being teased outbt and thinly as possiblz.
ter smputation each larva is kept separately and cotton wool applied
to the wound. The larvae recover, and there is nc geformity 1a the
perfect insect. In the adult, gut or Malp tubule cells are usec,
from freshly killed insects (see appendix for stzining techaigue).

1
or
=3
<o
2

At

In the cross female Hokkaido X male Adchi we confirmed
Coldsenmidt's finding of » big excess of males, but Table | shows that,
as judged by Smith t23bting, they were normsl nales and not transformed
females. The nmoths selected were tzken at randow, ss were the larvae,
which we usually tested in the 4tk or 5th instar, sometimes earlier.

As a control the pure races were also tested and here the overall sex
rat.io wuas near unity, and the larval 3mith testin
of the moth.

taliied with the sex
In Table  on only ona occasion {(brood 16310) was an

individual scored as positive and yet develeped into o completely male-
like insect; this was Smith negative as an adult.

We have ovccasionally
found simi

s discrepancies in teoting pure races, the 3mith test not
being entirely free {rom crror.

From our broods there scems no doubt that Goldschmidt was wrong
and that the excess of males was the result of the NHaldane (19227

effect (see apperdiix) the female embrycs or tiny larvae dying because
of genic L ce.

OQur F1 males and the two F1 les were fertile and further svi-
dence comes from the F2

¥z and back cross broods, where there was a auch
more normal cex vatio, supporting Haldnnes 'rule’. The details of these
P2 oand back eross broods are given by Clarke and Ford (1983) and in the
Lame sr the sex rablo in some reciprocal crosses showed an excess of
males, arpuing against Goldschmidn.

By

ile growth hormone as a possible suppre

or of L. dispur.

Since the dimcovery of the juvenile hormones there has been much

A is of analoguss tor use as inscct control agents,
d4o not know whather they have eoni

yod any commercial success as
eve that none of the synthetic
o ibled in chemical structure the natural
However, with fhe recent
volan plavs Cyp
SUMBArY

cerned.  But ! be

dincovery of Jjuvenile hor-
may be morce hope
paper follows:

iy iri

o

fed on the Malays

n plant

thelr

Q0% o

two quent instars. Following the

weapre abnormal compared to con-
Typleal transpositlon effects
and colour chang

remiciscent
. in oaddition, the ovaries or
cedly under-goveloped eggs com-
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Figure 1. Cells from the proleg of :
to szhow tha absaencre {male] or presen
(female) of the heteronyhknotic body.

disy




tw
o

2. Proleg of L. dispar larva.
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TABLE 1.

QUR BROODS OF THE CROSS FEMALE HOKKAIDO X MALE AICHI
(GOLDSCHMIDT'S MOST CRITICAL CROSS)

No. of adults results of Smith-teating as

Qur No. of adults results of Smith-tested larvae., (In aead larvae in-
brood Smith-tested Smith-testing prospectively formation atout the ganads
no: Offspring 48 moths ‘ of zdults 48 larvae is given where known,

16508 w5 EE 25 neg. 5 & 4 neg.

16509 33 60" 21 dY° 21 neg. 2 & 2 nex.

16516 4z dY 5 & 25 nea. 3 & 12 neg. 1 pos. ss larva

but neg. in bolh Rut and
Malpighian tubules as
adult.

§ larvae died, all neg.
{all had testes)

z g9 1 1 gt \ pos. (S i pos.
16513 1 &Y 1 & 7 nes. Q 2 larvae died, both neg.
18514 31 S 15 oy 5 neg. 2 & Z neg.

2 died ax larvae, polh neg.
¥ died as larva unscorsble.

ln addition four small
16514 larvae were killed.
All had testea and were
Smith-negative tn the calls
of the gut.

18518 18 & 13 & 13 neg. 0 2 larvae died; 2 killed
and diszected, bolh had
testes; all 4 neg.

The two females appeared normal except that they were intermediate
a3 regards colour between Aichl females (dark) and Hokkaido females
(white). One female was mated to a 8ib and the other was back-
crossed to a Hokkaido male. Both females were fertile and produced
no intersexes.
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NS
o

and tnese famalss lald no cgg

very
he demonatration
raise sorme intriguing ecolo
native habitat. Furthermore, i
species represent a valuable source of J

the leaves of L.
insects

in their

i

surposes.

Whether juvenile hormone specilic
and used as & spray I do not know, bur
expense were not excessive it might e
endegic, and it woul
addendum, p.13 and 1

¢) "Photovherapy"

synthesised
done and the
e 2 in areas whers d ar is
d have no effect on obther insect 1life. o
3

ulz be

See

Less specific at present is the work of a
University of Illinois which has devel
sects in a few seconds when they ars
is applied st night as a spray or as
the sun comes up a ¢

re
ped a pesticide t kilis in-
ed to Light, The pesticide
it for insects to eat. When
ted which converts delts

en destroys cell mem-
and die within ten
The team 12 now astenpting to provide insecticides on the
above lines which are specific for particul

less {(New Scientist, 1988).

n reaction is Ini
aminolevulinic aclid into proto-

JOrphyrin, 1
branes. The insects affected spin round, vem
seconds.,

d) Clean air and the lack of genetic

1t is first important to remembep
. TL is 2 t3 which individuals with clearly
b oqualities exist together in a freely intecrbreeding single
population, for example, the different forma of female in the mimetic
tattorily Papilio dard: v the puman Lleod groups. The definition
exclud scversl I tar types of variastion, for example rac
ation as occurs in 1. dis
[

the proper definition of poly-

ol variation

vari-
rar in Japan. This can be made clearer by
slan, Mongolian and Negroid races in Man. These
4o nol constitube a polymorphiss since when interbreeding occurs the
hybrid populations are intermediate and variable. Seassonal forms too,
28 in Aras are excluded from the definition, since all
membe t are alike, Finally, contindous veriation, as
Jn o human beight, ia example of polymorphism. Here, as in racial
differenee at work and the variation is brought about
by Lhe ¢ ‘egation taking plorce ab many locd, and
nat by . olternative forms.

cie of L. dispar,

5 conform Lo the
Gill, 1986). The lack
¢ to its undoing. For instance, 1
subdulng the pest was to

idering the Cay

G
anyh {
dalinlt o
of

nob a4 cha
Lhough some 1soz
., 1983 Bevegovay an
might &

improve the

foliation.
pellution might therefore help si
i would make Trv i

in what we Lnink

romorg congpicuous b

20

ed in Pngland in the poly-




morphic which we have surveved ab my
home for , 19853, The graph {(Fig.3)

shows how the v of the insect has greatly in-
creasad and the i at as a result of cleansr alr there has
been a new oritical level of background ligontness at which birds fail

o

to see f. typica. This form uld then rapidiy increase. In this case
the polymorphism saves the moth, bubt the lack of it could be disastrous

I'or dispar.

e} Molecular genetics (genetic engineering).
The essentis] A of this new discipline is that DNA fragments
from two di &

can be combined to produce functioning DNA
molecules. s bypassing the barriers normally imposed
by sexual To do this, cdonor DNA - for example from a
patient - or any organism - 1s incorporated with the recipient DNA of a
virus which can infect bacteria. The hybrid DNA Is thercfore inserted
into a bacterium so that replication can take place and many coples of
the hybrid DNA can be produced. Theoretically therefore it possible
to exchange a bad gene for a good one or vice varsa.

I have thought a good deal aboul applylng thic principle to eradi-
cating L. dispar, bub [ could not see daylight, and neither could
several experts whom I consulted. Tt seems that only an individusl
moth could be 'engineered' and how any damage could spread to the whole
population of the moth unless it had compensating advantages (which
would probably be undesirable) is hard to see. On the plant side, how-
ever, the genetic engineers have given the tobacco plant a pesticide
gene (Hillder el al., 1987) bul this is oon=-s An important new
angle ils sct ont in the addendum, p.13 and 14.
£ Hybrid dys, nesis.{Eggleston & Kearszey 1980; Bregliono et al,1980)

This might be thought of as a naturally ocourring example of
genetic engineering. It was much werithten about a few years agd and conw-
cerncd Drosophila. When strains decived from wild males are crossed
with long-cstablished laboratory female flies, dysgenic (i.e. undesir-
able) traits occurred, e.g. cnhanced mutation rates, chromosome aber-
ration, distortad segregalion and sterility. The rmechanisam appears to
involve an interaction between the paternal genome and the maternal
cytoplasm, and results in genes changing places - “transposable ele-
ments',

Hybrid dysgenesis sounds most promising in relation to dispar, but
as far as T can make out 1t has never got further than the [ruit N
and ever there less 1s heard of it than formesrly. Hovertheless, it is
vorth remembering as there may be new developments.

gl Inbreeding.

This is often suggested without much thought having been given to
it. Consanguineous matings certainly lead to the appearance of dele-
terious genes in double dose, buf the argument can de turned s0 Lhat if
the population is big enough the deleterious traits are got rid of and
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> gpecies prospers. The Japanese nation is the best example of thi
in modern times! Alsc, in dispar [ cannot see how In practice one
could sneourage inbreeding.

hy An attack via phercomones.

We have some observations here on the genus QOrgyia. In England
or Japanese 0. thyeliina females assembled 0. antiqua males to a far
greater numbsr than did antigua Temales (Clarke 1979) - previously we
only knew that we had b onal antigua in our locality. =3

embles the

2

er 4

an
. recens and antliqua ly Logebher but nel
of pavticular interest is the fast that thyelld

0. recens (Greenberg ot al., 1582). Lastly, on the (reat Wall o
I could aot assemble any species of Orgyia using thyelline remale

virging that I had brought with me as pupas from UK. Howsver I found,

adjacent vo the Wall, a full-grown Vapourcr-like caterpillar which pro-
ducad (in China) a wingless female which locked very like antigua, but

no males wers attracted to it.

These results are puzzling, remembering that it astated that all
spacies in the genus Orgyla have similar pheromones, bul whether
measured by electroantennograms or by chemical means I am not certalin.

monacha (see Leonard,
thyellina and sntiqua?

Conclusi {see alzo addendum, p.13 and 14}

My view iz thal the hest waoy o deal with dispar is to alter the

moth's natural surroundings rather than employ ever nore elaborate

esticides which may cause other biological damsge and le anv cas
engender antagonism. Although never a pest in Bngland, in 1820 dispor
was gulte abundant in some of tne Fens and also in the Norfolk Broads.
However, Richard South, writing in 1867, states that somewhere about
tne fourth decade the species began to decrease in numbers and towards
the end of the fties it had practically ceasecd Lo exict as a wildling.
What was the reason for its fallure to survive in some of its former
localities which still seemed suitable? Ford (1955) thinks there are
two main reasons; one is bnat the arsa they could inhabit would be =
minute fraction of that of the past, and small populations are in great
danger if subject to fluctuation ln numbers. The othar was Lhat Lhe
drainage of the Fens must have had a great effsct on the areas that
emained causing local climabtic changes, so thatb and now prob-
ably drier in winter, hotter in summer, and less rjeet to wist than
1t was a century ago. Land reclamation has also caused an alteration
in the bird population, concentrating the true Fenland bird spoeies
into very small areas and causing those normally found along hedgerows
and in agricultural land to colonise the Fens, so adding to the hazards
experienced by the insects which inhabit them. Such changes may well
prove fatal to species which are rather accurately adjusted to thiz
specialised environment.




SUMMARY

The use of sterlle males to upset the mating habits of L. dispar
is discussad and evidence produced to show that the "Goldschmidt
phenomencn iz untrue; in his most critical cross the sxeess males ars
fertile and the result of the laldane effect, nobt intersexuality.

This was discovered by sexing the moth In its early stages and stalning
for the heteropyknotie body which (s present in female cells but not In
e of the wale, The larva iz undamaged by this technique.

ar zeugsed, among them
the use of juvenile hormone, which weild have possibilities if it could
be made specific. Inbreeding is dismissed 2g impracticable, but the
lack of a phenotypic polymorphism in the species might be exploited by
raducing atmospheric pollution and thus rendering all male dispar more
visible on tree trunks, as well as improving the nutrition of the
trees. A comparison with the polymorphic Biston betularia in UK is
made.

Other means of controlling L. dispar
e of

In g

neral the author feels that natural means rather than the
widespread use of pesticides should be used to control the moth, since
sudden geographilcal spr

i is diffleult or impossible to anticipate.
If zpecific measures are used they should be employed in areas wherse
the species s endemic and not necessarily a past. See also addendum
:nd 14 and for

on pages 13

swohope in o«

APPENDIX

sLlCc engiu

nitions, and staining techulgue.

These are predisposed Lo by crossing races or specles,
that an insect develops [{or a time one sax and then
other, though the chromosomal sex remains that of the

e. TIf the change takes place early enough iLn development,
2 t formation of the gonads, the whole 1 't appears to be
sexually converted, whereas 1f it ccecurs later only those structures
formed during the end of developwent, e.g. the wings, will be affected.

"rie: laldane (3922) stated that ‘when in the F1 of a
O races one gex absent., rare or
sterorygous sex'.  The rule holds well
there iz an upset in the sex ratlo,
ot of 2 marked deliclenzy of the
nevertheless, ! females do sion-

-

Haldane's explanstion of e deficlency of females in the F1 was
Lhat $u ’

of genlce imbalance either between the X and the

T oehre woeen Lhe o and the sex chromozomes or 2
3 Thus there wi be an interme te between
ronple 5 for ch race (or species) of a

erio

nalance is net impalred,
good but only for the




autosomes, The single X in the Femalc is aligned with the Y, buf part
of the ¥ is non-pairing and Iin this section the genes are non-allelic
with those on the X, and selection may cause them to be different in
the two races. The normal XY balance may therefore be upset and it is
assumed that this has pathological effects in the lemale.

1 hybrids may. like intersexes, be sterile, but they are often
normally fertile or may have nybrid vigour. Thus they differ from
intersexes.

The sex chromatin staining technique: The cells are not fixed
before staining. Two drops of 2% orcein in 45% acebic acid are placed
over the tissue and a coverslip added. A4After 10 to 1% minutes the
coverslip is Ffirmly pressed to make a ‘'squash' preparation, The
'3mith’ body, when present, can be clsarly seen under a X 40 objective,
as well as under a X 90 (oil immersion) (see Cross and Gill, 1979).
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ADDENDUM

Since writing this paper I have come across two other picces
of information which I think are worth mentioning.

A) Juveni

le normone and the gypsy moth (see

Professor R.P. Dales, Professor of Zoology at the Royal
Helloway and Bedford New College, University of London, asked the
entomns Lo in his Department, Dr. Peter Credland, for hi
He did so as follows:s

1S views.

"Juvenile hormone {(JH) is a texm pow used to include a
number of native compounds found in insects. At least three forms
are known to ocour, sometimes in combination, in different gpecies.
There are also a number of factors with JH-like actlivity which have
been isolated from plants, the first being the 'paper factor!
discovered by Slama in Canadian firx balsam in 1961. There is a
rapidly increasing number of synthetic analogies of which
methoprene has been registered for seveval uscs, notably the control
of some dintorous pests.

The major problem with the use of JH analogues is that they
are all fairly unstable and degrade rapldly under fleld conditions.
Since their action is effective only at certain critical stages in
the 1ife histories of their targets, application times are most
important. Therefore for species with several generations in
cach year and imperfoct synchrony in life histari thay are
expensive dDoth in financial and in ‘time' torms.

Chitin synthesis inhibitors are sometimes more stable and
diflubenzuron has been reglstered for gypsy moth control purposes.
Thesae compounds arce not hormones or their analogues but disrupt
the deposition of cuticle following and during a moult, As such,
they are known, with JH and its analogues, as Insect Growth
Regulators (IGRs).

Por what it may be worth, L do not e thn current generation
of JH analogues as serious contenders for the gypsy moth control
programme. Compounds with greater stability ave required but then,
of course, effects on non-target insect specles become a potential
difficulty. "

B) Gonetic oengineering {sez p.7)

=

In the British Medical Journal of the 18th June 1988 there
was a leader entitled "Release of genetically alteved viruses into
the enwiromment", by D.H.L. Bishop, Professor of Virology in the
Institute of Virology in Oxford. In it he refers to an earlier
paper [(Bishop 1986) describing how a baculovirus (baculus = rod},
Autographia californica, well known for producing nuclear polyhedrosis
in caterpillars, can be modified by genetic engineering to become




fic, by adding, replacing or deleting &
particular sequence of genetic information, For example, an insect
hormone gene can be inserted into the geretic make-up of the virus
so that early during a caterpillar infection the pest beco
physiologically deregulated, causing it to stop eating. Baculo-
viruses are good subiects for genetic engineering as they can be
restricted in their host rang to particular insect species and
do not infect or affect other invertebrates, plants or vertebrates.

more efficlent and spec

Dr P. Entwistle, who is & colleague of Professor Bishop
and who is a participant in this symposium, can give more detalls
and tell us whether or not this particular form of genetic
enginsering has been used in the control of L, dispar. [t sounds
a promising treatment for endemic areas. -

BISHOP, D.H.L, 1986. "UK release of a genetically marked virus”.
Nature, {(Lond.) 323, 49¢.

PBISHOP, D,H.L., 1988 "Release of genetically altered viruses into
the environment™, Brit. Med. J., 296, 1685-1686, 18th June.
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MITOCHONDRIAL DNA AS A TRACER OF GYPSY
MOTH ORIGINS

Richard G. Harrison and Thomas M. ODell, Section of Ecology and Systematics,
Corson Hall, Comell University, Ithaca, NY 14853 and USDA Forest Service,
Northeastern Forest Experiment Station, 51 Mill Pond Road, Hamden, CT 06514

INTRODUCTION

The dynamics of gypsy moth populations have been a subject of considerable
interest to entomologists, primarily because of the perioadic outbreaks of this serious
forest pest. A variety of empirical and theoretical approaches have been used in an
attempt to elucidate the factors responsible for the dramatic changes in population
density. In contrast, relatively little attention has been focused on patterns of genetic
variation within gypsy moth populations and on the genetic consequences of
population fluctuations. Furthermore, despite intense interest in the moth not only in
North America, but also in Europe and Asia, there has been remarkably little effort
devoted 1o documenting genetic variation among gypsy moth populations and to
deciphering its recent evolutionary history, Here we discuss the use of
mitochondrial DNA (mtDNA) as a genetic marker for gypsy moth - its atility as a tool
for documenting patterns of genetic relatedniess among populations worldwide and
for studying local population outbreaks. We focus attention on two issues: (1) Can
mtDINA comparisons provide information on the source of the North American
introcluction, relationships of European and Asian moths, and patterns of geographic
variation within east Asia? (2) Can mtDNA be used as a genetic marker within North
America to distinguish among persistent low density populations and to provide a
tracer of the origins of outbreaks?

Goldschmdt (1934) suggested that the origins of the genus Lymantria were in
southeast Asia and that this was also the original home of the gypsy moth, Lymaniria
dispar is now found across central Asia, throughout Europe and in North Africa
(Giese and Schneider 1979), Its presence in the United States is clearly a result of an
accidental introduction in 1869 (Forbush and Fernald 1896). Goldschmidt (1934)
documented patierns of geographic variation, using a variety of morphological and
life history characters. He argued that the gypsy moth is extremely variable in Japan
and eastern Asia, but relatively homogeneous throughtout much of the rest of its
range. Such a pattern of variation is consistent with east Asian origins and with a
relatively recent spread of the moth across Eurasia. However, characters examined
by Goldschmidt and others (Pintereau 1980) do not vary concordantly, and patterns
of morphologicat and developmental variation may reflect local adaptation (rather than
common ancestry). Moreover, Goldschmidt's interpretation of his data on
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intersexuality (which served zs an imporiant component in his classification of
“races” of gypsy moths) has recently been chaltenged (Clarke and Ford 1980, 1982).
Clearly, more reliable genetic markers are needed to document patterns of genetic
relationships and to resolve the evolutionary history of the gypsy moth.

Allozyme data (Hamison et al. 1983) revealed significant differences in
frequencies between a Japanese population and populations across Europe. European
populations have lower levels of genetic variation and are relatively homogencous
across a broad geographic area. The allozyme data also suggest that Furopean
populations may be derived relatively recendy from an east Asian ancesior. North
American populations exhibit virtually no allozyme variation (observed
heterozygosities ranged from 0,000 to 0.008), presumably a consequence of the
severe population bottleneck that accorpanied the introduction, )

According to records of gypsy moth population outbreaks, which span seyeral
decades in New England, certain discrete (2-10 ha in arca) forest sites are historically
"first to be defoliated" (Bess et al. 1947; Houston and Valentine 19773 These sites
have 4 reputation for always having detectable gypsy moth populations. It has been
hypothesized that gypsy moths disperse from these susceptible forests, which serve
as reservoirs from which ares-wide outbreaks emanate when abiotic or biotic
conditions change in adjacent stands, If these susceptible/focal sites are the sources
for periodic outbreaks and if genetic markers can be found that distinguish among
populations from these sites, such markers could be nsed to irace the origin and
spread of outbreaks.

Methods for assessing DNA sequence similarity or difference have recently
become important tools in population and evolutionary biology. Sequence variation
provides reliable markers for distinguishing populations and species, and sequence
comparisons can be used for estimating genctic relationships and inferring
evolutionary history. Dat on DNA variation in natral populations have come
principally from comparisons of restriction endonuclease fragmoent patterns and site
maps. Restriction endonucleases are enzymes that cleave double-stranded DNA at
specific recognition sequences. Digeston of a leagth of DNA with a restriction
enzyme yields a series of fragments, the sumber and sizes of which will vary )
depending on where within the DNA the recognition sequence occurs. Differences in
fragment patierns following digestion of homologous sequences from two or more
individuals roust reflect DNA sequence divergence. Therefore, fragment puttern
differences can conveniently serve as markers of genetivally distinet lineages.
Moreover, comparisons of msiriction fragment patteras or restriction site maps can b
used o derive measures of genetic distance among individuals o popularions and can
provide data sets approprizie for phylogenetic analysis.

We have used comparisons of restriction fragment patterns and site maaps to
examine sequence variation of gypsy moth mitochondrial DNAL MUDNA has a
aumber of properties thur make it particularly attractive as a genetic marker in
population and evolutionary biclogy (Avise 1986; Avise et al. 1987; Moritz ot ul.
FORT). First, it s relatively casy to isolate and purify. Sccond. there s no ambiguity
about the hamology of the sequences being compared. Thicd, mtDNA s a small
DNA molecule (15-30 kilobuses), a size convenient for restriction site qupping.
Fourth, mDNA 1 maternally inheriied and therefore provides direct information
about satriarelal gencalogies. This property makes muDNA especially useful in
tracing patterns of colonization. Fifth, there is no recombination betwees miDNA
milecutes, so that a sceries of resiriction site differences form a completely linked set.
This provides exceptionally high resolution for discriminating common ancestry (e.g.
in identifying the source of a colimization event or an introduction),
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MATERIALS AND METHODS

Gypsy moths were collected from a series of sites in eastern North America
(Table 1). Four of these sites (ONT, MA, CT, PA) were selected to provide
individuals from geographically diverse populations. The other three North American
sites (VT1, VT2, RI) are localities that have been identified as possible "focal sites”
by Houston and Valentine (1977). Moths from Japan and France were collected by
personnel at the USDA Agricultural Research Service's Asian and European Parasite
Laboratories, respectively, and shipped as pupae to the USDA Forest Service
Laboratory in Hamden, CT. Adults were frozen as they emerged and have been
stored at -80° since that time. These samples correspond to the France-2 and Japan
populations for which we have published data on allozyme variation (Harrison et al.
1983). Gypsy moths from China were brought back by one of us (TMO) following
visits to China in 1983 and 1987. Again, adults from each of these collections were
frozen as they emerged.

Table 1. Geographic origins of samples used for nuDNA analyses.

Region/Population nl

NORTH AMERICA (NA)
Ontario (ONT)
Vermont 1 (VT'1)
Vermont 2 (VT2)
Massachusetts (MA)
Rhode Island (RY)
Connecticut (CT)
Pennsylvania (PA)

FRANCE (FR)
Provence 6

NN

CHINA (CH)
Heilongjiang Province (CH1)
Beijing (CH2)

E=N

2

JAPAN (JN)
Hokkaido 53

1 nis the number of individuals for which
mtDNA data are available.

For a majority of the collections, total DNA was prepared from individual
frozen moths following standard procedures (¢.g. sec Harrison et al. 1987). For the



three "focal sites”, isofemale lines (lines derived from single fen*_aales) were re@rcd and
pure mDNA prepared from eggs taken from female progeny. Since mtDNA is
maternally inherited (Avise 1986; Wilson et al, 1983), all progeny of a single female
will have identical mtDNA genotypes. In addition, we prepared pure miDNA from
eggs of females from a standard laboratory strain (NJSS - Forest Service, see ODell
et al. 1985). Details of procedures for preparing pure mtDNA from gypsy moth eggs
will be described elsewhere.

In order to characterize variation in mtDNA restriction f{ag}“ncm patterns, total
DNA from each individual was digested with an array of reswiction enzymes. The
resulting fragments were separated on 0.7% agarose gels, ransferred to nitrocellulose
filters or nylon membranes and hybridized with a 32P-Iabclcd pure'm'tDNA probe
{for details of this whole genome Southern blot technique see Maniatis et al. 1982).
Fragment patterns were visualized by autoradiography, and fragment sizes estimated
by comparison with a series of known standards.

Having characterized restriction fragment patterns, we proceeded to construct
Testriction site maps for each of the observed mtDNA genotypes. Maps were
constructed using information obtained from double-digests (Maniatis et al. 1982).
The restriction site maps (which will be presented elsewhere) enabled us to estimate
the proportion of restiction sites shared between different mtDNA genotypes and to
estimate the percent nucleotide difference between these genotypes.

The techniques described above are suitable for analysis of restriction fragment
patterns produced by cutting the mtDNA molecule into relatively few large fragments.
In order to obtain higher resolution, it is necessary to use restriction enzymes that cut
the mtDNA molecule into many (small) fragments. By so doing, we are able to
examine a much larger number of fragments (sites) and thercfore assay a much larger
proportion of the mtDNA genome. Pure mtDNA from the isofemale lines derived
from moths collected at VT1, VT2 and RI was di gested with enzymes that cut gypsy
moth mDNA many times, i.e. enzymes that have recognition sequences that occur
many times within the miDNA molecule. Following digestion, the resulting
fragments were end-labelad, using 32p abeled nucleotides (ANTPs) and the K}J(;now
fragment of E. coli DNA polymerase. Labeled fragments were separated on 5% or
7% acrylamide gels and visualized by autoradiography. Note that this approach
requires preparation of pure mtINA from each individual or isofemak_: Iine and will
not work on 1otal DNA preparations. Pure miDNA is difficult to obtain from frozen

materia!, and therefore, we did not attempt 1o use this approach on material obtained
from abroad.

RESULTS

Using the whole genome Southern blot technique, we characterized mtDNA
fragment panerns for moths from North America (ONT, MA, CT, PA), France (FR),
China (CT11 and CH2) and Japan (N}, Qur survey included fificen different
sesiction enzymes, cach of which produced 1-5 fragments. For most enzymes, the
survey included 26 moths (at least two individuals from each sitc - see Table 1}, but
due 1o panial digestion and/or weak hybridization, data are missing for some
individuals for six of the enzymes. However, we have characterized fragment

pattemns for the entire set of enzymes for individuals from each of the four major
collecting areas (NA, FR, CH, IN). Furthery

) ; more, we have mapped all restriction
sites for the ffteen enzymes - 2 1ota) of 3044 sites for each composite miDNA
genotype.
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Except for a single restriction sitc polymorphism in the CH1 population, we
found no variation in mDNA composite genotype within any of the populations or
even within any of the four major areas. The observed polymorphism involved the
absence of a single Mspl restriction site in one moth.

Although separated by 1000 km, the two Chinese populations had identical
miDNA genotypes. They shared 39 restriction sites, with no unique sites found in
¢ither population. The mtDNA genotypes of North American moths were identical to
those of moths coliected in south France; these moths had 44 restriction sites in
common.

Despite the remarkable homogeneity within populations and regions, miDNA
genotypes of moths from different regions exhibit substantial amounts of divergence.
In all of our samples (ignoring the single polymorphic site in the CHI populations),
we observed only three composite miDNA genotypes - one characteristic of both
North American moths and the single French population, a second characteristic of
the Chinese populations, and a third found in Hokkaido, Japan. The NA/FR
genotype differs from the CH genotype by nine restiction site gains or losses and
from the JN genotype by eleven site changes (Table 2). The two Asian genotypes
differ in the presence/absence of fourteen restriction sites, i.e. they are more different
from each other than either is from the NA/FR genotype. The number of restriction
sites shared between mtDNA genotypes (and the total number mapped for each
genotype) are summarized in Table 2.

Table 2. Number of mtDNA restriction sites mapped for each population or region
(on the diagonal) and number of restriction sites shared between pairs of populations

NA FR CH!I CH2 JN

North America 44 44 37 37 36
France 44 37 37 36
China 1 39 39 32
China 2 39 32
Japan 39

We used the method of Nei and Tajima (1983) to estimate genetic distances
among the three genotypes - in terms of the percent nucleotide difference (Table 3).
Nucleotide sequence divergence between gypsy moth mtDNA genotypes ranges from
2.1-3.6%. If gypsy moth nmitDNA sequences arc evolving at about the same rate as
those in vertebrates, the differences among the three genotypes reflect divergence
times of 1-2 million years (the rate of mDNA sequence divergence between lineages
is generally estimated to be 2-4% per million years in vertebrates- see Brown 1985,
Wilson et al. 1985).



Table 3. Estimates of the percent nucleotide sequence divergence between gypsy
moth mitochondrial genotypes.

NA FR CH N

North America 0.0 00 21 26
France 00 21 2.6
China 0.0 36
Japan 0.0

If useful genetic markers are to be found within North American gypsy moth
populations, we clearly must resort to higher resolution techniques. That is, we must
assay a larger proportion of the mtDNA genome, We have recently initiated a survey
using restriction enzymes that cut gypsy moth mtDNA into many (40-60) fragments.
Gel banding patteras of such complexity are difficult to interpret, but our intitial goal
is simply to discover whether any mtDNA polymorphism exists within North
America and whether individual morphs are unique to specific localities. The
preliminary data involve comparisons of moths from three “focal sites” within New
England - two sites in Vermont (VT and VT2) and one in Rhode Island (RI). There
are clearly polymorphisms, i.e. differences in gel banding patterns. At this point,
however, we have not discovered any restriction fragment patierns that are
charactenistic of only one site.

DISCUSSION

Mitochondrial DNA composite genotypes, defined by the presence and absence
of restriction endonuciease recognition sites, provide high resolution markers which
clearly define matomal lineages. The utility of mtDNA as a marker in both inter and
ointspecific vomparisons has been clearly demonstrated for a variety of animal
spreics (Avise et ul 1987; Moritz et al 1987). Our preliminary data on mtDNA
pematipes ia warldwide gypsy moth populations indicate that this molecule will be of
ceﬁnsu}cmh!g value as 4 tracer of gvpsy moth origins.

The existing nuDNA diversity within North American gypsy moth populations
35 & Funcuon of the ariginal diversity of genotypes that escaped in Medford,

Bselis i 1864, Becanse miDNA s both maternally inberited and effectively
apl i‘fi’” sHivetive population size for mtINA is only ofie-fourth that for nuclear
fonw matkess, Henee milINA genotype diversity is pa ticularly sensitive to
e ipix’;t{m i 'm"f”“”‘i std Tovnder events. I more than one mtDNA genotype were

sent nrodiely after the smyoduction, the chance extinetion of certain matermal

Y bave led 10 3 subsequent decrease in diversi ty. This would be opposed

ﬁivw s ;;Z:;;Q;;&icm due to zhg* accumalation of mutations in L. dispar
ol fGE 120 years sinee the intraduction. The v
PN ity s he extremely low level of

’ thin North Americs ™ iong )
2t the 1o ! meriean gypsy moth populations suggests
that the urigingl fougr et event involved ve, e (g)ﬂls Y pop EE

H“mm " ‘;”f abisence of nDNA resriction site differences between moths
Fremh o ’ ol Sueneriva mu} xi;cx}ig; colieered in France (Provence) su ggests that
Atiation within N xhibit very low levels of variation (in which case the
s Nerth American populations also refects the absence of

P PRLEEIOn; tay slo o
LS S {
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variation in the source population). It is thought that French moths were the source
of the North American introduction (Forbush and Fernald 1896; Burgess 1944), but
the exact site from which they came is not known. If significant miDNA variability is
present within French populations, then we have forwitously sampled a population
that has 2 mtDNA genotype identical to that introduced into North America. 1t seems
far more likely that French populations of L. dispar represent a single miDNA
genotype (with respect to the restriction sites that we have mapped). If true, this
would suggest that French (and perhaps all European) gypsy moths are relatively
recent arrivals or that recent population bottlenecks have reduced mtDNA diversity.
Data from other characters (e.g. morphology and development (Goldschmidt 1934),
allozymes (Harrison et al. 1983)) also suggest homogeneity of gypsy moth
populations across Europe. Indeed, Goldschmidt (1934) went so far as 1o say that
across much of Eurasia the gypsy moth "behaved practically as a unit”. We find
significant differences in mtDNA genotype between French and Chinese populations,
bgz)r{;c differences between two Chinese popularions that are separated by at least

1 km.

Although Goldschmidt (1934) argues for an east Asian origin of the gypsy
moth, there is little direct evidence for deciphering the evolutionary history of this
important insect pest. Our data suggest that miDNA may be a good marker for
tracing the Asian origins of European (and North American) gypsy moth populations.
The marked differences among the French, Chinese and Japanese mtDNA genotypes
reflect a relatively ancient divergence. It is probable that several (many) other distinct
genotypes will be found upon further sampling of Asian moths. It is possible that a
genotype very similar to that found in Europe and North America may be present in
cast Asia. Given that mtDNA is a set of completely linked markers, it provides
excellent discrimination between common ancestry and convergence and will allow us
to trace phylogeographic patterns with considerable confidence. With only three
distinct genotypes, we cannot yet draw any conclusions about the population
phylogeny of the gypsy moth. Based on mtDNA comparisons, French moths are
more similar to Chinese moths than they are to those collected in Hokkaido, but the
differences in genetic distance are not signficant. The observed divergence between
French and Japanese gypsy moths is consistent with carlier obscrvations based on
allozymes (Harrison et al. 1983).

Obviously, additional sampling of east Asian populations should be a high
priority. Recently, we have discovered that satisfactory total DNA preparations can
be made from ethanol preserved specimens. This may allow us to circumvent the
obvious problems associated with importing live Asian material into North America.

One advantage of the approach we are taking is that it allows us to gain a very
high level of resolution in distinguishing lineages. Our ongoing studies of mtDNA
variation in North American gypsy moth populations have not yet provided any
markers that distinguish among the sites we have sampled. However, we can clearly
identify mtDNA restriction fragment pattern variants within populations. At this point
we are not sure whether these reflect variation in presence/absence of testriction sites
or size variation of the gypsy moth mtDNA (i.e. small insertions or deletions). In
cither case, these mtDNA variants may prove useful either in continuing atternpts 10
document the genetic structure of North American populations or in release
experiments in which it is important to have a presumably neutral genetic marker.
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SUMMARY

Wehave initiated a study of mitochondrial DNA restriction site variation within
and among gypsy moth populations from North America, Europe and Asla. MIDNA
i an excellent marker for determining the history of colonization and introduction.

Ine objective (s 1o use mIDNA comparisons to decipher the recent evol utionary

oty of the gypsy moth. For the small set of populations sampled to date, we find
yrestriction site differences between North American and French moths (and no
vartation within North America for the 44 mapped sites). However, there are many
saie dhifferences between these moths and those from Ching and Japan and even
greater differences between the two Asian localities. These results suggesta
relatively uncient divergence among existing gypsy moth lineages. The approach
used here would seem to hold great promise for determining the source of European
populations. Additional sampling of cast Asian populations is a high priority. Qur
secend abjective is to develop high resolution technigues that will provide us with
milINA murkers within North America for tracing the origin of local outbreaks and
perhaps for use 1n sterile male releases.
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SUMMARY

Progress in the current program to develop the sterile insect
technique for control of gypsy moth, Lymantria dispar L., is
reviewed, The discussion includes a synopsis of radiation biology
studies, competitiveness evaluation of sterile adults, and field
testing of three application techniques. A field test involving
the release of fully sterile male gypsy moths was successful in
eradicating an isolated population, but labor demands were high and
execution was logistically difficult, Releases of partially
sterile males in another isolated population was equally
successful in that their F) progeny were observed the year after
release and eradication was achieved. But again, this approach was
logistically and economically costly. The current method of
releasing F| eggs (progeny of irradiated males and normal females)
is described. These egg masses can be produced and stockpiled in
the laboratory in large numbers, Release of Fy egg masses prior to
native egg eclosion establishes a population of sterile insects
that ultimately mate with the native population, imparting a
suppressive effect. Treatment of a sparse, isolated infestation
using this technique resulted in population eradication and other
results indicate promise for use in control of low density,
isolated populations. Problems associated with estimating native
population densities, determining the impact of treatment, and
evaluation of competitiveness of immature and adult stages are
discussed.



INTRODUCTION

Investigations into the use of the sterile insect technigue
(31T) for gypsy moth, Lymantria dispar, control were initiated over
thirty years ago (Godwin et al,, 1964), Godwin's work and studies
by other investipators using gamma radiation and chemosterilants to
induce gterility were reviewed by Mastro et al., (1981). Although
this early work laid the basis for establishing the radiation
binlogy of the nypsy moth and resulted in some early field trials,
there were practical barriers to the successful demonstration of
SIT as a control technique. Some technological problems that
prevented progress in this approach included lack of: 1) adequate
rearing techniques, 2) evaluation criteria and techniques for
mmasuring insect competitiveness and 3) techniques for monitoring
densities of wild populations and the subsequent impact of a
sterile insect release,

llowever, even 1f the technical problems confronting
development of the SIT were overcome, the inconsistent management
policies and objectives that have persisted almost since the gypsy
moth's introduction into North America (Dunlap, 1980; McManus &
“elntyre 1981; Ravlin et al., 1987) may have proven a greater
barrier. In the 1960's and 1970's, no overall management strategy
prevafled within the area generally infested by the gypsy moth.
U jectives of manngement programs ranged from prevention of
defoliation, abatement of auisance, protection of esthetices,
proteceion of high value timber and watershed protection to no
artinn when defoliation threatened. Control programs tended to be
defensive nnd were reactiona to ostbreak or near vutbreak insect
iw;sul/atim den{%itiﬂi, Use of the sterile insect technique would
have !.‘:gm € Little practical value in this type of reactionary
'@iijﬁfittﬁﬂn- Becanse of the inherent density~dependency of the
T Redque, L1 would not be practical or economical to rear sterile
’zf::‘:fm_}“ Large encugh nunbers to overflood these types of
:L‘;)Séivﬂg repulations,  Howover, techniques such as SIT can
thesretically be used in arca-wide IPM programs where the emphasis

in m; opulation maintenance ar densities well below defoliating
torwe e

Banpie 3
St YAy atan o T areds {ntraductions of the gypsy moth
14 w,aig;&‘ € b ﬂid‘z\’!,;m’f*ﬂf, af ';jiz‘r‘:lf}né»:‘f’i‘; Jny "}{:egte“j area, largeiy’
TEng ey Trparineny n ﬁﬁrlcQ;ES?’dnd&?hoxu art§CIGs' e nited
bon Feraren, hEELC "{f' Anlmﬂ}‘and {l&nt Health
SUe s oconparation with individual state
& Aoy and Hetect fon
#oivlstions (Ravlin ©y
“mzxszf'”*f ?ﬂpnlati§ns has heen clear: to eradicate
o %ﬂ:uivé;{§3i¥ 4% ﬁ?&ﬁlhg?” In the past, these eradication
ae L0t roduea §“g;;1mijppkff”tigﬂ§ of cﬁemjcal insecticides,
wxtod arom sud ux‘ﬁ?ﬁ are icolated from the generally
whre Lt e, ?3fﬂ~}§ detocted when they are sparse and of
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the public's increasing resistance to broadcast insecticide
applications in residential areas where, because of the mode of
transport, these infestations are usually deteccted.

The area generally infested by the gypsy moth is also
increasing through natural spread, Along this expanding edge, no
uniform management strategy prevails, Currently, there is an
ongoing dialogue about the feasibility of containmer. or a slowing
of the rate of natural spread of gypsy moth. A stated objective of
the Appalachian Integrated Pest Management (AIPM) Project, a large
demonstration program along a portion of the leading edge, is to
"minimize the spread and adverse effects of the gypsy moth within
the project area”. This objective implies treatment of newly
established and numerically sparse populations along the expanding
edge of the currently infested area. Theoretically, this is an
ideal place for the application of SIT, when applied in combination
with other management tools, If populations are carefully
monitored in an IPM program, intervention measures could be
initiated when populations are sufficiently sparse for sterile
release to be biologically and economically feasible.

How the SIT will ultimately fit into the varied management
strategies for gypsy moth is the subject of much discussion. If
the strategy involves suppression or eradication of sparse
populations, then the potential for use of SIT is promising. The
challenges are greater to develop the technology for management of
large infested areas in the Eastern States. Reevaluation of the
SIT technique for gypsy moth control was undertaken in 1977 because
of developments in mass rearing techniques (Bell et al,, 1981), a
broader understanding of the insect's biology and behavior, and the
recognized need for alternatives to chemical contrel.

EVALUATION OF CLASSIC STERILE INSECT TECHNIQUE

Our initial approach evaluated the use of the sterile insect
technique in the "classical" way: large numbers of fully sterile
adult insects are released to "overflood” a wild population. In
this approach, as the overflooding ratio of sterile:fertile (wild)
insects increases, the probability of successful mating between
wild adults decreases, which results in population suppression.
The first major success using this technique was a small
eradication trial for the screwworm fly, Cochliomyia hominivorax
(Coquerel), over thirty years ago (Baumhover et al., 1955). Since
that time, the technique has been successfully applied to a number
of pest species. Perhaps the most widely known are extensive
programs for the control of the Mediterranean fruit fly, Ceratitis
capitata (Wiedemann) (Patton, 1982; Rode, 1970; Steiner et al.,
1962).

Initially, we investigated the radiation biology of the gypsy
moth and the competitiveness of laboratory reared males.
Irradiation studies demonstrated that near total sterility was
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induced when males were exposed to 15 krads of gamma radiation
(Cobalt 60) as pupae or adults, and somatic damage was minimized
when pupae were treated 8 days or more after pupation, Evaluation
of laboratory reared male moths (irradiated and wntreated)
indicated that they were competitive with their wild counterparts.
Laboratory and field tests evaluated male longevity, flight
behavior, pheromone response, mating periodicity and ?requency and
other competitive indices. Table 1 summarizes competitiveness

traits examined (see Lance et al,, 1988; Mastro, 1980; Waldevogel
et al,, 1982).

Table 1. Behavioral traits examined for competitiveness

comparisons of adult male gypsy moths.
Field comparisons using mark-release-recapture techniques

Pupal eclosion periodicity

Adult dispersal periodicity

Response to pheromone sources and periodicity of
response

Response to pheromone sources as a function of male age

Horizontal and vertical distribution in the forest
canopy

Field cage comparisons

Frequency of msting of males of various ages
Periodicity of mating
Length of mating

Laboratory comparisons

Responge to pheromone (flight tunnel)
Periodicity of activity {actograph)
Propensity to £ly (actograph)

Pilot Test of Sterile Insect Technigue

Tn 1980, an inolated population in Berriem Co., Michigan, was
melected for a tield ovaloation of the impact of release of sterile
males, Males were frradiated (15 k) as pupae 8-11 days after the
pupal ecdysts, To facilitete release, pupal releasc containers
ware positioned systemstically throuphout the infested area on &
S grid in comsideration of the relatively short dispersal

dtavgaces of male gypsy motha (Elkinton & Carde, 1980; Schwalbe,
3 Schwnlbe & Paszek, 1978),

Male loss from a population is
eaptd (Mastro & ODell, unpublished) and one or twp-day old males
comprise the lergest proportion of a male population which is

actively mating. To maintain high overflooding rates tlronghout
w wild Elight prriod, sterite male pupse were placed at the
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release gites daily, Released sterile males were internally marked
with calco oil red dye. Sterile:fertile overflooding ratios were
carefully monitored by examining the abdomen of males recovered at
pheromone-baited traps for presence of dye. In addition, females
were placed daily throughout the release area to monitor mating
success., Egg masses produced by monitor femsles were evaluated for
hatch to determine the type of male parent (sterile male matings
resulted in no hatch). After three years of sterile male release,
the native population was eradicated. Based on analysis of the
observed sterile:fertile overflooding ratios, the native
population was reduced in a systematic and predictable manner
(Table 2). Released sterile males appeared to be highly
competitive with the target population.

Table 2. Results of treating an isolated gypsy moth population in
Berrien County, Michigan, with sterilel/ male sypsy

moths.
Obgerved sterile:fertile
ratius
No. of No. of
sterile males wild males Trappingz/ Female
Year released/day trapped method = mating ratios
1979 0 90 - -
1980 10,000 274 14.4:1 5.9:1
1981 10,000 50 128.6:1 29,.8:1
1982 6,000 1 5842:1 287:0
1983-86 o] 0 - -

Males irradiated as 8-12 day-old pupae with 15 krads.

Mean male trapping ratios were computed from daily ratios of
sterile and fertile males captured in traps during peak native
flight - 1979 (7/31-8/11), 1980 (8/1-8/10) and 1981 est, (8/1-
8/10).

IR
S~

This pilot study also identified difficulties in the
operational use of the technique, Male pupae are large
(approximately 0.5g) and somewhat fragile, necessitating special
packing and shipping provisions to minimize dsmage and prevent
eclosion during transit. The release cages, which were designed to
aliminate predators but allow exit of eclosed moths, were costly
and difficult to maintain. Broadcasting pupae was considered as a
release strategy but rejected because of projected losses caused by
predators, However, as already mentioned, the major impediment was
the need to release males frequently throughout the flight period
to maintain desired overflooding ratios. The expense of
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maintaining personnel at the release site throughout the adult
flight period added appreciably to the cost of applying the
technique. On the relatively small scale of this test
(approximately 2.59 km?), the technical and logistic problems were

overcome. However, applying the technique on a larger scale wag
judged to be impracticai,

LVALUATION OF INDUCED INUERITED STERILITY

Our initial irradiation studies suggested that sterility was
induced in the Fy generation when the radiation dose was
approximately halved. Indeed, earlier investipators had induced Fy
sterility in the gypsy moth using low doses of radiation [reviewed
by Mastro (1981)], The mechanism of inducing sterility in the Fy
generation has been investigated by Bauer (1967) and North & Holt
(1968). It is now generally believed that Fy sterility can be
induced in any lepidopteran species, and has been demonstrated for
a number of species and was reviewed by Horth (1975) and La Chance
(1985). Our interest in Fy sterility stemmed from the theoretical
advantages of using it as opposed to releasing totally sterile

males (Knipling, 1969, 1970; Brower, 1980; Nielsen & DBrister, 1980;
Carpenter et al., 19833,

Radiation Biology

To explore the feasibility of using the induced-inherited
sterility technique (¥Fy technique) for gypsy moth, we initiated a
study of the radiation biology in 1980, Male gypsy moths were (Py)
irradiated at different pupal ages (6 groups) with seven levels of
radiation, i,e. 42 dose/age treatments, Irradiated laboratory-
feared wales were mated with untreated laboratory-reared females
(50 pairs per treatment) and the resulting Fy progeny were
svaluated in the ogg, larval, pupal and adult stages. Egg masses
were nvatunted for pumber of cgas, degree of embryonation and
percent hatch, Length of development and survival of other stages
were siso observed and any sbnormalities were noted. Resultimg Fi
adults were incrosacd within their ows treatment group and
aberasnd Lo normal inscets. In the Fo aeneration, insects were
uvﬁ%u&ivﬁ in the epp, larval and pupal ;tages in the same manper as
§hoxr farants and agaln onterossed to untreated insects and
Lcrosased within thedy treatment groups.  All treatments were
svaluated through the F3 epg stage and some selected treatments
warte evalunted throwsh the Fy epg stage, All insects used in this
ALudY were from a colony maintained by the Otis Methods
nl fenter {or twenty generations (NJS-Gopn) [see Ohell ot
0 vutigniisznipY?r?lfe?{ed Tnder standard 1abur§tory conditions
comearen by Beld € :‘%. ‘ﬂec§use of the guantity of data
¢ pdy oty s ity of this study will be presented.

touyhor
Generation

Fffecrn g Fy
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The results of our irradiation studies closely parallel those
of studies with other Lepidoptera species (Brower, 1979, 1980:
Carpenter et al., 1983, 1987), Debilitating effects of irradiation
on Py males are most pronounced in youngest pupal age classes at
the higher radiation doses, When males were exposed to only 4
krads O-1 days after pupation, only 44% of the females produced an
egpg mass vs. 98% in a control group. This effect was not observed
in the next older pupal age class (2-3 day old) until the dose was
increased to 8 krads, and not pronounced until the dose was
increased to 10 krads (i.e., respectively 78% and 36% of the pairs
produced egg masses). Also, when paired with males irradiated in
younger age classes, those females that did oviposit produced fewer
epgs. Other cffects noted were incomplete eclosion and wing
deformities of irradiated Py males. Matings with males irradiated
in older age classes resulted in Fi egg masses with high levels of
embryonation. Pairs with males irradiated with 15 krads greater
than 1 day old averaged 84.47 embryonation vs, 96.6% for control
matings.

Hatch from F] egg masses produced by the various male
irradiation treatments is summarized in Figure 1. The degree of
sterility increased (i.e. the proportion of eggs which hatched
decreased) as the radiation dose increased from 2 to 15 krads.
Also, as the pupal age at irradiation increased, generally the
degree of sterility decreased. llowever, males irradiated in the
oldest age class (10-11 days old) were more sterile than the next
younger age class (8-9 days old).

100
904
CONTROL
80+ M bl
70+ 4 krads

/—‘—‘“'4-"*—0
6 krads

80+ /';.,__,\
B krads

50+ / o
/// S

207 /./~\ 12 krods
20+ s
104 ’///// \\\\\\,15 krods

0 1 3 t : ; : :
0—-1 2-3 4-5 E-7 B-9 10-11
Pupal Age at Irradiation

Mean Percent of Eggs Hatched

Figure 1, Mean percent hatch from F] egg masses which resulted
from mating males {treated at various ages with
different doses of radiation) with untreated feoales,
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Effects on Fy Generation

Survival of ¥y immatures from all treatment groups was
generally high (60-98%). The proportion surviving, however, was
dose dependent; Fy larval survival decreased as the radiation dose
of the Py male increased (Figure 2). At lower radiation doses
between age classes, survival rates were nearly constamt. For
exanple, survival of progeny of males irradiated with 10 krads
ranged from 82% to 91%, respectively, for the 2-3 and 8-9 day-old
age classes. Larval developmental time from eclosion to pupation
incressed as dose increased. Mean larval developmental times (sll
age classes) for Fy male larvae for the 2 and 15 krad treatment
groups were, regpectively, 30.5 days and 35 days. Developmental
times of female larvae were similarly dose dependent (i.e.
respectively 32 and 37 days in the 2 and 15 krad treatment groups).
LaChance (1985) states that delayed development of Fj progeny may
be a common phenomenon, Also, as in studies with other
Lepidoptera, there was a male-biased sex ratio shift im the F1
peneration which resulted in an approximately 2:1 ratio at the 10
krad level of Py treatment,

Characteristics of F; epy masses produced by incrossing and
3utcrasming Fi adults from selected treatments are summarized in.
Tahie 3, Cenerally, ¥y insects whose male parents received higher
radintion doses were more sterile than those whose parents were
irrpdiated with lower doses.
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ipe masses produced by crosses of Fy males and untreated
fomales characteristically conrained less than half the proportion
of embryonated epgs that normal crosses produced. Abnormal spern
and poor cupyreag sperm cransfer ate possible explanations (Ashrafi
& Roppel, 1973 Horth, 1973: Brover, 1979; LaChance et al., 1979
LoChanc 1945). AL radiation doses of 6 krads or greater, the
doprec of sterility induced in the Fy parents, as measured by
parcent hatch of Iy epg mAasses, was relatively high for all age
proups and mating types. Generally, Fi sterility increased as the
Py male parent's radiation dose increased. At lower doses, Fi
feaales suterassed to untreated males produced more highly
enbryunated o egg masses and more progeny than the reciprocal
cross, At higher radiation levels, and as total sterility is
approached, differences petween the fertility of Fy males and
females disappears (Fig. 3).
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rearing. The limited amount of observations, however, indicate a
general trend of longer larval development times with increasing
dose.

Effects of radiation on fertility are apparently carried into
at least the Fy adult stage. F3 egg masses produced by outcrossing
¥y adults were less embryonated than control matings and had lower
proportions of eggs which hatched. Egg masses produced by
incrossing Fy adults generally contain the smallest proportions of
egps which were embryonated and which hatched. When progeny of
males irradiated with a dose as low as 2 krads were inbred for two
generations, reduced viability was noted (data not shown),

Effects on the F3 Generation

Survival and development of F3 progeny, regardless of the
parentage, approximates the control group better than the F2
generation. Survival of first instars to the pupal stage was
similar to control insects for nearly all treatment groups. Male
and female larval development times, however, were longer than
those of control insects, This difference, however, was not as
pranounced as in the Fjy generation, Although the radiation effects
are not as pronounced in the F3 larval stage, they still are
apparent, Incrossing and outcrossing F3 adults resulted in egg
hatch rates only slightly lower than control matings.

Competitiveness of Fis

Results of radiation biology studies defined potential
fitness deficiencies of Fy progeny, e.g., longer larval
developmental times, decreased survival and possible poor sperm
transfer of Fy males, How these and other characteristics would be
effected by natural conditions was our next area of investigation.

In preliminary studies we found that when F; larvae were
reared on excised ogk foliage in an insectary or on caged oak
foliage, survival to the adult stage was significantly lower than
the survival rate of wild insects reared in the same manner (Lance
et al,, 1983; 1984), Untreated insects from the laboratory colony
(NJS), from which Fys were derived, developed faster than wild
insects, Mean F] male larval developmental rate was approximately 1
to 2 days longer than wild immatures. Also, when unfed first
instar Fys were placed on branches of a host, they tended to
establish in a manner similar to wild first instars, However, a
larger proportion of first instars from the untreated laboratory
strain dispersed (Lance et al,, 1982). We found that when late
instar larvae of three strains (NJS, wild and Fi) were released on
trees, patterns of activity were similar. However, F; larvae
tended to leave the tree more often than the untreated laboratory
reared NJS or a strain reared from field collected eggs (Mastro &
Schwalbe, 1985).

Adult F{ male progeny paternally treated with three levels of
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radiation (6, 8 and 10 krads as 8-11 day-old pupae) were compared
in field trials., Pupal eclosion, adult dispersal and response to
pheromone sources located at-various distances from the eclosion
site were monitored. In the parameters measured, there were not
significant differences between Fjs and wild or untreated
laboratory reared insects. In field cage studies designed to
evaluate mating propensity, F} males mated an initial time with
lab-reared females as frequently as did wild males, however, fewer
F} males mated a second time on the same day, e.g., Fis mated 1.8
times vs, 3,4 and 2.5 respectively for wild and untreated
laboratory reared males (ODell & Mastro, unpublished}. The impact
of this competitiveness shortcoming is still to be determined in
field tests. Fj females generally attracted males and mated in
patterns similar to wild females (Mastro et al., 1987).
Competitiveness testing related to the areas just described is
ongoing in order to define more precisely, potential impact on the
overall competitiveness of sterile Fy progeny.

When considering a particular management objective (e.g.
eradication vs. suppression), the characteristics of Fj progeny of
the variocus dose/age treatments must be considered carefully.
Treating Py males with 10 krads in either the 8-9 or 10-11 day age
groups provides F] progeny which are very sterile (see Table 3).
However, the proportion of Fy eggs which hatch is small
(approximately 34~40%, Figure 1), and mean larval developmental
times are approximately three days longer than that of control
insects and survival is reduced. Only a small number of Fp larvae
result from outcrossing Fy adults from this treatment group (Table
3) perhaps making it the best irradiation treatment for eradication
programs, The fertility of the Fj female and the survival of any
of her Fp progeny should be closely scrutinized when making a
selection (Tables 3 & 4). Selection of a lower treatment dose (6
krad) provides Iy larvae with a faster development time and a
greater number of Fj adults (e.g. higher proportions of Fj eggs
hatch and survive); these adults, however, are more fertile than I}
progeny of males receiving higher radiation treatments and the
outcrossed Fy female is more fertile than the reciprocal cross,
Although 6 krads may not be considered as a suitable treatment dose
when the objective is eradication, it may be a better choice for
population suppression purposes. Simulation modeling is essential
to accurately predict the consequences of various treatments and
release options.

Pilot study of Fy technique

The information compiled from radiation and competitiveness
studies and the theoretical advantages of Fy sterility prompted us
to initiate a field trial, In 1982 an isolated, low-density
population in Horry Co., South Carolina, was selected, Irradiated
(10 krads) males trested as pupae (8-12 days old) were released
throughout the flight period. Release procedures were similar to
the fully sterile male release described previously., The site was
intensively monitored in 1982, and in the following year.



Interaction with the native population was demonstrated, and the
population was declared eradicated in 1985 after two years of
nepative pheromone-baited trap survey (traps deployed on a 268m
arid). Although the outcome of the trial was positive, the
technique was nearly as difficult and costly as releasing fully
sterile insects. The theorevical advantage is that a greater
suppressive effect results from releasing partially sterilized
males because the Fy propeny of released males which mate with wild
females are available in the next generation for continued
suppression,  In 1983 we began to consider the release of Fy egg
masses (progeny of males treated with a substerilizing dose and
mated with untreated females). Since F] eggs can be easily
produced and held for months in diapause, large numbers could be
stockpiled either in the laboratory or at the release site under
field conditions. Just prior to native egg hatch, Fi egg masses
could rhen be distributed throughout the target population,
Release rates, theoretically, can be adjusted to result in the
desired overflooding Fyiwild adult ratio, provided that the native
density is known, Fj and native eggs hatch in synchrony, and

comparative survival and synchrony information on immature stages
is accounted for.

Feasonably accurate estimates of the native egn mass density
are essentisl to establish the desired sterile:fertile
overflooding ratios. flowever, in sparse insect populations where
appifcation of this conrrol technique should be considered, current
techniques for estimating egn mass densities are not sensitive
(Wilsau & Fontaine, 1973). Studies with grids of pheromone traps,
have dumonstrated a relationship between the proportion of males
captured and actual male density (Schwalbe & Paszek, 1978; Elkinton
& Garde, 1983}, Currently, we use a technique based on pheromone
trap information for estimating densities in isolated populations,
The applicabllicy of wsing trap information for monitoring
deasitien within areas chat are continually infested is under
investigation {Raviin et al., 1987).
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were found. Dased on the previously described relationship between
trap density and proportion of males captured, we estimated that
approximately 20 percent of the males were captured in 1984
resulting in & population estimate of 400 wild males. To arrive at
an estimate of the overwintering egg mass density, we assumed that
there was a 1:1 adult sex ratio during the 1984 flight period and
that all females mated and produced viable egg masses that survived
and hatched in the spring of 1985. The resulting estimate of 400
native egg masses may have beem too high. Campbell et al., (1976a)
and others have shown that skewed sex ratios occur in sparse
populations., We assumed that the residential nature of the area
and the abundance of man-made objects would foster female larval
and pupal survival (Campbell et al., 1976b). At worst we believed
our native egg mass estimate would be too high and we would err
only in overflooding at a higher tham projected rate.

The desirability of establishing a very high overflooding
ratio had to be balanced against other factors. Because we would
be releasing a feeding stage in a residential area with limited
numbers of ornamental and fruit trees, we did not want to release
numbers of gypsy moths which would produce objectionable
defoliation. We circumvented this problem by releasing numbers
which would provide the desired overflooding ratios and produce the
desired outcome, eradication, over a two-year period. Alse, in
1985, the release area was thoroughly inventoried for numbers and
size of host trees in order to estimate the number of imsects which
could be released without causing objectionable damage. Thirty~
four thousand Fj egg masses were released in the initial year. We
caleulated that this was equivalent to 13,600 "wild" egg masses
(wild egg mass equivalents = W.E.M.E.) in terms of the numbers of
adult males produced., The factors that were used to compute the
W.E.M,E. are the number of eggs per mass, reduced F1 egg hatch, a
skewed 2:1 male:female sex ratio, reduced Fy larval survival and
asynchronous development. Egg masses were distributed in 1985
according to location and size of host trees, Based on all of the
previously mentioned assumptions, the 1985 release density should,
theoretically, have produced a 34:1 Fy sterile male:wild male
overflooding ratio, Based on the preliminary results of the
initial release, an additional 12,769 egg masses (5,108 W.EM.E.)
were released in the spring of 1986, which should have produced an
overflooding ratio high enough to effect eradication. The
distribution of wild, immature insects located through sampling in
1985 was also used as an additional weighting factor in the 1986
release, i.e. more F] egg masses were placed at these sites in
1986.

The impact of the release was monitored using a variety of
techniques, To compare the proportions and synchrony of F; and
wild egg mass hatch, samples of both were held within the release
area in a screened enclosure designed to prevent escape, but which
maintained ambient temperature conditions. Larval hatch from
individual egg masses was generally monitored daily.

Theoretically, successful establishment and survival of F] neonates
would be reduced if hatch of Fis was out of synchrony with host



development (Hough & Pimentel, 1978; Raupp et al., 1988).

Daily random samples of larvae and pupae were collected
throughout the release area to provide material for monitoring
developmental synchrony, survival, and overflooding ratioes.
Collected larvae were placed individually in 44.4 ml cups
provisioned with artificial diet (Bell et al., 1981) and held in
the laboratory until type (i.e., Fj sterile or wild) could be
determined. Male larval type was determined using two technigues:
chromosome amalysis and mating~egg mass evaluation.

A portion of the male larvae collected as first through
fourth-instars was typed by the examination of sperm cells. Type
was determined by scoring early metaphase cells for number of
normal pairs of chromosomes (normally n=31) and presence or absence
of translocations, Males were typed as wild if two cells were
found with the normal numbers and appearance of chromosome pairs.

To type a male as an F} required observing translocations in two
cells,

Type of the second group of males (approximately half of all
larvae collected as first through fourth-instars and all fifth-
instar and male pupae) was determined by using a mating-egg mass
evalyation technique. Field collected insects were reared in the
laboratory until adult emergence. On the following day, one~day-
old adult males werc mated to similarly aped virgin laboratory-
reared females, Resulting egg masses were held 30 days (25° C,
50%-60% Ril) for embryonation and type determinations were based on
the proportion of epgs which were embryonated, The proportien of
embryonated cggs in each mass was compared using Chi-square

techniques with mean values for mating type 2 and type 4 (Table 5)
{Mastro et al,, 1984},

Siwilar to the second group of males, all field collected
female larvae and pupse were similarly held until adult eclosion
and wated ag one-dav-old females to normal laboratory males.
Resulting egg masses were held for the normal 30-day embryonation
period and an addivional 150 days (4-5° C) to satisfy diapause
requirements, A determination of the female type was then based on
percent hatch of the egpgs. Characteristics of each egg mass were
compared stetisticslly to mean values for percent hatch for mating
types 3 end 4 {Table %), Holding egg masses produced by females of
unknown type 1s necessary because F} females, when mated to normal
males, produce highly embryonated egg masses often
indistinguishable from cgg masses produced by normal mating pairs.



Table 5, Characteristics of eyg masses produced by incrossing and outcrossing
F; adult gypsy moths progeny of males jrradiated (10 krad] as 6-11
day-cld pupae mated with norxmal females,

Mean proportion Mean proportion
Mating type of eggs of total egys
Type  (male x female) n}/ embryonated SE which hatched SE
1 Fy x Fi 50 0,0810 0,0155 0.0012 0.0Q086
2 F; x Normal 52 00,2630 0.0380 0.0277 0.0104
3 Normal x Fj [y 0.6711 ©.0353 0.0088 0.0020
4 Noymal x Normal 145 0.9374 0.0118 0.7653 0.0154

1/ Number of mating pairs producing an egg mass.

Sterile Fj:fertile wild male mating ratios were monitored by
placing one-day-old, virgin Fy females throughout the release area.
In other studies, we found that normal laboratory-reared and Fj
females attract and mate with wild males with the same periodicity
and frequency as wild females (Mastro et al., 1987), Egg masses
oviposited by these females were evaluated for male parental type
based on the proportion of eggs which were embryonated (Table 5,
mating types 1 & 3).

After the adult flight season, egg masses from the release
area were collected and evaluated for mating type. Evaluations
were based on the proportions of embryonated eggs and the hatch of
total eggs (Table 5). These field collected egg masses could
potentially be the progeny of all four possible mating types.

A 23.3 sq. km. area centered over the release area was trapped
throughout the adult flight period with USDA high capacity milk-
carton pheromone baited traps during both years of treatment.

Traps were placed on a grid at a rate of 13.9 traps/sq., km.
Trapping information was used to determine if the treated area was
adequately isclated from other infested areas, and to provide
estimates of the total adult male demsity during both treatment
years.

Results and discussion of treatment with Fy eggs

Hateh from samples of wild-type and Fy egg masses during the
spring of 1985 was nearly synchronous. Wild egg masses were not
available for monitoring im the spring of 1986 bLut samples of Fj
egg masses appeared to hatch in synchrony with bud break of host
trees. Wild egg masses in 1985 produced a mean of 279 larvae per
mass while Fi egg masses produced a mean of 162 larvae.

Results of evaluation of 1985 male larval samples provided
estimates of overflooding ratios close to those expected, Of the
466 male larvae that were typed using chromosome analysis, 458 were



Fis and 8 wilds, resulting in a 57:1 Fj:wild ratio {Table 6). Fy
larval establishment and survival studies on host foliage have
shown thar most F) mortality occurs in the first stadium.
Therefore, a better estimate of the eventual adult overflooding
ratio would be based only on determinations of later stadia larvae.
When only those insects collected after the first observation at
the release site of a fourth stadium larva are considered, the
Fi:wild ratio was approximately 32:1 (254 Fys and 7 wilds).

In all, 693 field-collected males were reared to the adult
stage and crossed with normal laboratory reared females for type
determination, Evaluation of resulting cgg masses disclosed that
male parents of 677 of these samples were sterile Fys and 11 were
fertile wilds. In 5 cases, the proportion of eggs emoryonated was
not different than mean proportions of embryonated eggs for either
mating type (Table 5), If only the later collections of late
stadia larvae and pupae are considered, as in males typed using
chromosome analysis, the estimate of the overflooding ratio becomes
approximately 80 Fj:1 wild {n=483). Wild male larvae were found
widely scattered throughout the release area, indicating that the
native population distribution was well represented by trap
captures the previous year.

Results from sampling and evaluating female larvae and pupae
in the release site are consistent with results of male
evaluations. Of the 372 field collected females reared to the
adult stage and paired with normal laboratory-reared males, 309
produced egg masses which could be evaluated; 241 females produced
egy masses characteristic of a fertile male x Fj female mating,
while 9 females produced egg masses characteristic of a fertile x
fertile mating., Of the remainder, 49 egg masses contained all
unembryonated eggs (i.e., possibly did not mate or had an Fj male
parent) and 12 females produced egp masses with characteristics
which could not be distvinguished from mean values of the two
possible mating types. Computing a female overflooding ratic from
these data results in an approximately 27 Fy:1 wild ratio.
Theoretically, the Fj:wild female ratio in the field should be
approximately half the male ratio because F] egg masses produce
adults in an approximately 2:1 male to female ratio. The observed
overall female Fj:wild ratio in 1985 of 27:1 was approximately half
of the observed male ratios arrived at by chromosome analysis
(57:1) and mating-epg mass evaluation (62:1). These female data
have not been separated to exclude early stadia larvae.

In 1985 monitor F females produced 93 egg masses which could
be characterized as being the result of a mating with an Fj male
(n=88) or a wild type male (n=5), The calculated overflooding
Fi:wild ratio is 17.6:1. An additional 734 egg masses could not be
characterized because they contained all unembryonated epgs.
Unembryonated egg masses can be the result of an Fy male mating or
no mating. Undoubtedly, some of these 734 egg masses were the
result of an Fy male mating, but it is impossible to separate these
from egg masses produced by unmated females, In unpublished
studies we have determined that mated females begin to oviposit
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soon after mating (generally within an hour}), while unmated females
generally do not begin to oviposit until they are 3 days old or
older. Unfortunately, we did not note when the monitor females had
begun to oviposit in 1983, In 1986, we recorded if oviposition had
commenced when the female was retrieved and if not, how soon
afterward, in an attempt to separate femwales producing
unembryonated egg masses into mated and unmated categories.

After the 1985 adult flight period, 63 egg masses were
collected from within the release area, These egg masses could
potentially be progeny of all four mating types. Of the 63 egg
masses collected, 1 was determined to be from a (male x female)
wild x wild mating, 7 from wild x Fy matings, 19 from F; x Fy
matings and 17 from Fj x unknown female matings. The computed
mating ratios follow: sterile to fertile male 5.1:1 (n=43) and
sterile:fertile female 26:1 (n=27). This female ratio agrees with
the ratio from female larval and pupal collections. However, the
male ratio is much lower than the predicted ratio or the ratios
determined by larval sampling or monitor females. The difference
between these male ratios is unexplained. Overall, the ratio of
sterile egg masses (where at least one parent was an F}) to fertile
egg masses (both parents fertile wilds) was 62:1.

Pheromone traps in 1985 captured a total of 869 males and 745
of these were captured within the release area. The remaining
males were captured within ca. 0.5 km of the release site,

It was only possible to collect s small number of immature
male insects (n=39} during the 1986 larval and pupal sampling
period. Of these, 30 males could be evaluated. Five of these were
dissected for chromosome analysis and all were typed as Fis. The
remaining males were reared to the adult stage and mated with
normal females. Twenty-four produced egg masses characteristic of
an F| male parent and 1 produced an egg mass characteristic of a
wild male parent. Based on all males, the Fj:wild ratio was
calculated as 29:1.

Also, in 1986 twenty-six field collected immature females were
reared to the adult stage. Mating of these females with normal
laboratory males resulted in 14 egg masses on which a determination
could he made. Thirteen of these egg masses were evaluated to be
from I'y females and 1 was determined to be from a wild female.

0f the monitor F; females placed in 1986, 116 of these
produced egg masses determined to be the result of an Fy male
mating, No monitor females produced an egg mass which could be
characterized as the result of mating with a fertile male.

Trapping in 1986 resulted in 209 males captured within the Fy
release area. This was approximately 28% of the males captured in
the same area in 1985 (n=745). This roughly corresponds to the
reduced numbers of Fis released in 1986 (35% of the 1985 release).
In all of the area trapped in 1986, 244 males were captured.
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Based on 1986 results, no further release was made in 1987,
Trapping in 1987 was carried out at the same trap density as in
previous years, but the high-capacity USDA milk carton trap was
replaced by the more efficient USDA delta trap. No males were
trapped in 1987 or 1988,

A summary of monitoring this release site is presentgd on
Table 6. Generally, the sterile Fj:fertile wild male ratios
observed were near the expected 34:1 overflooding ratio in 1985.
The observed ratios from male chromosome analysis (57:1) and male
mating egg mass evaluation (62:1) are not differegt at the 5% level
of significance (Chi-square analysis). Also, ratlog c§lcu1ated
from reduced data sets (i.e., using only later stadia }nsects for
chromosome analysis (32:1) and mating-egg mass gvaluatlon (89:1))
are not significantly different from ratios derived from their ‘
parental data sets or each other., Both of the ov?rall male ratios
computed from larval sampling are signif%cantly different (5%
level) from the ratio computed using monitor female egg mass
evaluation (17.6:1) and post season egg mass evaluation (5.1:1),
Ratios derived from these two evaluation techniques are also
gignificantly different (5% level) from each other,

Table 6. Expected and observed results of releasing Fy progeny of
irradiated males (10 krads) in an isolated gYPSy moth
population in Bellingham, Washington.,

Method of Year
Estimation 1984 1985 1986 1987
Expeccéd spring wild egg
mass densivy - 400 B o]
Nusbers of Fis released
(W.E.ME.) o] 13,600 5,108 0
Expected Fi:Wild male ratio 36:1 64011
(Range) (189:1 o
2,25546:1)

Observed F1:Wild male ratios
1) Chronosome amalysis
A} 411 instars S57.3:1 3:0
B) Later isstars 31.8:1

2) Mating egg mass

evsleation
A) ALl samples 61.5:1 2421 -
B) later instar & pupse 79.5:1
3) HMonitor female mating ratio 17.6:1 116:0 -
4) Post season egg mass evaluaticn
A) HMale ratio 5.1 no data -
E) Overall ratio (62:1)

Observed Fi:Wild female racios
1) lMating egg mass 27:1 13:1 -
2) Evaluation of post
He1S0n egg masses
female ratio 26:1 no data -
No. of males trapped az 869 264 0

Esvinated male population 400 9,549 2,631 a




At the beginning of the 1986 field season, an estimate of the
residual wild population was needed to determine the number of Fy
epg masses to be released to achieve eradication. From pheromone
trap catches, we estimated that the 869 male§ trapped represented
9.1Z of the toral male population (i.e., 9,549). Only_three
estimates of male overflooding ratios in 1985 were ava11abl§ at the
time of the 1986 egg release (i.c., male chromosome ?nd mating-egg
mass evaluations and monitor female-egg mass evaluation). Pased on
these ratios {(ranging from 17.6:1 to 79.5:1), we calculated that
the wild male population could have been between 119 and 513 males
(i.e., 1.25 to 5.38 percent of 9,549 males). Again, we made the
assumption of a 1:1 sex ratio in the wild population and that fl
males were completely competitive. The number of successful wild
mating pairs in 1985 was calculated to be from 2 to 27, .
respectively, for Fy:wild mating ratios of 17.6:1 and 79.5:1. Ue
believed that the estimated mating ratio of 17.6:1 provided by
monitor female data was too low for previously mentioned reasons
and the true mating ratio was nearer 34:1 or higher., Vhen the
appropriate calculations are made using a 34:1 Fj:wild male ratio,
wild egg density in the spring of 1986 was estimated at 8§ wild egg
masses. We released 5,108 F; W.E.M.E. whick, if the wild egg mass
population in the spring of 1986 consisted of 8 egg masses, would
provide a male overflooding ratio on the order of 640 Fiwild male,

In sparse gypsy moth populations immatures are difficult to
locate and we were only successful in locating a small number in
1986. Based on all males collected as immatures and typed {both
techniques) the male ratio was 29 Fy:1 wild, Monitor female data
provided 2 much higher estimate of the sterile male overflooding
ratio (116:0). It was mentioned earlier that in 1986 egg mass
release vas weighted at known sites of wild insects, Sampling was
concentrated around these same sites because immatures could only
be located at these sites, Monitor females, however, were
distributed as in 1985 (i,e., generally throughout the area), A
ratio based on assessment of immature males, because of our skewed
sampling, could be biased. Monitor female data may provide a
better estimate of the ratio throughout the release area.

We conclude that the F| egg mass release in Bellingham, Wa,
was successful in eradicating the native population, Two years of
negative trap survey data is generally considered necessary for
confirming the outcome of an eradication attempt. The evidence of
successful interaction with, and suppression of the native
population is apparent.

In other studies in isolated sites and within the generally
infested area, we have not always achieved predicted overflooding
ratios and results do not appear as clear cut, These results
suggest that we need to develop better techniques for estimating
native insect density and distribution, Several investigators are
currently exploring the utility of pheromone-baited trapg for
monitoring populations in the generally infested area, as well as
techniques for estimating densities of other life stages {Liebhold
& Elkinton, 1980ab), We are also far from a clear understanding
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of how, compared to wilds, F; immatures survive and develop in the
field. Several ongoing studies are exploring the comparative
behavier, relative egg viability, immature development and survival
of Fis. Also, the possible impacts of parasites and predators on
Fy eqg releases are unknown. In some field release sites, we have
noted rapid disappearance of late instar larvae and pupae, and
although the overall population density was lowered, we do not know
how this precisely affected the sterile:wild ratio. Propensity of
Fy males, as described earlier, to multiple mate on the same day
has been shown to be lower than wild males. The impact of this
competitive deficiency on the actual mating ratio under field
conditions is still to be determined.

Studies have been initiated to explore the impact of female
multiple mating on viability of resulting egg masses. It was
generally believed that female gypsy moths are monandrous, however,
in unpublished laboratory studies, we found 13Z of the females
mated twice, If mating with an ) male does not elicit the normal
monpcoitic response, or if there is sperm precedence in multiple-
mated females, ther the F) male competitiveness could be adversely
affected, A better understanding of these areas of exploration
should enable us to apply the technique more effectively and
interpret our field results more clearly,

Results from the Dellingham site and other sites where F1 eggs
have been released have also posed several problems which must be
addressed: 1) how to predict when native hatch will occur and how
to time Fj egg mass release so that hatch is synchronous, 2) what
is the impact of dispersal (neonate and adult) on the overflooding

ratios, and 3) how docs egg distribution within a site affect
gurvival,

ivaluation techniques used in this study and other similar
studies are labor intensive and require that the insects be held
for a period of time before a determination of type (Fy or wild)
can be made. A method to rapidly discriminate between Fj and wild
insects would allow a more intensive evaluation of releases, lower
the cost of evaluation and provide a valuable tool for the ongoing
research described previously. Some techniques under tnvestigation
which would provide for a rapid discrimination between wild and Fy
ingects, have a genetic basis (i.e.larval setal patterns,
morphonetrics of adult male wing venation) and others, such as

paternity osssays may depend on identification of damage induced by
tadintion,

We believe that the Fy technique is at present a viable
technique that can be operationally useful for treating isolated
aypsy moth infestations, Furthermore, we believe that the
technigue may be potentially useful for management of gypsy moth
populations within the generally infested area. This possibility
hecomes more attractive when considering Fis that are progeny of
wales receiving lover (6 or 8 krad) doses of radiation. Finally,
all the investigations associated with the technique have led to a
better understanding of the biology and behavior of the insect.
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With a concentrated effort to resolve outstanding monitoring and
competitiveness questions and additional efforts to improve
laboratory colonization, the sterile egg technique can be
operationally used within a short period of time.

An as yet unexplored potentially beneficial area for control
of the gypsy moth is the use of other gemetic control techniques
reviewed by Whitten & Foster (1975). Downes (1959) suggested
that, bhased on the work of Goldschmide (1931, 1933) males from
different geographic races of gypsy moth could be used in a control
program. Both Downes and later Leonard (1974) recognized that the
Japanese genome would enter the North American population, and
potentially impart some factors which would make it more successful
or destructive. However, no experimental work was initiated to
explore the possibility of using this type of sterility.

An exciting possibility is the use of backcross sterility,
which was originally described by Laster (1972), if it could be
found in the gypsy moth, Although the genetic basis for backcross
sterility is poorly understood, male sterility is associated with
abnormal eupyrene sperm formation which is not transferred to
females (Goodpasture et al,, 1980; La Chance, 1984). This system
offers a number of advantages over the Fj sterile insect technique.
Foremost, is that theoretically, once the sterility factor is
introduced into a population it can persist indefinitely.

Although this technique has not been explored for the gypsy moth, a
number of closely related old world species, including Lymantria
obfuscata, L. mathura, and L. monacha, offer potential candidates
for investigation. Although it is impossible to predict if
backcross sterility will be found with the gypsy moth, at least one
of these species, L, obfuscata, will hybridize (Lenek, 1974). The
advantages and potential benefits appear to be so great that the
effort and expense of examining backcross sterility in gypsy moth
appears well justified.




LITERATURE CITED

Ashrafi, 5, H, and R. M. Roppel. 1973. Radiation~induced partial
sterility related to structurally abnormal sperms of Plodia
interpunctella (Lepidoptera:Phycitidae) Ann. Entomol. Soc. Amer,
66:1309-1314.

Bauer, H, 1967, Die kinetische organization der Lepidopteran—
chromosomen, Chromesema 22:102-125.

Baumhover, A, H., A, J. Graham, B. A. Bitter, D, E. Hopkins, W. D.
New, F. H, Dudley and C. Bushland, 1955. Screwworm control
through the release of sterilized flies., J. Econ. Entomol.
48146266,

Bell, R, A&., C, P. Owens, M, Shapiro amd J, R. Tardif, 1981.
Development of mass-rearing technology. In: C. C, Doane and M,
L. McManng, Ed. The Gypsy Moth: Research Toward Integrated Pest
Management, U, S. Dept. Agr. Tech. Bull. 1584. pp 599-633.

Brower, J, H, 1979, Sub-sterilizing irradiation of Plodia

interpunctella males: effects on three filial generations. Ann.
Entomol, Sec. Amer. 72:716~720.

Brower, J. H, 1980. Inheritance of partial sterility imn progeny of
{rradiated males of Ephestia cautells (Lepidoptera:Pyralidae) and

its effect on theoretical population suppression, Can. Entomol.
112:131-140.

Campbell, R, W., D, L. Hubbard and R. L. Sloan. 1976a. Location of
gypoy moth pupae and subsequent pupal suivival in sparse stable
populations, Fnviron, Entomol. 4:597-600.

Campbell, R, Woy M, G Miller, E. J. Duda, C. E. Biazak and R. J,
Sloan, 1976b, Man's activities and subsequent gypsy moth egg
misg-denzity along the forest edge. Faviron, Entomol. 5:273-276.

Carswifsmr‘, Jo Fuoy J. R Young, E. F. Knipling and A. N, Sparks.,
1983, Fall arnyworm {Lepridopterz:Noctuidae): inheritance of
gamma-induced deleterious offects and potential for pest control.

o Beon, Encomol. 76: 378382,

er;smimi“, Joo Bl Jo R, Young, A, N, Sparks, . L. Cromroy and M,
A, Chowdhury, 1987, Corn earworm (Lepidoptera:Noctuidae):
wifeven of subsrerilizing doses of radiation and inherited
sterility on reproduction, J, Fcom. Entomol. 801483489,

Downes, J. A, 1939, The gypay meth and some possibilities of the

ronteel of insects by genetical means, Can. Ent, 91:661-664.

ﬂuiﬂgxf T. &, If}:ﬁo. The gypsy moth, a stody in science and public
pelicy. 1, Forest History, 24:116-126,



Elkinton, J. 8. and R. T. Carde. 1980, Distribution, dispersal,
and apparent survival of male gypsy moths as determined by
capture in pheruvmone-~baited traps, Environ. Entomol, 6:729-737,

Goldschmidt, R. 1931, Analysis of intersexuality im the gypsy~
moth, Quarterly Rev, Biology. 6:125-142,

Goldschmidt, R. 1934, Lymantria. Bibliogr. Genetica, 11:1-186,

Goodpasture, C., L. E. LaChance and R. D. Richard. 1980,
Persistence of abnormal spermiogenesis in the backcross
generations of interspecific hybrids between Heliothis virescens
x H, subflexa. Ann. Entomol. Soc, Amer. 73:397-403.

Godwin, P, A., H. D. Rule and W..E, Waters. 1964, Some effects of
gamma irradiation on the gypsy moth Porthetria dispar. J. Econ.
Entomol. 57:986-990.

Hough, J. A., D. Pimentel, 1978. Influence of host foliage on
development, survival and fecundity of the gypsy moth, Environ,
Entomol, 7:97-102.

Knipling, E. F. 1969. Concept and value of eradication or
continuous suppression of insect populations, panel proc.,
FAO/IAFA. Vienna Austria.

Knipling, E. F. 1970. GSuppression of pest Lepidoptera by
releasing partially sterile males: A theoretical appraisal, Bio
Science 20:465-470.

LaChance, L. E., D. R. Birkenmeyer and R. L. Ruud. 1979,
Inherited Fy sterility in male pink bollworm: reduction of
eupyrene sperm bundles in testes and duplex. Ann. Entomol. Soc.
Amer. 72:343-347,

LaChance, L. E. 1984. Hybrid sterility: Eupyrene sperm production
and abnormalities in the backcross generations of interspecific
nybrids between Heliothis subflexa and H. virescens, Ann.
Entomol. Soc, Amer, 77:93-101.

LaChance, L. E. 1985, Genetic methods for control of Lepidoptera
species: status and potential. Agri. Res, Service. ARS-28,40p.

Lance, D. R. J. S. Elkinton, V. C. Mastro and C. P, Schwalbe. 1982,
Behavior and ecology of immature gypsy moths: population quality
and competitiveness of Fj sterile individuals. Project Report.
Otis Methods Dev. Center. pp 76-99.

Lance, D. R., V. C. Mastro, C. P. Schwalbe and T. M. ODell. 1983.
Sterile male technique: Studies on the feasibility of releasing
F) sterile gypsy moth as eggs. Project Report. Otis Methods
Dev, Center. pp 112-119.



Lance, D. R., V. C. Mastro, C. P. Schwalbe and T. M, ODell. 1984,
Sterile male technique: Studies on the feasibility of releasing

Fi sterile gypsy moths as eggs. Project Report. Otis Methods
Dev. Center. pp 535-57.

Lance, D. R., T. M, ODell, V, C, Mastro and C. P. Schwalbe. 1988.
Temperature-mediated programming of activity rhythms in male
gypsy moth (Lepidoptera:Lymantriidae): Implications for the
sterile male technique, Environ. Entomol. 17:649-6533,

Laster, M, L. 1972. Interspecific hybridization of Heliothis
viresceng and ll, subflexa, Environ. Entomol. 16:682-687,

Lenek, O. 1974. New hybrid forms of Lymantria dispar L. and
Lymantria obfuscata WKR. (Lepidoptera:Lymantriidae).
Zietschrift der Arbeitsgemeinschaft Osterr. Entomologen, 25:117-
119,

Leonard, D. 1974, Recent developments in ecology and control of
the gypsy moth, 4nn. Rev. Entomol. 19:197-229.

Liebhold, A. M. and J. 5. Elkinton. 1980a, Techniques for
estimating the density of late-instar gypsy moth Lymantria
dispar (Lepidoptera:Lymantriidae) populations using frass drop
and frass production measurements. FEnviron, Entomol. 17:381-384,

Liebhold, A, M, and J. S. Elkinton, 1980b. Estimating the density
of larval gypsy moth Lymantria dispar (Lepidoptera:Lymantriidae),
using frass drop and frass production measurements: sources of
variation and sample size, Environ. Entomol, 17:385-390,

Mastro, Y. C. 1980. A comparison of laboratory-reared and wild
type gypsy moth Lymantria dispar (L.) males
(Lepidoptera:lymantriidae). J. New York Entomol. Soc. 88:60,

Mastro, V, €., C. P. Schwalbe and T. M, ODell, 1981, Sterile male
technique, In: C. C. Doane and M, L, McManus, Ed. The Gypsy
Moth: Research Toward Integrated Pest Management. U. S. Dept.,
Agric. Tech. Bull 1584 pp 669679,

Mastro, V, C. and C. P, Schwalbe. 1986. Comparative larval

behavior of gypsy moths. Project Report. APHIS Otis Methads
Dev, Center. pp 106-110,

Mastro, V. C., K. Tatum, T. M, ODell and R. Webb, 1984, Partially
sterile male (Fy) pilot study, Kent Co. Maryland. Project
Report. APHIS Otis Mcthods Dev, Center, pp 49-54.

Mastro, V. C., A. Pellegrini-Toole, D, Lance, J, Tang and C. P.
Schwalbe, 1987, Competitiveness of gypsy moth adults. Project
Report. APHIS Otis Methods Dev, Center. pp 14



301

MeManus, M. L. and T, McIntyre, 1981, Introduction. In: C. C.
Doane and M., L. McManus, Ed. The Gypsy Moth: Research Toward
Integrated Pest Management, U. S, Dept. Agr. Tech., Bull. 1584, pp
i-7,

Nielsen, R. A. and C. D, Brister, 1980. Induced genetic load in
descendants of irradiated greater wax moths. Ann. Entomol. Soc.
Amer, 73:460-467,

North, D. T. and G. Holt. 1968. Inherited sterility in progeny of
irradiated male cabbage loopers, J. Econ. Entomol. 61:928-931,

North, D. T. 1975, Inherited sterility in Lepidoptera. Ann. Rev.
Entomol., 20:167-182,

ODell, T. M., R. A. Bell, V. C. Mastro, J. A. Tanner and L, F.
Kennedy. 1984, Production of the gypsy moth, Lymantria dispar,
for research and biological control. 1In E. G, King and N. C.
Leppla, Ed. Advances and Challenges in Insect Rearing. USDA, ARS,

Patton, P, 1982. Programa contra la mosca del Mediterraneo en
Mexico, In Sterile Insect Technique and Radiation in Insgect
Control: proceeding of symposium. pp 25-37. IAEA, Vienna
Austria.

Raupp, M. J., J. H. Werren and C. S. Sadof., 1988, Effects of
short-term phenological changes in leaf suitability on the
survivorship, growth and development of gypsy moth
{Lepidoptera:Lymantriidae) larvae. Environ, Entomol. 17:16-319,

Ravlin, F, W., R. G. Bellinger and E. A, Roberts. 1987, Gypsy moth
management programs in the United States: status, evaluation and
recommendations. Bul. Entomol Soc. Amer. 33:90-98.

Rhode, R. H. 1970, Application of the sterile male technique in
Mediterranean fruit fly suppression. In Sterile Male Technigque
for Control of Fruit Flies. IAEA Vienna, pp 59-70.

Schwalbe, C., P, and E. C, Paszek. 1978, Efficiency of (+)
dispariure-baited traps in arrays for estimating male moth
density and delimitation of infestations, Project Report.
APHIS, Otis Methods Dev. Center. pp 42-48.

Schwalbe, C. P. 1981. Disparlure-baited traps for survey and
detection, In C, C. Doane and M, L. McManus, Ed, The Gypsy
Moth: Research Toward Integrated Pest Management, U. S. Dept.
Agr. Tech, Bull. 1584, pp 542-549,

Steiner, L, F., W. C. Mitchell and A. H. Baumhover. 1962.
Progress of fruit fly control by irradiation sterilization in
Hawaii and the Mariana Islands. Int. J. Appl. Radiat. Isot.
13:427-434,



302

Waldvogel, M, G., V. C, Mastro, C. H. Collison and E. A, Cameron.
1982. Evaluation of pheromone-mediated responsiveness of
laboratory~reared irradiated, laboratory-reared non-irradiated
and feral male gypsy moths, Environ, Entomol. 11:351-354.

Whitten, M, J, and G, G, Foster. 1975, Genetical methods of pest
control, Ann. Rev. Entomol, 20: 461-477,

Wilson, R, W. Jr., and G. A. Fontaine, 1978. Gypsy moth egg mass
sampling with fixed and variable radius plots. U. S. Dept.
Agric., Agric. Handb, 523,



OVIPOSITION SITE SELECTION
BY JAPANESE LYMANTRIID MOTHS

Yasutomo Higashiura, Hokkaido Forest Experiment Station
fcology Lab., Shintoku, Tokachi, Hokkaido 081, Japan

INTRODUCTION

Oviposition site selection is one of the most important habitat
setection in insects. As for the oviposition of the gypsy moth, Lyman-
tria dispar L., overwintering egg masses have been shown to be pro-
tected against avian predators (Higashiura, 1980; Schaefer 1981) and
Tow winter temperatures (Leonard, 1972) by the insulative effect of
snow. Thus, habitat suitability for oviposition is higher beneath the
snow than above (Coulson & Witter, 1984). However, more egg masses are
deposited above the eventual snow line than beneath (Leonard, 1972;
Higashiura, 1980). To solve this puzzling distribution, | present a
conceptual model of oviposition site selection by using the fitness
set approach of Levins (1968), The prediction by the model is tested
in comparison of oviposition sites by Japanese lymantriid moths,

Predation on lepidopteran eggs is thought to be small, and so
relatively little is known about it (Torgersen & Mason, 1987). The egg
masses of the gypsy moth is, however, known to be subject to high
avian predation (Higashiura, 1980; Brawn & Cameron, 1982). During
1974-83, 1 estimated the bird predation on the egg mass to reveal the
habitat suitability in oviposition of the gypsy moth in a snowy re-
gicn, Hokkaido northern Japan.

Finally, I present a control method of gypsy moths utilizing the
strategy of the cviposition site selection by the moths.

THE MOTH

Pintureau (1980) treated Japanese gypsy moths as two species,
iLymantria dispar hokkaidoensis Goldschmidt for Hokkaido populations,
and L. japonica Motschulsky for Honshu populations. Here, however, I
treat the two species as the same, L. dispar L., in examination of
their behavior in oviposition, because both females can fly during
oviposition site selection as in other Asian populations (Goldschmidt,
19347,

Adults of the gypsy moth emerge between July and September. A
female moth deposits only one egg mass. lLarvae hatch during the fol-
lowing April and May., The eggs withstand the winter Tow temperatures
and are rarely attacked by egg parasites in Japan (Schaefer, 19B1)
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METHODS

During 1974-83 I studied bird predation on gypsy moth egg masses
in & birch, Betula platyphylla Sukatchev, forest at Bibai, Hokkaido,
northern Japan (Fig. 9). Three study plots (Plots 1-3) neighboring
each other were established in autumn 1974, The plots were 0.51 ha,
0.52 ha, and 0.52 ha. Plot 4 {0.63 ha) was added in autumn 1975, Piot
T was reduced to 0,18 ha in May 1580 and disappeared in May 1982, The
density of canopy layer trees was 1096/ha, The birch accounted for 57%
of them, During the study period, almost atl eqg masses (1077) were
deposited on bark of the birch as in the previous studies (Schaefer,
1978; Higashiura, 1987), only two egg masses being laid on Sorbus
commixta Hedle,

The predator left characteristic scratches on the bark surface
wherever egg masses had been removed (Higashiura, 1980), The scratches
made it possible to distinguish egy masses eaten by birds from those
physically damaged by the compression of accumulating snow.

Predation rate was visually estimated for a single egg mass to
seven grades, i.e. 0, 10, 30, 50, 70, 90, and 100%, in early May just
before larval hatching. The mean predation rate in each plot, or in
each height class, was obtained by averaging these visually estimated
predation rates of all egg masses. Because the mean predation rate
hardly differed among egg-mass sizes (Higashiura, 1980), egg-mass size
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Figure 2. Predation rate in relation to initial egg mass
density over the entire study area at Bibai. Suffix numbers
denote the year of oviposition. The relationship was signif-
icantly density-dependent in the latter five winters, win-
ters 1978-1983 (y=5.80+0.98x: r=0.965: P<0,01). The straight
Vine shows this regression

is not taken into account here. Sample sizes from winter 1974-83 were
56, 179, 503, 59, 13, 36, 88, 89, and 56 egg masses, respectively.
During winter 1980-81, predation rates were estimated at intervals of
one to four days to reveal the progression of bird predation. In each
year, during September, the aboveground height of every egg mass in
the study plots was recorded except in 1974, Additional studies of
predation were carried out at Asahikawa, Hokkaido in winter 1982-83
using te same methods.

The aboveground heights of egg masses were measured in seven
stands in five regions of Japan by January (Fig. 9). The hights of the
tree and of the Towest branch were recorded for each tree having eggs.
At Bibai and Asahikawa the two heights were measured for each of ten
study trees.

RESULTS

Population trends in egg masses, or in ovipositing females were
similar in the four plots, though there were considerable differences
in the density among plots (Fig. 1). Mean density over all plots
varied from 6 /ha in 1978 to 231 /ha in 1976.

Predation rate by birds in the plot also varied considerably,
between OZ and 84Z, the latter occurring in Plot 4 in winter 1976-77,
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Figure 3. Snow depth (upper) and daily predation rate on
egg masses above the snow (Tower) in winter 1980-81 at
Bibai. Stipplied bars in the upper correspond to periods of
increase in the daily predation rate between 9 February and
9 March 1981.

The most common predator was the nuthatch, Sitta europaea baicalensis
Taczanowski, recognized from direct observations and from the charac—
teristic scratches left from their beaks and claws, Other predatory
species were Parus palustris hensoni Stejnege, P. major minor Temminck
% Schlegel, and Garrulus glandarius pallidifrons Kuroda. The mean
predation rate during the nine generations was 38.842 in the geometric
mean. The percentage of egg masses physically damaged by the compres—
sion of accumulating snow was negligibly low: 8.87 in winter 1982-83
was the highest during the study period.

Figure 2 shows the relationship between egy mass density averaged
over all plots (/ha) and predation rate by birds. There was no signif-
jcant relationship during the nine years of the study {r=0.580:
P>0.05). However, a highly significant relationship was observed
through the latter five winters, winter 1978-79 to winter 1982-83
(r=0,965: P<0,01), During the other four winters 1974-78, there was no
significant relationship (r=0,706: P>0.2).

The daily percentages of egg masses eaten by birds are shown in
Figure 3 for winter 1980-81, Since attacking egg masses beneath the
snow was impossible for any birds, I calculated the percentage only
for egg masses above the snow, Moreover, I assume that birds maintain
a constant predation rate during the interval.

Predation rate was 54,7% in the winter, the second highest during




307

-3

Aboveground height (m)
Bibai Asahikawa

Percent predation

Figure 4, Vertical distributions of mean predation rate at
Bibai in winter 1980-81 (left), and in a Larix forest at
Asahikawa in winter 1982-83 (right). Open and closed trian-
gles show heights of maximum snow depth in the winter and of
the lowest branch, respectively. Open and closed circles
indicate the significant difference between the adjacent two
height classes at the 17 and 57 Tevels, respectively (the
Tukey-Kramer method using the arcsine transformation).

the nine winters. In this winter of high predation. birds attacked egg
masses mostly in February and March, when the snow depth was highest
of the year, and never attacked any egg mass after March when the snow
began to melt., Figure 3 also suggests that snow accumulation intensi-
fied predation in February and March.

Since predation was concentrated in snowy season, the height at
which the egg mass was laid on a tree affected mortality from bird
predation at Bibai and Asahikawa (Fig. 4). Predation rate beneath the
snow was significantly lower than just above the snow (the Tukey~
Kramer method, P<0.05: Sokal & Roh1f, 1981). Although percent preda-
tion gradually increased with height above the snow, the most inten-
sive predation was concentrated above the lowest branch at Asahikawa
even in the year of 237 predation (Fig. 4). At Bibai, females rarely
oviposited above the branch.

Table 1. Maximum snow depth and mean height of egg masses at
Bibai, Hokkaido.

Year of
oviposition 1975 1976 1977 1978 1979 1980 1981 1982

Maximum
snow depfth 116 156 99 129 90 114 92 99
(cm}

Mean height
of egg masses 187 249 265 233 248 298 271 229
(cms 95Z C.L.) +16 +15 456 +90 468 41 +37 435



308

- 5 Y ' T T T Y T

<L

]

~ [+

= = 4
ks

g

n 3 N o

; 1
g

=3 o

b 3 o 7
H (o]

E 1 ._._..‘/ ) 1 ] $ 1 |
20 20 40 . 60 80

Percent predation

figure 5. Correlation between relative egg mass survival
and percent predation measured from overall egg masses at
8ibai in winters 1975-83, Correlation was highly significant
(y=0.569+0.044x: r=0.939: P<0,001). Relative egg mass sur-
vival (L/H) is expressed by dividing the proportion of egg
masses surviving beneath the snow (L) by that above the snow
(H) (snow height used was the average maximum through the
eight winters, or 112 cm). Open and closed circles indicate
that the difference of the proportion of egg masses sur-
viving between the two height classes (L and H) was statis-
tically significant (P<0.01) and insignificant (P>0.1),
respectively (t-test using the arcsine transformation).

The insulative effect of snow can be demonstrated more obviously
by the survival of the egg masses beneath the snow (L) relative to
those above the snow (H). Throughout the eight winters at Bibai,
relative survival {L/H) increased with average percent predation on
egg masses (Fig. 5). Oviposition beneath the snow had the advantage of
producing high agg mass survival in five of eight winters, However,
survival approached equality in the yesr of low predation,

Since snowfalls at Bibai did not vary so much {(Table 1: C.V, in
maximum snow depth was 20%), inferences from mean snowfall values
sccurately indicated above or beneath the snow.

The population density in larval and egg stages is correlated
with oviposition heights in Europe (Luciano & Prota., 1981), At Bibai,
however, mean height of egg masses were not different among years
during 1976-82 (Table 1: P>0.28), irrespective of egg density. Signif-
icant differences were observed only between the height in 1975 and
others (P<0.05). except between 1975 and 1978 and between 1975 and
1979 (P>0.1).
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Figure 6. Two factors, winter predation and cost of larval
dispersion, affect oviosition site selection by the gypsy
moth as assumed by the model. q denotes the proportion, or
probability of females ovipositing above the eventual snow
Tine. Egg masses above the snow have much lower survival
than those beneath the snow in the year of high predation,
In the year of low predation, however, the proportion of
surviving egg masses above the snow is almost the same as
beneath the snow. Probability of high predation is p. lLarvae
hatched on the lower site experience Tower survival (kS:
0<k<1). The rate of increase (r) after larval dispersion is
not affected by hatching sites.

Model of oviposition

The data presented above showed that oviposition beneath the snow
was advantageous in snowy regions. In the year of low predation,
however, egg mass survivals were almost the same above and beneath the
snow. The question that arises is, why do not all females oviposit
beneath the snow in snowy regions? In this section 1 present a concep-
tual model, based on the fitness set approach of Levins (1968), which
suggests that a mixed strategy of ovipositing both above and beneath
the snow is optimal in unpredictably changing environments.

Ovipositing in higher locations is thought to be advantageous for
hatched larvae. Newly hatched larvae of the gypsy moth move up trees.
As they move, they spin a thread of silk without feeding on any host
Teaves (Mason & McManus, 1981). Therefore, larvae from egg masses
deposited lower must crawl longer distances and spin a longer thread
to disperse or reach a food source. However, during years of high
predation these Tarvae gain the benefit of high survival during the
egg stage beneath the snow. In winters of low predation, the same
proportion of egg masses survived beneath the snow as above the snow
in three of the eight winters (Fig. 5). Natural selection favours
ovipositing above the snow in this case, though ovipositing above the
branch results in high predation on the egg masses even in the year of
low predation in the snowy region (Fig. 4), Females should ovipogit
beneath the snow only in years of high predation, or in years when
survival differs above vs, beneath the snow. However, since oviposi~
tion precedes predation, the predation stress makes the environment
unpredictable and changing for the adult females. Our aim is to find
the proportion, or probability, of oviposition above the snow, g, that
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maximizes the long-term expectation of fitness, i.e., the optimal
oviposition strategy.

I assume two types of temporally varying environments, environ-
ment 1 (in which predation is high) and environment 2 (low predation),
and two sites for oviposition (above and beneath the snow) (Fig. 6).

Table 2. Definitions of symbols in the model: H and L denote
the proportion of egg mass survivals above and beneath the
show, respectively.

Symbols Definitions
H H in the year of high predation (environment 1)
Ly L in the year of high predstion (environment 1)
Hy H in the year of low predation (environment 2)
Ly L in the year of low predation (environment 2)
S Survival rate of larvae hatched from the higher
site ’
kS Survival rate of larvae hatched from the Tlower
site (O<k<l)
r Rate of increase after dispersion
q=0
Lk

i
[}
1
[
A}
+
4

W,

W,

Figure 7. A fitness set analysis of the strategy of ovipo-
sition site selection by the gypsy moth, The point at q=}
represents females ovipositing above the eventual snow line.
They have very different survival rates in the two environ-
wents. While the point at g=0 represents females ovipositing
beneath the snow line, Survival rates are almost the same in
these forms.
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Definitions of symbols in the model are given in Table 2. Then the
adaptive function in environment 1 (w]) is

Wy=[qHyS+(1-q)L1kS]r,
and the adaptive function in environment 2 (wz) is
Wo=[ gty S+(1-a)LpkS]r.
Since the moth is univoTtme and of discrete generations, the
alternative environments are "coarse-grained” (Levins, 1968), so that
the average fitness (W) can be estimated as the geometric mean of the

fitness in each environment according to its probability (p for envi-
ronment 1, and 1-p for environment 2) (Levins, 1968),

log W = p log Wy + (1-p) log Wy

Setting dlog W/dq=0, the optimum § is calculated as

Ly {Hy~Lok )—p{HoLq—HqLs)
AN s 2172
4= & M

(Lqk=Hy ) (Ho=Lok) .

This fitness set analysis is shown in Figure 7, Since the value 21\ must
lie between 0 and 1, we must adjust it as follows.

Lq(Hy~Lsk)
If p> 1 . then §=0.

Hali-Hilp

Thus, if there are many years of high predation, natural selection
favours always ovipositing beneath the snow.

Hy (Ho=Lok)
If p< Ve , then G=1.

k(Hl1Hytp)

Thus, if there are many years of low predation, selection favours
always ovipositing above the snow.

If p Hes between those values menticned above, then the optimum
q equals the § calculated in eqn (1), Thus the mixed strategy is
optgmal This strategy corresponds to the oviposition site selection
at Bibad,

Tests of the model
Costs for larvae hatched from lower egg masses, k in egqn (1),

have been included in the model, because the larva must spin a Jonger
thread of silk without feeding. The height of the lowest branch is
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Figure 8. Oviposition sites by the gypsy moth in relation
to the height of the Towest branch at Asahikawa, Hokkaido in
autumn 1982, Triangles show the mean height of the Towest
branch., Predation rates of egg masses 1in winter 1982-83 are
also shown, Left: Betuls plantation. The mean tree height
was 16.0 m. Sample size was 97 egg masses. Middle and Right:
Two forests were in the same Larix plantation. The mean tree
height was 9.8 m. Branches below 3 m were pruned in the
middle forest. Sample sizes in the middle and right were 177
and 86 egg masses, respectively.

important in this case. Since hatched larvae can easily reach a food
source on trees branching out beneath the snow line, oviposition
beneath the snow line should be suitable for both egg mass and larval
survivals,

The gypsy moth at Asahikawa {snowy region) deposited her eggs
beneath the branch, irrespective of the heights of branches (Fig. 83
Egg masses were distributed to higher sites on trees without Tower
branches than those on trees having lower branches. Predation rate was
Tower in the later forest because of snow protection. The maximum snow
Tine was 83 cm in the winter, Predation rate was also low in the
Betula forest. Some birds, even the nuthatch, slipped off the smooth
surface of birch bark during predation, their claws leaving stip marks
en the surface, Unce they slipped down, they left the tree for an
another,

Highest predation occurred during the snowy season, February and
March; snowfalls accelerated predation (Fig. 3). Consequently, differ-
ences in both predation pressure and the insulative effect of snow
against predation should be expected in southern populatiaons where
snowfall is lighter. Oviposition site selection in northern and south-
ern Japanese populations should reflect these differences.

Oviposition sites were considerably different among geographical
regions (Fig. 9). Egg mass distibution is represented by relative
aboveground heights (letting the height of the lowest branch equa’
one, and the top of the tree equal two) in Figure 9. Using the rela—
tive height, we can compare the distributions above and beneath the
fowest branch and also above and beneath the snow, irrespective the
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Figure 9. Geographical wvariation of the oviposition site
in Japanese gypsy moth. The abscissa shows the frequency
distribution of egg masses. The ordinate represents the
aboveground height relative to the heights of the lowest
branch and of the top of tree. Both average absolute heights
are shown, each interval being divided into five classes.
Stippled area in the map shows the region having snow depths
over 1 m. The average maximum snow depths (1976-83) are
shown by triangles. Snow is rare at Nara and Kyoto, where
snow temporarily covers the ground for 5 and 11 days each
year, respectively, In contrast, the other sites are charac-
terized by heavy snow: snow lies for 64 days (Toyama), 132
days (Bibai), and 146 days (Asahikawa) through the year,
Sample sizes were 75 egg masses on 20 trees (mainly Zelkova
serrata and Sarix spp.) at Nara, 67 on 21 trees (Prunus spp.
and Quercus glauca) at Kyoto, 54 on 33 trees (Magnolia
obovata and Ilex macropoda) at Toyama, 503 on 288 trees
{Betula platyphylla) at Bibai, 97 on 28 trees (B. platyphyl-
1a) at Asahikawa, and 177 on 81 trees (Larix leptolepis) at
Asahikawa.

absolute heights of trees and branches. 1 compared frequency distribu-
tions of egg masses between the two forests in Figure 9 using the G-
test (Sokal & Rohlf, 1981), Of the fifteen pairs., the distributions
were significantly different in thirteen pairs (P<0.05), and were not
significantly different in only two pairs (Kyoto and Nara, G=1.105,
d.f.=3, 0.75<P<0.90; Toyama and the Betuls forest at Asahikawa,
G=5.366, d.f.=2, 0.05<P<0.10).

In the regions with 1ight snow, Nara and Kyoto, almost all egg
masses were deposited in tree canopies, frequently on undersides of
branches. Low predation should be expected in these regions, or p is
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small., In contrast, females oviposited mostly beneath the snow st
Toyama, where snow depths reached 96 cm on an average and were most
variable during each year. The Targest p should be expected. Egg
masses were deposited both above and beneath the snow at Bibai and
Asahikawa, where predation rate considerably fluctuated between yesrs
{Figs. 1 & 5).

Oviposition sites in Japanese lymantriid moths are mainly divided
into two sites (Table 3). Species overwintering in larvae oviposit or
undersides of host leaves, except Leucoma candidum. In contrast, spe-
cies overwintring in eggs oviposit on tree trunks, except E. pseuds-
conspersa, The most interesting selection for oviposition site is
observed in Orgyia thyellina. Female moths, which are bivoltine,
switch oviposition sites from undersides of host leaves for nondia-
pause eggs to tree trunks for diapause eggs (Kimura & Masaki, 19773

DISCUSSION

In the present study, the mean predation rate on the egg mass was
38.87 during the nine years, although this fluctuated considerably.
The highest predation (84%) was observed in Plot 4 in winter 1976-7L
These high frequencies suggest that bird predation on the egg mass is
as important a mortality factor as parasites are in the egg and larwal
stages. Although predation clearly showed a density-dependet trend in
the later five winters, the trend was ambiguous during the nine study
seriod. Thus females cannot predict predation pressure through their

ensity.

Eggs of the moth are covered by a dense coating of hairs, slough-
ed from the female abdomen, The hair covering is believed to provide
some protection against bird predation (Leonard, 1981). The behavior
of birds attacking the egg mass suggests that it is unpalatable. Birds
ate the egg mass not wholly at once, but bit by bit {Higashiura,
1980). Egg masses were eaten mainly during winters with heavy snow-
falls (Fig, 3), which is when adult nuthatches experience the highest
mortality from starvation (Nilsson, 1982). Nuthatches may be feeding
on the egg mass simply to avoid starvation during the deep snow cowver
that prevents them from feeding on their favorable foods.

Dring the intensive predation period, eyg masses deposited under
the snow line survived from the predation. Thus, in snowy regions,
habitat suitability for oviposition was higher beneath the snow than
above. Egg mass survival beneath the snow was 1.9-4.3 times higher
than above the snow in years of high predation, four out of eight
years, However, survival was almost the same on both sites in the
three years of low predation. Thus bird predation created unpredicta-
bly changing environments for ovipositing female gypsy moths. In
contrast, height suitability was suggested to be different in regions
with Tittle snowfall: not only were egg masses rarely attacked by
birds, but egg masses suffered predation at all heights. Egg mass
distributions at Nara and Kyoto are thought to reflect these differ-
ences of predation pressure. There are three strategies for ovipssi-
tion site selection shown in Figure 9: ovipositon in tree canopies
(Nara & Kyoto), oviposition beneath the snow (Toyama), and oviposition
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both above and beneath the snow (Hokkaido), Although the model is an
oversimplification, it predicts these three strategies.

dapanese lymantriid moths mostly deposited nondiapause eggs on
host leaves, but diapause eggs on tree trunks. Orgyia thyellins use
the two site each for the egg. Tauber, Tauber & Masaky (1986) have
regarded such the use of oviposition sites for diapause eggs as a
strategy for depositing eggs on permanent sites. However, avoidance of
winter predation ¢n cggs accounts more precisely for the behavior,
because the oviposition site is on considerably Tower parts of tree
trunks (never on twigs). Other members depositing diapause eggs also
use the lower parts, except Euproctis pseudoconspersa and Lymantria
fumida. Reversely, depositing nondiapause eggs on leaves is probably
to avoid the cost of dispersion, becauvse the egg stage of nondiapause
eggs is too brief to be attacked. For univoliine species, such as the
gypsy moth, females should salsct vviposition sites at once ito balance
both costs of predation and dispersion in long~ferm expectation.

In the argument meniioned sbove, the heignt of the Jowest branch
is most important {or the gyosy In torasts having branches near
the ground, avipssiiion near the ground should satisfy both egg and
of Lhe gypsy moth frequently ccocurs in

{S1eb, et Zuce.), plantations, Jusi
atier canupy clonure, Shinshora & astoura {1982) reported that the
outhreaxs o lar plantai At ano, near Asahikawa (Hokksidol)
oveurred enly in 6218 years old plantations. Lgg wasses were depos:tec
i highar sites o to oruning of the lewsr branc {(Frg., 8 The
environment in { 1 1 1% changed tu he like in the older by
pruning, and radir 2gy andd Tar

Fasts 1n me
crY Y ronm
Tife hyslor
Lhese pasis,

Tarval survivals, Qutbresks

young larch, Lay Do

ons

i Tor
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adaptations to the
relbods wtilizing their
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SUMMARY
Mean dation rate on qypsy molh egg masses by birds was esti-
mated at during mine years at Bibei, Hokkavdo, Japan. The preda-
Lor, mainly the atech, attacked eyg masses during a snowy season,
February and March, Thus oviposition bepeath the eventual snow jine
had the advantage of producing high egy mass survival only in the year
of high predation, Since predation rate varied considerably, the
predation created changing environments for females. The model of
optimal oviposition strategy was presented by using the Levins model,
The prediction of the model was consistent with the geographical
variation of oviposition sites in Japanese gypsy moth and in Japanese
Tymantritd moths,

pro
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