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BIOLOGY OF THE JAPANESE BEETLE

By WarTeEn b Fipsixg, colinhoralor,
Entomology Research THwisien, Apriculiural Research Service

Little was known about the bialogy of the Japanese beetle {Popil-
lia japonica Newman) when it was found In southern New Jersey in
mid-August 1916, probably oecause it is o pest of minor importance
in its native Japan. Prior Lo its discovery in the United States if was
known to ocenr only on the main islands of the Japanese archipelago.
The beetle is commion Lut not abundant in Kyushu, Shikoku, and
southern Honshu. It is the most abundant in novthern Honshu and in
all of 1Tokkaido where grasslands oecur, but its popnlation density
never reaches that in the Eastern United States.

In New Jersey the beetle found a generally favorabie climate, large
areas of permanent turf for developing the immature stages, almost
300 species of plants to satisfy its voracious appetite, and at that
time no important natural enemies. Fleming (7968) * has summarized
the development of biological control of the beetle in the United
States. The Leetle spread rapidly in its new environment and it soon
became a threat to Awmerican sgriculture. The adult seriously dam-
aged certrin small fruits, tree fruits, truck and garden crops, orna-
mental herbaceons garden plants, ornamental shrubs and vines, shade
and ornamentnl trees, and many nonecconomic plants. The grub de-
stroyed large nreas of turf in lawns, golf courses, and pastures and
damaged the rootz of other plants.

Some phases of investigating the biclogy of the Japanese beetle in
the Tnited States were conducted by the U.S. Department of Agri-
culture in cooperation with other Federal agencies, State agricultural
experiment stations, State departments of agricnlture, and universi-
ties within the aven infested by the insect. Reports on the progress of
the investigation appeared from time to time in Federal and State
publications and in vavieus scientific journals, but much additionsl
information is found in the unpublished progress reports by
F. E. Baker, T. N, Dabbins, W. . Ellis. W. E. Fleming, H. Fox,
H. F. Goonewardene, C. T1. Hadley, 1. M. Fawley, M. G. Klein, T. A.
Ladd, Jv., T T, MeCabe, J. 17, MeGaire, B. L. Plasket, L. B. Smith,
. AL Thomas, R, T, White, T1. 1. Willard, and D. B. Zepp on file

'The year in italic after the author's nnme is the key to the rofersnce in
Literature Cited. 1 117,
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at the Japanese Beetle Laboratory, Moerestown, N.J. This bullefin
summarizes the resnlts of published and unpublished studies con-
ducted from 1917 to 1970 on the biology of the beetle.

EXTERNAL ANATOMY

The Adult Beetle

The adult beetle {fig. 1) is & beantiful brightly colored oval insect,
varying in length from 8 to 11 mm. and in width from & to 7 mm,
The female is usually larger than the male. The body is a brilliant
metallic green. The three pairs of legs on the thorax are a dark
coppery green, varying slichtly in hue. The coppery brown elytra,
which do not cover the abdomen completely, expose a row of five
laternl spots of white hairs on each side of the abdomen and & pair
of these spots on the dorsal surface of the last abdominal segment.
These white spots on the green abdomen distinguish this beetle fron
all other beetles that resemble it. (Davis 71920a; Hadley 7922; Smith

J-2027

Fragre 1.—Adult Jopanese beetle. Five times natural size,
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1925; Smith and Hadley 7926; Hadley and Hawley 1934; Fleming
1963a)

The dorsal surface of the body is slightly fiattened and without
pubescence or seales. The ventral surface is covered with short gray
hairs, The hend and thorax are thickly and zoarsely punctated; the
strize of the elytrn are double punctwred. The second strin is
imperfect, terminating considerably below the apex of the ely-
tron. (Smith and Hadley 7926)

There are seven weil-developed parts in the mouth—the labium,
hyvopharynx, left and right maexillae, left and right mandibles, and
labrum. When the beetle is feeding, the labium is pushed downward
to regulate the spree required by the grinding mouth parts. The
maxiline and the mandibles swing laterally with n forward-and-back
motion to rasp the plant tissue.  {Swingle 1930a)

The sexes ave most easily distinguished by slight differences in the
shape of the tibia and tarsus of the Arst pair of legs. As shown in
figure 2, the tarsus of the male is slightly shorter and stouter than

AENTLLE ATALE

32058
Fraure 2,—Foretibiae and fovetarst of Japnpese beetle, showing difference in
structure between nnle and female, Greatly enlarged.
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the trrsus of the female. The tibial spur of the male termi-
nates in & sharp point, whereas this spur on the female is longer and
vornded.  {Smith and Hadley /220: Hadley and Hawley 7934:
Fleming 1963}

The Egg

The size, shape, and color of newly deposited eggs vary consider-
ably. Some are sphercides about 1.5 mm. in dinmeter, some ure
ellipsoides measuring 1.3 nun in length and 1 mn in width, and
others tend to be slightly ¢ylindrical. They vange from a transiucent
white to creamy. The external surface of the protecting chorion is
marked with small hexngonal nrveas. As the embryo develops, the ege
enlarges until it 1s almost fwice as lavge as the newly deposited egge
and it becomes almost spherical in shape (fig. 8). The developing
embryo 18 then visible through the chorion, (Davis 1920a; Smith
and Hadley 1920 Hadiey and IMawley 1954)

The Grub

A completely white grub about 1.3 mm. long emerges from the egg.
Its lLead is equipped with biting mouth paris, each of the three
thoracic segments bears n pair of legs, and there are 10 abdominal

3-732

Fravse 3.—Mature eggs of Japanese beetle. Bight times vatural size,
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segments. It lies in its enrthen cell curled in the general shape of o
blunt-ended crescent in the samie manner as the full-grown grub
shown in Hgure 4. A few hours after the grub emerges, the head and
the spirncies change to u yellowish brown. Afer fesding, the accumu-
Intion of feca! matter in the hindgut zives the posterior part of the
abdomen n grayish to black appenrance. The seutellum of the metn-
thorax bears on each side a small hard muecronate process armed with
sharp rigid points. Possibly these processes assist the hatching grub
in Lreaking through the chorion. There is one pair of mesothoracic
spiracles and there are eight pairs of abdominal spicacles. Each
spiracte has a round disk-shaped respiratory plate, but there s no
bulla or respiratory slit.  (Boving J927. 1939)

The entire grub is covered with rathor long seatten d brown hairs,
whicl: nre interspersed with short blunt brown spines. On the ventral
side of the lnst abdominal segment many rather long brown hooked
spines are seattered, and there are muny yeliowish hairs at the sides
and the end. Medinlly two conspicuous rows of six or seven shorter
straight spines are weranged in the form of a V. This V-shaped

J-5128
Fiovsg 4.—Fnllgrown JTnpanese beetle grub. Six times natural size.
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arrangement on the raster {fig. 5) distinguishes this grub from all
other white grubs. Just prior to molting the middorsal length of the
body avernges 10.3 mm. The midventral length is slightly shorter.
(Boving 1927, 1939 Sim 1935)

During the first melt the head is enlarged. The external charncter-
isties of the second-instar grub ave the same as those of the frst
instar with the following exceptions: The scutellum of the meta-
thorax is 1ot rrmed with & process on each side, Each spiracle has a
coneave respiratory plate surronnding a large bulla with a curved
spiracle slit. The concavity of the respivatory plates of the thoracic
spiracles fuces posteriorly, whereas the conenvity of the respiratory
plates of the abdemen faces wateriorly. Just prior to the second molt
the middoersal length of the body of the second-instar grub pverages
185 mm.  (Boving 71939)

During the second molt the head is ngain enlarged. The external
characteristics ol the third-instar mrub are the same ns those of the
second mnstar, When the grub is mature, the middorsal length of the
body wvernges 32 mm.  (Roving 1939)

The difterence in hody length of the second and third Inrval instars
15 50 marked that these instars enn be distinguished by their size. The
ditference in size of the fully developed first instar and the newly
molted second instar is less obvious, but the first instar is so well

T-300
Fraure 5.~ -Avcangement of hairs and spines on undersido of last body segient
of Japnnese Leetle grub. Y-shaped arrangement of lnst two rows of spines
distingnishes this grub from all others.
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marked by the structure of the metathoracic sentellar process and
the form.of the spiracles that these two instars are easily separated.

Since the head does not grow during a stadium, its size is a most
convenient mensurement to separate the larval instars. The head of
the first-instar grub averages 1.2 mm, wide and 0.7 mm. long, whereas
the head of the second instar is 1.9 mm. wide and 1.2 mm. long and
the head of the third instar 8.1 mm. wide and 2.1 mm. long. The head
measurements of individuals in each instar are separate and distinct
from those of another instar. The head of the smallest individurl in
an instar is distinetly Iarger than that of the largest individual of the
preceding instar. Although the ratios for the increase in head width
are different from those for the increase in length, the incresse in
width of the head is direetly proportional to its increase in length.
(Davis 1920a; Abercrombie 7936; Boving /239; Ludwig and Aber-
crombie {940}

The Prepupa

The existence of an ingtar between the last larval one and the pupal
instar is usually not recognized, but such a form exists in the meta-
worphosis of & holometabolous insect such as the beetle, When the
grub is mature, it ceases to feed, ejects the accumulated excrement,
and becomes almost innctive. The body becomes pale and the cuticula
shrunken. Eventually the developing appendages become everted
from their sacs and le for the fivst time outside the newly developed
pupal cuticuly, beneuth the old larval enticuln. Internul changes also
oceur. The prepupa responds thigmetactically, but it does not feed.

The Pupa

During the transformation from prepupa into pupa the insect is
innctive and helpless. The pupe (fig. 6) resembles somewhat the
adult, excapt that the wings, legs, and antennae are folded closely to
the body and functionless. The nverage pupa is 14 mm. long and
7 mum. wide. The movement of the developing pupa within the cast
farval cuticula splits the skin on its dovsal side to expose n whife or
ptle crenm-colored pupa. The body gradually becomes a pronounced
tun and finally the metallic green of the adult. The caudal abdominal
segment is noticeably divaricated. The tergum, pleura, and sternum
of most of the abdominal segments are elevated mesially into carinae-
like ridges. {Klis unpublished; Smith and Hadley 7926; Hadley
and Hewley 71947 Fleming 1963a}

The male pupa is distinguished from the female pupa by a three-
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J=5125
Freupe 6—Japanese beetle pupa: 4, Dorsnl view; B, ventrnl view.
Six times natural size.

toba eruption covering the developing genitalia on the posterior
ventral abdominal segments (Loadd und MeCabe unpublished).,

When the transformmtion to the adult is completed, the ndult splits
the pupal skin and withdraws its body and appendages. The newly
emerged adult is soft and delicate. 1t remains in the earthen cell
formed by the grub until the chitin of the cuticula hardens, the wings
expand to normal size, and the sexunl organs mature. {Ellis unpub-
lished : Bmith und ITadley 1926)

INTERNAL ANATOMY
The Adult Beetle

Alimentary Traet

Swingle (7930a) studied the alimentary tract of the adult beetle,
It consists of the esophagus, the ventriculus, and the hindgut. The
esophagus and the hindgut are invaginations of the ectoderm and
resemble it in structure, The ventriculus developed from the endo-
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derm of the embryo, The tract begins as o straight tube behind the
mouth in the head and thorax, and after entering the abdomen it
coils nbout itself, flling the major part of ithe cavity. The hindgut
lies on the dorsal side of the body with the ventriculus beneath it.
The alimentary tract is approximately twice as long as the body.

Esophagus.—The mouth opens into n short esophagus, which lies
alinost entirely within the head of the beetle. Two chifinous plates,
one at the base of ench mandible, fit into the anterior opening of the
esophagus and serve to hold it open and to grind passing foed. The
anterior part is threadlike. The posterior half widens into & penr-
shaped crop.

At the anterior end of the esophagus the intima is vather thick and
{orms spines extending into the tract. Beyond this the intima is thin
and wavelike. The epithelinm is wniform from the mouth to the
esophagrenl valve and consists of pavement cells, which are about the
same Size throughout the esophagus. If = basement membrane is
present, it is extremely thin and clings very closely to the base of the
apithelial cells.

A thin layer of lengitudinal muscles fits closely to the epithelium
and forms almost a perfect sheath about the esophagus. The circular
nmscles nre well defined but are present only in scattered strands.

The beetle appnrently has no salivary glands. No glands were
found in the head and thovax and no salivary enzyme was found in
the alimentary tract or ifts contents.

Esophageal Valve.—The esophngenl valve, & ring of epithelinl
colls that forms & constriction between the esophagus and the ventric-
ulus, has no sphincter muscles. It is not efficient becanse the contents
of the ventriculus ure readily regurgitated into the esophagus.

Ventriculus.—The ventriculus is the major part of the alimentary
tract. It ranges in length from 2 to 2% om. It goes back from the
esophngenl valve into the abdomen where it is coiled about itself. It
narrows gradually toward the posterior end. The circular muscles are
fairly well developed throughout the ventriculus and serve to force
the food through the tract. The longitudinal muscles are thin snd
probably not important.

The anterior end of the ventriculus has a ring of modified epithe-
linl cells, which forms a collar around the esophageal valve, These
cells secrete a thin pecitrophic membrane, which serves to protect the
delicate epithelium from rough particles of food as they move
through the ventriculus,
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The epithelium of the ventriculus is composed of large columnar
cells, which break and discharge n digestive secretion and are re-
placed by new cells developed in the nidi.

Pyleric Valve—The posterior end of the ventvienlus tapers into
n conelike process, which enters the well-developed pyloric valve. The
intima oceurs in wavelike folds, which become thickened at the
posterior end of the valve where they form large spines extending
into the tract. The circular muscles are very well developed, forming
the major purt of the valve wall. A layer of longitudinal musecles
covers the circular muscles.

Malpighian Tubes—I'our Malpighian tubes arise from the cone-
like process as it enters the pyloric yvalve. Two of them open on either
stde; the other two have n common opening. The tubes are simple
and straight ns they leave the elimentary tract, but slightly beyond
this they have a fine lacelike appenrance. Two of the tubes ching
to the wall of the tract and run anteriorly to the esophageal valve,
where they turn and run posteriorly {o the colon. The other two tubes
arve nbout one-half the length of the frst puir.

Hindgut.—Beyond the pyloric valve the hindgut widens and has n
very thick opaque yellow wall, which is usually wrinkled and pitted.
Tn this pert of the gnt the intima is denwn ont into long needlelike
spines, which extend into the tract, When the beetle feeds, the finely
ground particles of food become lodged amo..g the spines until only
# small passage remains through the center of the gut. The hindgut
then narrows for a short distance, where it is relatively thin walled
snd fransiueent, and widens aguin to form a large rectum. It termi-
nates at the anus.

The rectum, like the pyloric valve, is very muscnlar. The circular
muscles are well developed throughout the hindgut; those in the
forepart are much reduced in size, whereas those in the posterior
part ave greatly enlarged. Longitudinal muscles are present only in
the forepart of the hindgut.

Respiratory System

Each of the spiracles is the opening of a trachea. The main tracheal
tranle rrising from n spiracle scon divides into several branches, and
by repeated divisions an immense number of branches are formed,
The ultimate branches of the trachen) system are connected with
small tracheoles, which penetrate within living cells throughout the
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body to supply oxygen and to remove carbon diexide. The trache-
oles tre probubly the essential organs of respiration and the tracheae
serve as conduits.

Cireulatorv System

The beetle has an open circulatory system, the blood filling the
cavities in the body and its .1ppendwes not occupied by the internal
organs. The only blood vessel is a tube just beneath the dorsal body

wall and above the alimentary {ract, extending from the candal end
of the ubdomen through the thorax into the head. The tube is divided
into two sections—the heart, which lies in the abdomen, and the
slender novty, which fraverses the thorax and terminates in the head.
The heart is closed at the postevior end and is divided by constric-
tions into chambers, which are separated by valves. The muscwlar
layer of the wall of the heart is composed chiefly of circular muscles.
The rhythmic pulsations of the heart force the blood into the aorta,
from which it flows in streams into the spaces between the internal
ovgans. After bathing these organs, the blood returns to the heart
and enters it through the ostia on its sides.

Reproductive Organs

Male.—TEach of the two testes consists of six disklike divisions
and are connected to the vas deferens by means of the vasa efferentia.
The pairved canals of the vas defevens expand near their junction
with the ejaculatory duct to form the seminal vesicle in which the
spermatozoa are assembled. There is one pair of accessory glands,
which aré about four times the length of the vas deferens. The ejacu-
lntory duct is only 0.5 mm. long, The terminal section of the duct is
enclosed in a fingerlike cvagination of the ventral body wall to form
the male intromittent organ, the nedeagus. The aedeagus enters the
vagina of the female during coitus. (Williams 1945)

Durmn' spermatogenesis the testicular cyst cells form envelopes
about groups of spermatocytes and continue to surround the develop-
ing gametes until they are mature. As the spermatozoa complete their
de\-elopmenr they attach themselves by their acrosomes to the cyto-
plasm of a cyst cell. The cyst cells contain cytoplasmic deposits of
ribonucleoproteins, large nmounts of glycogen, and lipid bodies.
{ Anderson 1950a}

The secretion of the accessory glands consists of & ground mass of
muconstike protein polysaccharide compound with large globules of
mucus and many droplets of phosphoiipin and possibly other Jipoidal
substances.  {Anderson 18505)
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Female—The ovaries lie in the body cavity of the abdomen on
cither side of the alimentary tract. Each consists of six ovarioles,
which open into the oviduct. The tweo oviducts combine to form the
vaging, The duct of the spermatheca, the sac where the seminal fluid
Is stored, enters the vagina distad of the bursa copulatrix, or copula-
tory poucii. Two oval glandlike bodies are sitnated in the tissue sur-
ronnding the distal end of the vagina. (Williams 7945)

The seminal fluid of the male, which is deposited in the vagina of
the female during coitus, contains spermatozoa in cyst cells and the
seeretion of the accessory glands. The cyst cells disintegrate in the
lower part of the genital tract of the female, releasing the sperma-
tozoa and the contents of the cells. The glycogen from the cyst cells
and the mucopolysaccharides from the accessory glands may be an
important source of nutrition for the spermatozon stored in the
spermatheca of the female. The egg becomes fully grown and the
chorion is formed about it before it is fertilized. Small openings, the
micropyle, in the chorien permit the entrance of the spermatozoa.
{Anderson 79500)

The Grub

Alimentiary Tract

Beard (1945) and Rapp (1947) studied the alimentary tract of the
grub, Many of its features ave similar to those of the adult beetle.

Esephagus.—The mouth opens into a very short tube, the esopha-
gus, wlich lies almost entirely within the head of the grub, and
widens in its posterior half to form a simple crop.

Ventriculus.—The ventriculus is a straight tube extending poste-
riorly from the esophageal valve at the end of the esophagus. The
well-developed muscles force the food through the tract. Three circles
of cecal diverticula arise from the ventriculus. The first circle at the
anterior end consists of short blunt irregularly furcated pouches. The
ceca of the second circle, about ome-third the distance between the
first and third circles, are conical in shape. The ceca of the third
circle arise near the posterior end of the ventriculus. They are conical
in shape, directed anteriorly, and usually rather appressed to the gut.
They are relatively short on the dorsal side and become progressively
longer toward the ventral side.

Malpighian Tubes.—Two pairs of Malpighian tubes arise in the
anterior part of the hindgut, not far back of the third circle of gas-
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tric ceca. These tubes are long, extending anteriorly to the anterior
part of the ventriculus and then posteriorly.

Hindgut—The hindgut, which begins at the muscular pyloric
valve, vonsists of three parts reflected upon each other in a Z-
configuration. 'The anterior part, which is uppermost, tapers poste-
riorly to the greatly enlarged anteriorly directed rectal sac beneath
it. The rechmn beneath the rectal sac is directed posteriorly and
terminates at the anus. The midpart of the rectum is expanded.

Respiraicoy System

Each of the nine pairs of spiracles is the epening of a trachea. The
tracheal system extends to all parts of the body.
Circulatory System

The grub has an open cirenlatory system with the heart and the

worta on the dorsal side of the body.

EMBRYONIC DEVELOPMENT
Chromosomes

The male beetle has 18 somatic chromosomes—eight autosomal
pairs and one pair of relatively small sex chromosomes (Smith

1853).

Cycle of Embryogenesis

Gege ® studied the embryonic development of the beetle at 30° C.
During the first 4 days embryogenesis consists of the formation and
growth of the germ band and its associated strnctures, such as
appendage buds and the radiments of various internal organs. The
germ band increases to such an extent that it is longer than the egg
and grows dovsally to partly enclose the yolk. Blastokinesis occurs
between the fourth and fifth days. It consists of a shortening of the
germ band so that it is the same length as the egg and a buckling of
the embryo so that the anterior and the posterior ends almost touch.
Tustead of growing around the yolk dorsally, s it did earlier, the
posterior end twists under the middle part of the embryo and grows

t*Gese, B, C. EMBRYOGENY OF THE JAPANESE BEETLE, POPILLIA JAPONICA NEW-
MAN, AND A CORRKELATION OF MORPHOLOGICAL EVENTS WITH KNOWN PHYSIOLOGICAL
cHaxceEs. 1033, [Ph. D. thesis. Copy on file New York University.]
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anteriorly. During this process the yolk, as viewed laterally, changes
from an oval to a bean shape, © typical scavabaeoid shape. Beginning
with the fifth day the formation of new structures becomes secondary
to the growth and differentiation of structures nlready formed.

Increase in Weight

The newly kid egg weighs 0.83 to 0.8¢ mg. During incubation it
increases to 2.3 to 24 mg in 14 days at 20° . (Ludwig 7932), in
S days at 25° (Ladwig 7822), and in 4 days at 30° (Rothstein 7952).
The weight vemains practically constant dnrving the remainder of
the embryonie period.

‘The merease in egg weight is associated with the imbibition of
water. The newly laid egg contains 49 to 30 percent of water. After
the eag renches its maximum weight, it contains 81.8 to 84 percent of
water, The inerease in water content is more than sufficient to account
for the increase in weight, an indication that some loss of weight
results from the metabolism of some of the ege substances.  (Ludwig
19.5:2; Rothstein 71952)

Importance of Water

The egg of the leetle, like those of other scarabaeid beetles, must
absorb water as w prelude to and during embryonic development.
Since it is adapted to develop in a moist soil, it apparently has no
mechanism for retuining water. If there is not sufficient moisture in
the soil. the eges perish.  (Ludwig 1832)

Effect of Temperature

Development at Constant Temperatures

No ems hatehed below 13° (., although Ludwig (1928) observed
some embryonic development at 13° and Fox (£829) at 12.3°, Ludwig
(4928} found that the average incubation period was as follows:

Days a0
Bl 15
. S 17.5
b4 20
I 5 3
1 25

. -+
8 .30
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Only 42 percent of the eges hatched at 13° C., but 75 percent or
more hatched at temperatuves from 17.5° to 34°. The optimum for
incubation appears to be about 307,  (Ludwig 1928a)

Effect of Alternating Temperatures on Development

The effect of alternating tempeuatures on the length of incubation
as compared to the development at constant temperatures depended
on the relationship of the temperatures to the threshold and the
eptimum temperatures for development. Eggs held at 10° C. one day,
20° the next day, 10° the following day, and so on hatched in 31
days, whereas those held at a constant temperature of 15° required
61 days to hatch. Eges subjected to alternating temperatuves of 15°
and 25° hatched in 20 days: those hekl ar 207 hatched in 21 days.
Kees subjected to rlternating tempervatures of 257 and 35¢ hatched
in 12 days; those held at 30° required & days. These data show that
embryvogenesis is accelerated when the temperature fluctuates above
and below the threshold temperature: it is not modified when the
temperature Auctuates between the threshold and the optimum tem-
peratures, and it is retarded when the temperature Hinetuates above
and below the optinuun.  (Ludwig 1928«)

Cold Hardiness

The eggs are not cold hardy. No eggs survived exposure for
1 week to 0° O, or for 1 day to —20° At 3° to 5° the viability
decreased to 90 percent in 6 days, 70 percent in 1+ days, 50 percent
in 21 days, and zere in 28 days.  (Liall et al. 1968

The viability of the eggs was Jecveased and their development
retarded as the exposure to 10° (. was prolonged before incubating
wt 30°, Nineiy-five percent of the eggs not exposed to the lower tem-
perture hatched in 8.3 days. Exposure to 10° for 1 week reduced the
hatch to 39 percent and incrensed the incubation period at 30° to 8.5
days. Two weeks' exposure reduced the hatch to 37 percent and
incrensed the incubation pevind to 9.4 days: three weeks' exposure
also reduced the hateh to 37 percent and incrensed the incubation
period to 1LS days. Many of the grubs hatching from eggs exposed
te the lower temperature for 3 weeks were s0 weakened that they
were unable to free themselves from the chorion. (Ludwig 1850)

Exposure to W17 (. for 1 week modified the vitality of the eggs
during sl stages of embeyonic development ar 30°. Newly laid eggs
were the most susceprible to the cold: only § percent of them hatched.
The hatch was 80 percent of the eggs t day old, 30 pervent of those
3 days old, 38 pervent of those 3 days old, and 30 percent of those
T days old.  {Ludwig [950)
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The eggs ure not ph\'siolorric'lll\' adapted to withstanding for long
periods expostres betow 15° C. Tt is not uncommon to find apparently
novmnl eggs in the field in late fall or early spring, but none of them
were viable. When brought to u warm Jaborvatory, these eggs soon
disintegrated.  {Tlawley 1944)

Biochemicai Changes

pH

The contents of the egy are slightly ulkaline; the pIT is 7.1 during
embryonic development {Fink 19:25).

Nitrogen

The total nitrogen in the ege remained constant during embryo-
renesis. 1t ranged from 3.60 mg. (Rothstein 7952) to 3.95 mg. {Lud-
wig and Rothstein /85.2) per 100 eggs. Theve was a slight loss of ni-
trogen during eclosion, which mny Le associated with the loss of the
e chorin, There were, however, changes in the distribution of
nitrogen during the embryonic period.

In the newly Iaid egg 12.9 percent of the nitrogen was insoluble
and 87.1 peveent of it was soluble in water, The distribution of the
water-soluble was 1.7 percent in phospholipids, 4.0 percent in amine,
peptide, and other nonprotein nitrogenous compounds, and 814 per-
cent in metaprotein, proteose, and peptone portic 3 of the egg. The
nitrogen in the insoluble nitrogenous portion increased to 71.8 percent
just belore hatehing and then decreased to 66.4 percent in the newly
hatched grvub.,  (Ludwig and Rethstein 7952)

The phospholipid nitrogen increased to 11.2 percent in the 3-day-
old egp and then decreased regularly to 7.2 percent in the newly
haiched grub. The nonprotein nitrogen incrensed to 9.1 percent dur-
ing the first 3 days of incubation, remained approximately constant.
during the remainder of the embryonic period, and increased to 13.3
pevcent in the newly hatched grub. The metaprotein, proteose, and
peptone nitrogen decreased progressively to 10 percent just before
hatching and then increased to 11.1 percent in the newly hatched
grab, The shift of nitrogen from the metaproteins, proteoses, and
peptones to insoluble nitrogen probably indicates the synthesis of
structural proteins in the developing embryo. There was no evidence
of the accumulation of waste nitrogen or that nitregenous compounds
were used ns a source of energy in the egg.  (Ludwig and Rothstein
1962
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Reducing Compounds

Reducing compounds, expressed &s glucose, increased from 0.20 mg.
per 100 eggs in the newly laid egg to 0.57 mg. in the 3-day-old egg,
decrensed to 0.30 mg. during the fourth and fifth days, and then
stowly increased to 0.61 myg. at the end of the embryonic period

(Rothstein 1952).

Glycogen

(flycogen decreased vapidly from 2.08 mg. per 100 eggs in the
newly lnid egg to L2+ mg during the Hrst 4 days of incubation,
venuined constant during the next 2 days, and then decreased to .93
g at the time of hatching. It is possible that glyveogen is the main
sourca of enevgy during the early pavt of embryogenesis. (Rothstein
1952)

Phosphorus

The totxl phosphorus remained constant during embryonic devel-
opment, averaging 0422 mg. per 100 eggs, buf there were changes
in its distribution. In the newly Iaid egg 28.0 percent of the phos-
phorus was in the insoluble portion of the egg, 6.2 percent in the
phospholipids, 41.2 percent in the acid-soluble portion, and 24.6
percent in the water-soluble portion precipitated by tungstic acid or
trichloroacetic acid. The phosphorus in the insolable portion in-
erensed to 41.1 percent in 3 days, remained at this level for the next
3 days, and decreased to 38.3 percent just before hatching and to
33.9 percent in the newly hatched grub. The phosphorus in the phos-
pholipids increased steadily to 21.5 percent in the newly hatched
grub. ‘The phosphorus in the acid-soluble portion incressed slightly
to 42.8 percent during the fivst 3 days and then decreased steadily to
32.2 percent in the newly hatched grub. The phosphorus in the acid-
precipitated portion decreased rupidly during the first 4 days to 3.7
percent and then during the last days of the embryonic period 1t
increased slowly to 12 percent.  (Ludwig 1958)

The change in the reid-precipitated portion was the reciprocal of
that in the insoluble portion. The data indicate that the phosphorus
in the acid-precipitated portion is transferred during embryogenesis
to the other portions. The increase in the phosphorus in the inscluble
portion may show the synthesis of protein tissue since phosphorus is
an important constituent of protein. The increase in the phospho-
lipids may also show the synthesis of tissue, (Ludwig 1858)
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Fat

The bound lipid remained constant thronghout the embryonic
period. There was no change in the free fnf (ether soluble) during
the early purt of embryogenesis, but beginning with the fourth day
there wius n marked decrease, whicl continued to the time of hatch-
ing. The total loss was approximately 58 percent. The indi ations are
that free fal is the main source of energy during the last part of
embryonic development.  (Rothstein 1952)

Respiratory Metabolism

Corresponding to these changes in the concentration of the metab-
olites, the respirntory quotienc decrensed from 0.8¢ in the newly laid
eor to 0.7 just befure hatehing. The rate of oxygen consumption
increased rapidly during the Hrst doy of embryogenesis, remained
vonstant during the next 2 duys, and then increased steadiiy during
the remainder of the embionie period.  (Ludwig and Wugmeister
1955)

Ladwig and Wugmeister (1955} studied the activities of the respi-
ratory enzymes, cytochrome oxidase and suceinic dehydrogenase, in
egg homogenates at n dilution of 1:1,000. The oxygen consumption
of ench of these enzymes was high in the newly laid egg, but de-
crensed rapidly during the first 4 days of embryogenesis because of
the dilution of the enzymnes by the imbibition of water. Beginning
with the fifth day the activities of the enzymes increased rapidly
until the end of the embryonic period. Ludwig and Barsa (1957)
found that the oxygen consumption of H-percent egg homogenates
was enhaneed during the embryonic pariod by adding sodium sucei-
nate or cytochrone ¢ to the homowenates. When both substrates were
added simultaneously, the increase in oxygen consumption was
wrenter than with either substrate alone.

POSTEMBRYONIC DEVELOPMENT

Histological Changes

Abercrombie (7956) determined the number and the size of the
cells in the epithelium of the ventviculus and in the brain during the
development of the grub from hatching to maturity. At the end of
the fiest stadium the average weight of the grubs was 5.78 times that
of the newly hatehed prubs, wherens the increase tn the number of
columnar cells in the ventriculus was only 1.67 times and in the brain
cells 1.19 times. During the second stadium the average weight in-
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crensed 524 times, and the number of cells in the ventriculus
inerensed LO8 times and those in the brain 1.69 times. During the
ghird stadium the weight increased 3.18 times, but there was pricti-
cally ne increase in the number of cells in the ventrieulus or the
brain, There wns no incrense in the number of cells in the ventriculus
and the Lrain during molting, but the size of the head capsule
incrensed only during this peried. There was o close relationship
between the increase in the weight of the grub and the increase in the
volume of the eets. The mature third-instar grub was 96.2 times as
heavy as the newly hatehed grub. During this period the volume of
the cells inerensed 89.8 times.

Ludwig and Abercrombie (/936) determined the time in the first
and second stadin wheu cell divisions occurred and the mechanism
by which the increase in the colummar cells in the ventriculus was
nxtained. During the fivst 4 dayvs of each instar at 25° C. theve was
no increase in the number of columnar cells; growth was due to the
nerense in the size of the cells already present. The number of co-
Jumnar vells begna to inevease on the fifth duy of ench stadium and
continued to incrense until the grub prepaved to molt, New columnar
cells were produced by divisions of the basal or interstitial cells and
theiv sibsequent transformation into columnar celis. The new cells
beeame clongated, pushed between adjacent columner cells, and con-
tinmed to grow until they veached the size of the colummar cells
alveady present, Cell multiplication and differentiation occurred
simultaneonsly and most rapidly near the end of each stadium.

Severn] investigators, including Przibram and Megusar (7912),
Stzern (£91)), Bidmann ({824a, [823D), and Titschalk (1924),
claimed that molting in insects occurs when the weight has doubled.
This doubling in weight was supposed to resuit from a single division
of the body cells. Wheu the weight was more than doubled before
molting, Praibrnm and Megusar (/972), Bodenheimer (1927), and
Alpatov (7929) claimed that the ratio of the weight to the number
of cell divisions was some exponent of 2, Ludwig {1932) attempted
to apply this principle to the growth of the grubs and coneluded
that his data did not substantiate the iden of n progression factor in
their growth. This conclusion was questioned by Bodenheimer
(1923).

Ludwig {193¢) made a more cletailed analysis of his data, using
the method advecated by Bodenheimer (1942, 1939) for caleulating
latent cell divisions in holometabolous insects. The observed and eal-
enlated weights of individual grubs were ravely in close agreement
and wide diserepancies were common. e estimated that there were
three probable cell divisions in the first instar, two in the second
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mstar, and three in the third instar. The estimated number of cell
divisions during the development of the grub was not substantiated
by determining the actual number of cell divisions. Abercrombie
{1936} found that the number of columnar cells in the ventriculus
incrensed 167 times during the first stadium and 1.98 times during
the second studinm, but there was no sigmificant increase in the num-
ber of cells during the third stadium.

Variation in Weight During Metamorphosis

Ludwig (1937} determined the weight of the different stages of
the beetle during metamorphosis at & constant 25° C. These date are
summaerized in table 1.

There were great varintions in the weight of the individuals at
each stage of metamorphosis, The smallest female was not as heavy
as the heaviest male. The average weight of the females, however,
was consistently more than that of the males.

LThe grnb reached its maximum weight upon maturity. The weight
declined as the grub ceased feeding and began to prepare for trans-
formation to a prepups. Some grubs remained near maximum weight
for several weeks. The deeline in welght continued through the
prepupal stage. There was a sharp loss of welght accompanying
pupation. The emergence of the adult was accompanied by a loss of
more than one-third of the pupal weight.

During metamorphosis the male lost 40.8 percent of its weight and
the female 47.1 percent. Some of the loss was due to the elimination
of matter from the alimentary tract us the grub changed to a pre-
pupa, in the shedding of the larval skin as it changed to & pupa, and
n the shedding of the pupal skin as it changed to an adult, but most
of the loss was waler. The water content was 78 percent in the mature
seub, T4 percent in the prepupa and pupa, and 66.6 percent in the

Tanre L—Tariation in weight of J apanese beetle during
metamorphosis at 25° (.

Male Female

Stage of
Maxi- Mini- Aver- Maxi- Mini- Aver-

development
mum mum  age mum mum qge
Mg, dig. Mg, Mp. My, g
Matare grub ______ 2065 202 227 324 235 276
Enrly prepupa .___ 245 180 206 310 230 954
Pups 220 145 181 287 185 293

Adalt . 158 82 14 18 110 146
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adult. During the transformation from grub to adult the male lost
56.8 percent of its water and the female 54.8 percent.

Effect of Temperature

Range for Development

The vange of tempernture for the development of the beetle is
from 13° to 35° (., but all stages do not tolerate these extremes of
temperature. No egges hatched at 13° or abeve 34°. The range of tem-
perature for embryonic development is from 15° to 34°, Grubs hatch-
ing ut these extremes of tempernture lived only & few days. Grubs
developed at between 17.3° and 30°, but they did not pupate above
97.5°. Pupne developed nt temperatures from 13° to 35°. Many of
the adults emerging at these temperature extremes were abnormal.
The optimum for development was 30° for the eggs, 27.5° for the
grabs, and between 30° and 32° for the pupae. The beetle developed
from eyrr to ndult at between 17.5% and 27.5°.  (Ludwig 1928a)

More recently Goonewardene (unpublished) and Ladd (unpub-
Jished) reared the beetle from egg to adult ot 29°.

Although grubs hatehed at 15° C. did not survive at this tempera-
ture, those hatched at 25° and transferred immediately to 15° were
able to live, some of them developing to second instars (Ludwig
1928q).

Modification of Siadia ai Constant Temperatures

Ludwig (1928q. 1932} determined the effect of temperature on the
length of the stadia during the development of the beetle from newly
hatched grmb to adult at 20° and 25° C. These temperatures are well
within the runge for the development of all stages. The results are
summarized in table 2.

TanLe 2L ffeot of temperature on length of stadia of immature
stages of Japancse beetle

Third-
instar
First- Second- grub
Temper- instar Instar and
nture (° C.Y grub grub  prepupn Pupa Total

Daps Duys Days Days Days
320 at 105 17 208
17 18 2 T 144
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The avernge length of the development period from the newly
hatehed zrub to the adult was 208 days at 20° and 144 days at 25° C.
‘There were, however, grent variations in the Inrval stadin at these
temperatures. ‘Phe varintions in the pupal stadinm were not given.
The st larval stadium ranged from 20 to 30 days at 20° and from
16 to 28 days at 25°: the second larval stadium ranged from 38 to 7
days nt 20° and from 17 to 35 duys at 25°, The length of the third-
mstar grub-prepupnl period ranged {rom 92 to 126 days at 20° and
from 91 to W6 days at 25°. The length of this last period was modi-
fied by the past history of the wlividual: it was relatively long when
the previous periods were short and relatively short when the pre-
vious periods were fong. With this adjustment the period of develop-
ment from first-instar grab to adult was practicnlly constant at each
temiperntuve.

Since grubs are innctive during hibernation in the winter, Ludwig
(1928e} suggested that the development of some grubs at favorable
temperatures wns due to n resting period during the first-, second-,
or third-instar lavval stages.

Modification of Stadia by Alternating Temperatures

The elfect of alterneting temperatures on the length of the grub
and pupal periods as compared to constunt temperatures depended
on the relationship of the temperatures to the threshold and optimum
temperntures (Ludwig 1928q).

The stadin were shortened when the temperature fluctuated daily
above und below the threshold of development. First-instar grubs
subjected to 10° . one dry, 30° the next, 10° the following day, and
s0 forth, molted in 28 days; those held at a constant temperature of
20°% molted in 30 days. Pupae subjected to nlternating temperatures
of 10° and 20° transformed to adults in 29 days, but those held at a
constant temperature of 15% required 42 days to complete their
development.

The stadia weve not modified signiticantly when the fluctuation of
tha temperntnre was between the threshold and the optimum tem-
peraturces for development. Grubs subjected to alternating tempera-
tures of 15° and 25° (. during the entire larval period pupated in
159 days; those held at a constant tempernture of 20° pupated in
160 days. Pupne subjected to these alternsiing temperatures trans-
formed to adults in 18 days: those held at a constant temperature of
20° transformed in 1T days.

The stadin were lengthened when the temperature fluctuated above
and below the optimum temperature. First-instar grubs subjected to
nlternating temperatures of 25° and 353° C. molted in 23 days; those
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hel@d at a constant temperature of 30° molted in 17 days. Pupae sub-
jected to these alternating temperatures transformed to adulis in
9 days, but those held at a constant temperature of 30° trunsformed
in 7 days.

Modification of Growth

Ludwig (793%) found that the temperature not only modified the
length of the stadin but also affected the growth of the beetle. As
shown in table 3, ench stuge renrved at 25° C. was approximately 20
percent henvier than its counterpact reaves at 20°.

This increase in weight at 25° C. could not be atéributed to an
increaso in the number of cells in the body. Grubs reaved at 20° had
approximately the same number of cells as those reared at 25°, Lud-
wig (1939) counted the columnar cells in the ventriculus of the grubs
between the second and third rings of gastric ceca. The cells in this
aren of grubs reared nt 20° totaled 354 in the newly hatched grub,
561 in the freshly molted second iustar, and 1,082 in the freshly
molted third inster, whereas the corresponding cells in grubs reared
at 25° were 355, 589, and 1,136, respectively. The small differences
were not considered significant becuuse the numbers for each stage
did net ditfer by more than 5 percent.

In a further study Ludwig (1949) found that except in newly
hatched grubs the cells in the ventriculus of grubs reared at 20° C.
were smaller than those in grubs rearved nt 25°. The volume in cubic
microns of cells in grubs reared nt 20° was 453 in the newly hatched
first instar, 1,172 in the freshly molted second instar, and 1,863 in
the freshly molted third instar. The corresponding volumes in grubs

Taste 3~Modification of weight of Japanese beetle during growth
and metamorphosis at 2 temperatures

Averape weight
Stage of development at—
20° C. 23°C.
AUg. Mg
First-instar grub (newly hatched} .- 23 3
Second-instar grub (just molted) __._ 131 165
Third-instar grub:
Just molted 635 80l
Mature 2234 270.8
Early prepupa 2142 253405
Early pupa W 3356
Adult O 15044
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reaved at 25° weve L1, 1,584, and 2404, vespectively. The volume of
the cells in the second-instnvr grubs reared at 25° was 35 percent
grenter thun in those venved at 20°, It was 29 pereent greater in thied-
instar grubs renrved at 23°, The increase in weight of approximately
20 porcent in grubs renved nt the higher temperature can be attrib-
uted to the larger constituent cells.

Thermal Death Point

Adult Beetle.—The thermal death point at the higher tempora-
tures is modified by the duration of the exposure. An exposure for
60 minutes in alv at 43° C. killed 54 pevcent of the beetles. All beetles
wore killed by nu exposuve for 80 minutes at 50° and for 15 minutes
at 55°.  (Knipling and Sullivan 7858)

The beetle is not completely wetted by immersion in water. Air
trapped nmong the body hairs encloses it in a bubble of air. It with-
stood Lumersion for 24 hours in water at 20° . All beetles were
killed by immersion for 30 minutes at +3°, 20 minutes at 44°, 10
minutes at 43°, and 1 minute at 50°.  {Fleming and Baker 7932)

Grub.—XNewly hatched grubs survived only o few deys in soil rt
858° C. (Ludwig 7928a). Third-instar grubs were more tolerant of
heat but did not survive in soil at 40°,

Third-instar grubs survived immersion for 14 days in water at
20° C. (Fleming 1926), but in o ernnberry bog flooded over the win-
ter, where the water ranged from 0° to 10°, 23 percent of the grubs
survived for 180 days (Baker unpublished). All first- and second-
instar grubs wore killed by immersion for 60 minutes in water ab
3%, 40 minules at 44°, 30 minutes at 45°, and 1 minute at 51°, Third-
instar grubs were Inore resistant, Ninety-nine percent of the third
instrrs were killed by immersion for 120 minutes at 43°, but none
survived immersion for 70 minutes at 44°, 40 minutes at 45°, and
1 minute nt 52°.  (Fleming and Baker 7932}

Prepupa.—All prepupae were killed by immersion in water for
80 minutes at 43° C., 50 minutes at -k£°; 30 minutes at 45°, and 1 min-
ute ot 52° (Fleming and Baker 1932).

Pupa.—Xinety-nine percent of the pupne were killed by immersion
for 120 minutes in water at +3° C. None of them survived immersion
for 70 winutes at 4°, 40 minutes at 45°, and 1 minute at #3°.
(Fleming nnd Baker 7932)
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Cold Hardiness

Grub—Only a few frst-instar grubs have been found in the field
in early spring. In southern New Jersey and soutleastern Pennsyl-
vanin the first instars were less than 0.1 percent of the overwintering
population. (Hawley 1844)

The soil temperature at a depth of 7.5 em. in southern New Jersey
and southeastern Pennsylvania rvarely falls below —3° C. during the
winter. "sunlly during periods of cold weather the ground is covered
with snow, which acts us an insulating blanket and keeps the soil at
or near 0°, even when the air temperature falls to —15° (Fox 1935;
Hawley and Dobbins 7947). The average winter mortality of the
grubs durving 1927-34 was only 3 percent, but a reduction of 12 per-
cent occurred in the winter of 1928-29 and 13 percent in the winter
of 1933-3+ (Trox 1933, 1937).

Grubs hatched at 15° C. but did net survive, but grubs hatched at
25° and transferred before feeding to 10° lived for 17 days. The first
instars Lbecame progressively more cold hardy the longer they fed at
25°. The longevity at 10° was 20 days after feeding 4 days, 81 days
after feeding 8 days, and 50 days after feeding 12 days. When the
grubs censed feeding after the 12th day and eliminated the contents
of the alimentary tract in preparation for molting, they became more
susceptible to cold. Their longei ty at 10° declined progressively
with the prolengation of the time they were held at 25°. (Ludwig
1928b) Apparently only frst-instar grubs that have fed sufficiently
to accumulate & reserve of food and have not entered into the early
stages of ecdysis are able to hibernate overwinter,

The second- and third-instar grubs, the overwintering stages, are
well adapted to withstanding long periods of inactivity at tempera-
tures below the developmental threshold, except when the alimentary
tract 1s clearved in preparation for muoolting, during molting, and
immediately after moltiug. Payne (7928) found that the survival of
third-instars while inactive in moist sand at 10° C. was 88 percent
after 2 months, 68 percent after 4 months, 45 percent after 6 months,
28 percent after 12 months, and 10 percent after 2+ months. Goone-
wardene and Zepp (unpublished) found thev the maturity of the
third-instar grub was a factor in its survival at 4.5°.

The minimum temperature withstood by grubs is dependent on the
intensity of the cold, the duration of the exposure, and their maturity
and condition. The mortality of grubs held for 60 days at 0° C. was
only 24 percent (Payne 1528). Alternating the femperature between
0° and 30° every 24 hours killed 70 percent of them in 60 days
{Pnayne 1928). Grubs starved for 30 days at 20° did not withstand
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exposure {0 — L7 (Payne /928). Grubs removed from soil did not
survive exposure to —83° {Fox 7835}, When the temperature of the
goil was rednced from 10° to —8.3° in 11 hours and the seil was
thawed gradually, the mortulity was 82 percent {(Smith unpub-
listied). B grubs were kilted by reducing the soil from 10° to —8.4°
and holding it ot this teinperature for 3 or 4 hours or by reducing it
to —11.1° and holding this temperatuve for 15 minutes (Smith un-
pubhshed}. From a study of these data Fox (1945, 1939) concluded
that —8.4° was the highest soil temperature ikely to cause a mortal-
ity of the prubs approaching 100 percent under natural conditions
in the field.

Prepupa.—Trepupae did not withstand prelonged exposure to
10° L (Payne 718283, A short exposure to +.4° killed them (Iawley
1944}

Puapa—Pupac were killed by a prolonged exposure to 10° C.
(Payme 1828} or a short exposure to 447 (Hawley 1944).

Adult Beetle.—Adult beetles were not affected by exposure for 60
minutes to 0° (., but an exposure of this duration killed 42 percent
of them at —5°, 8% pereent at —10°, and 100 percent at —15°
{Knipling and Sullivan 7957). The disappearance of beetles in the
fall is attributed to their having completed their lifespan rather than
the low temperatures.

Effect of Relative Humidity

The immature stages of the beetle are adapted to living in a moist
soil where the relative humidity is high. Ludwig and Landsman
{1957} investigated the effect of the relative humidity of the air on
their survival and metamorphosis.

The survival of the immature stages at 25° C. varied directly with
the humidity. The survival of third-instar grubs increased progres-
sively from 4 days at 5-percent relative humidity to 30 days at 96-
percent humidity. The death of the grubs at the higher humidities
was attributed to starvation. The survival of early prepupae in-
creased progressively from 5 days at a humidity of 5 percent to 22
duys at 96-percent humidity. The survival of early pupae increased
from 2 days at §-percent humidity to 10 days at 96-percent humidity.

Metamorphosis from grub to prepupa and from prepupa to pupa
occurred only when the relative humidity was not less than 82 per-
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cent. The transfonnation from pupa to adult occurred when the
humidity was not less than 76 percent, With the exception of the
grubs where starvation was a factor, more individuals metamor-
phesed at O6-percent humiidiry than at a lower humidity.

Fleming (7934} found the survival of adult beetles held without
food nt 32° (. increased progressively with the increment in the
hunmiidity. Beetles subjected to 3-percent humidity lived 48 hours,
wherens those subjected to 33- 1o 4U-percent humidity lived 96 hours,
and those subjected to 90- to G3-percent humidity lived 140 hours,

The evaporation of water from a free surface is approximately
proportional fo the saturntion deficiency of the atmosphere. With all
these stages apparently lacking the ability te conserve body water,
their longevity varied directly with the humidity of the air.

Effect of Desiceation

Ludwig (1936} studied the etfect of desiceation on the immature
stages of the beetle. When the immature stages were held at 25° C. in
air with » relative humidity of 30 to 85 percent, 30 percent of the
inttial weight was lost by first-instar grubs in 20 hours, second-instar
grubs in 45 hours, third-instar grubs in 33 hours, prepupae in 95
hours, and pupae in 180 henrs. The fatal limit in the loss of weight
by desiceation was 50 percent by the grubs, 4+ percent by early pre-
pupae, 3+ percent by late prepupac, and 31 percent by pupae.

When grubs were not desiceatad to the fatal linit, the lost water
was restored before developnient proceeded. The time requirved for
recovery depended on the extent and the rate of desiccation. Third-
instar grubs requived & days to regain a 30-percent loss of weight,
15 days to regain a 33-percent loss, 19 days to regain a 40-percent
loss, and 23 days to regain a 43-percent loss. Recovery was attained
in 14 days after desiceation for less than 72 hours, 15 days after
desiceation for 72 to 100 hours, 21 days after desiccation for 100 to
130 hours, and 26 days after desiceation for more than 150 hours.

When prepupne weve not desiccated to the fatal limit, the lost
water was only partially recoveved. Practically no lost water was
recovered in the pupal stage. Desiceation of prepupae or early pupae
tended to prolong the pupal period. The emergence of adults was
normal when the luss of water by desiceation was no more than one-
half of that normally lest during metamorphosis, but adults did not
emerge when more water was lost. The desiceation of prepupse or
pupae did net modify the water content of the adult beetle,
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Biochemical Changes During Metamorphosis

In the Insect

No food is ingested during the transformation from grub to adult.
The encrgy required during metamorphosis must be obtained from
the substances stored in the grub before transformation into a
prepupit

Nitrogenous Substiances.—Anderson (1948) found no significant
loss of nitrogen, but its distribution changed during metamorphosis.
The nitrogen in the water-soluble compeunds increased sharply at
pupation, fellowed by a gradual inerease during the remainder of the
pupal period. The amino acid nitrogen increased at pupation and
then decrenssed during the remuinder of the pupal period, The nitro-
gen in soluble protein—proteose and peptone—decreased sharply
between the grub and the early prepupal stages, rose to a high level
on the second or third day of the pupal period, and then returned to
its former low level by the sixth or seventh day of the pupal period.

These complementury shifts in the distribution of nitrogen were
believed fo indicate the destruction of the larval tissues in the early
pupa followed by the gradual construction of the adult structures
during the remainder of the pupul stage. The breakdown of inscluble
proteins did not coincide with the increase in nxygen consumption or
the increase in the acidity of the blood but occurred later in
metrmorphosis.

Carbohydrates.—The glucose content of the third-instar grub was
0.52 percent. It decreased to 0.2 percent in the early prepupa and
then increased to (.79 percent in the newly molted pupa. The glucose
dropped to 0.68 percent in the 1- and 2-day-old pupae and then in-
creased slowly, reaching 0.80 percent on the last day of the pupal
period. The emergence of the adult was accompanied by a loss of
glucose. (Ludwig und Rothstein 7949)

The glycogen increased from 1.43 percent in the third-instar grub
to 207 percent in the early pupw. Glycogen was lost rapidly during
the first 4 days of the pupal period, increased on the fifth day, and
then steadily decreased to (.96 percent on the last day. There was no
change in the glycogen upon emergence of the adult. (Ludwig and
Rothstein 7949)

The increase in glucose and glycogen at the time of pupation might
be the result of the breakdown of insoluble proteins in the larval
tissue and of the degradation products being stored temporarily as
carbohydrates, The decline of glycogen during the pupal period prob-
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ably indicates the utilization of glycogen as a source of energy by
the pupn. {Ludwig and Rothstein 7949)

Fats.—The fat content of the third-instar grub was 3.16 percent.
It incrensed to 3.76 pervcent in the prepupa and remained at approxi-
mately this level until the fourth day of the pupal period. It
decreased on the fifth and sixth days to 3.23 percent and remained
relatively constant during the remainder of the pupal period. A loss
of fat occurred on the emergence of the adult. (Ludwig and Roth-
stein f249)

Respiratory Metabolism.—The vespiratory metabolism of the
third-instar grub varied dirvectly with the temperature. The oxygen
consumption increased from 1.33 cubic mm. per minute per gram of
bedy weight at 10° C. to 13.53 cubic mm. at 34°. The carbon dioxide
produced increagsed from 1.07 cubic mm. at 10° to 11.92 cubic mm. at
34%. The respiratory quotient, the ratio of the carbon dioxide pro-
duced to the oxygen consumed, vavied from 0.68 at 10° to 0.88 at 34°.
{Kleinman 193%)

The rate of oxygen consumption at 25° C. remained high during
the grub stage, ranging from 7 to 10 cubic mm. per minute per gram
of body weight. A slight decrease in the rate of consumption occurred
a few days before the external characteristics of the prepupa
appeared. The rate of consumption decreased rapidly during the
prepupal stage and the first 2 or 3 days of the pupal period, reaching
a Jow of 2 cubic mm. per minute. The consumption then increased
rapidly until at the end of the pupal period it was 10 cubiec mm. per
minute. This high rvate of oxygen consumption continued in the
adult,  (Ludwig 1991)

The respiratory quotient of the prub at 23° C, varied from 0.70 to
007, During metamorphosis it gradunally decreased until it varied
from 0.40 to .70 in the pupa. The emergence of the adult was fol-
lowed by an increase in the respiratory quotient to 0.70 and 0.80.
{Ludwig £931)

The activity of the respiratory enzymes, succinic dehydrogenase
and cytochrome oxidase, dropped rapidly on the transformation of
the grub to a prepupa and continued to fall until it was at its lowest
level 2 days after pupation. Then the activity of the enzymes
increaged during the remainder of the pupal period. Xo sex differ-
ences were observed in the activity of succinie dehydrogenase, but
the nretivity of cytochrome oxidase was higher in the male than in
the femnle. (Ludwig 1957: Ludwig and Barsa 1955)

The decrease in respiratory metabolism during the prepupal and
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ently pupal stages was indicative of the destruction of Iarval tissue
during this period, whereas the increase in metabolism in the last
pupal stuge was indicative of the growth of adult structures (Ludwig
1931).

In the Bioad

The blood of a normal grub contnins 91.2 percent of water. It has
a freeziny point of —1.03° C. and an esmotic pressure at 0° of 12.4
atmospheres.  (Lndwig 1841)

The oxyeen dissolved in the blood of the grub at 25° C. was equiva-
lent to 334 to 424 percent of the oxygen saturation of 0.25 molar
potassinm ehloride. There was 0L0T8 to 1.100 micromole of disselved
oxygen in a milliliter of hemolymph.  {Weiner 1965 Weiner et al.
1960

One hundred wl. of the blood contained 46.5 mg. of sodium, 37.2
mg. of potassium, 316G mg. of calelum, 47.1 mg. of magnesium, 67.5
my. of inorganic clilorides, and 15.2 mg. of inorganic phosphates. The
soditm index (240} and the potassium index (113} were low,
whereas the mugnesium index (46.0) was very high. This amount of
blood also contained 248 my. of reducing compounds, of which 179
mg. were not fermentable. and 1300 mg. of nitrogen, of which
R0U mg. were in proteing, 3 mg. in nonproteins, and 240 mg. in
amino acids. These observations are in agreement with the generali-
zation that ingect blood is eharacterized by high concentrations of
amine acids and nonfermentable reducing compounds and by a high
magnesim index, {Ludwig 1931)

(Glutumine, arginine, histidine, proline, glycine, alanine, and valine
were the prineipal amino acils occurring free in the hemolymph of
the grub. Lysine, aspartic acid, threonine, serine, glutamic acid,
isolencine, leucine, tyrosine, beta-alanine, fryptophan, and asparagine
were also detecied. Sixteen amino acids were identified in the insolu-
Lle proteinacecus material in the blood. These were lysine, histidine,
arginine, nspartic neid, threonine, serine, proline, giutamic acid, gly-
cine, alanine, valine, methionine, isolencine, leucine, tyrosine, and
phenylalanine,  [Shotwell et al. 7963}

Stubblefield et nl. (£966) found volatile and nonvolatile organte
acids in the blood of the grub., Of the volatile acids, 100 ml, of hemo-
lymph contained 38.8 mg. of acetic acid, 3.8 mg. of propionic acid,
3.6 mg. of butyric acid, and 2.3 kg. of fermic acid. This volume of
blood contained the following milligrams of the nonvolatile acids:
Lactie acid 37, succinie acid 50, citric acid 48, glycolic acid 33, malic
acid 24, tartarie acid 1, glyoxylic acid 17.7, pryuvie acid 15.7, alpha-
keroglutaric acid 1.6, and traces of the oxaloacetic acids.
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pH.—Puyne (1228) found that the pll of the blood of the third-
instar grub ranged from 633 to 7.16. Ludwig (/9345) determined
that the phl vanged from 6.66 to 7.33 in the thivd-instar grub, .42
to 7.23 in the carly prepupa, 6.33 to T.13 in the Jale prepups, and 6.23
to 7.23 in the pupa and adult. The vange of pr with each stage was
greater than the differences between them. The average pH of the
blood was 7.07 in the grub, 7.00 in the early prepupa, 6.79 in the late
prepupa, and 6,94 in the pupa and adult. The increase in acidity in
the Iate prepupa was probably the rvesult of autolysis of the larval
tissue.

Nitrogen.—Ludwig (7954} studied the changes in the distribution
of nitrogen in the blood during growth and metamorphosis. The pro-
tein nitrogen was low in the early second-instar grub, but it in-
ereased steaclily during the stadium. Seme protein nitrogen was lost
during ecdysis, [ remained low during the first 2 weeks of the third-
instar grab and then inerensed progressively. The increase continned
through the prepupni stage and for the first 5 days of the pupal
stage, and then the protein nitvogen decrensed rapidiy to the end of
the pupal period. The emergence of the adult was accompanied by
the toss of u large amonnt of water and the Blood beenme more con-
contrated. The decrense in finidity was associated with the higher
protein nitrogen in the Blood of the newly emerged adult.

The nonprotein nitrogen increased in the blood of the second-
instar grub uatil eedysis. Theve was » slight loss during molting. It
inereased steadily in the third-instar grub until the approach of
metamorphosis. The change to the prepupa was accompanied by a
sharp deecrease in nonprotein nitrogen. The protein nitrogen in-
creased during the early pavt of the pupal period and then decreased
rapidly during the remainder of the period. The emergence of the
adult was secompanied by an increase in nonprotein nitrogen, which
was gssociated with the loss of water that occurred at this time.

The amino acids remalned velatively constant throunghent the
larval, prepupal, and pupal peviods. Urie acid was low in the third-
instar erubs, but it inereased quickly in the prepupae. This increase
was associuted with the uvie acid granules in the blood. TUrea de-
cvensed duving the prepupal stage, but it increased during pupation.
It then decreased to a level where it remained during the last half
of the pupal period.

In the Alimentary Tract

Grub.—The alimentary tract of the prub is distinetly aikaline. The
i was 80 to 8o in the foregut, %k to 8.3 in the ventriculus, and
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7,5 to 7.6 in the hindgut. The acidity of the soil had little effect on
the pIH of the alimentary tract. The alkalinity of the tract of grubs
feeding in soil with o pE of 347 was the same as those feeding in
soil with a pH of 6.45, showing that there was a strong buffering
action in the digestive secretions. A qualitive analysis of the digestive
secretions showed the presence of aluminum, ferrous iron, caleium,
magnesium, potassium, sodinm, and ammonium salts. The acidic ions
were carbonate, chloride, nitrite, and phosphate. The enzymes in the
tract were not determined.  {(Swingle 719505, 1931a, 1931b)

Adult.—The slimentary tract of the adult was less allaline than
that of the grub. The pH of the foregut was 7.20, the ventriculus
7.36 to 7.38, and the hindgut 7.40 to 7.60. Digestion was by secretions
of the cells in the epithelial layer. There were no specinlized secretory
cells. Maltose and sucrose were broken down to monosaccharides by
the enzymes mualtase and invertase, respectively, in the foregut and
the ventriculus. Fats were broken down to fatty acids by the enzyme
lipase in the ventriculus. Proteins were broken down to profeoses,
peptones, peptides, and amino neids by the enzyme tryptase (prob-
ably trypsin} in the ventriculus. No starch digestion could be demon-
strated.  (Swingle 1830q, 1931a)

Biochemical Changes During Starvation of the Grub

In the Insect

Newton (/95}) determined the various metabolic products in nor-
mal third-instir grubs and in grubs that had been starved for +
weeks nt 25° C. and o high relative humidity. During starvation the
grubs lost 80 percent of their glycogen, 71 percent of their fat, and
25 percent of their reducing substances. There was only a slight loss
of nitrogen during starvation, but there was a change in the distri-
bution of nitrogen among the various nitrogenous substances. The
insoluble protein nitrogen cecreased from G8.4 to 56.7 percent, and
there was a corresponding increase in the lipid nitrogen and the
neaprotein nitrogen.

The wespivatory metabolism of the grubs decreased rapidly during
the first 2 days of starvation and then derreased slowly until death.
The oxygen consumption decrensed during the first 2 days from 6.55
cubic mm. per minute per gram of body weight to 3.18 cubic mm.
and then decreased slowly to 1.92 cubie mm. just before death. The
respiratory quotient decreased from 0.82 to 0.70. The rapid decrease
in the metabolic rate to a low point, barely sustaining life, probably
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is the Enctor that cnabled the gruls to live as long as a month at
25° (. and n relative humidity of 96 percent.  (Bellueei 1939)

In the Blood

The water content and the osmotic pressure of the blood remained
constant throughout starvation. The bicod did not appear to be a
reservoir of materinls to be used s o source of energy during starva-
tion. The changes in its composition probably reflect metabolic
changes occurring elsewhere in the grub. The amino nitrogen and
the nonprotein nirrogen inereased steadily, Urea nitrogen incrensed
during the first week and then remained relatively constant at the
higher level. Urie acid nitrogen decrensed during the first week and
then remnined approximately constant. Allantein nitrogen did not
change duving inanition. Free far incrensed during the first 2 weeks
and then decreased during the final 2 weeks to about the normal
lovel, ‘The reducing componnds inerensed steadily during starvation.
(Ludwig and Wugmeister 1933; Ludwig and Cullen 1956)

SEASONAL LIFE HISTORY

The development of the beetle from egg to adult, shown diagram-
maticnlly in figure 7, is completed in 1 year in mest of the areas
where the insect is established, In certain northern areas some indi-
viduals require 2 years to complete their development.

Japan

Clausen et al. {7927) studied the life history of the beetle in its
native Japan, There is one generation a year in most of Japan, but
in the northorn part of the archipelago the beetle usually has a
2.year life cyele, with 75 percent of the adults emerging in alternate
YRArs.

Beatles appear the last week of May at Yokohama (lat. 35.5° N.),
about the same latitude as Raleigh, N.C., reach maximum nbundauce
about the third week of June, and then decline gradually until only
a few stragglers ure found the last week of July.

Beetles begin to emerge the first week of July at Xoiwai near
Morioka (lat. 390.5° N, altitude 1,500 feet), about the same latitude
ns Philadelphis, Pa., reach maximum abundance the fourth week of
July, and then decline until by the second week of September only
a few nre found in the field.

Beetles appear the first week of July at Sapporo (lat. 43° N.),
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about the same Iatitnde as 1Ceene, N.F., and rench maximum abun-
dance the last week of July. In the years when 25 percent of the
beetle faunu appear, ouly n few beetles are fonnd by the first
week of Angust, but in other years beetles are found until early
September.

United States

The beetle has one generation a year in the aveas where it is estab-
Lishet in the United States. At Keene, N.11, the most northern area
studied by 1lawley (19443, about L percent of the soil population
just Lefore hibernation consisied of thivd-instar grubs of the previous
annual brood, indienting that a few of the eges deposited late in
August might requive 2 years to complete their development to
adults, Bgus laid in September usually did not hateh because the soil
temperature is too low for embryonic development.

Emergence and Persistence of Adult Beetles

Along the Atlantic seaboard bectles begin to emerge from the soil
the third weel of May in centrrl North Carvelina, reach maximum
abundanee the second week of June, and then decline until only a
fow are found after the middle of July. In the mountainous western
part of the State Leetles appear the Jast week of June, the peak of
abundance ocenrs about the middle of August, and beetles are still
numerens in September.  (Fleming and Hawley 1950: Fleming
{863u)

In mountainous eastern Tennessee Leetles appear the first week of
June and reach mnximum abundance the third week of June. Only
a few beetles are found envly in September,  {Tadd unpublished)

In centeal Vieginia beetles appear the last week of May or the
first week of June, reach maxinmim abundance the second week of
July, and then decline until only a few are found in August {French
et al, 2849 Fleming 1964a).

In central Maryland and in Delawave emergence begins the middle
of June. The populatien peak is reached about the middle of July.
The population then declines. A tew beetles are found late in Sep-
tember, (Cory and Langford 7844: Fleming 1963a)

In southern New Jersey and southeastern Pennsylvanin leetles
appear the thivd week of June and reach the peak of abundance the
last week of July. The population nsually remains at a high level
for about 2 weeks and then declines. A few beetles are found during
Seprember. The emergence is 1 oor 2 weeks Jater in the mountainous
parts of Pennsylyania and New Jersey and along the coast of New
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Jersey. (Hadley 7924; Smith and Madley 1926; Guyton 15%9;
Hawley 19}4; Fleming 1963a)

In southeastern New York, Connecticut, Rhode Island, and sonth-
ern Massnchusetts emergence begins the last week of June snd the
population penk is renched the last week of July. The population
usually remains at & high level for 1L or 2 weeks and then declines, A
fow beetles are found in September. (Stene 1929; Britton and
Johnson [938; Johnson (939: Mawley 1944; Curruth et al, 1846;
Schread 1947, 1953 ; Adams and Matthysse 7949; Fleming 1963a)

In southern New Hampshire and southern Vermont beetles begin
to emerge the first week of July und the population pesk is reached
the last weck of July or the first week of August. Somse years the
population declines gradually until late in September, but in other
yenrs & second emergence oceurs early in September and the popula-
tion continues at n high level during the month. (Hawley 1944)

In the Midwestern Stntes between latitude 39° N. and Iatitude
£0.5° X. the emergence and buildup of the beetle population are
similav to those in southern New Jersey. Farther north along the
shores of the (freat Lakes the emergence of the beetle is 1 or 2 weelks
ater. (Denning and Gofl 1944; Hawley 1944; Polivke 1950, 1959,
Gonld 1963)

In central California, the only aven on the west coast where the
beetles beeame established, they begin to emerge the first week of
June and reach their maximum nbundance about the first week of
July (Gammon 7961),

Development of the Soil Population

During 1926-36 Fox (in Hawley 1944) made systematic surveys
at sbout weekly intervals in southern New Jersey and southeastern
Pennsylvanin to determine the different stages of the beetle in the
sotl throughout the year. Some surveys were made when the beetle
was emerging; adults found in the soil were considered to be a part
of the soil population. Surveys usually extending over fewer years
and not always throughout the year were made by W. E. Fleming,
C. H. Hadley, I. M. Hawley, and R. T. White in North Garolina,
Virginia, West Virginia, Washington, D.C,, Maryland, Delaware,
northern New Jersey, northeastern, central, and western Pennsyl-
vania, New York, Connecticut, Rhode Island, Massachusetts, New
Hampshire, and Vermont, and by Gould (I1963) in northwestern
Indiana. The results of these surveys are summarized in table 4,
commencing in July and ending the following June to coincide ap-
proximately with the development of the beetle from egg to aduit.
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Tabuw d—Development of soil populations of Japanese beetle in

different areas in Eastern United States

First- Second- Third-

instur Jnstar  instar Pre.
Aonth Eggs grubs grubs grubs pupas Pupas Adults
Pgrcent Percent Percent Perceni Percent Percent Percent
WEBTERN NORTIH CAROLINA
July . — - — 25 25 22 28
August oo 19 20 40 i ) —_— -
Cctober . ——_——_ 1 8 47 4% - _— -
MEyY - M 1 L 84 8 -
June oo — - — 4 12 4 ")
EASTERN VIRGINIA
11 ) £ 14 58 33 -_— — _— —
August o ___ — ") 34 66 - — -
MAY orcme e - _— — 4 60 1] -
June .- — - _— 17 59 24 —
NORTHERN VIRGLNIA
August . ____ 4 82 84 — - _— -
June oo — _— - 86 11 - _—
NORTH-CENTRAL WEST VIHGINIA
June e - - — 80 2 a8 —
WABHINGTON, D.C.
Juby  cmeee o 14 85 1 _— - — _—
August - 4 T 21 - - -
September —-—-- - 3 33 iz -— . -—
October _______ - — 14 88 — — .
MAy e — - ™ Tl 24 b -
June - -— — - 18 28 20 _
EASTERN MARYLAND
B 1§ | ——— 34 Lili] - -- - - -
Auvgust —_____ 4 49 43 4 - _— -
September —____ " 22 46 a2 - - —
October . _-- . - 17 83 -- - -
Aprll e _— - 10 o0 — - -
MOY e _— - ™) 80 20 — —
JUDE e _— — _— 8 8 34 -
NORTHWERTERN MARYLAND
September .-~ 1 41 58 - — _— -
CEXTRAL DELAWARE
JUNe oo - - - 50 19 a1 -

See footnote at end of tuble.
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Tavue d—Derelopment of soil populations of Japanese beeils in
different areas in Fastern nited Stutes—Continned

Flrst.
instar
grubs

Second-
ingtar
grubs

Third-
instar
grubs

Pre.

Moenth pupas

Eggy Adults

FPercent Percent Porcent Fercent Percent Percent Peorcent
BOUTILERN

Pupag

NEW JERSEY AND SOUTHEAETERN PENNSYLYANTA
1 3 2 15
8 "
Y
93
95

June o 40

NORTHEABTERN NEW JERSEY

5 6
10 31
" &

August
September

NORTHWESTERN NEW JERSEY
17
]
43
5
a9

Auguat 10 43
September 14 42
Mny 2 44
June - )

NORTHEABTERXN PENNSYLVANIA

Angust
September
Cctober

27 47
58 21
10 66

1 16
(")

1
13
8
Go
3

CENTRAL PENNSYLVANIA
36

WEBTERN IEXN NAYLVANIA
- D) 38
S0UTHEASTERN NEW YORK
4 43 47
— - 34

NORTIH-CENTRAL NEW YORK
25 1G 4
10 85
BOUTH-CENTRAL NEW YORK
42 20 2
- 3 68

See footnote at end of tuble.




BICLOGY OF THE JAPANESE BEETLE 39

TasLe 4—Development of soil populations of Japanese beetle in
different areas in Eastern United States—Continued

Firsi- Second- Third-
instar instar instar Pre.
Month Eggs crabs grubs  grubs pupas Pupas Adults

Percent Percent Percent Percent Percent Percenmt Percent

SOUTHEERN CONNECTIGUT
- 1 48 ¢}
56 22 G
23 38 33
7 53 40
- 1 70

CENTRAL CONXECTICUT

September 20 34 6

Gcetober 8 40 a2
—— — 87

RHODE ISLAND
3 33 62
- 28 (2!

EASTERN MASSACHUSEITE
- 1d 56

CENTRAL MABSACHUEETTS
- a4 46
- - 54

CONNEQTICUT RIVER YALLEY IN MASSACHUSETTS
3 7 53 37
September _____ {'} 1 19 80
QOctober — 12 8s
- 3 38

WESTERN MASSACHUBETTS
36 43 -
- 9 91
- — 93

SOUTHERN NEW HAMPSHIRE

- — 58

66 T +

September 24 50 11
October 15 58 1t
18 59 16

8 59 33

. 3 88

See footuote at end of table.
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Tasre d—Development of soil populations of Japanese begtle in
different areas in Eastern United States—Continued

First- Second- Third-
instar Instar  iustar Pre.
Month LEgys grubs  grabs  grubs pupas  Pupag Adults

Percent Percent Poreent Percent Percent Percent Percent

80UTIERN VERMONT

September _____ i 20 37 28 - - _—
Muy L _— 1 84 65 - — -
NORTIIWESTERN INDIANA
August .. ___ 50 41 - - _— _— -
September _____ H] 52 1] - - —— -
October . .__ ) a7 45 28 -— - —_—
November _____ - i2 58 30 _— - -
April o __ -— E 47 i — _— -
May o ___. - - dd 560 _— _ _—
June . __._._ _— - 4 42 . 39 13 {4

* Few individuals found ; number less than 1 percent of populition and not
considered In computing percentages,

Development of the beetle differed greatly throughout the area
covered by these surveys uas shown by the following data:

Proportion of population

Adrea metamorphosing in June
{percent)

Coastal plain:

Bastern Virginia . _____ _____ 83

Washiogton, D.C ______________ 40

Bastern Maryiand ____________ 42

Central Delawnre ______________ 50

Southern New Jersey _________ 59
Virginia:

Eastern _______________________ 83

Northern _— ——_— 11
New Jersey:

Bouthern . ______________ b))

Northeastern _ . ________________ 21

Northwestern __.___________ . 41
Pennsyivanla:

Southeastern —..o._____________ a0

Northeastern .. ____.._________ 47

Central - &4

Western . g1
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Propartion of population
metamorphosing in Jure
{ percent)

New York:
Southeastern
North central
South c¢entral

Connectleut:
Southern
Central

Massachusefts:
Central _..
Western
Connectieut River Valley oo

The development of {he beetle was the most retarded in cen-
tral and western Mussachusetts and in southern New Hampshire and
Vermont,

The development of the beetle in western North Carclina was
similar to its development in southern New Jersey and in the Con-
necticut River Valley, whereas its development in north-central West
Virginia was similar to that in eastern Maryland, and its develop-
ment in northwestern Indiana similar to that in central Delasware.

HABITS CF ADULTS

Emergence

Ellis {unpublished) studied the habits of the adult beetle during
its emergence from the pups! skin and its movement to the surface
of the ground. When the beetle is fully transformed, it ruptures the
delicate pupal skin surrounding it and withdraws its body. The dis-
carded pupal skin is passed posteriorly over the body. The adult at
this time is practically helpless and very vulnerable in its earthen
cell. The body wall is flexible and soft. The true wings are smoke-
colored sacs filled with fluid. The sexunl organs are not fully matured.

The adult remains in its earthen cell from 2 to 14 days depending
on the tempernture and other environmental conditions. During this
time the chitin of the cuticula hardens and the body becomes fully
pigmented. The fiuid in the wings is absorbed, the wings expand to
normal size, and they are neatly folded beneath the abbreviated
elytra. The maturation of the sexual organs is completed. The adult
is now ready to lenve its subterrancan home.
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The beetle uses its mandibles and the tibiae of its forelegs, which
are adapted for fossorinl work, to dig to the surface of the ground.
As it advances upward, the soil is pushed posteriorly, filling the
earthen cell and the tunnel behind it. A beetle may work for 1 or
more days to complete the tunnel depending on the nature of the
soil. The exit hole is spherical in shape. In a heavily infested field
the surface of the ground is riddled by thousands of these holes,
which remain visible until obliterated by wind and rain.

Most of the Dbeetles leave their tunnels in the morning of clear
days when the air becomes warm, but some may deley until the after-
noon. A fter emerging from the ground they usually climb on various
low-growing plants und vest before Hying. The beetles remain in their
tunnels on cool rainy days.

Length of Life

The length of life of the individual beetle varies considernbly
depending on its envivonment. Its life is velatively short at high
temperalures and relatively long at low temperatures. In captivity
male beetles lived from 9 to T4 days and female beetles from 17 to
105 days; the average was 39 days for the males and 52 days for the
females. (ENis unpublished) Davis {1820¢) reported that beetles
lived from 7 to 70 days. Smith and Hadley (1926) found that the
average life of male beetles supplied daily with fresh sassafras leaves
was 34 diys and the female beetles 38 days. When the beetles were
not fed, the average survival of the males was T days and the females
9 days. It is generally uccepted that the normal life of the beetle is
usually from 30 to 43 days (Fladley and Hawley 7934; Fleming
1963a).

Protective Reactions

Extension of Legs

In common with other Scarabaeidae the adult beetle has the pecu-
Har habit of extending its metathoracic legs obliquely from the body
at the approach of a potentinl enemy. This resction is not induced
by the normal movement of plants in the wind.

When bectles are feeding on n row of plants at between 21° and
29° C., tiie legs are extended upward and forward not only in the
immediate vieinity of but for & to 10 feet down the row from the
potential enemy. The stimulus created by potential danger is appar-
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ently relaved from beetle to beetle, The maleg and feeding females
extend their Jegs at the slightest threat, bul mating tumﬂe‘s renct
only when contingously tlneuenecl The legs remain taut until the
threat of dunger passes. 1T an attempt s nmde to cupture an alerted
heetle, it will fly or drop to the gronnd.

When the temperature s above 20° O, and the relative humidity
i low, the Leetles nre very nervous and fly at the slightest threat of
dunger in liew of extending their Tegs.

Feigning Death

When beetles on plants are threatened at temperatures below
217 (', they deaw theiv legs compactly to the bady and drep to the
aronndd feigning deathe 1t is well known that predatory insects, bivds,
and other animals ravely attack apparently 1ifeless beetles. In falling,
the bectles usually fand on their backs. When the air is cool, they
may remain in this position for several minutes. 1t is a strnggle for
a beetle to vight jtself, This iz accomplished by using the mesotho-
racie logs as the fulera and pushing with the metathoracic legs and
the elytra. When it is on its feet, it usually makes a frantic effort to
conceal itsell under litter or In the ground.

Mating

Mating msunlly takes place on plants, but it may be on the grovnd.
It geeurs most frequeatly in the early morning or in the evening, but
it iy take place at any time duving the day. Coitus may be brief or
prolonged for several hours. [t is vepeated at frequent intervals dur-
ing the fife of the individual, Ellis (unpublished} observed a male
mating with seven females during an evening: another male mated
twice in the evening on 3 consecutive days. Other males mated
only two to nine times during a 13-day period. The female usunily
mates between each oviposition period. There is no apparent uni-
formity in the number of times a beetle may mate. However, it is
common for a male to mount a female or even another male and
remain in fhis position for several honrs without mating. The male
does not eat while riding a female, but the female invanably con-
tinues to feed on plants regardless of the actions of its mafe,
frequently feeding during coitus.

The promisenousness of the beetle undoubtedly is of importance in
maintaining the rneial charneteristies. During her life a femmle may
mate with males that ave abnormally large and diminutive, excellent
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and poor fliers, and with a long and u short span of life. Ladd
(7966) n studying chemosterilants demonstrated that the sperms
introduced in the last mating before oviposition ure those most likely
to fertilize the ova.

Virgin females emerging from the soil are very attractive to males,
particularly early in the summer. Smith (7928} and Smith and Had-
ley (1996) observed many mule beetles flying low over turf in the
early morning of clear warm days, searching for emerging females.
As a vizgin female emerged from the ground many mnales alighted
4 to 6 inches on her leewnrd side and crawled toward her. They
olwnys npproached a female against the wind. As the direction of
the wind shifted the trail of beetles shifted accordingly, indicating
that the unmated female has a powerful volatile sex pheromone. The
congreguted mass of males nbout o female resembled an animated
ball; eacl mass wns composed of a single female and from 25 to 200
mule beetles. Within an aven of 25 square yards 78 “balls™ of beetles
were seen nt one time. Coitus rarely occurred when so many males
were competing for o female. In examining several hundred “balls”
only one female was found copulating. The “balling™ usually censed
nbout midday and did not ecccur again until another favorable morn-
ing. It rurely occurred later than 2 or 3 weeks after the initial
emergence of the beetle.

Ladd (1970) demonstrated that newly emerged unmated females
removed from *balls™ of beetles were more attractive to males than
the best chemical lure, n 9:1 mixture of phenylethyl butyrate and
eugenol. A trap baited with nine freshly collected virgin females
canght within 1 hour 2,075 mmles and 23 females, whereas a trap
with nine unmated females collected the previous day captured 2,498
males and 30 females and the chemically baited trap 497 males and
879 femuales. Traps baited with mated females or with males eanght
only a few beetles.

(roonewardene et al. (1970) found that virgin females veared in
the laboratory were attractive te males as long as they remained
alive and unmated. In the laboratory at 28° C. the females emerged
from the soil § days after transferming to adults. Virgin females
6 to 15 days old were the most attractive as lures in traps. Their
attructiveness then tended to decline with the increment in their age.

Ladd (1971 exposed isolated abdomens and heads plus thoraces
of unmated females and found that the attractive substance was pro-
duced in the abdomen. The attempts by Rielunond (1921, Fleming
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(1969}, und Ladd (/871 to extract the sex pheromoene with various
solvents were not successful.

Oviposition

Seiection of Oviposition Sile

Many factors influence the female beetle in selecting a site for
oviposition. The most obvious ave the proximity of a snitable site to
the plant upen which she is feeding, the nature of the greund cover,
and the coudition of the svil. Tlowever, when beetles are flying in all
directions on warm summer days, the females may select all kinds
of Helds to deposit their eggs.

Proximity to Favored Plants—-The female beetle tends to de-
posit her eges in o snitable site in the vicinity of the plant upen
which she is feeding. Beetles feeding in a cornfield usually deposit
their egys in the field. In suburban areas where turt is abundant, most
beetles feeding on trees, shrubs. and ~ines teud (o deposit thei:: eggs
in nearby grass. The effect of favored plants on the loeal distribution
of the Lectle population was dentonstrated by Whittington et al.
(£942). Traps 5 to 10 feet from preferred plauts caught from 2 to
915 times as many beetles as traps 100 feet away. Sehwartz (1968)
also found that the number of heetles cantured by traps decreased
with the increment in the distance from a favored fosd plant.

Effect of Ground Cover.—(lausen et al. (1927) found that the
beetle was the most abundant in parts of Jupan where grasslands
ocene. Davis (7920e) found that in southern New Jersey most of the
ecgs were laid in pastures and other grassy areas. Smith and Hadley
(2920} found that although most of the eggs were deposited in pas-
tares, lawns, and galf courses, the beetle laid eggs in fields of rye,
clover, corn, beans, tomatoes, and nursery stock.

Langford et al. (4340, 1947) made extensive surveys in Maryland
and Hawley (/£;4) in southern New Jersey to deterntine the soil
population in land growing crops common to these areas. The soil
populations reflected the preferences of the female beetle in selecting
sites for oviposition in rural arens. From these data the following
estimates were made:
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Soil population (percent) Ovipoasition gite

16.5 Pastures,

117 Asprragustields.

11,2 - Figids of timothy and clover,
10.6 Atfnifafields,

0.3 - Uornflelds.

3.0 Fallow land,

6.0 Potntotloids.

kY] lepnerfolds.

5.8 Roybeunnfelds.

+.9 Tomunatoflelds,
= Ueehards,

Fleids of whent or rye,
--~ Barleytields,
e Nenggriculiumm! tandg,

Winnilots,

For cael time u fomale beetle selected nonagrienltural land or
woodiot for ovipesition, she selected the following sites:

Number of iimes
Oviposition gite seleciod

Barlerflelds
Fields of whent ar rye
Crrehnrds 12
16
19

Peppericlds . 2

Patatetields 21
28

34
35
Filelds of timothy and clover __ 37
Asparagustelds it}
Pastures 83

The abundance of the soil population varies widely threughout a
field and in different Felds with the same erop. The population iy
usundly higher near the edge than at the center of o cropped field.

‘The development of the crop also modifies the number of egas
deposited. More eggs are deposited in 2 cornfield in silk when beetles
rre abundant than in fields where silking is past or delayed. Beetles
lay mere epps in asparngushelds with an abundanee of tall brush
than in fields with low brush, When feeding on the flowers and foli-
nge of alfulfa or clover, they lay few eggs in the field, but after the
crop is harvested, they may deposit many eges in the field. Beetles
freding ou sovbeans with u dense growth lay few eggs in the field.
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The presence of such favored weeds as stnavriweed (Polygonum
pensylvanicum) thronghout a field tends to inerease the number of
eowes deposited in the lield.

Effect of Drought.—During summers of delicient rainfall when
pastures become hard and dry, the beetle secks more suitable sites for
oviposition. She usually selects low poorly drained gronnd, fields and
turf under frrigation, and cuitivated and fallow fields wheve the soil
i loose und moist. Under these conditions more efgs may be de-
pasited in o fomatoliekl than in a pasture.

Egg Laying

The Ffemale beetle usunlly leaves the plant upon which she is feed-
ing in the nfternoon nnd digs into the soil at a selected sife to deposit
epes. After burrowing to a depth of 2 to 4 inches she deposits an
ez in a depression in the soil made by her ovipositor. This depres-
sion Lecontes w small eell surrounding the egg when the beetle digs
laterally, pushing the loosened soil behind her. There apparently is
no exeretion to strengthen the walls of this cell. She may deposit an
e at three or more places i the vicinity. The beetle may emerge
from the soil in the morning, or she may remain there for 3 or 4
days. After emerging and spending 1 or more days feeding and
mating, the female returns o the soil to deposit another complement
of eggs. During her lite o female may enter the soil 16 or more tines,
depositing up to 133 egas. Usually she lays 40 to 60 eggs during her
lite. (Ellis unpublished: Smith and Hadley 2926: Hadley and
Hawley 192}

In southern New Jersey 27 peveent of the eggs ave depesited In
July, 32 pereent in August, 20 percent in September, and 1 percent
in October (THis unpublished). The peak of the oviposition period
cecurs in July in eentral Vieginia and late in August in southern
New Hampshire.

Flight

Factors Affecting Flight

Enrly in the morning beetles are usnally resting guietly on plants.
On clear summier davs when the temperature reaches about 21° C.
and the relative humidity is below 60 pereent, beetles begin fo flv
in all divections. They leave the plants with a strong buzzing, which
Lbecomes a higher piteh and more refined in tone as full flight is
attained. There is no audible sound when a beetle reaches full flight
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or is hovering nbout a plant Lefare alltfhtmg The flight is swaying
and undulating. The speed of flight increases with the temperature
up to about 33°% Flight usually ceases nbove this temperature and
beetles often seelc shade Ly crawling 1o the underside of leaves or
barrowing into the ground. Flight is also retarded when the relative
humidity rises above G0 pevcent. Late in the afternoon flying slackens
and the beetles tend to remain on the plants. There is little flying on
ool windy days or on cloudy days and no fiying on riny days. The
beetle is very vesponsive to a change in the weather; a passing cloud
cnuses a beetle in flight to seck a suitable resting place immediately.
(Fleming 193} llawley und Metzger 1240)

Smithand Hadley (79261 nsserted that beetles normally tly agninst
the wind. 1t is an impressive phenomenoen to see swarms of beetles
Hying against the wind to an ovehard with rvipening fruit. Fox

(1927 fuestioned the acenracy of their statemnent beeause in the ab-
sence of chemotropi+ stimuli the flight of the beetle is essentially
aimiess und the insect tends to drift with the wind.

Distartice of Flight

Most of the Hights of the beetle nre for short distances. It is a
vestless insect. Beetlos fly constantly from one spot (o another on a
lacge plant and from plant to plant. Van Leenwen (1932) estimated
that about one-third of the beetles alighting on u (rec left the tree
during the day. Marked beeties have been recovered 1 to 234 miles
from where they were released.  (Smith and Hadley 1926 Metzger
and Maines unpulslished)

Smith and Hadley (£926) estimated that the average outward
spread of the beetle [rom the peint of introduction in New Jersey
wis at the rate of 10 to 13 miles per year, indicating that in shoret
flights the Leetle was capable of flying this distance during the sum-
mer, Fox (£92.32), however, estimated the outward movement of the
peuplwr_ of the infestution varied from 2 to 10 miles per year,
generally avernging 5 miles annually.

The lieetle is capable of fiying 5 miles in sustained flight, With an
olfshore wind millions of beetles flew in 1933 from \o\\ Jersey over
the Atlantic Ocean and some of them alighted on fishing bonts i
miles oft the coast (Fleming £959). Beetles alighted on ships plying
between New York City and Bermuda while proceecing down the
New Jersey const (Waterston 7948).

Massive Flights
Beginning in 1023 and continuing for several years massive fights
of millions of beetles deveioped in the heavily infested areas in New
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Jersey. The stimulus that induced these flights is not known. Prob-
ably the defolintion of favored plants stimm!ated the beetles to seek
new nreas.

Beginning in 1923 and continning for 10 years millions of beetles
flew during late July and early August from the rural arveas in New
Jersey ncross the Delaware River (about u mile wide) into the down-
town shopping and marketing districts of Philadelphia, Pa. (Fox
1927 Yoyt 1934; Fleming 1058). Swarms of beetles flew from New
Jevsey acvoss upper Delaware Bay into Delaware in 1933. Many of
them dropped into the bay and were washed up dead and alive on
the Delawnre shore {Fox 1834). With an offshore wind milliens of
beetles flow From New Jersey over the Atlantic Qcean and later were
washed up dead and alive in windrows on the beaches of New Jersey
and Long Islund (Fox 1924 Fleming 1958).

Feeding

The bectie is n polyphytophagous insect. 1t is particularly attracted
to cevtain species of Aceracene, Anacardincene, Betulaceae, (Methra-
cene, Torieaceae, Fagaceae, (rramineae, klippocastanaceae, Juglanda-
cene, Lawvacene, Leguminosse, Liliaceae, Lythraceae, Malvaceae,
Onagraceae, Platanacene, Polygonuceae, Rosuceae, Salicaceae, Tilia-
ceae, ["Imaceae, nnd Vitaceac.

Attraction to Plants

(dor is probably the most important factor in the beetle’s selection
of a plant, but little information is nvailable on the odoriferous con-
stituents of various plants. Smith (7925 and Smith and Hadley
{£9.26) reported that a series of plants preferred by the beetle had
been analyzed and ull of them contuined geraniol in varying quanti-
ties. Lnngtord et al. (£94.2) reported that the following odoriferous
chemicals, which most often occur in combination with each other and
with other plant constituents, had Leen isolated from the ripe fruits
of npple and peach, the folinge of sassafras, and the flowers of rose:

Cheniical {3plafed from—
Acetic acid Apple, peach, rose, sassafras.
BonzaldehFde —ceeeeee———  Anple, peach.

Capreic acid Apple.

Citral Apple, rose,
Cttronellol

Fugenol Ruse, sassnfras.
seranicl Apple, rose, sassnfrns.
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Chemical Tanlated jrom——
Linatool oo .. 'ench, rose, sassafras,
Phenyl ethyl aleobol ____ Rose,

Valerie acld oo ___ Apple, peach, snssafras.,

Lugenol and geraniol were especinlly attractive to the beetle, Mix-
tures of odoriferous chemicals were almost invariably more attractive
than would be expected {rom the nttractiveness of their components
(Fleming £969).

In an eltort to explain the beetle’s preference for certain plants,
Metzger et al. (7844) determined the odor of the clarified aleoholic
extracts and the redueing sugmr as glueose in the folinge and some-
times the [ruit of 87 species and varieties of plants that differed in
their susceptibility to attack by the Leetle. Thivty-nine of the extracts
had nn ethereal or fruity odor, 22 were fragrant, five aromatie, and
three entpyreumatic; 10 hagl various odors and 18 no distinetive oior,
QF the plants with extenets having a feaity odor, the feeding was
moderate to severe on <7 percent of those with sugar content up to
13 mg. per geam of plant muterinl and on 71 percent of those with a
stigar content of 15 to 30 mg. Of the plants without the fruity odor
the corresponding percentages were 18 and 22, respectively. Unfor-
tunately the substanves enusing the fruity odor were not identified.
The plants nttacked by the beetle ranged from 19 pereent of those
having less than 5 myg. of sigmr to 83 percent of those having 25 to
30 mg. of sugnr. it appears that the odor of a plant modifies its
attractiveness to the beetle and the sugar content the extent of
feeding.

Major and Tietz (1962} demoustrated the importance of odor in
the beetle’s preference for certain plants. Muidenhair tree (Grinkgo
biloba) is rarely attacked by the beetle. When the leaves were costed
with juice pressed from cherry lenves ( Pricnus sp.), a preferred plant,
the Geetles nte the conted (21kgo lenves readily without any harmful
effect. Cherry leaves conted with juice from (“énkgo leaves were eaten
about ns readily as unconted cherey leaves, It was evident that Ginkgo
is not repellent or poisconous to the beetles but lacked odoriferous sub-
stances attractive to them.

Development of Infestation on Plants

Either sex may climb or alight on an uninfested plant and begin to
feed. The males fly in the early morning before most of the females
emerge froin the soil. The males feed ereatically for short periods on
severnl plants or mny continue to feed on the first plant selected.
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Early in the morning two-thirds of the initial intestations of plants
are by males, Later n the day when about the same number of each
sox s Nying, either sex is fkely to begin an infestation on a plant.
{Smith 20249 Smith and IHadley £9.26)

The beetle is o gregarvious insect. When one or more buctles are
Feeding on a plant, other beetles in the vicimty tend to alight on the
plant. A femnle atteacts many males to a plant {Bmith and Hadley
1926). Kifty percent more beetles atight on a planf on which beetles
are Teeding than on an uninfested plant of the same species in the
vielnity {Vun Leenwen et al. 19287 Van Leenwen 1857). Enormous
popnintions may build wp on certain plants, whereas other plants of
the smme species n the vieinity are ondy lightly popuiated.

The nuntber of beetles on a plant nsuaily increnses in the morning
and declines in the nfermoon. Smith (7223 found that the proportion
of the sexes on a plant varied throughont the day. The popilation on
apple trees | Walus syleestris) was nboul 15-pereent female until
S aum, standned tme. Dueing the forencon the proportion of females
mereased progvessively 1o A7 pereent af 1 pan. and then declined
progressively to 20 percent by b pan and to 15 pereent by 6 pam. The
ehange in the sex vatio on corn (Zea maysy, grapes (Vitis riniferay,
nied shrubeadthen  (féibisens syriaens)  Tollowed this pattern. Tha
population on smartweed ( Colygonem porsylvanicunty, mashmallow
{Uthacn officinalixy, wal evening-primrose (enotherd bicunisy was
about 2d-percent female wntil & o The proportion of temmles arad-
andly inereased fo 40 pereent by 1+ pan and gradually decreased to
25 percent by & pn

Factiors Affecting Feeding

Beettes prefor to feed on plants exposed to the divect rays of the
cun. Plants in shade arve never fod on as heavily as those m the sun.
Plants in dense woods are ravely attacked. Usnally bLeetles begin to
feedd on folinge at the top of a plant, regardless of its height, and
work downward. Lt is hamatevinl whether the plant is a tree 50 feet
high or a sucedent plant 6 inches high, By the time enc-half to
two-thivds of the foliage ou a tree has been consumed, the beetles may
leave the tree and attack other plints in the vieinity, or they may
eontinne feeding until the tree is completely defoliated. {Smith
0231 Fleming et al, 7947 Hawley and Metzger 7940)

Moore and Cole 1792/ demonstrated in the Taboratory that the
heetle is positively phototeapic. In 1918, before mueh inlormation was
available on the babits of the insect, it was assumed that light traps
might be of valire in eatehing beetles. Goodwin (/8/9) canght only
an oveasionnl beetle in lght traps operated at night during the
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summer; these beetles were probably captured at dawn or at dusk.
This result would be expected with an insect that does not fly at
night.

Beetles are most active nnd feed most extensively on clear snmmer
days between & am, nnd 3 poan. standard time when the temperature
is between 23° and 35° C. and the relative humidity is nbove 60 per-
cent. There is little feeding below 21° or above 35° A relative
humidity below 60 percent inhibits feeding and induces the beetle to
fly. Late in the atterncon feeding slackens. There is little feeding on
cool windy duys or on clondy days and no feeding on rainy days.
{Fleming 7924 ; Hawley and Metzger 1940)

Disensed plants and those injured by other insects are wore sus-
coptible to attack by the beetle than healthy plants, Elm trees
(Ctmus americana, U, procere) injured by the elm leaf beetle
(Pyrrhalta tuteola (Muller)) orinfected by Dutch ehn disease (Cere-
tostomefla uimi Buis.) were usunlly attacked before healthy trees.
Norway waples (Arer platanoides) heavily infested by the Norway
maple uphid (Periphyllius lyropictus (Iessler)) were more attractive
to the beetle than uninfested trees. Mann (7942) observed that peach
trees (/'runus persiea) infected by the peach yellows virus (Chloro-
genus persicae Folmes) ov the little pench virus (. pergicae var.
miécropersice ITolmes) were almost defoliated, whereas ndjacent
henlthy trees were hardly touched by the beetle.

The fruits of late-vipening varieties of apples (M alus sylvesiris),
peaches, and grapes (T7#¢is vinifere} are usually not injured by the
beetle. Flowever, immature apples infested by the codling moth
\Laspeyresie pomonelle (Linnneus)) and infected by Dblack rot
(Botryosphaeria ribis Gross & Dug.), immature peaches infected by
brown rvot (Menilinia fructicola (Wint.)}, and immature grapes in-
fested by the grape Lerry moth {Purclobesia viteana (Clemens)) and
infected by black rot (Guignardia bidwellii (Ell.) Viela & Ravaz)
were attacked readily by the beetle. When this fruit was consumed,
the beetles fed on the healthy immaturve fruit, (Smith and Had-
ley 7926 Fleming and Metzger 1936; Fleming and Maines 1947)

Seasonal Changes in Preferred Planis

Hawley and Metzger (7940) studied the change in the beetle's
choice of plants during the summer. During the first week or 10
days after beetles begin to emerge from the ground, feeding is con-
fined largely to low-growing plants such as smartweed (Polygonum
orientale. P pensyleanicum), evening-primrose (Qcnothera biennis),
rhubarb (f'hewm vhaponticum}, and vose (Zosa spp.). There is also
feeding on grape (Titis aestivalis. 17, labrusca), sweet cherry (Prunus
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avium), and sassafras (Scssafras albidum). Feeding on the favored
plants often continues until the plants are defoliated.

Early in July in southern New Jersey the beetles move from the
low-growing plants to frnit and shade trees. Feeding on the trees
may continue for several wesks. During this peried in densely popu-
lated aress such favored trees as apple (Melus sylvestris), cherry
(Prunus avium, P, cerasus, P. sevoting), plum (Prunus domestica),
elm (Ulnus americana, U, procera), horsechestnut (Aesculus hippo-
castanumy, linden {Tilia americana), poplar (Populus nigra italica),
and willow (Saliz discolor) may lose most of their foliage.

As the lenves on the trees become older, tongher, and less attractive
to the beetles, there is & movement from the trees to lower growing
plants. Beetles become abundant on Howers then in bloom, such as
-roses {flosa spp.), marshmallow {lithaee officinalis), hollyhock (..
rosea), shrub-glthen (Hibiscus syriacus), and mallow (M alve ro-
tundifolic), and they move into fields of corn (Zea mays}, asparagus
(Asparagus officinalis), soybeans {Glycine mar}, clover {Trifolium
hybridum. T pratense), and altalfa (Medicage sativa), Feeding is
more extensive on poison-ivy (Hhus towicodendron), ragweed (4m-
brosic v rtemistifolia, A. trifide), and other weeds.

Types of Feeding

The beetles feed on the upper surface of the foliage of most plants,
chewing out the tissue between the veins and leaving a lacelike
skeleton {figs. § and 9, «—}). The skeletonized foliage is the most
common type of feeding by the beetle. The injured leaves eventually
turn Lrown and most of them fall from the plants. Thi~ injury is
conspicuous, purticularly when the foliage of orchard and shade trees
is skeletonized. (Smith 7923; Smith and Hadley 1926; Hawley and
Metzger 1940; Fleming 1963a)

Other types of feeding occur on certain plants. Beetles consume
large irregularly shaped parts of rose petals (fig. 9, ¢) and other
flowers where the delicate veins are not unpalatable to them. Plants
with thick tough leaves are usually not attacked by the beetle, but
when such leaves are eaten, the feeding is restricted to nibbling on
ihe upper surface and does not penetrate to the lower surface. The
freshly eaten leaves have an uneven pitted appearance. (Hawley
and Metzger 1940)

The beetles do much damage to the young leaflets and to the epi-
dermis of the branches and stalks of asparagus. Several hundred
beetles sometimes collect on & single plant and bend it over by their
weight (fig. 8, f). Extensive feeding weakens n plant and reduces the
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J7-1143b
Fieure 8.—Leaves of Norway maple destrored by feeding of Japanese beetle.
Soft tissue hus been eaten, leaving network of veins.

yield the following spring. (Hawley and Metzger 7940; Fleming
1963u)

Masses of beetles collect on the maturing silk of corn and cul it off
as it grows (fig. 9, g). This prevents the pollination of many embry-
onic kernels and results in malformed kernels and reduced yield. They
also burrow into the tip of pollinated ears and feed on the developing
kernels. {Smith and Fadley 1920}

The beetles rarely attuck peach lenves borne on new wood. They
feed on the underside of mature leaves on old wood, making many
smull holes, but the leaves nre ravely skeletonized (Smith and Hadley
1926). Beetles ofren gather in large numbers on the fruit of early
ripening varieties of apples and peaches (fig. 10) and continue to
feed until only the core or stone remuins. As many as 296 beetles
have been found on a single apple, although only a few of those in
the inner layer were actually feeding on the fruit. When beetles are
sbundant, “balling™ muy oceur on every fruit on a tree. (Hawley
and Metzger 71940 ; Fleming 1963a)
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JOATES, 0 3443, 12701, g 2508, 5.0724, 52822 70§
Fiorre D.—Japanese beetles feeding on (4) soybenns, (B) grapevine, (O}
siartweed, 1) rhubarh, (£) rose bush, (Fi asparagus plants, and {G)
earn silk,
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Fiavrs 0.—Continued.
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Fiovre 9.—Continued.
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Ficure $.—Continued.

Rate of Feeding

‘The beetle feeds intermittently. The time spent in feeding on vari-
ous plants and the rate of food consumption are affected by the
wenther. It was estimated from the data of Smith (1923) that during
a 6-hour period the male bectle fed for 48 minutes on apple foliage
and 34 minutes on grape folinge, wherens the femnle fed for 93
minutes on apple and 64 minutes on grape foliage.

For each hour of feeding the male consumed 40.2 square mn. of
apple foliage and 30.0 square mm. of smartweed folinge and the
female 43.5 square mm. of apple and 0.5 square mm. of smartweed
folinge (Smith 1927). Although the quantity consumed by the indi-
vidual beetle is small, the feeding is very destructive when several
thousand beetles are on a tree. Smith and Hadley (7926} collected
2,743,600 beetles from 136 I0-year-old peach trees, an average of
17,600 beetles per tree, early in the morning while it was ¢ool and the
beetles were inactive, but 24 houvs later the populntion on the trees
was about the same as it had been the previous day.
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1-7601, J-3046
Fiavse 10.—Japanese heetles feeding on fruit and folisge of (A} apple and
(B) peach.
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Plants Toxic to the Beetle

Many plants have been reported frem time to time by the public
to be toxic to the beetle. The usual evidence was the presence of a
Inrge number of dend beetles on che ground beneath the canopy of
a plant on which they had been feeding. These reports almost invari-
ably cume after the peak cof the beetle population, when many beetles
hud completed their normal lifespan. 1t is commoir to find dead
beetles beneath the cunopy of all kinds of plants late in the summer.
Usnally it was not possible to demonstrate experinientally thut these
plants contained constituents toxic to the beetle, but some of them
contained substances that cansed paralysis and even death of the
bectles.

The geranium (Pelargonium domesticum) was reported frequently
ng being toxic to the beetle. Duvis {1920} found that beetles Iying
apperently dead on the ground beneath geraniums alimost invariably
became active within 24 hours. Ballou (7929) studied the effect of
geraniums on the beetle more extensively. He found that beetles
feeding on the folinge and fHowers of this plant often became par-
alyzed and dropped frem the plants. The flowers were more toxic
than the folinge. The effect was enhanced when the feeding was on
plants exposed to sunlight. The paralysis Legan with the meta-
thoracic leps and progressed cephalad. Most of the beetles recovered
within 24 hours after becoming paralyzed, but 35 percent of them
died within -+ days. ‘The veutriculus of Leetles dying from eating ge-
raniums disintegrated within 24 hours and the muscles and soft
contents of the Lody cavity within 48 hours. The disintegration wus
accompanied by a strong fetid odor. The toxic substance in geranium
has not been identified.

On several occasions it was reported that beetles had been killed
by feeding on the silverbell (Halesia caroling). Hawley and Metzger
({94, however, were not able to demonstrate that- the folizge or
seed capsules had any toxic action on the beetle.

The beetles feed readily on the flowers of the bottlebrush buckeye
(Aesewlus parrifiora), and if feeding continues long enough, they
become paralyzed and eventually die. The first symptom of poisoning
15 paralysis of the legs. The foliage is much less toxie than the flow-
cre. (Hawley and Metzger 7940) This plant is in bloom when the
beetle popitlation is at ifs peak, whereas the horsechestnut {deseulus
hippocastanum) produces flowers before beetles appear. The toxic
substance in the bottlebrush buekeye has not been identified.

Landrveth (1922a. 1932b) reparted that large numbers of beetles
were killed by feeding on castorlean (Kicénus communis). The use of
this ptant as n killing agent for the beetle was advertised widely,
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und many people grew it for this purpoese. Metzger (1933) found that
the beetle fed lightly on the rarieties senguineus and zanzibarensis
but searcely touched the varieties cambodgensis, gibsoni, panormifans,
and Red Spirve. Most of the feeding cccurred nfter the seed pods had
developed nnd after more favored food plants had been severely in-
jurec. The folinge of these varieties was nontoxic o the beetle. The
castorbean had no value as a trap crop for the beetle. Since & toxic
substance in castorbean was not demonstrated, the high mortality
reported late in the sumnier was probably due to old age rather than
to toxieity.

Food Plants in Japan

Japavese entomologists had little information on the food plants
of the beetle, probubly because it is not a serious pest in Japan.
Clausen ef al. {7927} found the Leetle feeding on several trees, shrubs,
and herbaceous plants. The following plants marked with an asterisk
(*) are preferred by the beetle:

Scientifie name Comnton name

Alnug japonica Japnnese nlder
*Ampelopeis fuponica Tapanese ampelopsis
*Asparagus officinaliz Garden asparagus
Berchemio racemoda oo __. Japanese supplejack
*Cagtanea crenaiya Japanese chestnut
Dioscorein escuienta Chinese yam
Fiiipendule camischatica Knamchutka meadowsweet
Glycine wmax Soybean

Hitkiscus syriacus Shrub-althes
fHypericum juponiclim Japanese St. Johnswort
*Melia azedarach Chinaberry

Evening-primrose

Phaseolus vrigariz Garden bean
Platanuy orientalis Oriental pianefree
Polggonrum convolvulus Corn bindweed
Polyganum cuspidalun Japanese fleecetflower
Palygonum nodogum Oinutade
*Polygonum reynonlrig Ttadori

Papulus mawimowiezii Japunese poplar
*Popiting aigra italica Lombardy poplar
Prunig juponica Chinese bushcherry
Prunus serrvlata Orlental cherry
*Plevidium aquilinum -u-Bracken

Quercns acutissinag Buwitooth ocak
Quercus variabilis Qriental pak

Rosa multilorn Japunese rose
*Rubus crataegifolivg ilnwthorn raspberry
Rumcer sp, Dock

Salic viminalis Basketwillow
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Spientific name Common nanie
Smiar ching o __ (Chinaroot greentirler
Titig Juponica ool Inpanese linden
Titia migqueliona - ___. Linden
Trifolion praléndt e Red clover
Flamins parvifolia o Chinese alm
*ViHy hanbergil e Thunbery grape
*Vitiy riniferad oL Buripean wine grape
*Wisturic foribunde o ___ Japanese wisterin
Zelkorva 3erralll oo e Jananesp zelkovn

Clausen ef &l {4027 observed that the density of the beetle populu-
tion throughout Japan never renches that in the United Sintes,
probably beeause of the agricultural conditions in certain sreas and
the presence of its natural enenies, which keep it under control. With
these lighter populations plant injury is sporadic and less extensive.

The preference of the beetle for certnin weeds, particularly for
Folygonnm reynontrie. growing along the roadsides usually pre-
vented serious injury to crops and to ornamental plants. Clausen et al.
¢ 19271 found this weed abuost skeletonized at Koiwai, whereas only
an oveaxional beetle was found in o large adjacent lield of soyvbeans.
In addition, plants preferved by the beetle in some districts were
hardly touched in other districts.

Food Plants in the United States

In contenst to Japan, the beetle has a wide range of food plants
m the nited States. It attacls certain small fruits, tree fruits, trnck
and gurden erops, field crops, ornamental herbaceous garden plants,
ornamental shrubs gnd vines, shade and ornamental trees, and many
noneconomic plants. Plans attacked or immune to injury by the beetle
ave lsted by Davis (£820a), Smith and Hadley (7/926), Safro (1928a.
13286, 10280), NMetzger and Grant (1842), Hadley and Hawley
{18403 Metzger et al. {29.24), Hawley and Metzger (£9.40), Hadley
(4940, and Fleming (1955, 1900, 1963« 19635). Hawley and Metz-
ger {1440 made the most complete listing of the food plants of the
heetle.

Theve are some diserepancies in these lists. Some plants listed prior
to 1940 ns being immune to injury were attacked in more recent years
in henvily infested avens. Other plants listed in the earlier publica-
fions as being injured by the beetle were eliminated in the later publi-
cations becnuse the early reports of injury were not substantiated.

Plants Injured Most Severely.—The following plants are always
attacked by the beetie and in arens of dense population may be
defoliated;
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Seiendifie name {ompIOR name

dAeer paliratum _____ ——————— Jupgnese maple
eer platanoides | Nurway mapie
Aegenfus Rippocasztanuwm ... Iorseches{uog
Althaee oficinalis o ____Marshmallow
ALhice rosea Hpllyhoek
Aaparagus oficinalis Asparagus

Betule populifolia _ Gruy birch

Castance dendale o oo American chestnut
(Clothra ainifolic .o oo .-_Bweot pepperhush
CHpeine nax Saxhean

Hibisoug palustriz oo oo _Common rosemallow
JTibistny sprideid oo e Bhrab-nlilhen
Juglang Migrt oo o Bnek wainnt

Kerrfa juponict ... o LGlobelower
Lagergtrocntie indica Urapemyrile

Malug baceata . wmm e et pple

Mg goribundg Japanese flowering crabapple
Malug Spleedtrid oo oo eeen A pPlE

Mol refundifolic oo ___. Matow

Qepothere blennds o . oo _Evening-primrose
Purthenoeissis guinguefotic 2 Yivginin-creeper
Plafonas aeerifolia .. London  Manetyvee
Polygonam oricntale .o .. Princesplume smartweed
Polygonwm pensylvanicum ____1'cunsyivanis smartweed
Populuy nigra (lalica Lymbardy poplar
Prupta arnicnivcd Apricor

Prupid qridm oo Swept Chierry
Prunns corasus Sour cherry

FPranug domestiot e —eeoo2Gorden plom
Pranis perzica oo e - enelh

Prinng prrgice nccfaring ——___Neetarine

Priunus gnlicing oo oo Japinese plum
Prunds scroting .. Rlack chervy
Rhcune rhaponticum Gidrden rhubarb
Rhua toricodendron oo .. [oison-ivy

Roga spp.

Sulix discolor Pussy willow
Sagsafras olbidum Sassafras

Wordug mericame o Amerivan mountain-ash
Tilie qmericong Ameriean linden
Clmws americana American el
Miwinta procern ... - e ENglizh Rl
Vaeeinin corgmbosim Hightish Wlueberry
Vitis aestivalls suniner grape

Vitis dabrugtd oo Faxgripe

Uitis vinifera . Furnpean wine grape
200 MAYE oo ———————— tlurn

Susceptibility of Various Plants to Attack.—Records are avail-
able on the susceptibility of B35 species of plants in 95 families to
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attack by the bectle. The beetle hias not been observed feeding on 140
species, but this is an incomplete listing of the plants appnrentl)
immune to attack. It ocensionally feeds htrlltl) on 122 gpecies only in
nrens where it is very abundant. It generally feeds lightly on 67
species, moderately on 39 species, and extensively on 47 species, but
under certain conditions more than the usual amount of feeding may
veenr. Light feedmg generally causes little injury to a plant; mod-
ernte feeding is sullicient to canse damage of economic importance.

The preference of the beetle for varions plants, crouped in families,
1s summarized in table 3.

TabLe bo—fwlent of feeding by Japunese bectle an varvious plaiits
in United Stutes

BExtent of Part
feeding® Family nnd species Common name nttneked

ACERACEAE

X wwnooodeer negundo - _______ L ___ Boxelder ___._________ Foliage.
XXXX oo Aeer palmatum L _____ Japanese maple —_._._____ Do,
XXXX L ___deer plutanecides o __ Norwoay waple .. . Do.

XX s Aver pyewdoplalanis o _______ Bycamore maple _______. Do,
| Acer rubram . _ Red maple ______. __ None.

0 deer saceharinam L. _______ Silver maple . ________ Do,

XX cmenodoer saecharophorum Sugar maple __________ Follage
ALISMACEAE
XX oL _Seagittaria llifolia _____ . _____ Common arvowhead _____ Da.
AMARANTHACEAE
X e Amaranthus retrofiezug .. __ Rough pigweed ____._____ Do,
0_.._ - Celogin argeniea cristala _____ Cockscomb .. ______ Noue,
ANAQARBIACEAE
b Cotinus coggyario . ooo.__ Common smoketree ___Folinge.
XX e fhus copalling _________._____ Flame-leaf sumac ______. Do,
XXXX oo Rhus tosicodendran _________, Polsen-ivy o __________ Do.
X cecmem Ruvws typhineg _o________.____ Staghorn sumbe ________ Do.
APOOYNACEAE
IX e A poeynum androsacinifolitm —-Sprending dogbane ______ Do.
0. Yinea minor . _____ Ground-myrtle o __ None,

See focinote at end of table,
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Tanve f—Latent of feeding by Japanese beetle on rarious plants
in {"nited States—Continned

Extent of Part
feeding* Family nnd specles Common ngine atincked

AGUIFCLIACEAE

Her aquifolivm English holly

lier cornnta Chinese holly

flexr ¢renatu Japanese holly Deo.

Her agpuee . Ameciean holly .—_______Do.
X cooooSdiee rerticiitate Winterberry Follage.

ARACEAE

XXX __.__Peitandrue virginica Virginin arrow-nruom __._.Do.

ARALIACEAE
XXX oo _drnlie hispida Bristly sarsaparilia
Xocmmeee Hedera helix English ivy
ABCLEPLADACEAE

Swanmp milkweerd

Purple 1ilkweedd
{omunon milkweed
BALBAMINACEAR
fmpaticns balsaming inrden balsam
XX oo dmputivns bigoru Spolted snapweed
BEGONIACEAE

Hegonin reg-cullorum Begonia

BERBERIDAGCEAE

Berborin thunbergit _______. Japanese barberry _.__Folinge.

Herberis rulgaris Eurgpean barberry ____._ Do,
BETULACEAE

XIX o Alnug glutinosa Baropean black alder ____Do,
XXX oo o_..Betula penduln Buropean white bireh ____Do.
XXXX .o.... Helwln popuiifolia Gray birch
{"orying americand American hazelnut

See footnote at end of tabie,
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Tanue b.—Extent of feeding by Japancse beetle on rarious plants
in {nited States—Continued

BExtent of Pnrt
feedlug ! Family and specles Common name nttacked
BIGNONIAGEAE
Trumpetereeper oo . Do.
Southern catalpa __.___. Do,
BOBAGINACEAE
0. ... Myosatis sptvatica .. . _____Forget-me-not o ______ None
BUXACEAE
0 - Bunng sempervirend oo oo BoX Do.
[ 4 R Pachysandre ferminulis ______ Japunese spurge —o___... Do,
CALYCANTHAGEAE
[+ I Calycanthus foridus oo __Carclina allsplee ________ Do,
CANNACEAE
xxx _____Canne gereralls .o . __ Garden canna ________ Folinge,
fiower,
XXX oo Canng fnddice . __ India eanna .. Do,
CAPRIFOLIACEAE
[ I Lonicera fregrantizsime ______ Winter honeysuckle __.None.
Xmmmee Lonicera joponice oo .. Japanese honeysuckle __Follage,
X e Jumbuens canadensis .. ____ aAmerican elder ________ Do.
{1 Spymphoricarpes albuy oo __ Snowbherry oo
0. Symphoricarpos orbicniains ___Coralberry -
XXX o Viburnuwm dentatum Arrowwood . _____
X Viburanum opulug o ______ European cranberry
bush . Do,
b+ S Weigels forida . __. Weigela . ________ D,
CARYOFHYLLACEAE
XX oo dgrostemma githago . ___ Corneockle oo Do,
[ R Dianthus barbatus oo Sweet-wlllinm __.______ None
1 R Dianthus carpophyltus . Carnation __ . ________. __ Do.
[ Gupsopliila penicutala . _____ Bahybreath —____._______ Do.
{1 ffypsophila repens .. Creeping gypsophila ____.Do.
[ Stellaria medie . ___ Cominon chickweed — - Do.

See foolnoie at end of tnble.
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Tanne d—fwtent of feeding by Japanese beetle on rarious plants
in Enited Rigtes—Continued

Purt

Setent of
IFpwily and species Common name atkacked

feeding

CELASTRACEAE

Celustrns seandens American bittersweef ____Do.
Buonynins aleins Winged suonymus
Huonyntiey fortunct Climblug evonymus

CHEXGrODIACEAE

XX oo Hela vitgaris
X e Chenopodium albuimn
C mmeewhenopodinm ambrosioides
anthelminticum American wormseed
Chenopodinm puganin Pipweed
Spinacia oleracea Spinach

CLETHRACEAE

Foliage,

e (Hethra alnifolia
flower.

______ Conuneling virginice
Pradescantic fuminensis Wandering-Jew
______ Trudescantiz virginiang Spiderwort

COMTPOSITAE

______ Achilleuw millefolivm Commeon varrew _____.Foliage,
fower.
Ageralunt conproides Ageratum
{ e mtbrogia artemisiifolia Uommen ragweed

______ Ambrogie trifida Giant cegweed
norae-gngline New England aster ___.__.Do.

patcny Skydrop aster

C e oA Ster wndnlaing ———-Wuave aster
______ Aster vimineds Small white aster

______ Baccharis halimifolia Groundsel-bush
Calgdinm bicolor {aladinm

______ Catendulo officinalis Vot mnarigoid Folinge.
Centaurea cineraria Dusty-miller ______.__.Nope.

Centauren cyanus Cornflower
Cenleurea monlana Mountain-biuet __

Chrysanthemum coccineum __. Pyrethrum

footnote &t end of table.
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TavLe b.—~Fxtent of feeding by Japanese beetle on vavious plants
in United States—CContinued

Extent of Part
feeding ' Family and species Common name attacked

COMPOSITAR—cDntinuel

X oo Chrysanthemum
levcanthemum _ . ___ Oxeye daisy .___________ Do,
X oo Qichoriunm endivia ____________ Endive oo __ Do,
XX oo Cichiorinm intybus oo ___ Chicory o Do.
X . Cirglum arvense _____________ Cannda thistle ._______ Flower.
0_. Coreopsis lanceolale __________Lance coreopsis ______ Nore.

X mmmem Cosmos bipinnalus . __________ Cotmeoen coswmos _____ FFolinge.
b, S Cynora scolymus ____________Artichoke ______________ Do.
XXX .. Dulitia variabilis ____ Dahlin _____._________ Follage,

flower.
X e Erigeron annuuy oo _____ Daisy fleabane ____.____ Follage.
. S Erigeron canadensis __________ Horseweed _____ . _____.__ Do.
b QR Erigeron strigosug .. _____ White-top o oo Do,
XX e Bupatorinm album _______.___ White throughwort ______ Do.
X . Eupatorinm purpurenm _.____ Joe-pye-weed ____________ Dao,
b QU Gaitlardia aristeta ______.____ Gatllardin ___._________ Dao.
X Gatinsega parvifiore _________ Quickweed ______________ Da.
XX o Helignthus annuwg .. Common sunflower --._Foliage,
flower,
b QR Helichrysum bracteatum _____ Btrawflower __________ Foliage.
[V I Luctueca sativa Lettuce o ____.___ None,
0 Rudbeckin hirta Brown-eyed-susan ______. Do.
0. Rudbeckia loeinialy Coneflower _________ ..Do.
0 fudbeckia laciniata hortensis__Goldenglow . _________ Do.
XX .. Solidage juncea _._ . _________ Plume goldenrod _____. Foliage.
XX Tagetes erecla ______.________Aztec marigold . ___.___ --Do.
IXX o Tageles patula ____.__________ Freneh marigold _______ Do.
[+ B Tareeacum officinale ____ . ___ Comnion dandelion ____Noze.
X Trugopogon porrifolivs _______ Salsify . _____________ Foliage.
XX . .__.Vernonia noveboracensis ______ Common [ronweed ______Do.
IXX ... Zinnie elegang . _____._____ Common zinnia _______ Foliage,
flower,
CONVOLVULACEAE
X oo Ipomoea batatas _____________ Sweetpotato __________ Foliage.
XX o __ {pomoea purpurea ____________ Common moerning-glory_._Do.
CORNACEAE
0___.__ Cornus floride ________________ Flowering dogwood ____None,
XX .__Nyssa sylvebica _____.________ Black tupelo . _________ Foliage,

Bee footnote at end of table,
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TaBLE d—fLatent of feeding by Japanese beetle on vavious plants
in United SNtates—Continued

Hxtent of Part

feeding * Famlly and species Commen name atincked

CRASSULACEAE

CRUCIFERAE

Brazgicu campestris RBird rape
Brassica White mustard
ftrassice napobrasgica Rutabagn
Hrosgica oleracea botrytis .. _Broceoll
Brassica oleracca botrplis ____Cauliflower
Rrassica oleraceq capifate _.._Cabbage

- Brussica pleracea gemmifera __ Brussels sprouts
Rrussice gleraven viridiys ._____Kale
Brassica rapa
fueriz semipervirens
Ruaphanus suaiivus

Cantaloup
Cucumis salizus Cucumber
Cucurbita pepo Pumpkin
. Cucurbita pepo melopepe _.__ Summer squash
Kéegor angulatus Bar-cucumber

Chamaceyparis obtusa
Chamaecyparis pisifera Sawara-eypress

[ Chmuaecypuris'rhyot‘d.es ———___Atlantic white-cedar ____Do.
Juniperus chinengis Chinese juniper ____._._Foliage.
Juniperny commpienis {ommon junlper
Thuje occidentalis _.__.____._.._American arborvitae _.__Do.
Thuja orientalis ___ _.Oriental arborvitae

OYPERACEAE

b. UV Cyperus ezculentus

See footnote &t end of table.
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TasLe Do—Lwtent of feeding by Japancse beetle on rarvious plants
ae Onited Stafes—Continued

Extent of Part
Eeeding ! Family and specles Commen nante uttncked
EBENACEAR
X cmee FHvapyros vireiniane ________ Commou persimmon ___Foliage.
ERICACEAE
Xeomounn Claylnssacia baceate _________.. Black huckleberry .___¥ollage,
fruit.
0= RKalmin futifolic o) Mountuin-laurel __.____ None,
X mwoocRhododendren catawebicnse ___Cutnwba rholodendron_ Folinge.
X e Rhpdodendron merimim Rasebny rhodedendron__.Do.
N Khododendron molle __________ Chinese azalea __________ Do.
0 . fhododendron nudigorum ____ Pinxterbloow szalew ___None,
XXX oo Mhododendron obtusim
Juponicum o __ [Kurume azalea _______ Folinge,
X cmean Rhododendron nbiugum
Ruvmpfert oo Torch azaten oo __ Do.
b S, fhadmicndron viscosiom __.___ Swamp azalen .. ______ Dao.
XX wonLoVeceininm angastifolivm . __ Liwbush biveberry ____Foliage,
fruit,
XXXX ool Veesinivm corymbosum o __ Highlush blueberey .. __. Do.
X oaeoan Taeeindum macrocorpon ______. Linerienn cranberry ___Foliage,
EUPIIORBIACEARE
XX oo dealypha rirginive . __ Virginin copperleaf ______ Do.
XX oo Ricinus communis ____________ Castorbean oo ____ Do.
TAGACEAE
XX o_.._Custaneq erenale o __ Japanese chestnue oo __ Do.
XXXX oo _{Cnglakiea dentate o . Minerican chestaut ______ Da,
XX oo Fegus grandifolie American beech . __ Do,
XX e Foguy spivatice L _______ European beech ______.__ Do,
b, S Quercns albe . __ White onk _ .. ___ Po.
Xommm Quercus borealis ____.________Northern red oak _______ Do
X e QUEFCHE COCCINCE e Searlet oak ... ___ Do
X Quercns faleaf oo Southern red oak ________ Do.
XIN e _Queoreus ilicifolia - ___ Serub oak oL _____ Do.
XX . Quercus montana o _____.___ Chestrut oak . __ Do
EXE ommm Qrercus palustris ______ . _____ Pinoak _ o ____ Da.
. Quercus steflata oo ___ Post opk o Do.
b G Quercue veluting . ___________ Black onk . _____ Do.

Hee footuote ut end of table.
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Tabre b—~Ewtent of feeding by Japawrese beetle on parious plants
i United States—Cantinued

Extent of Part

feeding * Family and species Common nhme attacked

FUMABIAQEAE

Pucific bleedingheart __None.

GERANIACEAE

XX oo Pelargonium domesticum —_.__Lady Washington
gernnium Foliage.
flower,

GINKGOACEAE

GHnkge biloba oo Maidenhaiv tree

GRAMINEAE

Aveng salive
0_—_._.Bumbusa vulgaris
X ceen_Cortaderia sefloana
O _._._Daclyliz glomerala
XX oo Digitaria sanguinaliz
Hordeum vuigare Barler
Timothy

Foliage, ear,
tassel.

HAMAMELIDACEAE
. Hamamelis virginiana Witeh-hazet
X Ligquidambdar sipracifliug American sweetgum

HIPPCCASTANACEAE

Xxxx ______deserluys hippocasianum Horsechestnut
XEX oo Adegcuive parvifiora Bottlebrush buckeye ___Foliage,
flower.

HYPERIUACEAE

St.-Johns-wort

See footnote nt end of tabie,
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Tanus 5—Fatent of feeding by Japancse bectle on various plants
in United States—Continted

Extent of Iart
fecding ¥umily nngl specles Commen name attncked
TRIDACEAE
XX e (oediolng hortulanus _ o _ Gladiols oo Do.
X e Fris germtdnice e TBenrded irls o—ooren Do.
. fris JapoRiew - Fringed irl8 ommooeeeao Do.
X e Irig Ruewmpfert oo Japanese irls __ .. _-- Dro.
JUGLANDACEAE
X ommmeem (urya glabre Pignut hickory oo Foliage,
X ommllarya ovala Bhagbark hickory aoeeee Da.
XX o (TryE HOMONEOSE Mockernut BiekorF e Do,
X Juglung eineren o ___ RButternub s Do.
XXXX UGN AP oo Binck walnut - Do,
XX . dugleng sicboldione _ o _____ SHieboll walnut L.~ Dao,
LABIATAE
[ N Hedeoma pulegiofdes _ooee Anmerican petinyroyal __None.
| Hyssapus officinalis HySS0P oo
X o Loeonnrug cordiaea oo _ Motherwort
0.l Wention spicale . Bpenrming oL .
X o Wonarda «fdyme _ . Oswogo-ten oo _
X oo Mongrde fistulosa . _. Wildbergamot
X oo Nepeta cataria o ... IR 7Y 11 1§ TN
[ R Physostegio virginfane ... False-dragonhend _____ Noue,
XX oo Nalvin splondens o __ Scarlet $0gC oo _ Foliage.
X s Tewerium cawadense . _American germander .___Do.
LAURACEAE
XXX o —_Lindera benrzoin o ______ Common spicebush ____Foliage,
flower.
XXXX .- Sagrafrasy albiduw Cownon sassafras o _ Follage.
LEGUSIINOBAE
|| Albizzia julibrissiv _ ... MINOSA oo None.

[ Arachis hypopaea o __ Peanut ________________ Do.
[ Buaplivig ausdrally oo Blue false-indigo ————____ Do,
XX h______(.'ussr"a fﬂ:scl’c‘mm‘ﬂ. ____________ Partridgepen . ..__ Foliuge.
[+ I Cercig Chinengly oo Chinese redbud .—_____Noene.

See foetucte nt end of table,
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Tante S—Eawtent of feeding by Japanese beetle on rarious plants

in 'nited States—Continued

Bxtent of Part

feeding’ Fam!ly and species Common name attacked

Luathyrus odoretus
AN e Lespedeza siriate Foliage.
Medicago salivae Foliage,
fiower.
XX ______Phaseolns iinengls Llma benn Folinge.
XXX e Phagentuy vilgaris Garden bean .-~ _.Do.
Pienm sativum Garden pea
XX oo Plgum sativim areense Field pea
Hobinie psevdoacacia Black lecust
X mmamm Sopligra juponice Japanese pagoda tree ..__To.
Trifotivm hybridum Alstke clover Foliage,
flower.
XXX e Trifolinn pralense Ted clover
XX oo Trifolium repens White clover
X ocmmaee Vieie saffve Common veteh
Wisteria sinensis Chinese wisteria

LILIACEAE

Aifivm cepu Comman ¢nion
Aftiune porrin - Leek
XXXX —___Asparegus officinalis ... _Asparagus Foliage.

Convallaria majalis Lily-of-the-valley —_____None.
Erythroniun glbidum Dogtooth violet

b S, Hemerocallis fulva Tawny daylily Foliage,
Litiwm longifloram Easter lily None,
Litiwm gpeciogum Showy lly
Lilium tigrinuwm Tiger lily

X mem Smitar rotundifolia Horse brier Foliage.
Yuweca filamentosa Adam’s needle yuccea __None.

LOBELIACEAE

XX mee o Lobelie cardinalls Cardinalflower Foliage.

LOGANIACEAE
XXX _oen_-Buddleia davidii Orange-eye

butterfiybush Foliage,
flower.

LYTHRAGEAE

XXXX ———-__ Lagerstroemia indica Crapemyrtie
. S, Lythrium galienrio Purple locosestrife

See footnote nt exd of table.
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Tanue b--Lwtent of feeding by Japanese beetle on rarious plants
in {nited States—Continued

Exteat of ’ Part
feedlng ! Family and species Common nie nttacked

MAGNCLIACEAE

L Liviodendron tulipifera ____. Tuliptree . ____ . ____ None.
0 ... Wangnolia grandiflore _________ Southern magnotin ... __ .Do.
[+ I Huaynoltie sonlangednn o ___. Sauger agnolia ______.._Do.
| Magnoliv cirginiane .. ___ Laurel mngnolin . ____ Da,
MALVACEAE
XXX oo __ Abutifon theaphrastit . ______ Velvetleaf ___.________ Falinge.
XXXX oo lthaon offcinaliy . __ Mecshmallow _________ Flower.
XXXX .. ditheea rosca . ____ . _______ Holiyhock o ___ . ___ Folinge,
flower.
XX o _Gossypinm hirswfume _______ Upland ecotton .. ____ Do
b fHibiscus eseulontus . _____ Okrea 1 ____ Folinge.
NEXX L Ifibiscuy pelustris o __ ‘ommen rosemallow __Flower.
XRXX oo Milbiseny syriacus o ____ Shrub-althes .__.___ D
Xxx ______Hiblseus trivnwm . ________ Flower-of-gn-hour _____ Folinge,
fower.
AXXX ______ Mulva rotundifolic ___________ Mallow _____ . ________ Flower.
MELASTOMACEAE
XXX .. Rhexia virginice ____________ Common
meadowbeaunty ______ Follage,
flower.
MORACEAR
G Ficus ecarice ___._____________ D - S None,
|- QU Ficus elastica ________________ Indin rabber tree ._____ Folinge
X e Humulug tupulus ___________ Common hop Do,
O _ ..l Morus ribra
MUGBACEAE
). S, dlfusa paradisiace snpientum ~-Common banann ______ Folinge.
MYRIQAGEAE
XX e Mygrica pensylvanicn - ___.___ Northern bayberry ______ Da.

See footnote at end of tnbice.
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TARLE e ~lwtent of fecding by Jupanese beetle on rarious plands

in [ niteid Stafes—Continued

Extent of Lart
feeding * Fumlly nod species Common  nimne attacked

NYCTAGLNACEAE

XXX ____Mirabilis jolapa tommeon four-o'clock __ Folinge,
tlower,

NYMPILAEACEAE

NEX o cwea NeTmbn hitce American lotus
NXX v ommmm Nuphar GEenRd oo e CON sputterdoek ._Tolinge.
0o oNpmphaea odorate Aerivan waterlily —___Nobe.

QLEACEAE

0 e Foripthio intermeie oo Derder forsythin
0. . Forsythic suspendn oo —_..—._.-Weeping forsythia
Fracians mncricand White nsh
Frapinnus peansglranice o...-Red azh VU § [+ B
XX oo . oSLdgpatrum oralifotinm California privet —————— Foliage.
Xoaoaoo Ligtgtrium rlgure oooaoooooo (ommon privet - m=-Da.

O e oo Nyringa CHIGQErE e am Comuon lilae

ONAGRACEAE

RXXN oo Denofhiora bicnnis . e Common evening-
primrose Foliage,
flower.

DEMUNDACEAE

Qamunda cinnamomes . .- Cinnamoenfern Faliage.

UXALIDACEAE
XX ceme—_Dralis siricta Commoen veliow oxalis...-Do.

PAPAVERACEAE

Papaver nudicaule
0 o Papatver Grientele e Oriental poppy —e———mm—aDin

PRYTOLACCACEAR

0 ______Phylolacce americanag .. Common pokeberry

See footnote at end of table.
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TaBLE 5.—Lwtent of feeding by Japanese beetle on rarious plants
in United States—(Continued

Extent of Part
feeding ' Family and species Cominon pame tttacked

PINACEAE

dbies concolor — Baisnwn fr
h S Cryplomeria juponica __ ______ Cryptomerin
XXX oo ___Larir dectitue European lareh
Ficea abies Norway spruce
Orlental spruce
Linny spivesiris Seotch ploe
b S Pinus virginiang Virginia pine Follage.
O e Pyeudotsuga tazifolia Douglas fir None.
XXX o _Terodivn digtichum Balderpress
Tenga vanadensiy Hemlock

PLANTAGIN ACEAF

Hlantago lancenlaty Ruckhorn
X e Plantagy major Mantain

PLATANACEARE

POLYGONACEAE

X mmme Fagopyrum csculentum Buckwheat
XXX eeen Polygonum arifolium Broadleaf tearthumb __._Do.
~-Polygonum convolvutuy e Uprn bindweed
XXX L. Polygonum cuspidatim
XXX oo Polygonum dumetorum
Polpgonum hydropiper
Paiygonum orientale
Foliage,
flower,

Polygonum pensylvanicum ——--Yennsylvania
smartsweed
Ladysthumb

See Footnote nt end of table,
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TaBLE Do—Fwten? of feeding by Jupanese beetle on various plants
i United Ntates—Continued

Extent of Part
feeding * Famlily anil species Common name attacked

XXXX cmee M Ewm rhaponticim (iarden rhubarb
XX e _ftumer eriypus Yellow dock
Rumer oblugifoliug Bitier dock

POLYFPODLACEAE

XX ooooo_(inpclea sendibitis Sensitive forn
XXX e Previdive lagtiugenfum Enstern bracken

PONTEDERIACEAE

PORTULACACEAE

Common portulaea —___None.

American columbine
Europenn columbine
Tubeciemntis

Hardy larkspur
{hristmas-rose

ROBACEAE

Japanese fowering
quinee .. .____Folinge.
Crataegus monogpna Singleseed hawtborn —_-.Do.
XX wmmmnrrlacgus oxpacuntha English hawthorn _.___._Do.
XEX oo Cydonia oblongn Comtnon (iince Folinge,
fruit.
XX oo —_Erochorda rocemosa Pearlbnah Folinge.
XX e Fragaria eliloonsia {hilone strawberry

Sew fooinote at end of table,
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TanLe b—Fwlent of feeding by Japanese beetle on ravious plants
in {"nited States—Continued

“Extent 0t Part
feeding * Famliy nud species Common name atticked

ROBACEAE—ORtIinue

XX o Fregarin chiloensis ananasse __Garden strawbersy _____ Do.

0 .. Geam chiloense . Chile avens __________ None.
XXXX ... Kerrig Juponica ____ {ilobetiower . ___.__ Folinge.
XXXNX oo Maius baccald oo Crabapple oo Folinge,

frait.

XXXX Lo Muius floribunda o _______. Japanese Sowering N

crabapple L ______ Do,
XXNN o.Ml splvestris . Apwle Do.
XXX - L YruANS urmoniarg oo ___ Apricot o ________ Do,
Rweet cherry o _______ Do.

Sfour cherry _._ -._Folinge,

deden plam o ____ Foliage,

fruit.
Peach o Do
XXXX wen. o Prunus pergica neetaring o Nectarine oo _______ Do
XXXX oL Prunus salicinl .o Tapanese plum . _______ Do.

XXXX .. .uPrunus serofine o _____ Black eherry oo __ Folinge.
XX oo Prunus serrulata . _ —~Urelental chetry .. ______ Do.
XX oo Prinus virginiene o _______ Common chokeberry _____ Po.

X oo Pyracautha coccinea o __ Firethory o ______ Do,

X ool Byrus communis _____________ Pear ______ . .___ Do,
RXXEXN e HO8G 8PP oo Rose . ____._ ______ Foliage,

flower.
KX e fubus orgudud oo ___ Highbusk blackberry __Foliage.
XX o __Rubus cuneifoling o _______ Sand biackberry _______ Do.
X ommmas Rubus flagetiaris _____________ Northern dewberry ____._ Do.
XNX oo Rubuy ideews . ________ Red raspberry _______. Foliage,
fruit,
XX e Rubus occidentalis memimmmm—o - Blatkeap vaspberry ___._.Do.
XXXX oL Borbus americana _______.___ Ameriean mountaln-
asbh . Foliage.
XX e Sprava. tomentose o _________ Hardhack splrea _...___.__ Do,
XX weeo-_Spiraca trilobaie o ______ Three-lobe spires ________ Do.
XX o Spiraca vanhouttel o _________ Vanhoutte spires _______ Do.
RUBIACEAE
xxx ___.__Cephalanthus occidentalis ____Buttonbushk __...______ Foliage,
flower.
XX e Galinm pilosum . _________ Hairy bedstraw _______ Foliage.
XX oo Galinm triioram _____._______ Sweet-scented
bedstraw _____._______ Do.
X oo {(fardenia jasmineides ________ Gardenin _______________ Do.

See footnote at end of table.
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TABLE So-fowlent of feeding by Jupanese beetle on rarious planis
in {nited Stades—Continued

“Extent of Part
feeding* Family and gpecies Commen nime attacked

KUTACEAR

Folinge,

XXX oo CHriay sinongis
flower.

SALICACEAE

Popuing ulba Whlte poplar Noue,
Popitns afba pyramidatiy ... Bollenua poplac I 1 [+
XXXYX oo _Poputus nigra italica Lombardy paplar Folinge.
XXX mrimmmm Nelie babplonicae Tabylon weeping
willow
snfic cordala tlenrtleaf wlllow
Rulir discolor I"usay willow

BAXIFRAGACEAE

XX weme—= Deutzia gramtifora Deutzia Folinge,
flower,
Heuchere sanguinea {oralbells
Hdrangru arberescens Smooth hydrangen
Uydrasigea punicelala Panicle hydrangen
h. S Hpdrangea peliofaris Clitnbing hydrangea __Foliage.
Mhiludeiphus coronuring .- Mockorange - None.
Ribes prossuinria Europenn gooseberry —_--Do.
Ribes paepacanthoides Northern gooseberry _._.Do.
XX cmme o Rides saqlitim oo {inrden red enrrant .- _Folinge,

BCROPHTLARIACEAE

Snapdragon
White turtlehend
INgitalis purpurea Foxglove
XX —eo___Linarie valgariz Lutter-nnd-eggs
tondflnx Folinge.

Verbaseum thapsus ... _Mullein None.
Veronice officinalis Bpecdwell

SIMARBOUBACEAE

Adlanthus Folinge.

Sec fontnote &t end of table
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TavLe b—Llvtent of feeding by Japancse beetle on rarious plants
i ndted States—Continned

Extent of Pnrt
feeding ! Fumbly nud specles Common name attacked

BOLANACEAE

| Capaicim frutescens e ____. Red pepper . _____ None,
X oo Lycium halimifolivm _____ . __ Matrimony-vine _____._ Fuolinge.
1 Lyeapersicon escutentum _____ Tomato . _____ None,
O Nicoliane sanderge .- Flowering tobacco —o..__ Do,
b QU Nicotiona dabuacum oo ____ Common tobneco ______ Fotuge.
X e Pelunic hypbride o ___. Garden petunin _____.___ Do.
O e PRysalia aikekengi o ___ Chinese Ianterngisnt __None,
b S Nolanum melongene Bggplant _____________ Foliage,
b Nolanuam tuberosum _________ Potate . ____.__ Do.
GTAPHYLEACEAE
O___._.¢ aphylea trifelie .. ______._ American bladdernut __None,
STYRACAGEAE
XXX o __ Halesia caraling ______________ Stlverbell _____._____ Folinge,
fruit,
TAXACEAE
O __ Tarus baceata o _________ English yew __________ Noue,
[+ Taaus brevifolie ____________ Western yew __ ---.Io.
[ I Tarus canadensis __________ Canada yew o ________ Do,
H S Tarus cuspiduta . _______. Tapunese yew __________. Do.
TILIACEAE
XXXX oo Titie americate ..__.________American Huden —__.__ Fotinge.
XXx . Tite cordale ________________ European iHnden ________ Do.
XEX oo Tilia pelivitarie ______________ Sitverpendent linden ____Do.
XX e Pilia tomentosa ______________ Silver linden _o____.____ Dip.
TROPAEOLACEAE
0 Tropacolum mejus ___________ Grrden nasturtium __.__None.
EYPHACEAE
IXX __.__Typha latifolia ______________ Cattail . __________ Follage,

See footnote at end of table.
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Taswe b—Eutent of feeding by Japanese beetle on rarious planis
in United States—Continned

Extent of Part
feeding’ Family and spacies Common nRme attacked

VLMACEAR

UMBELLIFERAY

X oA pium gravcolens dulee Celery

b QN Daucuy carofu Wikl earrot

X omen Dancny carote sative - Garden carrot

X e Pastinace satfive Parsnip
Petrogelinen crigpum Parsley
Plmpinclia anisunt o Anige

YERUENACGEAE

Callicarpe dicholoma _._____.Beautrberry
Dantung camare Lantanz
Verbena hybride Garden verbenn

VIOLACEAE

Tiela odoratn Sweet viplet
Tiola puapilionacea Butterfly violef
Viola tricolor Pansy

VITACEAE

XXIXX Partienocissyus guingquefolia ___Virginia-creeper
XX —____Parthenocissus tricuspidate ___Reston ivy
IXXN oo Vitis aestivalis Summer grape

XXXX cmmee e Vitiy Tabrusea Yoxgrope
XXX e THHS vinifera Luropean wine grape _.__Do.

t0=nc vecord of beetie feeding on plant; x—occasional light feeding;
xx=geunerally light feeding; xxx=moderate feeding; xxxy—extensive feeding.
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HABITS OF GRUBS
Earthen Cel

When & grub hatches, it makes 2 cell in the soil slightly larger
than its body. The cell is formed by the movements of the grub
compressing the surrounding particles of soil. The grub lies in this
cell curled in the general shape of a biunt-ended crescent. Tt feeds on
the fine rootlets projecting into the cell. When these are consumed,
the grub follows the course of a rootlet by enlarging the cell in that
direction. This is accomplished by digging with its mandibles, rotat-
ing the body, and depositing the particles of soil behind it. When a.
rootlet has been consumed, the grub burrows horizontally through the
soil in search of another rootlet. The grubs are positively thigmotactic
to living roots and to stones and other objects in the soil if the roots
are not available. The cell is enlarged as the grub grows to permit
free movement of the bedy. When & grub is mature, it ceases to feed
and enlarges its cell in preparation for metamorphosis. (Smith
1922)

Yertical Movement

The vertical movement of grubs is in response to changes in the
moisture and temperature of the soil, Grubs are always somewhat
deeper in dry than in moist soil, but the temperature is the dominant
factor regulating the seasonal vertical movement. Fox (in Hawley
1944) determined the depth of the immature stages in permanent
turf each month of the year during an 11-year period at eight sites
in soutiern New Jersey and southeastern Pennsylvania. The depths
at which 213,087 individuals were found in turf are summarized
in table 6.

During the summer practically all the eggs and grubs are within
the upper 4 inches of soil in turf; most of them are not more than 2
inches below the surface. As the surfree layer of soil cools to about
15° C. in September, the grubs begin to move downward. The down-
ward movement continues until the soil reaclhes 10°, when the grubs
become inactive. Most of them hibernate 2 to 6 inches below the sur-
face, but an occasional grub muv be 8 to 10 inches deep. During the
11-year period only (.10 percent of the grubs were as deep as 8§ to 10
inches during the winter, In Murch when the soil goes sbove 10°,
the grubs begin to migrate toward the surface. By May practically
all of them are within the upper 2 inches of soil. During June some of
the grubs go a little deeper iato the soil to prepare for pupation, but
they rarely go more than ¢ inches.
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TasLe G—lmmature Japunese beetles found at various depths in
turf in southern New Jersey and southeustern Pennsyleanic during
yeur

Populatien at indicated depths (inches)

AMonth
0-2 I § -6 G-8 8-10

Percent Perpoent Percent Pereent Percent
July &1 (]
August 1 *)
September 03 &
October 43 T
Novewber 10 24
Decemnber-Februnry ) 31
Marelh 11 23

63 (

i {*

T6 : {!

)
)

'Less than 1 pereent of population found at this depth.

The depths nt which grubs hibernate in turf in the northern and
sonthern ranges of the insect ave not substantially different from
those in sonlhern New Jersey and southeastern Pennsylvania {Faw-
ley 19.44).

Hartzell and MceKenna (7939) studied the vertical migration of
grubs of mixed populations of Pepillia japonice Newman and Mala-
dere castanca (Arrow), but they did not differentiate between the
species in recording the data. Grubs were found 2 to 12 inches below
{he surface of turk in Junuary. Possibly most of the grubs found
deeper than § inches were those of Naladera. Hallock (1932) found
that this species normally hibernates § to 17 inches below the soil
surtace.

(rubs are usually somewhat deeper in cultivated soil than in turt,
probably because the soil is looser and essier to dig through and the
roots of plants penetrate deeper into the soil. Most of the grubs in
cultivated soil hibernate within the upper 8 inches, but occasionally
a grub mey hibernate 10 to 12 inches below the surface. (Fleming
et al. 1858)

Horizontal Movement

Tt was known fov several years that grubs move horizontally in soil
during the active feeding peried, but no information was available
on the distance a grub could travel. Grubs are often present in large
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numbers among the roots of plants in cultivated fields and are
scarce in the fallow ground between the rows of plants. When the
grass in o part of a heavily infested tnwn is kitled by the grubs feed-
g on the roots, {he grubs become less abundant there and increase
in numbers beyond the edge of the killed-out area.

In o preliminary study of the movement of third-instar grubs
through soil, grubs were introduced into fallow soil and into soil
in which wheat or grass was growing in gluss-sided cages, 3/ inch
wide and L7 inches long, und were held in the dark at 20° C. In mov-
ing through this 3;-inch muss of soil a grub so modified the structure
of the soil that its trail was always visible. ["nder these conditions the
grubs moved both vertically and horizontally and frequently changed
their divection, particularly in the Fallow soil. During a 29-day
period they traveled an nvernge distance of 105 inches in fallow
soil, 108 incbes in sofl with growing wheat, and 30 inches in soil with
growing grass. The grubs in fallow soil moved continuously in search
of food, whereas those in turf often did not change their position for
several dayx, and then they moved only a short distance.

Hawley (1945} introduced third-instar grubs in September mto a
circulur arew 3 feet in dimmeter in the center of turf and fallow plots,
ench 2F [eet yquare, and in Qctober, May, and June determined the
distance the rrubs had moved laterally Leyond this arvea. Most of the
grubs remained in the ¢ireular area. The average distance grubs were
found beyond the civeular area in turf was 7.2 inches by mid-October,
LLB inches by May, and 174 inches by June, whereas in fallow land
these distances were 12,0, 26.1, and 1.0 inches, respectively, However,
euch grub because of its zigzagy movement acturlly traveled much
further through the soil.

Feeding

Grabs feed on the roots of a wide variety of garden and truck
crops, ornamental plants, and grasses, bui they do nof thrive in
plantings of red clover (Trifolivmn pratense), white clover (7. re-
pensy, sweetclover (Melilofns indica), alsike clover (Trifolivam
hybridum), soybeans ((Flycine mar), buckwheat {(Fagopyrum eseu-
lentum), ov orchardgrass (Dartylis glomerata). The feeding of the
grubs on the underground stems and roots may not be suspected until
the plants are badly demaged (Fleming 7963a). Davis (1920a) con-
sidered the grub to be of little economic importance, probably be-
cause at that time the grubs were not sufficiently numerouns to
seriously injure the roots of plants.
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Analyses of the material eaten by the grubs showed that 67 percent
of it was fresh und partially decomposed plant tissue and 33 percent
soil pavticles. All the particles in the gut were fairly uniform in
size.  (Smith 1922; Smith and Hadley 1926)

Injury to well-kept turf usually is not apparenf when there ave
less than 10 grubs perv square foot. When the grubs are more numer-
ous and the grass is retarded by low fertility or lack of adequate
moisture, there may be several areas of dend grass in the sward by
September or early October {fg. 11}. There are many records where
the aerial par{ of the grass was completely severed from the roots
s0 that the turl over large aress could be rolled back with the fingers
(fig. 12). (Smith and Hadley 1220; Fleming and Osburn 1932
Fleming 1936}

The grubs feed on the roots of garden and truck crops. Ixtensive
feeding on the roots of corn, beans, tomatoes, and other crops reduces
their vitality and sometimes kills the plants.  (Smith and IHadley
1926, Fleming 1863a)

Grubs have destroved many plants in nursery seedbeds and young
plants in the field (fig. 13) and have killed 30 percent of the plents
in strawberry beds. Usually the plants were killed by girdling the
main roots at depths of 14 to 114 Inches below the surface of the

ground. (Fleming et al. 1937; Fleming 1967a)

. -.i'l'&"”
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Frocne 11.—Lawn damaged by feeding of Japanese beetle grubs on grass roots.
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Fravge 13.—Plants killed by feeding of Japanese beetle grubs on their roots.
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REARING BEETLES

Many thousand adult beetles und third-instar grubs have been col-
lected annually in nreas where abundant for lakorntory expevimenta-
tion. There wus no problem in capturing beetles i1 well-aerated traps
or in shaking them while inactive at dawn from heavily infested
trees. However, ench year it was necessary to travel farther from
the lnboratory to abtain an adequate supply of grubs free of infection
by entomogenous pathogens until by the 1950 it was necessary to go
more than 200 miles. ‘This inseet material was not entirely satisfac-
tory becuuse both the grubs and the adults were of unknown age
and varied in their vigor and longevity.

Field Plots

Attempts were made us early asx 1928 to rvear the grubs in field
plots. When the age of the grubs was not important, large numbers
of beetles were attracted throughout the summer to the plois by
¢hemical lures. Usnally a substuntial number of eggs was deposited
in the soil. When grubs of known age were needed, beetles were
enged over plots for n definite period and then excluded from the
plots during the remainder of the summer. Caging beetles in the field
was a Failure because regarvdless of the size of the cage the beetles
clung to the sides and the tep trying to escape and only occastonally
fed on the plants in the cage or dug into the soil to deposit eggs.

Although the summer surveys in the open field plots usually indi-
cated e population of at least 10 to 25 eggs and young grubs per
square foot, most of this population had disappeared by Oectober,
when the plots were dug to harvest the third-instar grubs. A third-
instar population averaging only one or two per square foot was
not economically practical to harvest. Since these plots were within
the area where both Bacillus popillize Dutky and B. lentimordus
Dutky, important pathogens of the grub, were established, the find-
ing of infected grubs in the fall was not unexpected. No doubt these
pathogens decimated the grub population. It was evident that this
method of obtaining a supply of grubs could be used only in an area
where the adult beetle was abundant and the pathogens l.ad not be-
come established. Such an area was not found within a practical
distance from the laboratory.

Labhoratory Rearing

A laboratory method for rearing the insect wwas needed so that all
stages of known age and history could be available throughout the

Jacket 444-771-
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vear. Since Ludwig {7928«) reared the insect in small numbers from
egg to adult in about 170 days at 23° (., there was a possibility of
two overlapping generations a year in the laboratory.

The essential requirements for embryogenesis and metamorphosis
ars o moist soil or other suitable medium and a temperature within
the range at which the insect develops normally ; for the development
of grubs, adequate food is also reqnired.

Production of Eggs

Eggs were obtained at any time of the year by confining beetles
in open-bottom cages over moist sterile sieved soil at between 25° and
80° C. in a lighted chamber and feeding them slices of apple or foli-
age of a favored plant, such ss Pennsylvania smartweed (Polygonrum
pensylvanicum) or sassafras (Sassafras @lbidwm). Goonewardene
and MeKay (7969) developed an artificial diet for feeding aduls
beetles. It consisted of applesauce, alpacel, sugar sirup, wheat germ,
pectin, protein, ascorbic acid and other vitamins, water, and preserv-
~ abives. The eggs were harvested by passing the soil throngh a 12-mesh
screen to remove beetles and then through a 20-mesh sereen to sepa-
rate the eggs from the s0il. Kggs were also harvested by spreading
the soil in a thin layer and picking up the eggs with a moist camel’s
hair brush.

Rearing Grubs

Fox and Ludwig (7937) and Ludwig and Fox (1937, 1941) used
a modification of the method described by Davis (1915) for rearing
Searabaeidae. They placed each newly hatched grub in a sterile moist
medium in 2 1-ounce metal box and incubated it at 25° C. The de-
velopment and metamorphosis of the grubs varied greatly in the
different media. All the grubs in soil died before molting, showing
that soil nlone does not contain sufficient food for the development of
the grubs. Sixty percent of the grubs pupated in a mixture of soil
and dAndropogon mold. When wheat was growing in the medium, the
pupntion was 42 percent in soil, 36 percent in a mixture of soil and
Andropogon mald, and L& percent in a mixture of soil and Carex
mold. The dnrdropogon mold was collected beneath the tussocks of
Andropogon glomeratus and A. scoparius, and the Carez mold be-
neath the tussocks of Carex stricéa.

In tests with other substrata they found that 34 percent of the
grubs pupated in dadropogon mold, but only 12 percent of them
completed their development to the second molt in Carer mold before
dying. All the grubs died Dbefore their Arst molt in peat and in
sphagnum moss. When wheat was growing in the medium, 12 per-
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cent of the grubs pupated in dadropogen mold and 8 percent in
Carex mold.

In the propagation of the milky disease bacteria (Buaeillus popilliuc
Dutky and B. lentimorbus Dutly), Dutky (1942) incubated inocu-
lated third-instar grubs in cross sectional trays at 30° C. in seil con-
taining sprouting seeds of redtop {(zlgrostis albe) and white clover
VL rifoliun repens) until macvoscopic symptoms of infection devel-
oped. The incubation period was usually 10 to 12 days. Schwartz
et al, (1970) using this medium to rear the beetle from egg to adulb
in 3-ounce cans nt 27° had no emergence of adults in soil heated for
48 hours at 91° before mixing it with the seed, and only 4-percent
emergence in unheated soil,

Schwartz et al. {7970) added redtop and white clover seed to dry
sand, vermiculite, sphagnum peat, and Michigan peat, alone and
mixed with soil, and after moistening with water determined the
development of the insect from egg to adult in the substrata in 3-
ounce cans af 27° (L The soil, sphagnum peat, and Michigan peat
wers dried for 48 hours at 94°; the sand and vermiculite were dry.
No eggas hatched in sand, vermicnlite, or in 2:1 nixtures of sand
and soi} and of vermiculite and soil. The hateh ranged from 6 to 50
percent in the other substrata. The adult emergence was 12 percent
in a 2:1 mixtwee of sphagnum peat and soil and 2 to 6 percent in
sphagnum peat, Michigan peat, n 1:1 mixture of sphagnum peat
and soil, and 2:1 to 1:2 mixtures of Michigan peat and soil, but no
wdults emerged in the 1:1 and 1:2 mixtures of sand and soil and of
vermivolite and soil or in the 1:2 mixture of sphagnum peat and
soil.

The grnbs seem to require some organic matter for growth,
Schwartz et al. (7270) introduced third-instar grubs inte sand and
mixtures of sand and Michigan peat, which were seeded with redtop
and white Duteh elover, and determined their survival and transfor-
mation into adults. Even though the supply of roots in the sand was
ample, only 1 percent of the grubs survived in this medium for 43
days; these grubs were stiff and sluggish, Thirty-five to 48 percent
of the grabs, upparently normnl, survived at this time in the mixtures
of sand and peat and alse in peat. No ndults emerged in the sand.
‘The emergence in mixtures containing 10 percent or more of peat
ranged from 10 to 25 percent. Since thae emergence in sand-peat
mixtures was better than in the soil-peat mixtures discussed in the
previous parvagraph, sand can be substituted for the soil in the
mixtures and thus avoid the possibility of using soil contaminated
with the milky disease bacteria, which in the laboratory can build
up to high levels and decimate the grub population.
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Goonewardene and Zepp (/969. 1970) improved the rearing tech-
nigue by rearing the grubs at 29° (. in plastic pans containing 3 kg
of substratum. A mixtuve of equal parts of soil and Michigan peat,
seeded with redtop (clgrosiis albua), wus used (o hateh the eggs.
Sixty-six to 70 percent of the eggs hatched. The first-instar grubs
were transferved to a substratum composed of equal parts of soil,
sand, peat, and vermiculite in which redtop was growing; 100 grubs
were put in each pan. Twenty days after intreducing the fivst-instar
grubs, when 59 to 66 percent of the grubs survived, the second-instar
grubs were transferred to this substratum in which redtop and rye-
grass {Lolium perenne) were growing; 50 grubs were piaced in each
pan. After another 20 days, when the survival was 82 lo 60 percent,
the third-instar grubs weee transferred to a fresh bateh of the me-
dium used for the second instars: 30 arubs were put in cach pan, The
transfer of third-instar grubs at 20-day intervals was repeated until
pupation. The transfer of grubs to fresh medinm was facilitated by
growing the geass in the medium on a plastic screen to form a food
pad, and sfter the grubs had been transferred, the food pan was
placed over the medium. The roots soon penetrated through the
sereen into the medium contsining the grubs.

In small-scale tests including a few hundred newly hatched
grubs, about 22 percent of them completed their development and
emerged as adults, but in large-seale tests including 1,000 or more
newly hatched grubs, the emergence was only 6 to 8 percent.

Schwartz and Jurimas (7970} determined the effect of adding
various foods to & 2:1 mixture of soil and Michigan peat on the
development of third-instar grubs at 30° C. No adults emerged in
the substratum te which no food was added. The emergence was 15
percent in the substratum containing sprouts of redtop and white
clover, 12 percent by adding 1 gram of chopped raw carrots to 100
grams of substratum, and 3 percent by adding 1 gram of wheat germ.
No adults emerged in the substratum containing 1 gram of skim
milk, soybean protein, or brewer's yeast, or 0.1 gram of wheat germ.

Goonewardene et al. {unpublished) investigated the possibility
of rearing the grubs on an artificial diet. A grass-clover powder was
prepared by macerating seedlings of ryegrass (Lolium perenne),
redtop (sgrostis aide), and white clover {Trifolium repens}, ex-
tracting with acetone, drying, and pulverizing. The powder was
spread evenly over moist filter paper, which was inverted and placed
on the surfnce of a 111 mixtuve of sphagnum peat and soil contain-
ing third-instar grubs, and then the filter paper was covered with the
sphagnum peat-soil mixture. The filter paper and the peat-soil mix-
tare were replaced at 7-day intervals. At 25° C. no grubs fed the




BIOLOUY OF THE JAPANESE BEBTLE 91

geass-clover powder emerged as adulfs, but when linoleie acid,
linolenie neid, and choline ehloride were added to the prass-clover
powder, the emergence ranged from 33 to 45 pereent. Adding
vitaming and Wesson's salts o the fortified powder did not increase

the emergence,

ABUNDANCE OF BEETLES

Methods of Estimating Populations

Extent of Feeding

For many years the density of beetle populations over large aveas
was estimated empivicatly by determining the extent of feeding
on the most Mavored food plants v nudsammer, when the beeties
are the most numerons and the injury to folinge the most conspicu-
ows. The boundary of deasely populated aveas nnd the spread of
the beetle were detenpined by this method each year uniil 1832,
The six eategories wsed in this evuluation are as tollows:

Estimate nof
popuieiion
density Extent of feeding

Very deuse Over 50 percent of favored trees with brown or no
folinge and ail low-gronwing plants and vines defolinted.

Dense 253 to 30 percenr of favoered trees with brown or noe
folinge ml pearly aBl low-growing plants and vines
defolinted.

Moderate - . 10 to 23 pervent of favored trees with brown folinge and
extensive feeding on low-growing plants and vines.

Light Less than 10 percent of tavorsl trees with brown
fulinge and wmoderate feeding on low-growing pinnts
and vipes,

Very ligit Favored trees uot Lrown, altbough there may Lo some
light feedlug, and lght fesding on low-growing pinnts
and vioes,

Trace No feeding on favored trees and only oceasiounl feeding
on low-growing plants and vines

Soil Survey

A move aveurate estinate of the abundance of the beetle is obtained
by determining the density of the =oil population before the emer-
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genco of the insect. Since the density of the soil population varies
with the nature of the cover crop, it is necessary to determine the
populition in turf, uncultivated fields, fields with various crops,
orchards, and so forth, to estimate the beetle population on a farn
or in a township or county. Usually the average density of the soil
pepulation was determined for each type of ground cover by sur-
veying a rvepresentative section of each one, With information on
the average soil population and the acreage of each type of ground
cover, an estimate is made of the beetle population expected in the
summer in the area being surveyed.

Fleming and Baker (7936) developed a survey method by deter-
mining the natural grub population in each square foot of four
2,500-square Toot plots, two of which were in pastures and the other
two in cornfields, and then calenlating the size and number of
samples needed to ndequately estimate the mean density of the heter-
ogeneous populations. It was concluded that 1 square foot was the
most satisfactory sampling unit. When 10 1-square foot samples
were taken at random over a 1,000-square foot area selected for
survey, the standard error of the mean population density was esti-
mated at & percent with an average population of 19 per square
foot, 15 percent with average populations of five or nine per
square foot, and 18 percent with an average population of three
per square foot. When the nunmber of samples was increased to 20,
the standard errors werve 6, 11, 11, and 13 percent, respectively.

Polivka ({959) used a sampler cutting a l4-square foot plug in
the random sampling of soil.

The timing of a survey is important because of the natural deci-
mntion of the soil population. Fox {1937) determined the abundance
of the soil population throughout the year in surveys made during a
P-year period in southern New Jersey and southeastern Pennsylvania.
The peak of the grub population occurred during the first half of
September. When the grubs began hibernation in November, the
population had decreased 21 percent. An additional 3 percent was
lost during hibernation in the winter. When metamorphosis began
late in May, the population had decreased 32 percent. By mid-June,
when 63 percent of the grubs had transformed to prepupae and
pupag, the population had decreased 43 percent. It was estimated
that for each 1,000 grubs that completed their development to adult
beetles, n survey during the first half of June would indicate the
emergence of about 1,000 beetles, whereas the expected emergence
would be about 1,200 beetles with a survey in the last half of May,
and abeut 1,300 with a survey in March, April, or the first half of
May. The survey should not be made in the fall because one in
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September would indicate the emergence of about 1,700 beetles and
in Qctober about 1.500 beetles. The most accurate estimate of the
emerging beetle population is by a soil survey just before the pupae
begin to transform to ndults,

This method of estimating the beetle population was used by
Laugford et al, (180, 1944) and the Japanese Beetle Laboratory.

Traps

Fleming et al. (7940) estimated that a properly constructed trap
with & good lure caught about 73 percent of the beetles attracted to
it. The zone of attraction by a trap vavies with the environment. It
may be gmall in suburban aveas where trees, houses, and other strue-
tures deflect and impede 2ir movement. In rural areas with open
fields the limit of the zone of nttraction may be 1,320 feet (Mehvhof
and Van Leenwen 1930 ov 900 to 1,500 feet (Metzger 1934, 1936},
but most of the beetles are attracted from the general vicinily of a
trap. Polivka (1949) caunght 38 percent of the marked beetles in
traps within 200 feet of the liberation point, 28 pevcent In trups
from 200 to 300 feet away, 13 percent in traps from 300 to 400
fest away, and 1 pereent in traps 400 feet away.

Traps were used for many yenrs to determine the relative abun-
dunce of the beetle throughont the summer and from summer fo
summer, The same type of trap with the same lure was placed at the
same sites each yearfo avoid variations in the capture introduced by
these factors. Only the relative abundance of the insect wns deter-
mined beecnuse the relationship between the number of Dbeetles
raptured and the populntion in an area had not been established.

Langford ot al. (J947) determined the relntionship between the
nuntber of beetles eaptured by traps and the population in an aren
by making « soil survey before the emevgence of the beetle to estimate
the density of the beetle population. The 5,338 traps on 6,750 acres
of farmiand in Ceeil County, Md.. eanght 30 percent of the estimated
population, but on individual farms the ecapture ranged from 24 to
over 100 percent. The high captures on cerlain farms were attributed
to the migration of Leetles to these farms from adjacent unfrapped
areas.

Langford et al. (7947) continued the study, using 1941 traps on
3,231 aeres of Farmland. The captures weve high on 261 acres where
migration of beetles occurred and usually low on 1,679 acres where
jess than one trap was used per acrve. On the 1,291 acres where {raps
were placed at approximately one per acre, the traps canght 32 per-
cent of the estimated population, but on the individual farms the
capture ranged from 8 to 97 percent.
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Ladd (unpublished) released marked beetles in open rural coun-
try in eastern Tennessee. Two thousand traps on 188 acres caught 30
percent of the marked Leetles in 1989 and 740 traps on 55 acres
caught 30 percent of them in 1970. Whether the population was esti-
mated by soil survey or a population of marked beetles was used,
traps over a large aren caught approximately one-third of the popu-
lation, The marked beetle method is the more practical for establigh-
ing the relationship between the nnmber of beetles cuptuved by traps
and the total population. Further tests with marked beetles are
needed to determine this relationship in other rural aress with dif-
terent flors and in subnrban areas.

Pattern of Distribution

During 1020-29 the area cccupied by the beetle was almost spheri-
cal in shape with a very densely populated core surrounded by a
zone where the population decrensed progressively until it was very
light at the periphery. The size of the infested area increased each
year. Beginning in 1930 the population in the central core began
to decrense and by 1931 the very cdense populatien occurred in a
slightly broken band surveunding the core. As the beetle continued
to move ontward, this band disappesred and dense populations de-
veloped af the most favorable sites. The outline of the area occupied
by the beetle became slightly arcuate in 1985, and by 1941 it was
very irregular with prominent arms extending up the river valleys.
(Fox 1927, 1982, 1934; Hadley 1932; Hawley .nd Dobbins 1945)

A stidy was made of the rise and the decline of the beetle popula-
tion within a radius of 5 milés of the site in New Jersey where the
insect was discovered in 1018. Based on the soil surveys of Davis
(19200), Smith (1925, 1928), Smith and Hadley (7926), and Haw-
ley {1944, 1949), the average density of the beetle population in this
ares, from 1920 through 1945 was estimated as follows:

Popu- Papu-
tation latian
per per

Year acre Year ucre
1920 _______ 90,500 1031 300,600
1021 186,800 1038 339,800
922 _______ 302,000 1034 _______ 237,000
1824 o 47,000 B325 1 T 383,000
1927 622,900 1936 ____ 123,004
1928 - 405,100 1937 74,000
1939 . 144,900 A5 43,000
1930 _______ 87,120
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The rise and decline of the beetle population in this area have been
repeated with modifications as tha beetle invaded new areas and
became well established at favorable sites.

Only about a dozen beetles were found in this area in the summer
of 1918 (Dickerson and Weiss 79/8; Smith and Hadley 7926). From
a few beetles the population inereased rapidly, reaching 90,500 per
acre in 1920 and 747,000 per acre in 1924, Smith (7923) reported
that in 1924 populations up to 3,470,000 per acre occurred in pastures
and up to 7,410,000 per acre in the turf on golf courses. Hawley
(1949) suggested that the population might have increased more
rapidly if the rainfall during the summers of 1916 and 1918 had not
been somewhat deficient. The population remained high through the
summer of 1929. The marked decline in the summer of 1930 was
attributed to the drought during the previons summer (Fox 1939;
Hawley 7949). With adequate wninfsll during the summer of 1930
the beetle partially overcame this setback and reached about one-
half of its peak density in 1981, It remained at approximately this
level of density until 1936, when there was another abrupt drop in
population. This decline was attributed to the unusually high mor-
tality of the hibernating grubs during the winter of 1935-36 (Haw-
ley and Dobbins 7947}, Since 1937 the population has remained at a
relatively low level, with some increase and decrease following
summers of adequate and inadequate rainfall, respectively.

During the 1920’ and early 1930's the summer rainfall was the
most important factor modifying the density of the beetle popula-
tion. The insect-feeding birds, small terrestrial mammals, and the
few predaceous and parasitic insects indigenous to the area were
unable to cope with rhe reproductive potential of the beetle. Diseased
arubs were found only ocensionally in the field. In the 1930°s the
imported insect parasiles, pavtieularly Z%phic vernalis Rohwer, were
becoming established in the area and the incidence of disease among
the grubs greatly increased, caused mostly by the milky disease
bacterin Bacillus popilline Dutky and B. lentimorbus Dutky. The
establishment and buildup of the imported insect parasites and the
entomogenous diseases were facilitated by the dense beetle popula-
tions. These biotic factors are principally responsible for keeping
the beetle population at a relatively low level.

NATURAL SPREAD
Factors Affecting Spread

When favored food plants and suitable sites for oviposition are
available, the natural spread of the beetle is affected largely by the
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topography of the land, the direction of the wind, and the tempera-
fure and rainfall.

Topography

The effect of topography on the sp.ead of the beetle is discussed
by Fox (7927, 1932, 1934) and Tawley and Dobbins {7945). The
spread of the beetle is facilitated in a farming avea where there are
extensive tracts of nearly lovel or gently rolling country. These fea-
tures are found in the coastal plain section of the lower Deluware
River Valley and other parts of southern New Jersey.

There was no physiographic feature to impede the southern move-
ment of the beetle on the coastal plain until it reached Delaware Bay.
When the population became very derse on the New Jersey side of
the bay, the beetles flew across the bay .nto Delaware.

The heavily wooded area east of the Delawire River Valley,
known as the New Jersey Pine Barrenc, had little food and few
favorable oviposition sites, factors that tended to retard the easiward
movement, but it was not a fermidable barrier. The easterly move-
ment of the beetle was stopped by the Atlantie OQcean.

The Delaware River was not a barrier in the westerly mavement
of the beetla from New Jersey into Pennsylvania, Westward in
Pennsylvania and northward in New Jersey the beetle had only a
few miles to travel to reach the fall line, marking the boundaty be-
tween the coastal plain and the Piedmont plateau, where the topog-
raphy is more rugged. The eastern foothills of the Appalachian
Mountains extend in & northeaster-y-southwesterly dirvection across
Pennsylvania, northwestern New Jersey, and southeastern New York,
The mountains impeded the westerly movement of the bLeetle, but
by 1943 the advance guard of the beetle had begnn te penetrate
into the mountains in all three States.

The spread of the beetle was facilitated by the river valleys. The
movement into the mountains was largely in the valleys of the
Potomae, Susquehanna, Delaware, and Mudson Rivers. Tts spread
northward in Connecticut and Massachusetts was in the Connecticut
River Valley and along the coast. Its westward spread in New York
was in the Mohawk River Valley.

Soils

There was little difference in the density of grub populations de-
veloping in the sands. sandy loams, and loams. In field surveys
Smith and Hadley (7926) found 30 percent of the grubs in sands,
35 percent in sandy loams, and 85 percent in loams. The pupation
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and the emergence of the adults, however, were 10 to 1t days later
in the sands than in the sandy loams and loams.

The density of the grub population decreased progressively with
the increment in the pIl of the soil. The number of eggs deposited
and the number of grubs developing in soils with a plL about 4.0
were two to 10 times greater than in soils with a pIl about 7.0. The
range in the p¥l tolerated by the grubs was not established. The
populations built up faster and dense populations persisted longer
in soils with a low pH than in the other soils.  (Wessel and Polivka
1952 Tolivka f9060a. 1960h)

Wind

The direction of the wind during the summer affects the spread
of the beetle. The flicht of the heetle is essentially aimless and usually
of short duration. In the absence of chemotropic stimuius, the beetles
tend to drift with tme wind. The prevailing winds are westerly dur-
ing the summer in southern New Jersey. Fox (7927) found that in
the 10 years following the discovery of the beetle, it had spread
eastward about 42 miles through the New Jersey Pine Barrens, even
though this area was not favorable for it, but it had spread only 28
miles westward in more favorable country. The massive flights of
the beetle over the Atlantic Qcean occurred with westerly winds,
whereas the massive flights westward across the Delaware River
and Delaware Bay usually coincided with the periods the wind had
shifted to the east.

Temperature and Rainfail

Although the tempernture and moisture of the soil do not affect
the flight of the beetle, these factors are important in the survival
of tlie insect. The Leetle is adapted to a country where (1) the mean
soil temperature during the sammer is between 17.5° and 20.5° C,,
{2) the soil temperature during the winter is above —9.4°, and (3}
the precipitation is adequate and rather uniformly distributed
throughout the year, averaging not less than 230 mm. (10 inches)
during the summer.

Soil temperatures in the summer favorable for the hatehing of the
eggs and the development of the newly hatched grubs occur over
much of the eastern part of the Tnited States,

There is usually an insignificant mortality of the hibernating
grubs during the winter in southern New Jersey and southeastern
Pennsylvanin. The average winter mortality during 1927-34 was
only 3 percent (Fox 7937). The soil temperature at a depth of 7.5
mm. {3 inches) during 1925-38 did not fall below 0° C., except dur-
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mg the winters of 1926, 1927, 1934, and 1936, With a snow cover
during the winters of 1926, 1927, and 1934, the soil tempernture did
not go much below 0°, even when the air temperature was far below
freezing, and the winter mortality these years was about the same
as during milder winters (Fox 1945 ; Hawley and Dobbins 1947). In
1934 n mortality of 33 to 100 percent occeurred in those aveas where
there was a freezing rain instead of snow even though the soil tem-
perature did not fall below —3.1°. (Hawley and Dobbins 1947)

The winter mortality in Connecticut ranged from 17 to 42 percent
n the absence of a snow cover, but it was only about 1 percent when
snow was on the ground (Schread 1944, 1945). The winter mortality
was high during some years in Indiana (Gould 7963).

The normal swummer rainfall is about 300 mm. in southern New
England, southeastern New York, the eastern half of Pennsylvanin,
New Jersey, Delaware, and Maryland and about 250 mm. in the Cen-
tral States (Hawley 1949). Summer droughts at irregular though
rather frequent intervals are charncteristic of these areas. In southern
New Jersey there were 11 years during 1916—46 when the summer
rainfall was less than 250 mm. Years with less than 250 mm. of sum-
mer ruinfall occur more frequently in the Central States. As noted
previously, a marked deficiency of rainfall during the summer
reduced the beetle population the following summer.

Progressive Spread in Square Miles

Almost each year during the period 1916-52 the limits of the natu-
ral spread of the beetle was determined, maps were prepared, and the
square miles occupied by the beetle were estimated. While the insect
~as spreading naturally, it was also becoming established at points
beyond the periphery of the generally infested area where it had
been carried inadvertently by man. In determining the area over
which the beetle had spread, the colonies beyond the periphery were
not included until the vanguard of beetles advancing from the gen-
erally infested area met and merged with them. The absorption of
these colonies sometimes resulted in a large increase in the generally
infested area, such as the addition in 1952 of 2,562 square miles in
North Carclina and 1,170 square miles in Ohio.

The progressive increase in the generally infested area during this
period is summarized in table 7. The data are based on the published
reports of HMadley (1922, 1923, 1924}, Smith (1924, 1925), Smith and
Hadley (1926), Fox (1927. 1932, 1934), Hawley and Dobbins (1945),
and Hawley (1950) and the unpublished reports of T. N. Dobbins,
H. Fox, I. M. Hawley, R. T. White, and H. J. Willard.
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The aren ovenpied by the beetle increased from not more than 0.5
square mile in 191G to 76,504 square miles in 1952, when the beetls
hatd spread over all or purts of 1+ States and the District of Colum-
bin. The beetle lhad spread over ali of New Jersey by 1933 all of
Delnware by 19042, all of the Distriet of Columbia by 1941, and ail
of Rhode Island by 1931 Flewing (196Ja) estimated that by 1962
the beetle had sprewid over 100000 square miles in the eastern part of
the Taited States. It probably occupied 150,000 square miles it 1970,
when it had invaded alt or pavts of 19 Strtes and the District of
Columbian and part of one Provinee in Canada.

Progressive Invasion of States

New Jersey

The beetle extended its range enstward in New Jersey to the Atlan-
tie Ocean in 1026, It veached Delnware Bay to the south in 1930 and
except for Cape May Couniy, where the heavily forested country
impeded its progress, all of the Ntate seuth of latitude 40°3 N, was
aecupicd by the beetle. M1 of Cape May County was infested in
1932, By 1935 all of New Jersey except the mountainous northwest
part was ocenpicd by the bectle. This pact of the State was infested
in 1043, (Fox 1827, 1932, 16535 Hawley and Dobbins 1945}

Pennsylvania

The beetle flew across the Delawnre River from New Jersey and
extablisghed itself in Pennsyivania during the sumumer of 1920. The
mnin lines of advance westward were in the Schuylkill River Valley
and through the troughlike Cliester Valley, which extends diagonally
aeross Chester County inte Lancaster County. By 1932 the beetle had
spread over all of Bucks, Montgowery, Philadeiphia, and Delaware
Counties nud had penetrated inte Chester, Northampton, Lehigh,
and Berks Counties. In 1935 its vange incinded most of the open
rolling farming country lving east of the lower reaches of the Susque-
hanna River and southeast of the Appalachian Mountains.

The beetle moved up the Susquehanna River Valley and reached
Harrishurg in 1937, where it joined the isolated colony in this area.
By 1941 there had been cousiderable dispersion through the open
country west of the Susquehanua River and a slight movement west-
ward in most of the Appalachian Mountain region. In 1043 the
beetle continued moving westward in the open farmmg country of
southern Pennsyivania and began to penetrate into the mountains.
Its movement up the Susquehanna River reached Sunbury. By 1946
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it had moved through several gaps in the Appalachian Mountains
and was established to the west of the mountains.

By 1052 the isolated colonies in Washington, Beaver, Lawrence,
Mercer, Butler, Allegheny, Westmoreland, Armstrong, Indisna,
Cambria, and Somerset Counties in western Pennsylvania had con-
solidated and had united with the vanguard of beetles moving up
the Ohio River Vulley from West Virginia. The movement westward
along the Pennsylvania-Maryland border had almost reached Somer-
set County. In the northarn part of the State the movement up the
north hraneh of the Susquehanna River had passed the Pennsylvania-
New York border, and the movement along the west branch of the
river had penetrated into Clinton County. The beetle had not reached
the northern tier of counties west of Bradford County or the central
and the extreme southwestern parfs of the State.  (Hadley 7922,
19240 Vox 1034 Hawley and Dobbins 7255 Iawley 1950; White
and Willard unpublished)

Delaware

The beetle moved sonthward from Delaware County, Pa., in 1925
widd oceupied o small part of New Castle County north of Wilming-
ton, By 1931 it had reached the western suburbs of Wilmington and
had penetrated aleng the Delaware River te below New Castle. Dur-
ing 1933 lnrge swarns of beetles flew from the densely populated
area in New Jersey across the Delaware River aud upper Delaware
Bay into Delaware, increasing the population already in New Castle
County and extending their range southward to Dover in INent
County. By 1937 the beefle had spread over mnch of the northern
two-thirds of the Srate. The entire State except the extreme southern
part of Sussex {'ounty was infested in 1941, The invasion of Dela-
ware was completed in 19420 (Fox 1927, 1932, 1934, Hawley and
[Dobbing 1945)

New York

The beetle had ne difficulty in flying acvoss the narrow Arthur Kill,
separating Sraten Istand, N.Y., from New Jersey, and establishing
itself in the southwestern port of the island in 1932. It spread over
nil the island in 1933,

In 1933 Jarge swarms of beetles flew over the Atlantic Qcean from
Monmonth County, X.J,, and were washed up dead and alive on the
southern shore of Long Island and on the beaches of New Jersey. By
1935 the beetle had established itself in the western one-fourth of
Tong Island and in the metropolitan area of New York City and had
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penetrated up the Tudsen River Valley into Westehester County. It
jnfested the western halt of Long Island in 1940 and the entive island
except the north-ventral part in 1944

By 141 the beetle oveupivd all of Westehester, Raekland, and
Putnam Counties and the eagtern part of Orange County in the
TTudson River Valley, During the next 3 years it extended its range
westward in Orange County and aleng both sides of (he Fludson
River info Ulster and Dutehess Counties. By 1949 it had moved
westward from Orange County into Sullivan County and northward
in the Hudson River Valley into Greene, Columbia, Albany, and
TRensselaer Counties. Tt had alse moved westward in the Mohawlk
River Valley from Albany County info Schenectady County. By
1932 the beetle had gone farther north in the Indson River Valley
into Swratogr and Washington Connties and farther west in the
Alchawk River Valley into Monrgomery County.

The beetles moving up the north branch of the Susquehanna River
had passed the Pennsylvanin-New York border by 1952 and had
become established in Chennmg and Tiogn Counties in south-central
New York. (Fox 034 Iuwley and Dobbins 20470 1lawley 79302
White and Willacd unpublisk ad)

Maryland

Tsolated colonies of beetles had been found in Maryland as cavly
as 1026, but most of thiem had been eliminated or retarded in develap-
ment by the use of traps and inseeticides (Cory and Langford 1944
9.3).

The beetle invaded Murvland fram Chester County, Pa., ancd New
Castle County, Del., in 1933 und established itself in the northeastern
part ol Ceeil County at the head of Chesapeake Bay. 13y 1935 it had
oceupied practically nll of Coeil County and had moved westwird
into IMarford County on the Marvland-Pennsylvania border and
southward inte Ient County on the eastern side of the bay. During
the next -+ years it ocenpied all of Cecil and Ilarford Counties. It
moved from Ilarford County through the southern part of Baltimore
County into the northern part of Anne Arundel County, and it
extended its range southward through Kent County into Queen
Annes and Cavoline Counties. By 1943 the beetle occupied all of
Queen Annes, Caroline, Talbot, Worcester, and Somerset Counties
and all but a small part of Dorchester and Wicomico Counties on the
east side of Chesapeake Bay, and on the west side of the bay it oe-
cupied all of Baltimore, Howard, Anne Avundel, and Prince Georges
Counties nnd wost of Montgomery County and had penetrated into
Charles County. It had moved westward from DBaltimore County
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and oecupied alt of Carroll County. It had alse moved from Mont-
gomery County up the Potomac River Valley into Frederick and
Washington Counties in the Blue Ridge Mountains,

By 1940 the beetle had spread over all of Maryland, except Gar-
rett and Allegany Counties in the extreme northwest and the southern
part of St. Marys County on Chesapeake Bay. Three years later only
Garrett County had not been invaded by the beetle. (Hawley and
Dobbins 1945 ; Hawley 7950; White and Willard unpublished)

Connectient

Several isolated colonies were found in Connecticut as enrly ns
1926, In 1937 the beetle moved eastward from Westchester County,
N.Y,, inta the southwestern part of Fairfield County. By 1941 the
beetle occupied the western half of Fairfield County and had spread
along the coast into New IHaven County. Two years later the beetle
occupied all of Fairfield and New Haven Counties. It had moved
northward from Fairfield and New ITaven Counties into Litchfiold
County, eastward from New Haven County into Middlesex County,
and eastward from Hartford County into Tolland County. It occu-
pied all of the Connecticut River Valley from the coast fo the
Connecticut-Mnssachusetts border.

By 1948 the beetle had spread over rll of Connecticut except parts
of Litchfield, Windhani, and New London Counties. In 1952 only a
small part of Litchfield County in northwestern Conneeticut had not
been invaded. (Britton and Johnson 7928; Hawley and Dobbins
1945 Havwley 1950; White and Willard unpublished)

District of Columbia

There was a vigorous isolated colony of beetles in Washington,
D.C., in 1927, The advance guard of beetles moving through Prince
Georges County, Md., merged with this colony in 1941 {Hawley
and Dobbins 1945)

Virginia

The beetle was first found in Virginia in 192§ in the Potomac
Railroad yards south of Washington, D.C. Several important. isolated
colonies developed in Virginin during the next few years. In 1939
the beetle began to move from the District of Columbin into Fairfax
County.

Daring the next 3 years the beetle spread over all of Fairfax
nnd Loudoun Counties and most of the adjacent Prince William
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County. By 1949 it occupied all of Prince William County and had
spread southward and occupied all of Stafford and King George
County and parts of Spotsylvania, Caroline, and Westmoreland
Connties. It had spread westward from Prince William County
through a part of Fauquier County inte Culpeper and Rappahannock
Counties and from Loudoun County through Clarke County into
TFrederick County. By 1852 the beetle occupied most of the counties
in eastern Virginia, and it had moved southwesterly from Culpeper
County through Orange and Albermarle (ounties into Nelson Coun-
ty. (Hawley and Dobbins /248 French et al, 1949; IMawley 1950;
White and Willard nnpublished)

Massachuseits

The vanguard of beetles moving up the Connecticut River Valley
crossed the Connecticut-Massachusetts border and mevged with the
colony in ITampden County in 1842, The beetle continued to move
northward in the valley, passing through Hampshive County into
Franklin County in 1946 and reaching the border between Massachu-
setts and New IHumpshire and Vermont in 1948,

In eastern Massachusetts the beetle moved from Rhode Island into
the northwestern part of Bristol County in 1946. During the next 3
years it occupied sl of Briztol County and penetrated into Norfolk
County to the north and Plymouth County to the east. By 1051 it
occupied about ene-half of Norfolk snd Plymouth Counties and it
had spread from Norfolk County into the southeastern part of
Worcester County and the southern part of Suftfollke County. In 1952
it oecupied ull of Suffolk County und spread northward into Mid-
dlesex and Essex Counties. (Iawley 7950: White and Willard
unpuldished)

West Virginia

Some isolated colonies had been in West Virginia since 1932. In
1944 the beetle moved from Clarke and Londoun Counties in Vir-
ginia into Jefferson County. During the next i yeevs it occupied all
of Jefferson and Berkelexy Counties and penetrated into AMorgan
County. By 1951 it had moved westward in the valley of the north
branch of the Potomae River into Iampshirve, Mineral, and Grant
Counties. Isolated colonies had been in northern West Virginia for
many years. In 1932 the vanguard of beetles maving westward from
CGrrant County met and merged with these colonies and thus extended
the natural distribution of the beetle to and up the Ohio River Val-
ley. (Craig 79401 Hawley 1850: White and Willard unpublished)
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Rhode Island

In 1946 the beetle moved from New London (ounty. Conn,
through Washington County and merged with the colony in New-
port County. By 1950 all the State was occupied by the beetle except
o few arcas on the Rhode Island-Connectieut border. The entive
State was occupied by the beetle in 1851, (Hawley /950; White and
Willard unpublished)

New Hampshire and Vermont

The beetle moving nup the Connecticut River Valley reached the
border between Massachnusetts and New Hampshive and Vermont in
LD and by 1951 had met and merged with the colonies in Cheshire
County, N.IT, and in Windham County, Vt. It extended ifs range
in 1952 through Cheshire ad Sollivan Connties into (trafton County
m New Hampshire and through Windham County inte Windsor
County in Vermont. (White and Willard unpublished}

North Carolinag

The vanguard of beetles mosing scuthward from Norfolk County
in Virginis in 1952 met and merged with the eclonies in northeastern
North Carolina. By the end of the summer it occupied much of
Currituek, Camden, Pasquotank, Gates, Perquimans, Chownan, Bertie,
Martin, Washington, Tyrrell, Beaufort, and Hyde Counties. (White
and Willard unpublished)

Ohio

By the end of the summer of 1849 one or more isolated colonies
of beetles had been found in 47 of the 58 counties in Ohio (Polivka
1950%. In 1932 the vanguard of beetles moving up the Ohio River
Valley from West Virginia mer and merged with the colonies in
eastern QOhio. It also spread across the valley from Pennsylvania
and merged with the colonies in Trumbull and Mahoning Counties.
{White and Willard unpublished)

ARTIFICIAL SPREAD
United States

The ndult beetle is more lilkely to Le carried from the infested aren
by fruit and vegetables and the immature stages in soil about the
roots of plants than by any other commeodity., Federal Quarantine
48 was promuleated in 1020 1o regulate the interstate movement of
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all agricultural products. The States occupied by the beetle es-
tablished guarantines to supplement the Federal quarantine und
regulate the intrastate movement of these products. The quarantines
were very cifective In preventing the artilicial spread of the beetle
by agriculturnl products, but they did not regulate the movement of
other nrticles of commerce.

There was always the hazard of beetles hitehhiking in private
cars, trucks, railroad cars, ships, and airplanes and escaping when
their conveyance venched its destination. Trucks and railroad cars
earrying agricultural products were fumigated or treated with an
insecticide dust during the flight of the adult beetle, but treatment
wais not used in tracks and rvailroad cars carrying other products.
Insecticides were applied to airplanes leaving infested airports when
adult beetles were present. Although the opportunity for the avti-
ficial spread of the beetle in this manner at times seemed to be great,
the establishment of isolated colonies at remote places did not
seein to be in proportion to this hazard.

The U8, Department of Agriculture in cooperation with State
agencies has operated traps for many years in the vicinity of freight
vards, track depots, aivfields, and other places throughout the country
where beetles might be carvied accidentally,

In 1930 when the beetle had spread naturally over 5,700 square
miles in New Jersey, Pennsylvania, and Delaware, it was found at
61 loealities beyond this area—nine in Connecticut, five in Massa-
chusetts, three in Rhode Island, four in New York. 15 in Pennsyl-
vanig, two in Delaware, 10 in Maryiand, 12 in Virginia, and one in
the District of Columbia. The most remote of these discoveries was
at New Castle, Pu., an aivline distance of approximately 285 miles.
(Tadley and Stockwell 1931)

The more remote poinis at which the beetle was discovered in 1931
included Boston, Mass. (270 miles), Buffalo, N.Y. (200 miles},
Columbus, Ohio {480 miles). Richmond, Va. (250 miles), and
Charleston, 5.C. (575 miles) {Fox 1932).

In 1933 when the beetle had spread naturally over §800 square
miles in New Jersey, Pennsylvania, Delaware, New York, and
Maryland, there were 330 localities beyond this avea where beetles
had been discoverad priov to and during that summer, including two
localities in Maine, four in New 1lampshive, five in Vermont, 30 in
Massachusetts, four in Rhode Island. 23 in Connecticut, 56 i New
York, 17 in New Jersey, 78 in Pennsylvania, six in Ohlo, one in
Michigan. six in West Virginia, 37 in Maryland, seven in Delaware,
16 in Virginia, 14 in North Carolina, and two in South Carolina.
{Fox 1834)
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In 1943 when the beetle had spread naturally over 29,200 square
miles in New Jersey, Pennsylvania. Delaware, New York, Maryland,
Connecticut, the District of Columbia, Virginia, and Massachusetts,
there were 381 localities beyond this area where beetles had been
discovered prior to and during that summer, including 17 localities
in Maine, seven in New Fampshire, 10 in Vermont, 43 in Massa-
chusetts, 19 in Connecticut, nine in Rhode Island, 72 in New York, 85
in Pennsylvania, 76 in Ohio, 10 in Michigan, 17 in Indiana, nine in
Illinois, one in Town, one in Missouri, two in Kentucky, three in
Tennessee, 28 in Maryland, 73 in Virginin, 40 in West Virginia, 36
in North Carolina, eight in South Carolina, nine in Georgia, three in
Florida, and one in Louisiana. (Hawley and Dobbins 1945)

In 1949 when the beetle had spread naturally over 47,910 square
miles in New Jersey, Pennsylvania, Delaware, New York, Maryland,
Connecticut, District of Columbia, Virginia, Mnssachusetts, VWest
Virginia, and Rhode Island, there were 570 localities beyond this area
where beetles had been discovered prior to and during that summer,
including 17 in Maine, seven in New ITampshire, 11 in Vermont, 29 in
Massachusetts, seven in Connecticut, 78 in New York, 74 in Pennsyl-
vania, 76 in Ohie, 15 in Michigan, 17 in Indiana, 1¢ in Ilinois, one
in Iown, one in Kansas, one in Missonri, three in Kentucky, five in
Tennessee, nine in Maryland, 85 in Virginia, 45 in West Virginia, 58
in North Carolina, eight in South Carolina, 12 in Georgia, five in
Florida, end one in Louisiana. {Hawley 7950)

The beetle was found at one locality in California in 1961 (Gam-
mon 1961).

Even with the quara..tine restrictions it was not possible to pre-
vent all the artificinl dispersion of the beetle. At many isolated locali-
ties whers one or a few beetles were discovered, no beetles were
found in subsequent years or the increase in the population was so
slow that the insect was of little economic importance. The applica-
tion of insecticides to the soil and to foliage eliminated many newly
established colonies or greatly retarded the normal increase in the
population. At other isolated localities vigorous colonies developed.
Some of these colonies spread over large arens and Leetles became
numerouws enough to seriously damage foliage by their feeding.
(Hawley 1950)

In 1958 & survey south and west of the area then regulated by
Federal and State quarantines showed that isolated colonies of beetles
occurred in 13 States—Georgia, Illinois, Indiana, Town, Kentucky,
Michigan, Missouri, North Carolina, Ohio, South Carolina, Tennes-
see, Virginia, and West Virginin; no beetles were found this year
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in Wisconsin. The colonies in North Carolina, Virginia, and West
Virginia were too extensive and complex to determine their bound-
aries. Tt was estimated that colonies of beetles occupied 1,338,000
acres in South Carolina, Georgin, Kentucky, Ohio, Illinois, and
Indisna. A relatively small infested acreage was found in Towa,
Michigan, Missouri, and Tennessee. {Gentry 1959}

Canada

Beetles were found in large numbers in 1944 in a rose garden in
Hulifnx, Novia Scotia, ndjacent to the ship terminal. The colony
was apparently started by beetles hitchhiking on ships from the
United States. Although not reported previously, the beetles appar-
ently had been there for several years. The application of insecticides
to turf and the use of foliar sprays were effective in eliminating them.
No beetles have been found since 1933,

Bermuda

In July and August 1938 many beetles invaded ships plying be-
tween New York City and Bermuda, while the ships were in dock
at New York, and when they proceeded down the New Jersey coast.
Many dead but no living beetles wers found on the ships on arrival
at Bermuda after a voyage of 2 days. {Waterston 1938) During the
summer of 1930 two living beetles were found in aircraft and six
near the docks; one dead beetle was found in & trap (Waterston
1940). In 1940 one beetle was caught in & garden near the docks and
two living beetles were found on a ship from New York City (Water-
ston 7947). In 1941 two living beetles were found on a ship from
New York City and another on a ship from Philadelphia, Pa., but
no beetles were caught in traps set throughout Bermuda (Waterston
1948).

No further interceptions of beetles were made until 1946, when
living beetles were found in aircraft from New York City and
Baltimore, Md., and on a ship from New York (Waterston 1943,
1947). During 1948 and 1949 living beetles were found in ships and
in aireraft arriving from the United States, but none were captured
in traps set up throughout the island (Bedford 1949, 1950).

Although living beetles were intercepted on ships and in aircraft,
thers is little possibility of the insect becoming established in
Bermuda because of its very dry summers.
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Europe

Bourke {1967) reported that occasionally large numbers of living
beetles were removed from civil and military aircrale arriving in
Europe from the United States. The possibility of the insect heing
introduced into Furope has increased with the volume, speed, and
range of internationa] aviation, but so far no permanent colonies of
the beetle have been discovered in Europe.

Based on moisture and temperature requirements for the develop-
ment and survival of the beetle (see p. 973, Bourke (2961 coneluded
that there is little possibility of the insect becoming established in
the Mediterranean region becuuse of the lack of summer rainfall or
m the United Kingdom, Treland, and continental Furope north of
about latitude 53° N. because the summers are too cool. In central
Europe south of this latitude the normalily Yight precipitation during
the summer, except in the fertile valleys of the mountainous areas,
would inhibit the establishment of the insect. The climate most
suitable for the establishment of the beetle occurs in central France,
«outhern Germany, and parts of Switzerland, Austria, Czechoslo-
vakis, Hungary, Poland, and Romania, where summer rainfall is
abundant and temperature is favorable,

PROBABLE ULTIMATE SPREAD
IN NORTH AMERICA

The establishment of the beetle at many points in the eastern one-
third of the United States demonstrates that the insect is generally
adapted to the ervironmental conditions of this region. The climate
here more nearly duplicates that of the insect's native Japan
than in other regions. There is much intercst in how much farther
the beetle might spread in the North American Continent.

The most obvious environmentsl factors modifying the spread of
the bectle, a subterranean insect for most of its life, are the tempera-
ture and rainfall. The predictions of Fox (7939) on the ultimate
spread of the beetle were based on the temperature and moisture
requirements of the insect (see p. 97) and on a comparison of the
climate of Japan with the climatic conditions of the United States
and Canada. The ultimate spread of the bectle in this continent is
discussed further by Hawley (7952) and Fleming (7963a).
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Eastward

The Atlantic Ocean is an insurmountable barrier to the eastward
spread of the beetle.

Northward

It was predicted that the northern limits of the heetle's spread in
the eastern half of the United States would probably be in the
more elevated sections of northern New England and New Yorlk and
in extreme northern Michigan. In these azreas where precipitation is
normally adequate throughout the year the northward gpread is less
likely to be inhibited by the severity of the winters than by the cool
summers. The norma! protective ~overing of snow in the winter tends
to keep the subterranean habitat of the grub well within the limits
of its cold tolerance. The low temperatures of late spring and early
summer so retard the development of the beetle that emergence and
egg deposition can hardly occur before August 1. Although the eggs
might hatch, it is unlikely the young grubs could survive. No beetles
have been found in these areas. but bectles have been found in the
upper Connecticut River Valley in New Hampshire and Vermont,
along the shores of Lake Champlain in Vermont and New York, and
along the St. Lawrence River in New York. The beetle has some
difficulty in surviving in this northern area. Althongh the popula-
tions were light, beetles could be found easily some years but were
very scarce or absent other years.

Elsewhere in the East it was predicted that the beetle was likely
to extend its range across the border into the southern parts of the
Canadian Provinces of Ontario and Quebec. No beetles were found
in Cannda in 1934 (Sheppard 7935). During the 1940s the beetle
spread from western New York and southern AMichigan into the
Niagara peninsula in southern Ountario (McLaine 1942 Sheppard
1943). The beetles were climinated by the use of traps and Insecti-
cides. Since then beetles have been found occasionally in the penin-
sula and along the $t. Lawrence River west of Montreal in Quebec.

Tt was predicted that the beetle could not become established in the
region lying west of and in the same ceneral latitude of the Great
Lakes and extending to the Missouri River. This region includes
much of Wisconsin and the northern half of Iowa, Minnesota, North
Dakota, and South Dakota. In the winter the precipitation is Hght
and there are prolonged periods of very low temperature. During a
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prolonged period of subfreezing temperature coinciding with the
absence of snow, the soil would progressively freeze and the temper-
atures would be lowered to the limit of cold tolerance of the grubs,
resulting in practical, if not complete, extermination of the insect.
The beetle has not become established in this region.

Westward

It was predicted that the beetle would likely extend its range
westward from the Appalachian Mountains into Kansas and Nebras-
ke to about the 100th meridian, Since the summer rainfall in this
region is less than on the Atlantic seaboard and droughts tend to be
more frequent and severe, the beetle wmay have some diffienlty in
becoming established and the populations are likely to increase
slowly, It has become established in Kentucky, Tennessee, Ohio.
southern Michigan, Indinna, IHinois, southern Yowa, and eastern
Missour, and it has been found in southern Wisconsin and eastern
Kansas.

The seminrid region west of the 100th meridian to the high
mountain ranges, including western Kansas, western Nebraska, east-
ern Colorado, and eastern Wyoniing, is practically an insurmountable
barrier to the westward spread of the beetle. The country is so dry
during the summer that the beetle could not snrvive except in ivri-
gated areas. The beetle has not been found in this region. With this
barvier 16 can reach the move westerly parts of the conntry only by
being carried there by man,

The rainfail in summer in the higher mountain ranges, such as
the Rocky Mountains and the Caseade Range. would be sufficient for
the development of eggs and young grubs, but the Jow summer
temperatures at such altitudes would probably preciude the beetle’s
establishment.

The Great Basin, Lounded by the Sierra Nevada Mountains on
the west, the Columbia Platean on the north, and the Rocky Moun-
tains on the east, includes the western part of Utsh, almost all of
Nevada, and contiguouns parts of Idaho, Qregon, and California. The
drainage from the high mountains on the east and west flows into
various basins to form lakes, which are saline because of the concen-
tration of minerals. In the summer this region is warm to hot and
there is no precipitation. It is a desert except the irrigated areas
along the streams and at the base of the mountains. Tts eastern border
s one of the principal irvigated districts in the Uhnited States.
Where the summer temperature is favorable, the irrigated aveas of
the Great Basin appear to be desirable for the establishment of the
beatle,
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1t was predicted that the scanty rainfall on the I'acific const in
the summer would make the beetle’s establishment difficult. The cool
summers of northern California, western Oregon, and western Wash-
ington are also unfavorable. In central and scuthern Californis,
where temperatures are more favorable, extensive irrigntion makes
Jarge areas suitable for the beetle. The beetle was carried to and be-
came established in Sacramento, an ousis in an arid land, bub the
use of traps and insecticides eliminated the colony.

Southward

It was predicted that there was ne climatic barrier to the spread
of the beetle soutbward rlong the Atlantic coast into Florida and
along the gulf const into Alabama, Mississippi, Louisiana, and
enstern Texas. Since the beetle can pass through its complete life
eycle at 27.5° (., the mean summer temperature of southern Florida
would be no obstacle to its establishment. With copious rainfall,
especially in the warmer half of the year, and temperatures rarely
falling below 10° in the winter, the beetle not only would be able to
survive but probably would have two generations a yeur.

Although beetles were found at several localities in Seuth Caro-
lina, Georgin, Florida, and Louisiana. vigorous colonies have de-
veloved only in the mountainous aveas of western South Carolina and
western Georgia. The mean summer temperature near the southern
extremity of Japan is 25° (. In the Southern States the vigorous
colonies nre near or north of this isotherm; sonth of the isotherm
the beetle failed to become established or the colonies are relatively
weak. The summer isotherm of 25° is about the southern limit of the
beetle's spread.

SUMMARY

Little was known about the biology of the Japanese beetle (Popil-
lia japonica Newman) when it was discovered in southern New
Jersey in 1916, probably because it is a pest of minor importance in
its native Japan. In the United States the adult seriously damaged
orchard crops, small fruits, certain field crops, and ornamental trees
and shrubs. The grub destroyed large areas of turf in lawns, golf
courses, and pastures and injured the roots of other plants.

The adult beetle is metallic green with coppery brown elytra, which
do not cover the abdomen completely and expose a row of five spots
of white hairs on each side of the abdomen and a pair of white spots
on the dorsal side of the last abdominal segment. These white spots
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distinguish the beetle from all other beetles that resemble it. The
sexes are sepurated by slight diflerences in the shape of the tibia
and tarsus of the prothoracic legs. The mature grub is creamy white
with a yellowish-brown head. Aftor feeding, the accumulation of
fecal matter in the hindgut gives the posterior part of the abdomen
a grayish to black appearance. The grub is clistinruished from other
scarabgeoid grubs by a V-shaped nrrangement of spines on the raster,
The thres larval iristars arce separated most veadily by the size of
their herds. The digestive, espiratory, cireulatory, and reproductive
systems of the insect are discussed.

The eycle of embryogenesis and the biochemieal changes during
embryonic development nre deseribed. The egg must absorh moisture
as a prefude to and during embryonic development. No eggs hatched
below 15°, and 34° (*. was near the apper limit for development.

The range of temperature for the development of the beetle from
egg to adult is between 17.5° and 27.5° C, The average weight during
postembryonic development at 23° increased from 2.3 mg. with the
newly hatched grub to 270.5 mg. with the mature third-instar grub,
and then it decreased to 2545 mgr. with the prepupa, 2356 mg. with
the pupa, and 1504 mg. with the adult. A close relationship exists
between the weight of the grub and the volume of its cells but not
with the number of cells in the bedy,

Only frst-instar grubs that have fed sufficiently to acecumulate a
reserve of food ave able to hibernate overwinter. Second- and third-
instar grubs, the overwintering stages, are adapted to withstanding
tong periods of inactivity ot temperatures below the development
threshold, except when the alimentary tract is cleared for moelting.
Hibernating grubs are killed by prolonged exposure to —9.4° C.

The immature stages ave adapted to living in moist soil and ap-
pavently lack the ability to conserve body moisture. The fatal limit
n the loss of weight by desicention is 30 pevcent by the grubs, 44
percent by early prepupae, 34 percent by late prepupne, and 31 per-
cent by pupae.

Tha life cycle of the beetle is completed in 1 year in most areas
where it is established. Beetle emergence is retarded progressively
from the southern to the northern part of the infested area. Beetles
begin to emerge from the grcund the third week of May in central
North Carolina but not until the first week of July in southern New
Hampshire and southern Vermeont.

Most of the beetles cmerge from the ground in the morning of
clear warm days and usually elimb on low-growing plants and rest
before flying. The length of life depends on the environment, but
the normal lifespan is 30 to 45 days.
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Mating usually takes place in the parly morning or evening on
plants, but it may oceur on the gronnd. The female usually mates
between each oviposition period. Coitus may be brief or prelonged
for seversl howrs. The promiscuonsuess of rhe beetle undoubtedly i3
of importance in maintaining the racial characteristies.

The female beetle fends to deposit her eggs in u suitable site n
the proximity of the plant upen which she is feeding. The type of
around cover aflects the choice of the site. She burrows inte the
ground in the alternoon and deposits an egg at three or more sites.
She may emerge from the soil in the morning or prolong her stay
in the soil for 8 or 4+ davs. After emerging and spending 1 or more
days feeding and mating, she veturns fo the soil to deposit another
complement of eggs. Usually a female lays 48 to 60 eggs during her
life.

On clear summer days when the temperature reaches about 21° C.
snd the relative humidity is below 60 percent, beetles begin to fly in
all directions. The flight is swaying, undulating, and aimless, except
in response to chemiend stimuli of food plants, and there is a tendency
to drift with the wind. Most of the Hights ave for xhort distances,
but the beetle is capable of flving 5 miles with the wind.

The Leetle is a polyphytophagous insect. 11 is particularty attracted
to certain speeies of Aceracene, Apneardineene, Betulacene, Clethra-
cene, Ericaceae, Fagacene, Gramineae, 1lippocastanaceae, Jugland-
acege, Lauracene, Lomuninosne, Liliacene, Lythraceae, Maivaceae,
Onagraceae, Platanaceae, Polygonaceae. Rosqeene, Salicaceae, Tili-
acene, Tlmnceae, and Vit ac, Qdor is probably the most 1mportant
fuetor in the beetles selection of a plant, but being a eregarions
insect, it tends also to alight on plaats npen which ofher beetles are
feeding.

OFf the 433 species of plants classified according to their susceptibil-
ity to attack by the beetle, the beetle has not been observed feeding
on 140 species. It ocensionally injures 122 species lightly, particularly
i aveas of dense population. It generally injures 67 species
lightly, 59 species moderately, and ¢ species severely, often crusing
defoliation.

Japanese beetles prefer fo feed on plants exposed to the direcr
ravs of the sun, beginning to feed 2 wne fop of a plant, regavdless
of its height. and working downward. Feeding is most extensive nn
clear summer days when the temperature is between 21° and 33° C.
and the relative humidity is above 80 percent. There is little feeding
on clondy or windy days and no feeding on rainy days.

Beetles feed on the upper surface of the folinge of most plants,
chewing out the tissue between the veins and leaving a lacelike
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skeleton, They cut the maturing silk of corn as it grows and feed
on the developing kernels. They feed on ripening fruit until a1} that
1s edible is consumed.

During the first week or 10 days after beetles begin to emerge
from the ground, feeding is confined to low-growing plants. Then
they move from low-growing plants to fruit and shade trees. As the
leaves on the trees become less at fractive, the beetles leave the trees
and become abundant on flowers then in bloom and in fields of corn,
asparagus, and clover,

During the summer practically all the grubs in rurf are within 4
inches of the soil surface. As the surface layer cools to 15° C., the
grubs begin to move downward. Movement ceases when the tempera-
ture reaches 10°. Most of the grubs hibernate 2 (o 8 inches below the
surface. As the ground warms in the spring, the grubs begin to move
teward the surface. During May and June practically all of them
are within + inches of the surface, The grubs go deeper in cultivated
land than in turf,

Larubs feed on the roots of a wide variety of plants. The feeding
may not be suspected until the plants are badly damaged.

During 1920-29 the aren occupied by the beetle was almost spheri-
cal in shape with a very densely populated central core snrrounded
by n zone where the population decreased progressively until it
was very light at the periphery. The size of the area incressed each
year. When the population in the central core began to decresse, a
dense population developed in a shghtly broken band surrounding
the core. These densely populated spots moved outward and continued
to develop at the more favored sites. As the beetle spread, the out-
line of the infested area became slightly arcuate and finally very
irregular with prominen: arms extending up the river valleys.

The netural spread of the beetle is affected largely by the topog-
raphy of the land, the direction of the wind, and the temperature
and rainfall. The spread is facilitated in nearly level or gently roll-
ing country, such as on the coastal plain and in the river valleys,

The beetle is adupted to a country where (1) the mean soil
temperature during the summer is between 17.5° and 27.5° C., (2)
the soil temperature during winter is above —9.4°%, and (3) the pre-
cipitation is adequate and rather uniformly distributed throughout
the year, averaging not less than 250 mm. during the summer.

The area occupied by the beetle increased from not more than 0.5
square mile in 1916 to 76,504 square miles in 1952, and probably
150,000 square miles in 1970, The beetle has spread largely by its
own efforts over all or parts of 19 States, the District of Columbia,
and part of one Canadian Province.
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Tt was carried also to more distant points by man. Although the
Federal and State quarantines were very effective in preventing the
artificial spread of the beetle by agricultural products, they did not.
regulate the movement of other articles of commerce. In 1849 when
the beetle had spread naturally over 47,910 square miles, there were
570 isolated localities beyond this area where beetles had been dis-
covered. It did not become established at many of these localities,
but at some places vigorous colonies developed.

The 1939 prediction on the probable ultimate spread of the beetle
in North America has been largely confirmed. The northern limits
appear to be in the elevated sections of northern New York and
New England, in extreme northern Michigan, and in the region lying
west of and in the same general lutitude of the Great Lakes and
extending to the Missouri River, The western limit appears to be
about the 100th meridian. Beyond this meridian the semiarid region
is practically an insurmountable barrier. The beetle can reach the
Pacific coast only by being carried there by man. It has not become
established in Florida rnd along the gulf const as predicted, because
the summer isotherm of 25° (. appears to be about the limit of its
southern spread.
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