A BIOLOGICAL STUDY OF THE
WHITE PINE WEEVIL, Pissodes strobi PECK, WITH

SPECIAL REFERENCE TO THE EFFECT OF PHYSICAL
FACTORS ON ITS ACTIVITY AND BEHAVIOUR

A THESIS
Submitted to the Faculty of Graduate
Studies and Research of

McGill University

by

Calvin R. Sullivan

In Partial Fulfilment of the Requirements
For the Degree of

Doctor of Philosophy
May, 1957



I.
II.
III.

Iv.

TABLE OF CONTENTS

ACKNOWLEDGMNTS..".0..0..0............-..

INTRODUCTION...0...00...0.0'..00..I....Q...

LITERATURE REVIEW....0.0.............O.....

A.
B.
C.
D.
E.
F.

TAXONOMIC POSITION.ccecececasecccoaccans
DISTRIBUTION.:ecevessvovscsocascccascace
SEASONAL LIFE HISTORY AND HABITS.......
INJURY .ecoecevocoovssocesooscsassconannce
CONTROL.¢cceovevcsoceccoocsccccscsocencas
HOST TREES..ceceeccscescccssssssccsccne

EXPERMNTAL STUDIES..... ...... ® 606 0000 00000

A.
B.

c.

LOCATION AND STAND HISTORYeeeecoscecoss
LABORATORY INVESTIGATICNS..............
1. LIGHT REACTIONS...ccecceccccooscocas
a. Experimental Material....ccccee

b. Methods of Experimentation.....

C. ResultS.ieececcesccoccrscnnscns

(1) Reactions to a point source

(2) Reactions to diffuse light.

de DiSCUSSION.eeeeseesenceosassoos

FIELD INVESTIGATIONS...eeeeeeoeesonanes

1. LIFE HISTORY.:eeeveeeosenoracnnones

2. EFFECT OF WEEVIL INJURY ON TREE
GROWTH. «evvveennnensncesoncnsoncnes

3. SURVIVALO..C......00‘0....0........

Page

Vi o s w4

12
16
24
28
28
31
31
31
32
34
34
41
51
57
57

60
73

ii



4.

EFFECT OF ENVIRONMENTAL FACTORS
ON ACTIVITY AND BEHAVIOUR.vseeeee
a. Materials And Methods..v.ce.e
(1) Meteorological obser-
ValionSeeeeecsceocecssess
(2) Biological Observations..
be ResultSicecececciescsccnennnne
(1) Spring population of
aQUltSeesecsvseocssosecas
(a) Emergence from hiber-
NatioNeeecscesececoccenns
(v) Habitat temperature
and its effect on weevil
behaviouresecscecsccccses
(c) Effect of weather on
feeding, copulation, and
OViposition...ieeveecasssne
(2) Larval populatioN........
(2) Effect of temperature
on larval movement..eecee
(3) Autumn population of
adultS.cescecececesoennns
(a) Emergence from
infested leaders and

subsequent behaviour.....

Page

92
92

92

95

97

97

o7

101

107

124

128

133

133

iii




Page

(b) Effect of weather on
feeding activity.ceoeeses 137
(¢) HibernatioNeeseeeooes 141

(4) Dispersal and flight
habitSeseeesercoceccncans 147
5. THE EFFECT OF SHADE ON THE

HABITAT OF THE WEEVIL.:veeeaoesoos 157
Ve DISCUSSION.::eseeesesesocssssssscsosscnsce 179
VI. CONCLUSIONS.:ceeasosssssccasssosscssscns 191
VII. CLAIM OF CONTRIBUTION TO KNOWLEDGE..... 198

VIII. REmecES......"...O............‘.... 199

iv




1. ACKNOWLEDGEMENTS

This investigation was carried out for the Division
of Forest Biology, Canada Department of Agriculture, and
this organization granted permission to use the results
for thesis purposes. ‘I wish to thank Dr. M.L. Prebble,
Chief, Division of Forest Biology, for his invaluable help
in the initial planning and organization of the field
work.

The investigations were carried out with the help of
assistants employed by the Department of Agriculture, in-
cluding the following: J. M. Anderson, H. Matulis, E.
Vuorimaki, I.D. West, D.W. Fleming, and L.W.P. Legault.
Photographic work was carried out by D.C. Anderson.

I wish to acknowledge the invaluable help of Dr. W.
G. Wellington, Head, Bioclimatology Section, Forest Biol-
ogy Laboratory, Victoria, B.C. His assistance, comments
and ériticisms during the investigation are greatly apprec-
iated,

Thanks are also due to members of the Forest Insect
Laboratory, Sault Ste. Marie, Ontario, who gave advice
and assistance, and in particular, Dr. R. M. Belyea, Offi-
cer-in-Charge, and G. W. Green who offered many helpful
suggestions during the field work, analysis of the data,
and preparation of the manuscript,

It is a special pleasure to acknowledge the advice



and criticisms of Dr. E. M. DuPorte, Professor and
Chairman, Department of Entomology, Macdonald College,

which were both helpful and encouraging.

vi



IT INTRODUCTION

The white pine weevil, Pissodes strobli Peck has been

the object of numerous investigations since the early
nineteenth century, from which an extensive literature has
developed. Despite these efforts, the weevil continues to
be a serious pest and one of the most important factors
limiting successful reforestation with white pine, Pinus
strobus L. It has, therefore, become increasingly apparent
that detailed studies of the physical and biological
requirements of the weevil are necessary before further
efforts can bhe made to protect white pine stands, both
"natural and planted, from attack by this insect.
Silvicultural control of any insect must result in
a satisfactory balance between the insect and its host,
where the insect is held at acceptable levels, and the host
develops rapidly enough that profitable yields may be
realized., To achieve such a balance between the white pine
weevil and its hosts, it is necessary to gndersténd the
physical and biological requirements of the weevil in terms
of measurable factors of the environment. At the present
time, it is well known that the weevil has a decided
preference for vigorous, open-growing young pine trees
rather than similiar trees growing in mixture with either
hardwoods or softwoods. The decrease in susceptibility of
attack of the shaded trees might be the result of the

relationship between the insect and its physical environment

or between the insect and the growth and vigour of its host,




or a combination of both, Once the relation between the
insect and its physicel environment is fully understood,
and once we know the exact physical requirements for satis-
factory growth of white pine, successful siivicultural con-
trol of the weevll may be possible. The present work is
the first of a series of investigations to be undertakem im
an attempt to establish these relationships.

In 1817, when Professor Peck described the weevil,
(Peck, 1817) he stated that the insect was generally
"diffused™ over the entire pine country and he clearly re-
cognized its importance to the succession of the pine
foreéts in the east. Since that time, however, the many
publications that have appeared have not been concerned
with detailed studies of the micrometedorological aspects
of the insect's habitats or of the limitations imposed on
the behaviour'and development of the weevil by extremes in
the microclimate to which 1t is exposed. The investigations
herein reported were carried out in both the laboratory and
the field. Fleld studies were first limited to open-grown
stands of white pine where the insect occurred abundantly.
More recently, exploratory studies have been conducted in
young pine stands shaded by hardwood canopies in an attempt
to establish the relation between the climate and tree vigour
and the general lack of weevil attack in the understory pine.
It is hoped that this study will form a sound basis for the

successful management of white pine in eastern North America.




ITI LITERATURE REVIEW

Peck's original description of P. strobil is of inter-
est historically because it is one of the first records of
an injurious native insect 1in North America. Although he
did not completely understand the insect's life history, he
recognized that it was found wherever white pine grew, and
noted its probable importance in the development of pine
forests in the east unless some means of checking it were
developed. This became especially evident between 1850 and
1900 when, with the abandonment of cleared farms, much of
the land reverted naturally to white pine while in other
areas plantations were established. The latter practice,
which continued throughout the early part of the present
century, furnished additional food growing under ldeal
conditions for the weevil, and the percentage of infested
pine increased greatly.

From 1817 until the beginning of the twentieth century
much general information on the life history and habits of
the weevil was presented by such workers as Harris (1862),
Fiteh (1858), Saunders (1884), Packard (1881,1890), and
others. Since the work of Hopkins (1906,1907) many obser-
vers have recorded certain erroneous inferences made by the
earlier authors, some occurring as & result of confusion
between closely related species. During this period mueh
information has been published on the life history, habits,

injury, dispersal, and natural, silvicultural and chemical

control. In addition, investigations along anatomical and




physiological lines have also been carried out. Perhaps
the most informative publications are those of Hopkins
(1906,1907), Blackman and Ellis (1916), Blackman (1919),
Graham (1918,1926), Peirson (1922), MacAloney (1926,1930,
1930a,1932), Barnes (1928,1929), Plummer and Pillsbury
(1929), Taylor (1929,1930), Potts et al (1942), Crosby
(1950), Shenefelt (1951) and Connola et al (1955). It is
intended in the following pages to bring this information
together as a review of current knowledge of the white plne
weevil., A brief report of this type has recently been pub~
lished by Belyea and Sullivan (1956).

A. TAXONOMIC POSITION

The first reference to the white pine weevil was made

in 1817 by Peck when he described the weevil as Rhynchaenus

strobi. In 1824, Germar (reported by Hopkins, 1911) pro-
posed and described the genus Pissodes. In 1831, Thomas Say

first referred to the white pine weevil as Pissodes strobi

Peck and Champiom (1902) described and catalogued P. strobi,

glving as synonyms Rhynchaenus strobi Peck and Pissodes

nemorensis Germar.

B. DISTRIBUTION

The range of P, strobi has generally been considered
to be more or less coincident with the range of white pine,

The following is a list of the Canadian provinces and




American states in which this insect has been recorded.
Canada: Alberta, Saskatchewan, Manitoba, Ontario, Quebec,
New Brunswiek, Nova Scotia.
United States: Minnesota, Iowa, Wisconsin, Tllinois,
Michigan, Indiana, Ohio, Kentucky, Tennessee,
North Carolina, Virginia, Maryland, Pennsylvania,
New York, Connecticut, Massachusetts, Vermont,
New Hampshire, Maine.
The insect is, however, only occasionally found in Alberta,
Saskatchewan, Manitoba, Towa, Illinois, Indiana and Ohio.
Taylor (1928) states that 1t also has been found in
scattered states westward to the Rocky Mountains., Although
this information is not well documented, it does suggest a
range exceeding that of the primary host tree.
It is of interest to note that the weevil has alse
been reported outside North America. Taylor (1928) re-
ported its presence on white pine trees shipped from the

United States and established in Japan during the 1920°'s,

C. SEASONAL LIFE HISTORY AND HABITS

The first description of the life history and habits
of the white pine weevil was by Peck (1817) and the sub-
stance of his remarks is given in the following quotation
from his paper.

"The insect is so small that it is impossible to

detect it in the act of depositing its eggs, which

are probably placed under the thin skin or epidermis
of the shoot. I suspect that the larva remains in




the wood more than one year, and that the shoot dies
the second year after the eggs are placed in it.

When the feeding state is passed, and before the
pupa state comes on, it prepares an exit for itself by
opening a passage outward, but leaves the exterior skin
of the bark untouched, so that it is perfectly secured
from any injury by rain. The pupa remains quiet for a
time, and the perfect insect has only to cut away the
epldermis to escape.

The perfect insect begins to come out early in
September, and continues to leave the wood through
that month and a part of October; the shoot at that
time is pilerced on all sides with small round holes,
sometimes thirty or forty may be counted in one shoot."

To this may be added an observation by Harris (1862) which,
together with Peck's observation, indicates the general
opinion on the life history and habits of the white pine
weevil during the nineteenth century.
"eesesothe beetles are found in great numbers, in
April and May, on fences, buildings, and pine-trees;
that they probably secrete themselves during the
winter in the crevices of the bark, or about the roots
of the trees, and deposit their eggs in the spring; or
they may not usually leave the trees before spring.”
During the early part of the twentieth century, Hopkins
(1907) recognized that earlier publications contained nu-
merous inaccurfacies. He was the first to establish defi-
nitely that the weevil completes one generation each year,
the greatest part of which, including hibernation, is spent
in the adult stage. He observed that the insect overwinters
in the ground litter and this observation was later corrobo-
rated by Graham (1918) and MacAloney (1930).
A search of the literature reveals the futility in
attempting to establish a calendar date associated with the

time of emergence from hibernation. This is due, primarily,




to seasonal variatibns at different latitudes and altitudes.
MacAloney (1930) stated that emergence from hibernation is
associated with site and weather conditions. In the south-
ern range of white pine, emergence occurs during late March
and early April, but in the northern range of the tree,
activity may not be resumed until late April or early May.
Graham (1926) observed that the insect resumes activity in
the spring upon exposure to heat. In terms of air temper-
ature, Barnes (1928) showed that weevils leave the pine
1itter'under the trees in the spring when the mean temper-
ature rises to between 40°to 600F. An example of weevil
dependence on the weather has also been recorded by
MacAloney (1930,a). In 1927, at the Harvard Forest, Peter-
sham, Massachusetts, he observed early bud swelling and
weevil activity following a warm period during late Mareh
and early April. This was followed by a drop in temper-
ature to a minimum of 16°F which lasted for several days
and was assoeiated with a general disappearance of all
weevils into the ground litter and a temporary cessation

of height growth of the trees., The resumption of weevil
activity and tree growth coincided with the occurrence of

a second warm period,

Graham (1926) observed that weevil emergence from
hibernation coinecides with first swelling of the pine buds,
onset of leaf production in cherries, the beginning of
fruit formation in American elm, and the full blooming of

aspens,




Upon resumption of activity the adults move to the terw
minal shoots and begin feeding on the apical buds and upper
portion of the leaders produced the previous year. Copu-
lation occurs in the same general area. MacAloney (1930)
observed that as the season progresses weevils are more
numerous on leaders attacked earlier the same season, and
he suggested that this was due to the increased odour emaw
nating from them.

About one week after the reéumption of activity ovi-
position begins and may extend over a period of six to
eight weeks, occurring first on the upper part of the leaders
of the previous year (MacAloney, 1930). The method of ovi-
position has been reported by numerous authors, including
Blackman (1919), Graham (1926), Plummer and Pillsbury
(1929} and MacAloney (1930). Using her beak, the female
weevil makes a hole in the bark resembling a normal feeding
puncture, but a chamber i1s excavated at the inner end whieh
is distinctly larger than the outer tube., When this is
completed, she reverses her position, inserts her ovipositor
and deposits one or occasionally two or three eggs in the
chamber.,

The number of eggs deposited per female varies. Graham
(1926) reported a single female laying 115 eggs, Barnes
(1928), 150 eggs and MacAloney (1930) found that females
deposit from 50 to 150 eggs. Plummer and Pillsbury (1929)
after elaborate studies found the number varied from 25 to

201 with the average at 129 per female. Females may deposit




eggs in more than one leader and two or more may be observed
ovipositing in a single leader at the same time,

MacAloney (1930) reported that the length of the incu-
bation period of the eggs and the time required for larval
development is dependent on the weather. Normally larvae
emerge from the eggs in from 6 to 14 days, but Plummer and
Pillsbury (1929) showed a decrease in the incubation period
as the season progressed. They found larvae emerging from
eggs from 6 to 20 days after oviposition with the average
length of time being about 9 days. Upon emergence, the young
larvae feed on the cambium and innermost bark but, as they
mature, they consume the entire cortex with the exception of
the outer bark. Newly hatched larvae show no tendency to
feed downwards but this is strongly developed at an early
age, at which time they form a concentric ring around the
leader and feed in a downward direction, When mature, the
larvae leave the ring surrounding the terminal and comnstruet
a pupal cell in the parenchymous tissue or the pith,

The average pupation period lasts from 10 to 15 dayé in
addition to a prepupational resting period of about 10 to 14
days (Plummer and Pillsbury, 1929). The new adults may remain
within the pupal cells from one to three weeks before emerging.
They leave the leader by making a near-perfect circular exist

hole from the chamber through the intact outer bark.

Upon emergence from the infested leaders, the young

adults generally become dispersed throughout the pine stand,

feeding on new and 0ld growth and on lateral growth as well
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as the leader. Graham (1926) reported the possibility of
successful copulation of newly emerged adults and MacAloney
(1930) observed copulation which was not, however, followed
by oviposition. Barnes (1928) and Plummer and Pillsbury
(1929) carried out histological studies of the weevil ovaries
before and during hibernation and concluded that the immature
state of the ovaries precluded the possibility of oviposition
until the following spring.

With the onset of unfavourable weather during late
autumn the Insects enter the ground cover and hibernate until
the following spring.

Peirson (1922) stated that adult weevils reach the ter-
minal shoots of pine by flying over the stand and lighting
on the upper part of the stem. Thls observation has been
questioned by later writers. Graham (1926) reported weevils
in flight on only one occasion during a four-year period of
investigation. On this occasion flight occurred during
early spring and the weevils were strong flyers. This
prompted Graham to suggest the possibility of a short period
of flight during early spring, whereby they seldom if ever
take wing. By banding 40 white pine trees with tanglefoot
and liberating 200 insects in a plot Graham attributed the
lack of attack on the leaders to the inability of the insects
to cross the tanglefoot barrier and concluded that weevils
usually travel to the terminal shoots by crawling up the
mainstem. Plummer and Pillsbury (1929) reached a similar

conclusion, adding that dispersion by flight does not occur
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during the autumn.

Barnes (1928, 1929 - reported by MacAloney, 1930)
showed that on the basis of his experimentation Graham's
conclusions concerning the infrequency of weevil flight was
not acceptable. He found powerful flight muscles occupying
a large part of the metathorax, the dorsal longitudinal and
sterno-tergal flight muscles being expecially prominent.
Weevils flew readily during May and June and also in August
and September when permitted to attain s vantage point on
the end of a needle or branch of a tree from which to com-
mence flight. When landing, the insect normally alights on
the mid-portion of young trees and in the crown canopy of
older, sub-mature trees, In either case, it invariably
lands on individual needles or fasiecles of needles, crawls
to the mainstem and up to the leader.

MacAloney (1930,1932) carried out an investigation to
determine if weevils attained the leading shoots by means
other than movement up the tree from the ground cover, To
determine the importance of flight in this respect, he
marked off a series of one-tenth acre plots and banded the
trees with tanglefoot at various levels from the base to a
position just above the level of the lateral growth of the
previous year., After examination to determine the incidence
of weevilling in the plots his conclusions corroborated
those of Barnes, i.e., weevils may reach a leader by direct
flight or by flight to the lower portions of the tree

followed by movement up the mainstem, the latter method
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being the more common.

Barnes and MacAloney also showed that temperature is an
important faetor controlling flight activity. Barnes found
the minimum temperature assoclated with flight to be about
700F, with the optimum 80CF or above, and MacAloney found
flight commencing at temperatures between 700 and 750F with
the optimum between 75° and 80CF., At temperatures above
85°F the insects moved to shaded sites,

From the foregoling review it is apparent that there is
considerable overlapping of specific activities and develop-
mental stages during the weevil season. Plummer and Pllls-
bury (1929) have shown that the development of adults from
eggs laid early in the season takes longer than from eggs
laid during the latter part of the season, Under insectary
conditions the number of days from egg to adults ranged

from 44 to 69 days, with an average of 56 days.

D. INJURY

The first evidence of injury to the tree following
adult emergence from hibernation is the presence of feeding
punctures on the leading shoots of the pine. Injury caused
by adult feeding is usually negligible although Plummer and
Pillsbury (1929) and MacAloney (1932) reported that damage
to the buds resulting from adult feeding may, on occasion,
be serious,

The greatest damage occurs as a result of larval

feeding, which results in the loss of the growth of the
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previous year and the potential growth of the current year.
Larval damage is easily detected by the wilted, drooping
appearance of the new growth. The larvae may cause greater
damage by girdling stems beyond the level of the first node
and on occasion three or four years'! growth may be killed,
MacAloney (1930) stated that the number of years' growth
killed depends on two conditions: the vigour of the tree
and, specifically, the height growth of the preceding year;
and the relation of the diameter and length of the leader
to the number of eggs deposited in it. Leaders thus
destroyed are normally replaced by one or more of the
lateral shoots. When & single lateral assumes the leader-
ship the tree frequently succeeds in straightening, but
Spurr and Friend (1941) found such trees to be poor saw-
logs owing to the preéence of cross~grains, large knots,
and relatively brittle compression wood. Two laterals
competing equally for leadership result in the formation

of a forked stem, and repeated attacks over a number of
years result in multiple top shrubs generally rendered
useless for timber production (Watson, 1935).

Weevil infestations sufficient to kill the leader
always result in a loss of height growth equal to the
excess of the leader length over that of the lateral which
assumes leadership. Graham (1918) showed graphically that
this difference increases as the length of the leader
increases, and MacAloney (1930) showed that additional

height loss occurs during ensuing seasons until the new
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leader is firmly established.

MecAloney (1930) has shown that weevil injury may also
affect radial growth. Certain parts of the trees show defi-
nite decreases in diameter growth while other parts show
abnormal increases. He suggested that this may be caused
by excesslive use of the food supply and reserve food supply
(the amount of which is lowered by the death of the leader)
of the tree in its attempt to overcome the effects of the
injury. The total loss in diameter growth varies in rela-
tion to the number of year's growth killed and the amount
of growth which has taken place before the terminal is gird-
led. These~factors have a bearing on the amount of mater-
ials stored in the lower portion of the stem. When con-
sidered in terms of average growth of attacked trees there
is a decrease in diameter growth at the base, at breast
height and at the internode below the dead leader, This
decrease may continue for several years after the year of
weevilling, On the other hand, while the leader shows a
decrease corresponding to the lower parts during the year
of attack, its radial growth is often accentuated in sub-
sequent years,

Weevil attack seldom occurs on young pine trees below
two to three feet in height but increases steadily as the
height of the trees increases up to about 18 to 20 feet.,

At about 30 feet, weevil damasge 1s negligible, and Peirson
(1922) suggested that the occurrence of excessive injury in

a glven stand is directly associated with tree height. On
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the other hand, Graham (1926) has shown that the weevil pre-
fers the most rapidly growing trees, irrespective of their
height, until they reach a height of about 20 feet, and he
suggested the general lack of weevilling at levels approach-
ing 30 feet 1s a result of changes in the ecological condi-
tions which occur as the trees develop.

Injury to white pine which closely resembles that of
weevilling may be caused by animals other than P. strobi or
by purely mechanical factors. These include aphid feeding,
squirrel feeding, deer browsing, frost damage and tree
whipping. MacAloney (1930) reported that the black aphid,
Dilachnis strobi Fiteh attacks the terminal shoot of white

pine and that when severely injured the shoot dies. Hosely
(1928) stated that squirrels feeding on the apical buds of
pine may cause more damage than the weevil in certain locale
ities, and West (1947) reports as much as 90 per cent of
the terminal buds destroyed by squirrels during the autumn,
Abnormally low temperatures during late winter and spring
occasionally result in bud freezing (Belyea and MacAloney,
1926), and whipping by overstory broad-léaved trees during
high winds may result in injury to the terminal shoots of
understory pine. The death of the leaders and terminal
buds may easily be confused with weevil damage upon super-
ficial examination or during later years, but normally a
search for emergence holes of the young adults, if the
shoots are present, will determine whether death may be

attributed to P. strobi. If the shoots are lacking, it is
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impossible to determine the agent causing the injury.

E. CONTROL

Observations by Blackman (1919) indicated that during
the previous 50 years the incidence of weevilling of pine
had greatly increased., Consequently, during the first 35
years of the present century, considerable interest was
shown in the white pine weevil problem end, as a conse-
quence, an extensive literature developed on control by
biological agents and by chemical and silvicultural means,

The weevil is an organism well adjusted to its envi-
ronment and therefore has numerous biological control agents,
Taylor (1928,1929,1930) carried out intensive and extensive
investigation on this phase of the weevil problem. During
his studies he was able to draw on the published and un-
published data of MacAloney, Barnes and Plummer, in addi-
tion to published observations by Packard (1885), Hopkins
(1907), Felt (1913), Férbush (1913), Steiner (1930) and
others., Taylor estimated that, in the eastern United
States, birds were responsible for about 18 per cent of
the mortality of a weevil population during development,
insect parasites accounted for an additional 16 per cent
and predation by other insect species amounted to about
three per cent. The importance of small mammsls as control
agents has not been investligated closely but they undoubt-
edly take their toll of weevil adults during the spring and
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autumn, Disease has never been considered an important
factor in natural control. Taylor concluded that the
control of the weevil by biological means, particularly by
the selection of native parasites for applied biological
control, did not appear promising.

The possibilities of developing specific strains of
white pine and norway spruce resistant to weevil attack are
presently being lnvestigated by Holst (1955) and by
Heimburger (personal communication). Attempts by Holst to
breed the resistance of white spruce into norway spruce by
direct crossings have been unsuccessful as the two species
seldom, if ever, hybridize. He is presently attempting %o
breed the desired qualities of white spruce into norway
spruce through Sitka spruce. Since white pine with slender
leaders often escapes serious injury, Heimburger has bheen
investigating the possibility of producing thin leaders on
grafts from scions of unweevilled mature trees. In addi-
tion, Heimburger has indicated that it may be possible to
produce a vigorous leader strain of white pine which con-
tains a sufficiently heavy concentration of resin to drown
out weevil larvae attempting to develop therein. By this
latter means, Miller (1950) succeeded in obtaining a
Jeffrey pine hybrid highly resistant to the pine repro-

duction weevil, Cylindrocapturous eatoni Buchanan, At the

present time the work of Heimburger and Holst has not pro-
gressed to the stage where suspected resistant types have

been tested under field conditions. This work will, of
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neceséity, be of a very long term nature, but the possi-
bilities which it offers are great.

Less than a quarter of a century ago, direct cecontrol
measures to reduce weevil populations included (1) the use
of banding materials, (2) hand picking of the beetles, (3)
jarring the insects into a net, (4) pruning of infested
leaders before the new generation adults emerge and (5) the
use of sprays and repellents, To-day these methods are
still considered as practical control measures for indivi-
dual shade and ornamental trees but, with the possible ex=
ception of pruning and chemlicel means, they are of no value
in stands established for commercial purposes., In 1817,
Peck recommended the removal and destruction of infested
leaders and later Hopkins (1907), Blackman and Ellis (1916),
and Blackman (1919) recommended that leaders be removed but
placed in cages constructed of fine wire mesh that would
permit the escape of insect parasites but not the weevil
adults. Maughan (1930) obtained effective control by
initiating a programme of removing infested leaders in the
Eli Whitney Forest in Connecticut, starting as soon as
weevilling was first detected and continuing each year until
the stand closed. According to Maughan, permanent damage to
attacked trees was minimized, since removal of infested
leaders tended to stimulate the lateral which succeeded as
the leader to straighten up more rapidly, but the more
recent work of Spurr and Friend (1941) showed that they

make poor saw-logs. Maughan also states that subsequent
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thinnings to remove badly weeviled trees while maintaining
sultable age-class densities gave 200 to 400 unweevilled or .
g8lightly weevilled butt logs per acre. In some areas in
New York, South Carolina, Ontario, and Quebec, vigorous
programmes of pruning leaders resulted in holding weevil
populations to a level below that necessary to cause econo-
mic damage (MacAlonéy, 1930), Pruning of infested leaders
is, however, an expensive operation, particularly in larger
trees, and must be thoroughly carried out for a number of
years to obtain satisfactory results. Also, the practice
is only recommended for stands growing on good sites where
vigorous growth is assurred. On poor sites, even with this
treatment, not enough acceptable stems are secured to re-
commend the method.

Cline and MacAloney (1931,1933,1935) successfully re-
claimed white pine stands which had suffered extensive
weevilling. They selected the better co-dominant and
intermediate trees and favoured them as the fihal erop
trees by girdling or removing the badly damaged trees.

The protection of plantations through the application
of chemical sprays was attempted in the early days by
numerous workers (Britton and Walden, 1912; Walden, 1915,
1916; Britton, 1920; Graham, 1916; and MacAloney, 1930),
but the results varied considerably. Satisfactory control
was not definitely established until recently (Potts et al,
1942; Crosby, 1950; Shenefelt, 1951). During the last

fifteen years, many spray formulations have been tested
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from the air and from the ground, and to date lead arsenate
and DDT have produced the best results. It is almost ecer-
tain, however, that no spray programme will eliminate the
weevil from plantations, but populations may be reduced and
meintained at levels that will ensure adequate crop trees,

In ground application, the insecticide is applied only
to the leaders in the early spring, after the adults emerge
from hibernation but before the onset of oviposition. Lead
arsenate has been favoured because it leaves a visible de=-
posit, adheres well to the leader, and has no contact action
on weevil parasites and other insects that might encounter
it. Sprays applied by means of pack-sack hand sprayers are
recommended with the object of protecting the young pine
during the period of maximum susceptibility to weevil attack,
but usually not after one clear butt log is assured. Excel-
lent control is afforded even in areas of heavy weevil
populations; reinfestation is reported to be slow, with a
single application protecting stands for as long as four
years. Best results have been obtained when spraying
operations have been undertaken in young stands as soon as
the first indications of weevilling are observed. More than
one treatment is required however, and Crosby (1950) states
that about three treatments, timed to correspond with re-
infestations of about five per cent of the leaders, should
afford sufficient protection to the tree so that at least
one clear butt log will be produced.

After World War 11, the aerial application of insect=
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icides and sprays became common, and experiments in the
control of the white pine weevil by aerial spraying were
begun in New York State (Connola et al., 1955). These
observers found that DDT formulations applied during early
spring from fixed-wing aircraft and helicopters resulted in
successful control of the weevil for two or three years.

Investigations carried out in both natural and planted
stands early in the century uncovered certain facts regarding
the habits of the weevil which have formed the basis for
concepts regarding the susceptibility of trees to attack
and the possibilitlies of silvicultural control even to the
present day. Thus, it was early recognized that the weevil
feeds and oviposits more readily in pure, open-grown stands
of pine where soil, climate, and other conditions are most
favourable to rapid and vigorous leader growth. Graham
(1918) and Peirson (19228) recognized that in open stands
where the crowns are all free, the trees were subjected to
heavy attack, whereas in denser stands attack was lighter,
and in very dense stands injury was practically absent.
Since, trees in dense stands must compete for light and
space (which stimulates them to straight growth), it was
concluded that close planting of about 1200 to 1500 trees
per acre was the most effective method of controlling the
weevil in forest plantations if it was maintained during the
early growth period and was followed by malntainance of a
fully stocked stand,

Colville (1923) and Taylor (1929) observed that the
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effectiveness of close planting varied greatly with local-
ity. Thus, in areas where weevil injury is severe, heavy
damage may occur in stands irrespective of spacing. Mac-
Aloney (1930) found that dense planting was not satisfact-
ory in areas where the yearly infestation of the stands
exceeded about 50 per cent. He showed, however, that the
incidence of a tree being weevilled more than once was
directly related to tree spacing, but he found that trees
of the intermediate or suppressed classes were unable to
recover even after a single year of weevil injury. He
concluded that unless dense stands were produced naturally,
it was financially impractical to space trees closer than
6'x6', a spacing associated with severe injury.

Blackman and Ellis (1916) observed that if no weevil
damage occurred for several miles around a certain sarea,
" white pine might be grown with little chance of injury,
provided it was systematically inspected and thorough
megsures were taken when any evidence of weevilling was
found. Additional observations by these authors showed,
however, that white pine could be successfully grown in
mixture with other tree species without such rigid rest-
rictions. The results of investigations by later workers
(Fisher and Terry, 1920; Belyea, 1923; Graham, 1918,1926;
Belyea and MacAloney, 1926; Fisher, 1928; and MacAloney,
1930) seemed to substantiate this, and it became generally
accepted that some system of silviculture should be used to

provide shade to young pines during their susceptible period,
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that is until they reach 15-20 years of age or between 20
and 30 feet in height. Since white pine is an intolerant
species, Graham (1926) warned that the density of shade it
would tolerate would vary with site and, hence, must be
determined for each site, and must not be such that the
growth of the pines would be unduly retarded.

It was found that several mixtures of both hardwoods
and conifers with white pine gave satisfactory protection
from weevil damage and that, in such mixtures, the white
pine cleaned its bole relatively early so that clear lumber
could be obtained from crop trees, |

In addition, it was pointed out (MacAloney, 1930) that
the white pine should be planted in mixture with a species
that would be of value in the final crop and that early and
successive thinnings, particularly in mixture with hard-
woods, would be necessary so that the pines would not be
crowded out. MacAloney recognized that the accompanying
species must be faster growing than the pine in the early
years if both species were the same age or, if slower grow-
ing, it must be considerably older so that it would be
taller during the period of weevil attack and hence shade
the pines. MacAloney also stated that the maximum amount
of good lumber will be found where there is a groupwise
mixture of white pine with the better hardwoods. In a stem-
wise mixture, there is danger of whipping which may ble
almost as injurious to the leading shoots as the white pine

weevil,




24

During the past 35 or 40 years, the many attempts to
grow pine satisfactorily free from weevil damage in various
kinds of mixtures have been either not successful or only
moderately so because there was no clear understanding of
why shaded conditions were g deterrent to weevil activity
and abundance or of what degree of shading was actually
required under varying conditions of soil, exposure, tree
species in the mixture, etc. The results of recent studies
of weevil attack in open-growing natural white pine regener-
ation and in white pine understories (Prebble, 1951) show
clearly that the observation that white pine under hardwood
and other shade is less susceptible to attack requires care-
ful study to determine whether the relation is direct
between the weevil and the physical environment, indirect
involving growth and vigor of the understory trees, or a
combination of both. It is concluded that such relations
can only be understood when the physical £nd biological
requirements of the weevil are carefully defined in measure-

able faetors of the environment.

F. HOST TREES

In Table 1 host plants of the white pine weevil are
listed under two species clases, native or not native to
the region in which the insect is known to ocecur. In
addition, they are roughly classified according to their

susceptibility. The primary host plant of P. strobi is
eastern white pine, Pinus strobus L. However, Norway




TABLE 1

Host plants of P. strobi, native and not

native to the range of the insect.

Species Species Damage  Reported Date
Class Class by:

Native Eastern white pine, Pinus strobus L. severe Peck 1817
Jack pine, Pinus banksiana Lamb. common  Hopkins 1911
Pitch pine, Pinus rigida Mill. common Hopkins 1911
Red pine, Pinus resinesa Ait. rare Hopkins 1911
White spruce, Picea glauca (Moench) Voss. rare Walker 1912
Red spruce, Picea rubra Link rare Hopkins 1911
Black spruce, Picea mariana (Mill.) B.S.P. rare MacAloney 1930

Not Norway spruce, Picea abies (L.) Karst. severe Blackman 1916

native and Ellis
Scotch pine, Pinus sylvestris L. common  Graham 1926
Western white pine, Pinus monticola Dougl. common  MacAloney 1930
Limber pine, Pinus flexilis James common MacAloney 1930
Foxtail pine, Pinus balfouriana Murray common MacAloney 1930
Japanese red pine, Pinus densiflora Sieb. & Zucec. common Peirson 1922
Western yellow pine, Pinus ponderosa Dougl. common MacAloney 1930
Douglas fir, Pseudotsuga taxifolia (LaMark) Britton rare MacAloney 1930
Mugho pine, Pinus montana mughus (Scop.) Willk. rare MacAloney 1930

T4
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spruce, Picea abies (L), Scots pine, Pinus sylvestris L.,

and Jack pine, Pinus banksiana Lamb., the latter parti-
cularly in areas of the United States bordering the Great

Lakes, also are heavily attacked, and may at times be as
severely injured as white pine.

In addition to the above list, Packard (1881) reported
that eastern hemlock, Tsuga eanadensis (L.) Carr., and
balsam fir, Abies balsamea (L.) Mill., are subjeet to attack
by the white pine weevil, although this record has never
been verified by later workers. MacAloney (1930) stated
that the weevil was earlier reported as far south as Texas
on shortleaf pine, Pinus echinata Mill., and loblolly pine,
Pinus taeda L., but he suggested that the weevil causing
the damage was probably Pissodes nemorensis Germ., which is
the only species generally found in the area. Currie (1905)
reported the weevil attacking Himalayan cedar, Cedrus
deodara (Roxb.) Loud., but Hopkins (1911) described the
insect as P. deodarae Hopk. ILater, Dietrich (1931) showed
that the latter species is a synonym of P. nemorensis,
which moves from its normal habitat (the lower trumk region
of its host) to attack the cedar in much the same manner as
the white pine weevil attacks white pine. It is probable
that Currie and Hopkins were confusing P. nemorensis with P.

strobi.

When there is doubt as to the species associated with
e perticular host tree and the general anatomical characters
are not sufficient to separate species, general knowledge
of the habits of the insect will sometimes permit positive
identification. 2P. strobi is the only known species of
weevil within its range that is associated with the ter-
minal shoots of its host trees. Outside this range however,
Pissodes sitchensis Hopk. and P. engelmanni Hopk. also in-
fest the terminal shoots of saplings and small Picea
sitchensis (Bong.) Carr. and Picea engelmanni Parry, respec-
ti#ely (Hopkins, 1911). Hopping (1920) described a new
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weevil species, P. terminalis Hopp., attacking the terminal
shoots of lodgepole pine, Pinus contorta Dougl., in California.




28

IV EXPERIMENTAL STUDIES

A. LOCATION AND STAND HISTORY

The investigations reported herein were carried out at
the Petawawa Forest Experiment Station, located in the Otta-
wa Valley, about four miles southeést of Chalk River, Ontgrio.
The area lies within the Middle Ottawa Section of the Great
Lakes-St. Lawrence Forest Region (Halliday, 1937), and is
characterized by an abundance of white pine, Pinus strobus
L. and red pine, P. resinosa Ait.

The station climate is continental sub-humid, with
consequent extremes of temperature. The following data were
derived from station weather records taken between 1936 and
1950 (Anonymous, 1952). The mean annual temperature is
39.4°F, and the lowest and highest temperatures on record
are -38.2°F and 98.1°F. The warmest month is July, with a
mean of 67.2°, and the coldest, January with a mean of 8.8°,
The latest freezing temperature on record occurred on June
l, and the earliest on September 9, giving a minimum frost-
free period of 100 days, although this is unusual. The av-
erage growing season is 136 days. The average annual precip-
itation is 29.7 inches; of this, the equivalent of 7.5 inches
falls in the form of snow, which usually covers the ground
from the beginning of November until April.

The prevailing wind for all months of the year is north-

west, with a mean velocity of 6.2 miles per hour. Winds vio-

lent enough to cause damage to trees in the forest are rare.




The site selected for the investigations of the white
pine weevil was a 2.5 acre nursery plantation of white pine
set out with 2.5 by 3 foot spacings in 1942 as three-year
transplants (Fig. 1). This stand contained at least two
broad exposure conditions, the trees at the southern end of
the plantation being shaded for about five hours around mid-
day by a stand of sub-mature red and white pine and mixed
hardwoods, and the remainder of the stand being fully exposed.
Detailed studies on the activity and behaviour of P. strobi
were conducted chiefly in trees of the first six rows on the
west side.

The plantation was originally subdivided into 21 plots,
each containing seed trees from either New York, New Hamp-
shire, Massachusetts, Quebec, or Ontario. Preliminary sur-
veys in 1951 on the incidence of weevil damage before this
date showed that the amount of damage attributable to P.
strobi would at best be empirical since it was impossible to
take into account the damage to the pine terminals due to
other agents such as deer browsing, etc. However, by the
presence of dead, weevilled stems still attached to trees it
was determined that weevilling occurred as early as 1947.
Additional surveys made during 1951 and 1953 showed that the
incidence of weevil attack and terminal mortality increased
during the period of the present investigation. During 1951,
weevil attack was found to be 27.7 per cent, and during 1953,
it was 43.5 per cent. Terminal mortality during these two

years amounted to 7.3 and 15.9 per cent, respectively. The




Fige 1. Map of white pine nursery plantation where most of
the investigations of the white pine weevil were

carried oute
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b. Methods Of Experimentation

The responses of adult weevils to point sources of light
were observed on a light board originally designed'by A, W,
Ghent (unpublished data). This apparatus differed from other
types in that the insect platform was constructed from glass
which was marked off into a series of radiating lines extend-
ing at 30° angles from the light source with cross-lines
spaced equidistant from the bulb. This grid was then trans-
posed on a viewing mirror placed below the platform. By cov-
ering the mirror with cello paper the movements of an adult
placed on the platform could be observed and easily traced
with a wax pencil. The light source consisted of a 2.4 volt
flashlight bulb. The insects were placed approximately one
foot from this source.

In experiments dealing with the response of adult weevils
to diffuse light, a dark-light alternative chamber described
by Wellington (1948) was used during the initial tests. Al-
though this chamber proved satisfactory for determining the
light reactions of the spruce budworm (Wellington, 1948) and
colonial larvae (Sullivan and Wellington, 1953), it was not
satisfactory for testing the reactions of adult weevils. The
insects were sensitive to a slight shadow pattern formed a-
long the light-dark boundary, so that there was some diffi-
culty in distinguishing photopositive and photonegative re-
sponses. This difficulty was overcome in subsequent tests
with a modified type of chamber designed by Green (1954) for

testing the effect of temperature on the light reactions of
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sawfly larvae and later used by Wellington et al.(1954) with
the spotless fall webworm. In addition to eliminating the
presence of shadow patterns along the edge of the dark-light
boundary the new design presented a much longer boundary.

A single 200-watt bulb served as the light source and
the heating unit. The heat from the light served to warm a
water supply below the reaction platform at a rate of about
1°C per minute. Heating the water raised the chamber temper-
ature and kept the enclosed air saturated, thus eliminating
any possible effects of increased evaporation rate with in-
creasing temperature on the reaction of the insects. Chamber
temperatures were measured with a Rubicon portable potentio-
meter and a No. 24 copper-constantan thermocouple with its
junction placed in contact with the silk platform in a cen-
tral position in the chamber. Each time an insect moved out
of the lighted portion of the chamber the temperature was re-
corded.

Preliminary tests showed that only small numbers of in-
sects could be observed efficiently at any one time in the
chamber. Large numbers lowered the accuracy of the observa-
tion because, on occasion, one or more insects which had moved
across the boundary would return to the lighted portion. Thus,
ten insects were used in each test.

Before testing, adults of the autumn and spring popula-
tions were conditioned for a period of 12 hours to the temp-

eratures shown below:
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v No. tested Acclimation Tegperatures£0°.
Autumn adults ed 100 2022 1222 0:1
Starved 100 2022 1222 021
Fed 100 2022 1222 021
Spring adults '
Starved 50 2022 1222 021
The results were analysed to obtain the mean reversal temper-
ature or the temperature at which the insects moved from the
lighted to the dark portion of the chamber. Analysis of var-
iance tests showed that there was no significant difference
between the temperatures at which members of each replicate
became photonegative. Consequently, the mean reversal temp-
erature obtained by group analysis was accepted as the true
mean and further analysis simply involved calculating its
standard.error.
c¢. Results .
(1) Reactions to a point source

During experiments on the light board it was found that
light conditioning did not affect the response of fed or
starved individuals of either the autumn or spring popula-
tions. In these tests three types of light conditioning
were used. Insects were held for 24 hours under constant
light, under constant darkness, or under normal daily light
rhythms. Examples of typical paths made by fed adults are
shown in Fig. 2, which shows the position of the insects at
10-second intervals during the reaction. All insects exhib-
ited a photopositive response with little difference in the

rate of movement of individuals depending on the type of pre-




Fige 2e

Representative paths taken by P. strobi adults in response
t0 a 244-volt flashlight lamp. Insects conditioned for 2L
hours on food at room temperature in: A, constant light; B,
normal daily light rhythms; C, constant darkness, Time

marks represent lO~-second intervals.
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vious light conditioning. Also, in consecutively run tests

no appreciable difference could be detected in the time re-

quired to reach the light between groups conditioned in to-

tal darkness and the other groups. Thus, the possibility of
light adaptation of insects placed on the light board could

be eliminated.

However, differences did occur between members of a
single group. The chief variation was in the time required
by individuals of a group to complete the reaction and appea-
red to be due to the extent the paths were convoluted. Since
fed insects almost consistently shifted their direction one
or more times before reaching the light, the time spent in
travel in the new direction determined the time required to
complete the reaction. Raising the temperature of the light
board resulted in an increase in the speed of movement but
the paths taken appeared to be equally irregular.

After 24 hours starvation, adult weevils continued to
show a strong photopositive reaction. Examples of typical
paths of members of the two populations are shown in Fig. 3A
and Al. Starved individuals reacted in much the same manner
as their fed counterparts but with a greater tendency to
more direct paths. Consecutive trials showed no consistent
change in the type of response. Additional starvation to
two days before death resulted in a slower rate of movement
along somewhat more irregular paths (Fig. 3B and Bl), but
the reaction was still strongly photopositive.

Differences in the response of individual insects be-
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AUTUMN ADULTS SPRING  ADULTS

SIS
DD

Fige 3« Representative paths taken by adults of the gutumn and

spring populations of P. strobi in response to a 2.}

volt flashlight lamp. Tracks in A and Ay made by ine
sects starved for 2l hours and tracks in B and By made
by insects starved up to 48 hours before death. Time

marks represent lO-second intervals.
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came apparent after starvation up to a period of 24 hours
before death; but no consistent single pattern of behaviour
was demonstrated (Fig. 4). This was particularly true among
members of the autumn population which took at least four
different paths. First, individuals which reacted strongly
positive, such as those of tracks 2 and 3 of diagram A (Fig.
L), generally maintained these headings during subsequent
trials. Secondly, during its initial trial, an adult would
fail to reach the light (track 1, diagram A) during an ob-
servation period of ten minutes, but in its second trial it
would move almost directly to the light (track 1, diagram
A1), while in its third trial it would revert to a prolonged
period of indifference before moving to the light (track 1,
diagram Ay). Track 6 of diagrams A, A;, A5, show the third
type of reaction observed. 1In this case the insect reacted
photopositively but the path taken to the light was quite
indirect. During subsequent trials however, the insect re-
acted strongly photonegatively and maintained this heading
during the period of observation. As indicated by the time
marks shown in the figure, the insect was quiet throughout
most of the observation period and prodding with a brush
failed to result in additional movement. The fourth and
most commonly observed response took the form shown in
trials 4 and 5 of diagram A, Ay, and A». The insects ex-
hibited a long period of indifference during the initial

trial but during subsequent trials this was progressiwly re-
duced until they moved almost directly to the light in the




Fig. ho

Representative paths taken by adults of the auntumn
and spring pepulations of P. sirobi in response to

a 244 volt flashlight lamp. Tracks in A, A;, Ao and
B, By, By respectively, represent conse&ive trials
with brief time lags between each, Insects starved
up to 24 hours before death at room temperature,
Time marks represent lO-second intervals except

where showne
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third trial.
After starvation to 24 hours before death, individuals

of the spring population showed a much greater consistency
in their response to the light source (Fig. 4p, By, Bz) than
did the members of the autumn population. During initial
trials (tracks 1, 2 and 3) the insects showed a more intense
photopositive reaction and this response was maintained dur-
ing subsequent trials. On occasion, an insect would react
photonegatively during its first and second trials (track

L, Fig. 4B, Bl) but, during the third trial it would respond
photopositively (track 4, Fig. 4B,).

It will be seen that most of the responses of the
starved adults function to take the insects to the light. The
chief differences that occur are in the length of time and
the number of trials required before definite photopositive
behaviour is expressed. The most common type of initial re-
action, that which includes extended periods of indifference,
may be expressed as a reaction to particular light intensi-
ties. Since this behaviour tends to break down during sub-
sequent trials, it is somewhat overshadowed by the stronger,
more direct tendency to move directly to the light. When
compared with the trials of insects either fed or starved
for shorter periods of time (Figs. 2 and 3, respectively) it
is found that the insects normally require a longer period
of time and additional trials before the reactions become

similar.
The initial responses of members of the spring popula-
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tion approximately one day before starvation death are much
more direct than those of the autumn adults. In addition,
the path taken during subsequent trials does not change ap-
preciably. Common to both age groups is the tendency of the
occasional individual to react in a photonegative manner.

When the tests with starved adults were continued dur-
ing the final 24 hours before death, the irregularity and
indirectness of the paths was simply intensified until four
or five hours before death. At this time, the adults be-
came strongly photonegative. Examples are shown in Fig. 5,
which also  show that the rate of movement and amount of
travel was sharply reduced.
(2) Reactions to diffuse light

During the initial tests the chamber used was divided
so that one-half was dark and the other half light. The
light sourcé was overhead. Adult weevils placed in the ligh-
ted portion of the chamber remained quiet in this section
until the chamber was heated. With an increase in tempera-
ture the insects moved about the lighted portion often tak-
ing up positions near the light-dark border where they re-
mained through a wide range of rising temperature. At tem-
peratures between 34 and 40°C many moved to the dark and by
the time the chamber was heated to near 45°C, all adults had
shifted from the light to the dark half of the chamber. It
is doubtful if the tendency of the adults to remain along
the border of the dark-light boundary would have been ob-

served in the absence of the secomdary shadow pattern in
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Fige 5e Representative paths taken by P, Strobi adults in response
to a 2.4 volt flashlight lamp after starvation up to 5

hours before death at room temperature.
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the area and the results had to be verified by further tests
in the modified type of chamber referred to earlier.

The chief difference in the behaviour of adults in the
two chambers was in the temperature at which they became
photonegative. The range continued to be quite large, but
with the increased sharpness between the light and dark sec-
tions, the insects failed to exhibit the border reaction
mentioned above and consequently became photonegative at
lower temperatures.

Since the light source in the modified chamber also
served as the heating unit, it was necessary to use an over-
head lamp when testing the reaction of adults at moderate
temperatures. After they were conditioned at approximately
20°C and 60 to 80 per cent relative humidity for 12 hours
or longer and then given a choice between the light or dark
portions of the chamber, fed adults remained relatively
quiet in the lighted section. On occasion an individual
would move across the border temporarily. Normally the in-
gsects perceived the border line and failed to continue move-
ment into the dark section, so that their movements were re-
stricted to the lighted portion of the chamber. Insects
acclimated to 12 and 0°C normally remained quiet in the
light until warmed to room conditions, at which time they
reverted to the typical behaviour described above. On occa-
sion however, an individual moved into the dark and remained
in this section. Adults starved during acclimation at all

three temperature levels reacted in much the same way when
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placed in the chamber. These behaviour patterns were more
fully understood when the adult responses to light with ri-
sing temperatures were determined.

As the reversal temperature was approached, individuals
of both populations showed indications of impénding move-
ment by increased antennal movement, brushing of the head
and mouthparts with the fore-legs, and short jerky movements.
This behaviour was generally followed by rapid movement to
the dark. Occasionally an adult would return to the light
but when this occurred it either reversed its direction of
travel and returned to the dark or it continued rapidly in
the original direction of travel, recrossing the dark-light
boundary at another point on its circumference.

Reversal temperatures of fed and starved adults of the
two populations are shown in Figs. 6 and 7 respectively,
which illustrate the frequency distributions obtained when
adults, acclimated to 20, 12, and 0°C for 12 hours were
tested in the alternative chamber. Although broad tempera-
ture ranges were obtained, the results show a marked differ-
ence in the temperature levels at which starved and fed
weevils become photonegative to diffuse light except where
acclimated to 01100.

The mean reversal temperatures of fed weevils collected
during autumn are shown in Table II. Successive pairs of
these means were subjected to t-tests. The results indica-

ted that adults acclimated to 20°C became photonegative at

a significantly higher temperature than adults acclimated
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to 12° and 0°C(P<0.01), but no significant difference was
indicated between the means of the latter two groups (P>0.40).
When the insects were starved, however, there was no signifi-
cant difference between the reversal temperatures of adults
acclimated to 20° and 12°C (P»0.05), but both groups became
photonegative at significantly lower temperatures (P<0.0l)

than the adults acclimated to 0°C (Table III).

TABLE IT

Comparison of the mean temperatures at which fed adults
of the autumn population of P. strobi became photo-
negative in saturated air after acclimation to
three temperature levels for 12 hours.

Accl. level 20°¢ 12 0°¢C
n 100 100 100
X 26,4 23.2 23.4
Sx .281 .187 +205

n, sample size;'ifﬁean reversal temp.;S%,standard error of
the mean.
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TABLE III

Comparison of the mean temperatures at which starved aduls
of the autumn population of P. strobi became photonegative
in saturated air after acclimation to three temperature

levels for 12 hours.

Accl. level 20°¢ 12°c 0°¢
n 100 100 100
X 20.9 20.4 23 .4
S% 227 172 «290

n, sample size; X,mean reversal temp.; S%,standard error
of the mean.

Comparison of the mean reversal temperatures in Tables
IT and IIT indicates the effect of starvation on the re-
sponse of weevils to diffuse light. Fed weevil adults ac-
climated to 20° and 12°C became photonegative at signifi-
cantly higher temperatures than starved weevils acclima-
ted to similar temperatures (P.<0.0l). When acclimated to
0°C however, the presence or absence of food during accli-
mation was not associated with corresponding changes in re-
versal temperatures.

Fed and starved adults of P. strobi collected during
the spring activity season were also tested in the dark-
light chamber. The mean reversal temperatures of fed wee-
vils are shown in Table IV. When successive pairs of
these means were subjected to t-tests the results indicated
that adults acclimated to 20°C became photonegative at a
significantly higher temperature than adults acclimated to
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120 or 0°C (P<0.01), but no significant difference was in-
dicated between the mean reversal temperatures of insects

acclimated to the latter two levels (P>0.05).

TABLE IV

Comparison of the mean reversal temperatures at which fed
adults of the spring population of P. strobi became
photonegative in saturated air after acclimation at

three temperature levels for 12 hours.

Accl. level 20°C 12°¢ 0°c
n 100 100 100
x 31.4 26.3 25.4
Sx 0323 «355 «339

n, sample size; X,mean reversal temp.; SX,standard error
of the mean.

When starved spring adults were tested in the dark-
light chamber the mean temperatures obtained were all signi-
ficantly different (P<0.0l). The means -are shown in Table
V. Comparison of these means with the means observed for
fed weevils (Table IV) indicated that fed adults acclima-
ted to 20° and 12°C became photonegative at significantly
higher temperatures than starved adults acclimated to sim-
ilar temperatures (P<0.0l1). These tests also indicated no
significant difference between the reversal temperatures of

fed and starved weevils acclimated at 0°C (P>0.10).
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TABLE V

Comparison of the mean reversal temperatures at which starved
adults of the spring population became photonegative in
saturated air after acclimation at three temperature
levels for 12 hours.

Accl. level 20°¢ 12°% 0°c
n 50 50 50
X 22.7 20.6 2l .6
S% 184 206 Lly7

n, sample size; X,mean reversal temp.; 5X.standard error of
the mean.

By inspection of the reversal temperatures of weevil
adults tested during the autumn and spring it will be seen
that some striking differences occurred, particularly among
the fed insects (Tables II and IV). The means obtained at
each of the acclimation temperatures were compared. These
tests indicated that fed adults during the spring season be-
came photonegative at significantly higher temperatures
than fed adults tested during the autumn (P<0.0l). Simil-
arily, at the 20° acclimation level (Tables III and V)
starved adults of the spring population became photonegative
at a significantiy higher temperature than starved adults
tested during the autumn (P<0.0l). The same relationship
held between fed and starved adults acclimated to 0°
(P<0.05). The mean reversal temperatures obtained at the
12° acclimation level were, however, practically identical

and no significant difference was indicated (P>0.05).
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d. Discussion

There are several aspects of the light reactions of
adults of the autumn and spring populations of P. strobi
which require some discussion. PFirst, however, it should
be mentioned that any differences in behaviour observed
between the two groups are occurring within the same gen-
eration, but at different periods in the life of the adults.
They are referred to as the autumn and spring populations
to simplify reference to age groups.

Adults of the spring and autumn populations of the
white pine weevil are basically photopositive to discrete
sources of light and this response is maintained to a
greater or lesser degree until a few hours before death due
to starvation. At this time they become strongly photoneg-
ative. Such changes in photic orientation are not common
and, in fact, may be much more striking among other insects
than the weevil. For example, Wellington (1948) found
males of Choristoneura fumiferana (Clem.) consistently pho-
topositive, whereas the females were just as consistently
photonegative. Menusan (1935) reported that young adults
of the bean weevil were photonegative, but old adults and
spent females became photopositive. More recently, Rich-
ards (1951) reported that adult weevils of Calandra gran-
aria (L.) were mostly photonegative but that a small per-
centage of them always moved towards a light. In this ex~-
ample however, Richards showed by selective matings of

photopositive and photonegative adults for two generations
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that the difference was genetic. He obtained two popula-
tions, one totally photoﬁegative and the other more or less
indifferent to light. With reference to P. gtrobi adults,
the fact that the initial photopositive response is rever-
sed only as a result of prolonged starvation up to a few
hours before death is of interest chiefly in respect to the
observed behaviour of the insects in the field.

Any differences observed in the behaviour of the adults
before the photonegative response occurs seems to be in
the intensity of the response between individuals, all of
which eventually move towards a light. Adults tested after
emergence from infested leaders or from hibernation sites
are strongly positive while fed adults of either age group
almost consistently shift their direction of travel one or
more times before reaching a light. After a short term of
starvation their paths become more direct and regular. It
has recently been suggested by Dethier (1956) that failure
of insects which have been taken from their food to react
strongly photopositively is due to a short period of ex-
citation resulting from the abrupt removal from the food.
The fact that weevil adults taken directly from their food
and placed on the light board, consistently shift their di-
rection of travel, whereas adults starved from a short per-
iod of time take more direct paths supports Dethier's hy-
pothesis.

Prolonged starvation results in differences between

the spring and autumn adults. Young adults of the autumn
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population commonly exhibit an extended period of indif-
ference before moving towards a light, but older adults in
the spring exhibit much more directed movements which deo
not vary much from those of adults starved for shorter
periods of time. It is possible that these changes in
intensity of response occur as a result of changes in the
visual response mechanism of the adults after periods of
prolonged starvation.

It should be emphasized that the variations between
the response of starved adults about one day before death
and those starved to two or more days before death are not
related to the actual number of days the insects have been
starved but to the length of time before death. During the
tests which required a conditioning period of starvation it
was observed that adults of the spring population could
survive approximately one day longer than adults of the
autumn population (roughly, death occufred on the fifth and
sixth day, respectively). This agrees well with recent re-
sults of experiments dealing with thé effect of x-radiation
on 1ongevity of adult weevils (Sullivan and Simpson, 1957).
This difference in life-span together with the normal var-
iation in death rate of starved weevils about the mean
tended to confuse the results until it was realized that an
orderly set of responses occurred in relation to the length
bf time before death. It is a point worthy of consideration
during investigations dealing with the behaviour of starved

insects, particularly when conditioning includes prolonged
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periods of starvation. Recently, Green (1954), during ex~-
periments on the light reactions of diseased larvae of Neo-

diprion lecontei (Fitch), showed that as the disease pro-

gressed the insects became more and more indifferent to a
light source. At the same time as the disease progressed,
however, the insects failed to feed, so that the increase
in their indifference to the light may have occurred as a
result of prolonged starvation for periods approaching the
time of death as well as from the disease characteristics.
Tt would be of interest to re-open the problem with healthy
larvae since Green did not test the reactions of healthy
larvae starved beyond 72 hours.

Reversal of the photic orientation of insects exposed
to high temperatures is common. This has been demonstrated
with lepidopterous larvae by Wellington (1948) and Welling-
ton et al., (1951, 1954), with hymenopterous larvae by Green
(1954), and with dipterous adults by Jack and Williams
(1937) and Dolley and White (1951), to mention only a few
- examples. In most cases, the observed changes in orienta-
tion to light at specific temperatures have helped the in-
vestigators to explain changes in the behaviour of the in-
sects in the field which normally have a definite survival
value. So far as adult weevils are concerned, the results
of this study indicate that the insects are capable of ad-
apting to temperature conditions which may be interpreted
in terms of survival and therefore are of practical signi-

ficance.
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The results have shown that autumn and spring adults
reverse their photic orientation from positive to negative
at correspondingly higher temperatures as the temperature
of acclimation is raised from 12 to 20°C. The only appar-
ent difference which occurred between these groups was that
adults acclimated to the lower temperatures were less act-
ive and fed less than those kept at 20°C during the period
of acclimation. This does not mean that the insects held
at the lower temperature were starved because, at the lower
temperatures, a decrease in their metabolic rate would be
directly reflected in their feeding frequency. Hence, the
insects may have been reacting entirely in accordance with
their previous temperature conditioning. On the other hand,
it is possible that the insects kept at the lower tempera-
tures may have been reacting as partially fed individuals
and, as such, might be expected to reverse at a temperature
level below that of fully fed individuals. The results of
tests with starved insects partially support this suggestion.
It was observed that starved insects did not always show -
the same pattern of reversal with respect to temperature as
those of fed groups. Starved insects of the spring group
acclimated to 12° and 20°C appeared to react in accordance
with their acclimation temperature but insects of the aut-
umn group reacted at virtually identical temperatures irre-
spective of their previous temperature conditioning. It is
apparent that partial starvation, as well as temperature ac-

climation, may function to limit the reversal temperature
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of the insects previously classified as fed. The effect of
starvation in tests with insects which are kept without

food during the period of acclimation is clearly indicated
in the general drop in the reversal temperature of groups

of both the autumn and spring populations, particularly a-
mong those acclimated to 12° and 20°C. To understand clear-
ly the relationships involved however, further investigation
is required on the effect of temperéture acclimation and
starvation on the behaviour of the insects. In addition,
some criteria should be established for defining fully fed
and starved insects in relation to the level of temperature
acclimation but irrespective of the presence or absence of
food.. This was not investigated further because the re-
sults obtained were sufficient to explain particular behav-
iour of adults in the field without the sharp distinction
between the individual effects of starvation and_acclimé—
tion on the responses of the insects to light at specific
temperatures.

So far, this discussion has been limited to fed and
starved insects acclimated to 12°C or above. This is due
to the fact that these temperatures occur within the recog-
nized temperature-activity range of the insect. At 0°C,
which is well below the lower range of temperature associa-
ted with weevil activity, no difference was observed in the
reversal temperatures of insects during the spring, irre-
spective of the presence or absence of food. Similar re-

sults were recorded during the autumn. When the mean rever-
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sal temperatures of the autumn group were compared with
those of the spring group however, they did vary signifi-
cantly. These observations are in line with the results
observed between the groups kept at warmer temperatures,
indicating that young adults of P. strobi which are act-
ive during autumn are unable to withstand temperatures

as high as older adults which are active during spring
without reacting photonegatively. These differences

have a definite bearing on the behaviour of the insects in
the field. This aspect is treated in some detail in con-~

junction with the field studies (Section V).

C. FIELD INVESTIGATIONS

The field investigations were concerned chiefly with
studies of the physical requirements of the white pine
weevil. In addition, investigations of a limited nature
were carried out on the life history of the weevil, its sur-
vival, and the injury caused by it, in order to obtain infor-
matiop pertinent to the assessment of the factors limiting

successful weevil development.

1. LIFE HISTORY

Despite numerocus publications dealing with the season-
al life history of the white pine weevil, no accurate ac-
count for areas within the northern limits of the insect's

range exists in the literatﬁre. Since such knowledge is of
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prime importance to future control measures, investigations
of the life history of the white pine weevil in the Chalk
River area were carried out as an integral part of the pre-
sent study. Since there seems to be little value in estab-
lishing the limits of each phase of the development cycle
in terms of calendar dates only, because of seasonal varia-
tions, development has been related to the general condi-
tion of arboreal vegetation, particularly leader growth in
white pine. The following description applies to the life
history of the weevil in fully exposed white pine stands
only.

Emergence from hibernation in the spring occurs at a-
bout the time the terminal buds of white pine begin to
swell. Additional observations indicated that weevils are
active from one to two weeks in advance of the appearance
of any foliage on white birch, aspen, or red oak.

Fig. 8 illustrates the seasonal history of the white
pine weevil at Chalk River in relation to the growth of the
terminal shoot of white pine. Weevil oviposition does not
begin until several days after the adults have emerged from
hibernation, and once begun it continues throughout the re-
mainder of the period that the adults are found attacking
the leaders of the pine. This period extends through the
initial portion of the accelerated growth of the terminal
shoot. Larval hatching begins about one month after the
resumption of activity of the adults and larval development

continues well beyond the period of accelerated growth of
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the terminal shoot. Larval hatching begins about one month
after the resumption of activity of the adults and larval
development continues well beyond the period of accelerated
growth of the leading shoot of the pine. First pupation
corresponds rather closely with the end of the growing sea-
son of the leader and continues over a period of about two
months. About one month after the beginning of pupation,
or approximately two weeks after the end of the growing
season of the leader, the new generation adults begin emer-
ging from the infested shoots. Although the insects remain
as pupae for about two weeks only, the young adults remain
within the infested shoot for from two to three weeks before
emerging.

When these results are compared with those of MacAlo-
ney (1930), it is found that there is a marked difference
in the timing of the various phases in the seasonal history
of the white pine weevil at the northern and the southern
limits of its range. The insect emerges from hibernation
and resumes activity much earlier in the warmer southern
climates and its seasonal period of feeding, copulation,
and oviposition extends beyond the active season of the wee-

vil in the north.

2. EFFECT OF WEEVIL INJURY ON TREE GROWTH

Damage to white pine resulting from the activity of
the weevils during autumn is negligible and of no consequence

to the growth or shape of the trees. Damage of a very ser-
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ious nature, however, occurs as a régigt of the activity

of this insect during spring and early summer. The occur-
rence of small resin droplets marking adult feeding punc-
tures on the upper two or three inches of the previous
year's growth (Fig. 9) marks the resumption of weevil feed-
ing activity in spring. Such damage seldom seriously af-
fects the leader; occasionally, however, adult feeding on
the apical buds may result in the death of one or more of
the buds. An example of the death of the terminal bud and
one lateral bud is shown in Fig. 9.

Leader mortality is caused by the larvae feeding on
the inner bark while leaving the outer bark intact. Death
of the leader may easily be detected by the characterictic
drooping and discoloration of the new terminal growth later
in the season (Fig. 10). Normally, the new growth withers
and the tip bends over and turns brown, but occasionally
the shoot is killed before much new growth is added. When
this occurs, all that remains is a short brown stub.

During 1952, growth records were taken on the new
shoots on 73 weeviled leaders that eventually died. In 15
of these, no drooping occurred and the maximum amount of
new growth added did not exceed 3.5 inches. In the remain-
ing 58 the drooping characteristic was recorded in conjunc-
tion with the time of season and amount of new growth add-
ed. The results indicated that drooping occurred between
34-52 days after emergence of first-instar larvae, or ap-

proximately from mid-June through the first week in July.
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Fig. 9+ A weevilled tip showing feeding punctures, resin

droplets and a dead terminal and one lateral bud.
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A weevilled white pine leader.

Fig. 10,
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The characteristic browning of the new shoots occurred dur-
ing the month of July. Before drooping and subsequent
death, a wide range in the amount of new growth added was
observed. This varied from about one to thirteen inches
with a mean of about six inches. Drooping normally did not
occur until the maximum amount of growth of the infested
shoots was added.

Mortality of the leading shoots as.a result of larval
feeding affects the shape of the ﬁrees in one of two ways.
A single lateral may assume the leadership resulting in a
permanent crook in the mainstem (Fig. 11), or two or more
of the laterals may compete for the leadership, the subse-
quent forking rendering the tree commercially useless (Fig.
12). Weevil damage often results in the development of
"staghorn” or multiple-top "cabbage" trees of no value
(Fig. 134,B). |

Attempts to estimate the effect of weevil damage in
white pine has proven a difficult task. Graham (1926) and
MacAloney (1930) have shown that a loss in axial and radial
growth occurs on trees recovering from a single attack.
Normally only two years growth on the mainstem is destroyed,
and the loss in height growth is equal to the difference
between the maximum amount of growth on non-infested stems
and the growth added by the laterals which assume leader-
ship on infested stems. Thus, in measuring the total loss,
consideration must be given to the difference between the

growth of the terminal shoot and of the lateral shoot of
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Fige 11. Lateral shoot assuming the leadership after the death of

the leader.
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Fige 12. Growth pattern of white pine when two or more laterals

compete for the leadership.




Fig. 13. A+ Staghorn pine resulting from several weevil attacks.

Fig. 13, B. A typical cabbage pine,
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the previous year. MacAloney (1930) followed the growth
pattern of 60 non-infested and 60 infested trees for five
years and showed the approximate loss in height growth of
trees killed back two years at each attack by the weevil.
Because it is characteristic of the weevil to attack the
previous year's growth, MacAloney's measurements began one
year before the year of attack. By interpreting his curves
an estimate of the percentage loss in height growth of in-
fested trees may be obtained. The results are shown in

Table VI.

TABLE VI

Loss in height growth of white pine trees killed back two
years by the white pine weevil each time a leader is in-
fested. Data taken from MacAloney (1930)

Year Non-infested trees: Infested trees:Per cent loss
average growth of ave. growth of in growth as
leader (inches) lateral assum- result of

ing leadership weevilling
(inches)

one year

before attack 17 11 35.3

year of

attack 20 14 30.0

one year !

after attack 22 20 9.1

two years

after attack 2L 23 _ L.2

three years
after attack 25 25 0.0

four years
after attack 23 24 0.0
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It is apparent that most of the annual height loss oc-
curs as a result of the growth of the new leaders the year
before and the year of the death of the original leaders.
In subsequent years, the differences in growth between the
non-infested and infested trees are small.

The results discussed above have dealt only with in-
fested leaders which succumb to weevil attack. There is,
however, a high percentage of survival of the attacked lea-
ders each year. Surveys of leader attack and survival dur-
ing 1951 and 1953 at Chalk River indicated that between 65
and 75 per cent of the attacked leaders recover. Leader
survival is directly related to the amount of larval dam-
age occurring; thus, many leaders that are only lightly
attacked resist the attack and maintain supremacy over the
laterals and a straight boie is formed. If few in number,
the larvae are normally pitch-drowned before serious dam-
age to the leader occurs, and the presence of larvae is in-
dicated by individual trails seldom exceeding 4-6 inches
in length. Occasionally, individual trails may extend 9-
10 inches down from the top of the leader without killing
it, but the damage as measured by retardation of the term-
inal growth may be severe. Some leaders, although not com-
pletely destroyed, are retarded to such an extent that one
of the laterals assumes substitute leadership.

To determine the relationships that exist between lea-
der survival and intensity of attack, measurements were made

of the number of leaders surviving and of mean annual height
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growth in a sample of 401 white pine subjected to various
levels of larval attack. The annual height growth of a
control sample of 96 non-infested trees was also measured

(Table VII).

TABLE VII

Per cent survival of white pine leaders infested with P.

strobi larvae and comparison of the mean annual height

growth on non-infested and surviving infested leaders at

various levels of larval attack. Standard error of mean
in brackets.

Larval Number Per cent Mean growth of
attack of leaders survival survivors
class (inches)

(inches) 1living dead

Non-infested
trees = - 96 - 100 17.90 (*.480)
Infested
trees 1 48 1 98.0 16.00 (*.600)
3 e 2 95.6 13.00 (%.730)
5 33 5 86,8 10.75 (*.821)
7 16 25 39.0 10.40 (+.779)
9 é 34 15.0 8.40 (2L.955)
11-21 0 187 0.0 —————

The table shows that survival decreases sharply among
leaders in which larval damage never exceeded about 5 inches
in length and that loss in height growth in trees surviving
larval attack increases as the amount of larval damage in-
creases up to a point where the survivors only add about

one-half the growth of non-infested terminals. It is appar-
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ent that the loss in height growth serves to lower the aver-
age growth of the stand as a whole, therefore méintaining

it within the height class most susceptible to weevil attack
for a longer period. Comparison of the mean annual height
growth of infested and non-infested trees shows that at each
larval attack class the amount of growth retardation is
highly significant (P«<.02).

From the above data a measure of the loss in annual
height growth of surviving trees subjected to various amounts
of larval attack may be demonstrated graphically. Fig. 14A,
expresses the percentage survival of leaders that may be ex-
pected_at various levels of larval attack, and 14B, shows
the loss in height growth expected in survivors at similar
levels of larval attack, expressed as a percentage of the
growth of non-infested trees. |

Thus, the ability of attacked white pine leaders to
overcome weevil attack is directly related to the amount of
larval damage to which they are subjected. In leaders only
lightly attacked the larvae may feed individually rathér
than with a common feeding ring, and move down the leaders
as much as 9-10 inches before being pitch-drowned. Although
such leaders may survive, the effect of larval feeding is
reflected in the amount of new growth added by the current
year's terminal shoot. This loss varies from about 10 per
cent of the maximum growth of the season at the one-inch
level of larval attack to 100 per cent at the ten-inch level

of attack, and its severity in terms of loss in height over
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an entire stand is of course dependent on the extent of wee-
vil damage occurring within the stand. However, the loss is
not as severe unless the leaders are killed because the

trees do not suffer any deformity.

3, SURVIVAL

When young exposed stands of white pine reach a size
susceptible to weevil attack, the initial attack in the
stand is relatively low. During subsequent years, and bar-
ring the occurrence of unusual environmental conditions as-
sociated with an abnormal death rate of the insect, the in-
cidence of attack increases steadily until the trees either
outgrow the height range associated with high leader mortal-
ity or are reduced to multiple-top "cabbage™ pine shrubs.
Since the increase in leader mortality is associated with
an increase in the abundance of the weevil in the stand,
one phase of these ihvestigations has been concerned with
determining the factors associated with the general increase
in the weevil population.

Increase in population may occur by three different
means, (1) flight from more heavily infested stands, (2)
multiplication of the existing population and (3) survival
of the adults for two or more years. Here we will be con-
cerned chiefly with the second point. The work was initia-
ted with the intention of estimating the mortality under

field conditions during the egg, larval, pupal, and adult

stages of development. It was also apparent that these data
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might be very useful in determining the suitability of
existing habitat conditions for weevil development. The
developmental characteristies peculiar to the white pine
weevil impose limitations on the conclusions that may be
drawn from such a study. For example, a Single mass of
éggs could not be selected aﬁd followed through each suc-
cessive stage of development; rather, separate samples had
to be taken at intervals through the developmental period
to establish the relationships used in estimating percent-
age survival from eggs to mature adults.

Additional limitations on the usefulness of such infor-
mation, which also apply to similar studies on any organism,
include those environmental conditions under which the in-
sect developed. The results discussed below refer only to
weevil populations occurring in fully exposed stands of
white pine within the northern range of the insect.

Because of the extended period of oviposition and the
variation in the time of emergence of the young larvae, a
measure of the success of hatching was particularly diffi-
cult to obtain. However, since it is characteristic of the
adult females to deposit eggs in the upper part of the lea-
ders first and in the lower parts of the leaders as the
season progresses, it was assumed that eggs laid during late
season had an equally good chance of survival because they
would not be seriously affected by the drying out of the
bark and xylem tissue following the feeding'activity of

larvae hatching from eggs deposited earlier in the season.
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First hatching occurred about two weeks after the beginning
of‘oviposition and, as the season progressed, the percent
hatch increased égzi;yto the end of the period of activity
of the adults. The number of eggs and larvae, their dis-
tribution in the leader, and the percentage hatch at four-
day intervals extending from the beginning of the hatching
period until the end of the oviposition season, are shown
in Table VIII. About 25 per cent of the eggs failed to
hatch by the end of the oviposition season. Many of these
were found at the lower levels of attack on the leaders,

as indicated in the distribution of the eggs and larvae.
Attempts to determine the percentage hatch of the remaining
egegs were not satisfactory because by this time the leaders
had been too badly damaged by larvae hatching earlier.
Thus, an estimate of the hatch was obtained by taking a par-
tial sample within the first four inches of attack on the
leaders. The eggs laid here were deposited early in the
season and had exceeded the period of igcubation (6 to 20
days) by about one week. The percentage hatch ranged from
92.0 to 95.8 per cent with an average of 93.9 per cent
(Table IX).
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TABLE VIII

Per cent hatech of P. strobi eggs at four day intervals
from the beginning of the hatching period until the
end of the oviposition season.

No. of
Date leaders

Eggs

Larvse

Per cent
hatech

Number Distribution Number Distributions

13/5/55
17/5/55
21/5/55
25/5/55
29/5/55

2/6/55

Koo oo

345
486
763
689

‘1113

847

1-7
1-8
1-11
1-12
1-14
1-18

9
22
232
298
755
640

1-2
1-2
1-6
1-7
1-10
1-14

o

ATRO
®* & & o O

o R R R e

$Refers to the distance from tip of leader, in inches, where the
eggs and larvae were found during the counts,

TABLE IX

Percentage hatch of P, strobi eggs deposited within
the upper four inches of three white pine leaders,

Adult attack Number of Number of Per cent
class - (inches) eggs larvae hateh
1 131 124 94,7
2 95 91 95.8
3 100 92 92.0
4 71 66 93.0
1-4 397 373 93.9

Comparison of the numbers of adults emerging from in-

fested leaders with the numbers of eggs deposited within

the leaders indicated that a high level of mortality oc-

curred during the period of development from the egg to the

adult, Hopkins (1907) estimated that not more than 3 to 5
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per cent of the hatched larvae reach maturity and emerge as
adults, but he did not show how these figures were obtained.
Taylor (1929) estimated that the percentage of eggs of one
year represented by mating forms the following spring ranged
from 2.5 to 5 per cent, based on an assumed average of 100
to 125 eggs laid per leader. TFrom actual larval counts he
estimated that only 10 to 20 per cent of these were repre-
sented by mature larvae. Only one-half of the mature larvae,
or five to ten per cent of the eggs laid, emerged as adults,
Taylor then assumed that only one-half of the adults sur-
vived through the autumn activity season and winter hiber~
nation to appear as mating forms the following spring, His
figures are almost identical with those of Hopkins. One of
the chief weaknesses in Taylor's studies appears in the
estimation of the number of eggs laid per leader. The
number of eggs laid in individual leaders varies with the
extent of adult attack, and the relationship is linear.
During the present study, 81 leaders subjected to various
levels of adult attack were dissected and the eggs in them
were counted. The regression of ﬁhe average number of eggs
deposited on the extent of adult attack is shown in Fig. 15.
It is apparent that as the attack by the adults lncreases,
the number of eggs increases proportionately.

Because of the necessity of dissecting the leéders to
obtain figures on the numbers of eggs deposited in indivif
dual leaders it was impossible to observe the same sample

throughout the season and obtain absolute values of the
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survival of P. strobi from egg to adult. Consequently, se-
parate samples were taken to demonstrate the relations lead-
ing to an estimation of percentage survival from egg to
adult. This necessitated the comparison of average values'
obtained by interpolation of the relationships between two
or more different samples, each with a common variable.
With a significant relationship between adult attack and
number of eggs laid, the problem seemed to be one of mea~
suring the amount of adult attack at the end of the adult
activity season on a sample of standing trees and estimat-
ing the number of eggs laid from Fig. 15. An additional
survey at the end of the period of emergence of the new
adults would produce figures on the number of adults aris-
ing from the eggs deposited. However, it was not possible
to obtain an accurate count of the number of adults emerg-
ing from leaders when these were left standing in the field
because of the high incidence of bird damage and leader brea-
kage during the period of larval development. It was poss-
ible, however, to estimate the amount of larval damage in
relation to the amount of adult damage in the field, since
larval predation by birds was considered one of the natural
factors of the environment affecting the survival rate.

The steps involved in determining the amount of larval
damage based on the number of eggs laid included calculat-
ing the relation between the amount of larval attack and the
amount of adult attack.. This is shown in Fig. 16 and is ba-

sed on measurements of 4Ol leaders which were sub jected to
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various levels of adult attack. It will be observed that
at the higher levels of adult attack, the curve of larval
damage tends to level out into a plateau. This might be
expected since leaders heavily attacked contain upwards
of 300 to 400 eggs, and with about 94 per cent hatch, the
competition between larvae would be exceptionally high. A
greater number of larvae would die, leaving only those cap~
able of obtaining sufficient food to complete development.
As the factor of adult attack is the independent var-
iable common to both Figs. 15 and 16, interpolation of the
two permits one to express.the relation between the number
of eggs laid and the amount of larval damage occurring
(Fig. 17). As expected, the resultant curve is similar in
shape to that of Fig. 16, with the amount of larval damage
in the leaders showing a decrease in intensity as egg num-
bers increase, particularly at the upper end of the cﬁrve.
Counts on the number of adults emerging from infested
leaders were obtained by collectihg leaders in the field
during the pupal period and trapping the adults as they
emerged. By this method it was possible to eliminate in-
accuracies in counts made in the field which involved
counting the number of emergence holes in the leaders.
Leaders collected in the field and taken to the laboratory
are no longer accessible to birds and other predators but
by this time of the season their value as natural control
factors is reduced to near zero because pupation and adult

development take place almost wholly within the pith. The
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control exerted by parasites within the leaders would not
be affected by removing the leaders from the field.

The number of adults emerging from the leaders was
compared with the amount of larval damage. Fig. 18, which
is based on counts of adults trapped from 418 leaders or-
iginally infested with larvae over a range of from 1 to 23
inches of attack, shows that there is a very low incidence
of adult emergence from leaders suffering from 1 to 7 inches
of larval attack, but that the number emerging increases
sharply from this level up to about 19 inches of attack and
then levels out into a plateau at about the 2l-inch level
of attack, which is associated with an average of about 8.2
adults per leader.

Following the system of working with averages, the rela-
tion between the number of eggs deposited per leader and the
number of adults emerging from the leaders was determined by
interpolations of Figs. 17 and 18, The results wre illustra-
ted in Fig. 19A, which shows that more than about 260 eggs
per leader does not add greatly to the number of adults em-
erging. This is undoubtedly because of the more intense com-
petition between larvae. Fig. 19B shows the percentage of
the eggs laid per leader which ultimately become adults. The
highest percentage of eggs giving rise to adults occurs in
leaders containing between about 145 and 220 eggs; within
this range, from 3.0 to 3.1 per cent of the eggs are repre-
sented by adults emerging from the shoots. Of the entire

egg population, about 2.6 per cent become adults.
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The results described above indicate that high mortal-
ity occurs during the period of develcopment from egg to
adult. As shown earlier, however, the percentage hatch of
the egg is about 94 per cent. Thus a high level of mortal-
ity must occur during the period extending from the time of
hatching of the eggs to the time of emergence of adults
from the leaders. Therefore, studies were undertaken to
determine the percentage of larvae and pupae reaching mat-
urity, and the survival of adults before emergence from the
leaders.

Table X shows the percentage of larvae maturing in a
sample of 37 leaders with larval damage renging from 6 to
20 inches that were collected and dissected after the com-
pletion of larval development. The Table shows that 87
to 92 per cent of the larvae die before maturing with the
average at 90 per cent. In this Table, the number of eggs
laid has been calculated on the basis of the extent of lar-
val damage as shown in Fig. 17, and assuming a hatch of 94

per cent as indicated in Table IX.
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TABLE X

Percentage survival of P. strobi larvae. The number of

eggs hatching determined by estimating the number of eggs

laid on the basis of the extent of larval damage as shown
in Fig. 17 and assuming a hatch of 94 per cent.

Larval No. of No. of No. of eggs No. of Per cent

damage leaders egegs hatching mature larval
(inches) larvae mortality
6-10 10 800 751 72 90
11-15 15 2230 2094 276 87
16-20 12 3043 2857 230 92
6-20 37 6073 5703 578 90

Following the period of adult emergence, 69 leaders
from which a known number of adults had emerged were dis-
sected and the numbers of dead pupae and adults were re-
corded. The results showed that of a total of 288 insects
recorded, 275 or 95.5 per ecent completed pupal development
and 263 or 95.6 per cent of the mature pupae emerged from
the leaders as adults.

The information presented in the previous pages deal-—
ing with the survival of the white pine weevil during its
development may be grouped into a table showing the sur-
vival and mortality of each successive stage of develop-
ment from the time the eggs are deposited in the spring
until the adults emerge from the infested leaders during
the autumn (Table XI). In this table, the percentage
mortality and survival during the prepupational period
represents the difference between the number of mature

larvae observed and the total number of pupae and adults.
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The table shows that mortality of the weevil is partieularly
high during larval development and during the prepupational

period.

TABLE XI

Survival and mortality during the various stages in the
development of P, strobi from egg to adult.

Stage of Per Cent Survival Average Per Cent
Development Range Average Mortality

Egg 92 - 96 94 6

Larva 8 - 13 10 90

Prepupation 32 68

Pupa 95 5

Adult (before emergence) 96 4

Cumkplative mortallty may be obtained by determining
the mortality of the larvae, pupae and adults on the bhasis
of the estimated number of eggs deposited in each sample of
leaders collected during these studies. In all leaders used
the extent of larval damage was recorded, and with this in-
formation the average number of eggs deposited was read
'directly from Fig. 17. Thus, it was found that on the basis
of the number of eggs deposited in the leaders dissected
during the mature larval count, mortality amounted to 91 per
cent. Mortality during prepupation amounted.to an additional
6 per cent, and pupal and adult mortality within the leaders
amoﬁnted to 0.3 per cent, The total of these values, when
subtracted from 100 indicate the percentage of the eggs
which are represented by adults emerging from the infested

leaders, The difference is 2,7 per cent, which is quite
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close to the 2.6 per cent based on the egg population shown
in Pig. 19B,

When considered in terms of hibernating insects, these
values will be reduced by 16.7 per cent which represents the
amount of mortality during the autumn season before hiber-~
nation. An additional 16.6 per cent die during hibernation,
Thus, when 2.6 per cent 1s used as the base it can be cal-
culated that the percentage of the eggs represented by
adults emerging from hibernation the following spring is 1.8.
Since each weevlil female deposits an average of about 125
eggs, the percentage quoted above may be multiplied by 1.25
to give an accurate indication of the population increase.
The resulting value is approximately 2.25. On the basis of
this figure, it appears that we have the requisite condi-
tions for a growing population of P, strobi within the
limited range of habitat conditions mentioned earlier. With
a ratio of at least one female to one male weevil in the
population (J. M. Anderson, personal communication) the
above value indicates a population increaée of 13 per cent
per year. This percentage is undoubtedly higher than that
which actually occurs in the field because the mortality of
the adult weevils during the period extending from the time
of emergence from hibernation until the full complement of
eggs have been deposited has not been taken into consideration.

There 1s some evidence indicating that weevil adults
are capable of surviving two years and depositing as many

eggs the second year as the first (Hopkins, 1907; Payloer,
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1929), Survival studies carried out under insectary condi-
tions at the Petawawa Forest Experiment Station indicated
that only about 14 per cent survived for two years. Thus,

it appears that the general Increase in weevil populations
throughout the susceptible period of white pine results

from the normal productivity of the existing population.
Although flight from near-by stands is undoubtedly an
important factor in the initial infestation of the stand, the
increase in the weevil population associated with an increase
in white pine leader damage depends more on local increase
than upon weevil migration.

It 1s of interest to speculate on the causes of mort-
ality during the larval period., In lightly attacked lead-
ers the young larvae are generally plitch-drowned shortly
after hatching. In heavlily attacked leaders 1t 1s suspected
that many of the larvae hatching from eggs lald very late in
the season meet the same fate since such larvae, found at
the lower level of the attack range, are fewer in number
and are therefore unable to form a concentrated ring about
the leader, In addition, large numbers of larvae undoubtedly
die from starvation, since as they mature the number that
can encircle the leader drops greatly and those failing to
maintain position within the feeding ring are unable to
obtain sufficient food.

The presence of parasites also accounts for a part of
the high mortality observed during the period of larval

development. While dissecting leaders it was noticed that
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groups of the eggs of the parasite, Lonchaea corticis

Taylor, became more frequent during the latter part of the
oviposition season of P, strobi. Clusters of the up-ended
eggs were first observed about three weeks afteéer the be-
ginning of weevil oviposition. Very rarely were they
observed in punctures containing weevil eggs. When‘hatched,
the maggots usually follow the weevil larvae down the leader,
consuming many in the process (Taylor, 1928a). This para-
site has a wide distribution, extending over the entire
range of the white pine weevil.

Taylor (1929) estimated that mortality of larvae as a
result of parasitism by other insects and bird and insect
predation accounts for about 30 per cent of the larval pop-
ulation. Therefore, it is suggested that excessive compe-
tition for food in leasders containing high larval populations
and pitch-drowning of low larval pbpulations accounts for
the additional mortality that occurs. It should be pointed
out that pitch-drowning may result from too slow movement,
which in turn results from too low temperatures. Hence,
although pitech-drowning is the immediate cause of death, it
appears that the influence of bark temperature on the rate
of movement of the larvae is the real reason for the high
mortality. With the possible exception of prepupa mort-
ality, mortality at all other stages of development is
negligible when compared with that during the period of
larval development., It is suggested that the high per-

centage mortality of the prepupae may be the result of
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‘excessive heat within the dead leaders.

It is recognized that the use of average values cal-
culated from separate samples is not the most satisfactory
method for predicting the survival of insects and demon-
strating that a population is either inereasing or decreas-
ing, but the necessity of using such methods in studies on
certain insects 1is often inherent in the developmental
characteristics peéuliar to the insect., Although they are
of limited predictive wvalue, the results of this gtudy indi-
cate that natural reproduction of the white pine weevil and
survival of the adults for more than one year are factors
largely responsible for the genseral increase in weevil pop=
ulations in susceptible, fully exposed white pine stends,

" It should also be mentioned that preliminary observ-
ations in shaded white pine stands indicate that the yearly
attack by the weevil is almost wholly dependent upon the
flight of weevils from open-grown stands. Inspection of
mixed stands of white pine and aspen and white pine and red
oak where leader mortality was in the order of 10 per cent
or less of that occurring in adjacent open stands showed
that an average of less than one adult emerged per leader,
The foregoing results indicate that this number is not

sufficient to maintain a population.

4, EFFECT OF ENVIRONMENTAL FACTORS ON ACTIVITY AND BEHAVIOUR
a, Materials and Methods

(1) Meteorological observations
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Meteorological observations were made with standard
Stevenson screen equipment. Additional thermographs, a
sling psychrometer, a portable potentiometer with thermo-
couples, and a General Electric pocket radiation meter
formed part of the equipment used in the field. An Eppley
pyrheliometer installed at the laboratory was used to cali-
brate the pocket radiation meter and to accumulate seasonal
records of total radiation.

The pocket meter was used to nieasure solar radiation
under different kinds of cover. The portable potentiometer
and thermocouples were used to take temperature readings at
sites pertinent to weevil behaviour. For example, they
were set up to record temperatures of the bark, ambient air,
and the air among white pine bud clusters, in conjunction
with the biological observations. The bark temperatures
measured represent the surface temperature of the bark.

As pointed out by Wellington (1950), thermocouples cannot

be expected to give a true surface temperature of the bark
since the thermocouple is affected by the bark temperature
itself and the thin.layer of air surrounding it so that the
measurements obtained give only an approxiﬁation of the tem-
perature of the bark. However, they describe most accurately
the measurable temperatures directly pertinent to insect ac-
tivity.

Air temperatures recorded by means of thermocouples
were made by shielding a Junction from direct radiation

with sméll squares of aluminum foil attached to the wires
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e—-o0ne to two inches back of, and mounted above, the
juhction (Wellington, 1950). The accuracy of all junctions
was checked in the laboratory before being used in the
field. Those which varied by more than 0.5°C of the temp-
erature of a water bath were discarded.

Temperature measurements were made with No. 24 and No.
30 glass-insulated, copper-constantan thermocouples. In
the early stages of these studies, temperature measurements
were made with a portable potentiometer measuring in milli-
volts so that it required a reference junction. 1In the
field, the reference temperature was obtained by mounting
a thermometer within the potentiometer housing. At each
observation, the millivolt and thermometer readings were
recorded consecutively. Actual temperétures of pertinent
sites were obtained by means of an alignment chart.
Throughout most of the field studies, however, a portable
potentiometer calibrated to read directly in degrees centi-
grade was used for measuring temperatures with the thermo-
couples. A ten-foot copper-constantan lead which could be
readlly connected to each of a series of thermocouples in
turn was attached to this instrument,

Additional hygrographs and thermographs were set up in
selected sites to supplement the Stevenson screen records,
One black-bimetal thermograph was set up ln the observation
area to obtain a measure of insolation. In conjunction with
the above records hourly records were kept on cloud types

and amounts, wind speed and direction, and types and duration
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of rainfall for the daily period, 0800 to 2000 hrs. Also
available for examination were records of the hours of sun-
shine, temperature, relative humidity and rainfall main=-

tained by the Petawawa Forest Experiment Station,

(2) Biological observations

Biological observations were made in conjunction with
the meteorological observations discussed above., These in-
cluded records on the emergence of weevil adults from hiber-
nation during the spring and their initial activity. Follow-
ing emergence, a programme of observations of their behavi-
our and activity was initiated and continued throughout the
season. Four major types of activity of the adults during
the spring were noted and classified as feeding, copula-
tion, oviposition and inactivity. OSpot readings on an hour-
ly basis were taken on a number of trees. During preliminary
observations, entire trees were examined, but this proved
to be very time consuming. Since the records indicated
that spring weevil activity was confined chiefly to the
terminal shoot of the previous year, the observations there-
after were limited to an examination of this portion of the
trees. On occasion, however, whole trees were critically
examined, particularly when differences in the daily be=-
haviour pattern of the insects became evident.

Field records were also obtained to show the influence

of physical factors of the environment, particularly temperw~
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ature, on larval developmental rate. The larvae spend their
entire developmental period within a leader and cannot be
directly observed. However, they normally form a concentric
ring about the leader soon after hatehing and move down it
by feeding on the inner bark. The position of the feeding
ring of larvae is readily detected by the discoloration and
texture of the outer bark, which is left 1ntact.. Thus, the
observations consisted of recording the amount of movement
within individual leaders by marking the consecutive
positions of the feeding ring with pins and measuring the
distance between marks, These measurements were taken at
two-day intervals throughout the larval perilod.

During the autumn young adult weevils emerging from
infested leaders are active for an extended period of time
before hibernating, and field studies were continued during
this period. These studies included observations on emerg-
ence, activity, and hibernation. Activity during this sea-
son 1s limited chiefly to feeding on lateral as well as
terminal shoots and on both new and old growth. Consequently,
it was necessary to examine the trees critically to locate
the insects and observe whether they were feeding or in-
active. As mentioned earlier, this process is time consum-
ing, so that additional records were obtained by inspection
of caged trees containing a known number of insects.

Preliminary investigations in the field indicated that
there are certain periods in the development of the weevil

during which behaviour cannot be accurately studied by




97

ordinary observation., This is particularly true of the
period during which adults are active before hibernation.
Therefore, such adults were tagged externally with radio-
active cobalt, liberated in selected areas, and their move-
ments were traced with suitable detecting instruments
(Sullivan, 1953).

The dispersal and flight hablits of the weevil were
observed in cbnjunction with the meteorological observations,
In these studies, 00%0-1abelled adults were used in an
attempt to determine the dispersal and mortality of insects
liberated in shaded and exposed sites.

All times quoted are Eastern Standard and all temper-

atures quoted are in Centigrade degrees.
b. Results

(1) Spring population of adults

(a) Emergence frombhibernation

As polnted out earlier, first emergence of the white
pine weevil from hibernation corresponds closely toi{he
time the terminal buds of white pine begin to swell. The
time and rate of emergence, however, also varies in relation
to temperature and to the exposure of the hibernation site.
Fig. 20 shows the cumulative percentage emergence of 723
weevils from three hibernation sites of different exposure
in relation to the maximum daily air temperature. Minimsl

conditions for emergence occurred on days when the maximum
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alr temperature reached about 9°C, On such days the amount
of emergence was maintained at a very low level., Optimum
conditions for emergence occurred on days when the maximum
air temperature exceeded about 16°C,

The rate of emergence also varies in relation to
exposure of the hibernation site (Fig. 20). Emergence from
fuily exposed sites may be as much as 30 per cent higher
than emergence from shaded s ites, particularly during the
early part of the season, Additional observations showed
that emergence occurred only when the soil at the hiber-
nation sites was warmed to about 6°C or above, Hence, the
differences in rate and time of emergence were dependent
chiefly upon the temperature difference between exposed and
shaded hibernation sites. Examples of the trend in the
temperatures of these sites and the air temperature at four
feet above ground level during the early and latter portion
of the emergence period are shown in Fig. 21, This figure
clearly shows the effect of radiant heating on the temper-
atures of the two sites., Early in the season, exposed sites
are warmed well above the temperature threshold for emerg-
ence while the shaded sites are maintained near or well
below the temperature threshold. By late season, the
temperature of shaded sites has increased to a level
comparable to that occurring in exposed sites during the
early part of the season. Thus, the length of the emergence
season is dependent upon the penetration of insolation to

the s80il surface in shaded sites and the rate of warming of
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the soil. In terms of maximum daily temperature, a period
of about 5 to 6 days of relatively clear warm weather dur-
ing which the temperature rises from about 16° to 25°C is
required for most rapid emergence of the weevil from sha-
ded hibernation sites. Low temperatures such as occurred
between April 25 and May 2 (Fig. 20) tend to prolong the
period of emergence considerably.
(b) Habitat temperature and its effect on weevil behaviour
When they become active after emergence from hiberna-
tion, adult weevils may travel through a wide range of tem-
perature within the limits of a single habitat. However,
the level and variation in the diurnal temperatures of the
habitat and, consequently, the amount of weevil activity,
depend on the time of day and season, and on exposure. Dur-
ing the early part of the season, relatively cool weather
prevails, whereas the latter part of the season has rela-
tively warm weather. These conditions are reflected in the
temperatures of weevil habitats. Tables XII and XIII show
habitat temperatures pertinent to weevil behaviour on rela-
tively clear days during the early and latter parts of the
season of activity of the adults. These tables, in addition
to showing that a general rise in hagbitat temperatures oc-
curs as the season progresses, show that, at exposed points
of the habitat (e.g., the bark surface of exposed leaders
in an open grown stand) the temperature is maintained at a
level equal to or higher than the temperature of the sur-

rounding air throughout most of the daylight hours. On the
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other hand, at shaded points of the habitat such as the
base of the trees, the temperatures are normally maintained

below the air temperature.

TABLE XII

Temperature and temperature differences at various points
within an exposed habitat of P. strobi adults on a clear
day during the latter part of April.

Time 1 2 3 L 5

0900 15.6 0.5 -0.2 -8.8 -9.3
1000 16.4 2.0 1.1 -6.9 -6.5
1100 17.6 3.0 2.2 -0 -3.6
1300  18.5 RN 3.7 4.6 -1.7
1400 18.8 3.0 1.8 -0.5 -1.6
1500 20.5 2.3 0.6 1.7 2.7
1600 21.1 1.9 1.5 4.9 b5
1700 18.9 0.6 - 1.2 4.3 b2
1900 13.1 0.8 0.0 5.4 -5.7

Code: 1. Air temp. at 4 feet above ground level.
2. Bark t. one inch from top of leader minus No. 1.
3. Air t. among terminal buds minus No. l.
L. Bark t. at base of tree minus No. 1.
5. Surface t. of ground cover at base of tree minus
No. 1.

The weevils move to the warmest points of the habitat
and this travel serves to place them on the upper part of
the leader and terminal buds. They feed on both the leader
and the terminal buds and deposit eggs in the bark of the

leader. The intensity of these activities is directly de-
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pendent upon the temperature of these sites, particularly
the bark of the leader. Consequently, during early sea-
son, the daily temperatures permit only an abbreviated
period of feeding and oviposition activity which is kept
at a relatively low level., As the season progresses,
higher temperatures at the activity sites result in a
high level of weevil activity which persists throughout
most of the daylight hours. It should be mentioned that,
during the latter part of the season, the terminal buds
of white pine have expanded into new shoots, so that they
no longer enclose a pocket of air warmer than that of the

surrounding air,
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TABLE XIII

Temperature and temperature differences at various
points within an exposed habitat of P. strobi adults on
a relatively clear day during the latter part of May.

Time 1 2 3 b

0745 15.0 342 -0.5 2.1
0815 18.1 2e5 -2.2 1.8
08h5 1908 302 -1.0 hoé
0915 20.1 5.3 -209 hog
09#5 21.1 50h -301 009
1015 22.5 l&oo "lboo 000
1014.5 21.-.9 3 07 "601 -208
1115 2600 lo? -701 -305
llh5 2603 loh -703 -h.O
1215 27.0 1.0 -8.0 -5.0
12k5 2707 103 '709 -hol
1315 2601 009 -701 -ll'oé
13“5 2708 2.7 ‘704 '109
lllrl5 26.0 3.0 "6.0 -3 08
lhh5 2701 3.2 -502 -100
1515 26.6 5¢5 -5,6 -0.7
15L|'5 2505 305 -506 "109
1615 25.0 5.3 =55 -1.4
1645 26.8 6.2 "'60‘# -2.8
1715 26.2 308 "604 "‘209
171#5 . 26.1 300 -700 -1&.2
1815 21{-.1 2.9 -502 "300
1810»5 20.9 300 -301 -200
1915 1607 102 -0.8 -l.O

Code: 1, Air temp. at 4 feet above ground level.
2. Bark t. one inch from top of leader minus No. 1,
3. Bark t. at base of tree minus No. 1.
L, Surface t. of ground cover at base of tree minus
No. 1.
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Terminal bark temperature level is a product of ambi-
ent air temperatures and insolation. During the early per-
iod of weevil activity, ambient air temperatures are often
below levels associated with weevil activity but leader
bark temperature during periods of maximum insolation
(about selar noon at this time of year) may be raised to
limits permitting a low amount of activity. The actual le-
vel of the leader bark temperature is regulated by ambient
air temperatures, which are generally low enough at this time
of year so that the highest bark temperatures reach a level
associated with a relatively low intensity of weevil activ-
ity.

However, later in the year, ambient air temperatures
are more often within the range associated with a relative-
ly high level of weevil activity. At this time of the sea-
son the greater elevation of the sun early in the morning
and late in the afternoon provides more radiant energy and
so maintains leader bark temperatures at levels associated
with high weevil activity. At mid-day, even though the
angle of incidence of the sun's rays is less than at mid-
day during the early season, higher ambient air temperatures
keep leader bark temperatures within the range associated
with high weevil activity. Hence, as the season of weevil
activity progresses, the daily period of high weevil activ-
ity is progressiwly extended, starting earlier in the morn-
ing and ending later in the afternoon and evening.

Introduction of clouds produces a general drop in the
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range of temperature differences observed. Thin cirriform
and broken cumulus clou&s allow sufficient passage of in-
solation to maintain the bark tempefature of an exposed
white pine leader from about 0° to 5.5° above air tempera-
tures ranging between 15 and 28°C. This represents a re-
duction of about 1-20C in the range of temperature differ-
ences occurring on clear days. Under a heavy overcast of
cumuliform or stratiform cloud, the bark temperature of a
leader does not exceed the air temperature by more than
2,20C, During rain, the bark temperature of a leader
varies slightly above and below the air temperature but
the differences are negligible. In conjunction with the
general drop in the bark temperature of the leader there
is a general drop in the amount of weevil feeding and ovi-
position.

When the bark temperature of the leader does not rise
above 25°C the insects exhibit a more or less orderly
trend of diurnal behaviour. During early morning the in-
sects rest at the base of the trees and among the bases of
the terminal buds. As they are warmed and activated they
move to the most exposed sector of the leader which is on
the east side early in the day. As the day progresses,
they move around the leader, keeping within the more ex-
posed sectors until late evening when they finally take.
up positions in the west and north sectors. Bark tempera-

tures in exposed sectors may range as high as 4LOC above
shaded sectors and the insects by maintaining exposed
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positions remain within temperature zones permitting great-
er activity. During periods when the bark temperature
ranges between 259 and 32°C, observations on groups of
adults indicate random movements which can only be inter-
preted with a knowledge of their reactions to light and
temperature. Thus, a single observation on a group of wee-
vils on a leader may show insects feeding and ovipositing
on exposed and shaded sectors, others moving up and down
exposed and shaded sectors, and still_others moving out

to the ends of needles in preparation for flight. This
variation in behaviour is the result of the previouskem-
perature conditioning of the insects. For example, some
of the insects may be moving from shaded, cooler tempera-
ture zones and hence have not become overheated, whereas
others which have been exposed and overheated are beginn-
ing to shift to shaded, cooler sectors of the habitat. At
temperatures above about 32°C those insects which have not
left the leader begin congregating in the shaded sectors.
Many leave the leader entirely. At bark temperatures near
389C all insects have left the leader. It should be men-
tioned that at the higher temperatures the insects are
very sensitive to touch and drop readily after slight
prodding.

(c) Effect of weather on feeding, copulation, and ovi-
position

It has been mentioned that feeding and oviposition

activities of weevil adults during the spring are confined
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to the leader. These activities occur in a definite pattern,
beginning first on the uppermost portion of the leader just
below the buds and occasionally on the buds themselves.,
Consequently, early in the season a high percentage of the
punctures are within the upper two to three inches of the
leaders. As the season progresses, punctures are found
progressively farther down the shoots. This pattern of attack
may occur as a result of the upper reglons of the leaders
approaching a puncture threshold. Thus, by the end of the
season, the general pattern of puncture distribution be-
comes relatively even throughout much of the area of the
leader containing feeding and oviposition sites.

Several adults may feed and oviposit in a single leader,
On the other hand, a single female may feed and deposit eggs
in several leaders. Once leaders are attacked it 1s sus-
pected that the odour from them serves to attract other
adults to the same leaders. Tests on the reactions of
adults when exposed to alternative choices of white pine
odour and odourless air within an olfactometer at approxiw
mately 249C and 55-60 per cent relative humidity gave a
range of index of reaction of 55t9.0. The index of the
olfactory response may be calculated from the formula 100
(D-W)/N, where D is the sum of the positions occupied by
the insects in the odour choice, W the sum of the positions
in the odourleés, and N the total number of positions per
cholce (Bentley, 1944)., This result, based on two tests

involving 200 observations, indicates a strong response of
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the insects to white pine odour, so that they might be exe
pected to return to leaders previously subjected to attack.,
It was possible ﬁo determine the number of punctures
accurately but impossible to separate these into feeding
and oviposition punctures., Consequently, a number of in-
fested leaders were collected for dissection in the lab-
oratory. The leaders were first marked off into one-inch
intervals beginning at the tip, and the number of empty
punctures and punctures containing eggs were recorded for
each interval. Twenty-eight leaders were collected and
dissected: ten during early season, April 27 to May 1;
ten during mid-season, May 13 to May 17; and eight during
the latter part of the season, May 29 to June 2., Fig. 22
shows the percentage frequency of feeding and oviposition
punctures per leader in relation to distance from the top
of the leader during the three periods. During early sea-
son, the attack is limited to the upper three to four in-
ches of the leader with about 50 per cent or better of the
punctures occurring within the first inch (Fig. 22A, Al).
Most of the punctures present during this period are the
result of feeding activity and only 1l1-12 per cent of those
observed contain eges, Nevertheless, as Fig. 22A1 shows,
about 55 per cent of the eggs present are found within the
first inch of attack. By mid-season the percentage of
punctures containing eggs has risen to 35-36 per cent but
the general pattern of their distribution followed closely
that of the feeding punctures (Fig. 22B, Bl). The attack
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has, however, extended further down the leader, presumably
the result eof a puncture threshold being reached at the upper
levels. Parts C and Cl of Fig. 22 show the pattern of
puncture distribution near the end of the season when 51-52
per cent contained eggs. In contrast to parts A and Al of
this figure, where the punctures were confined to the upper
few inches of the leader, the distribution near the end of
the season shows a relatively constant percentage of punc-
tures at each interval over the entire leader.

It is indicated in Fig. 22C-Cl that the percentage of
punctures containing eggs and those free of eggs at each
interval along the leader fit a ratio of approximately 1l:1,
Leaders were collected at the end of the oviposition season
to determine if this ratio varied significantly from t he sus=
pected 1:1, The results of chi-square analysis of data
recorded from seven leaders is shown in Table X1V, The
results for heterogenelty indicate no differential effect
of the position on the leaders on the ratio of one egg
puncture to one feeding puncture, The greater portion of
the total chi-square is due to the failure of the number of
eggs and feeding punctures at the 1.5- and 9.5 inch inter-
vals to fit under the 1l:1 hypothesis. TFor the other class

intervals the fit of 1l:1 is reasonably good.
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Numbers of oviposition and feeding punctures of P. strobi
adults at inch intervals along seven white pine terminals
with numbers expected under the 1l:1 hypothesis and values

of Chi=-square.

Class Oviposition Feeding
interval punctures punctures Total Chi-square
Obs. Exp. Obs. Exp.
0.5 200 190 180 190 380 1,152
1.5 167 144 121 144 288 74346
2.5 156 149.5 143 149.5 299 « 566
3¢5 123 120.5 118 120.5° 241 104
Leb 107 103.5 100 103.5 207 «236
5.5 103 103 103 103 206 000
6.5 102 95.5 89 9545 191 .884
75 101 109.5 118 109.5 219 1.320
8.5 86 89.5 93 89.5 179 o274
9¢5 71 86 101 86 172 5.232
10.5 41 k5.5 50 L5.5 91 .890
11.5 51 49 47 49 98 .163
12.5 40 L3 L6 L3 86 419
13.5 19 22 25 22 Ll .818
14.5 7 21.5 16 21.5 43 2.814
15.5 14 15.5 17 15.5 31 «290
16.5 13 12,5 12 12.5 25 040
17.5 6 9 12 9 18 2.000
Totals 1427 1391 2818 2,548
DF
Total chi-square 24,548 18
Pooled chi-square 4,60 1
Heterogeneity 2L . 088 17
P--,10 - ,20

During the observations it was observed that punctures

containing eggs were very frequently covered with a cap

which appeared to be composed of a mixture of wood chips and

a cementing material.

On occasion, small piles of bark chips

were found lying beside the feeding punctures, but the open-
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ings were seldom plugged. Records were taken to determine
the consistency of the presence or absence of caps closing
off the openings of the feeding and oviposition punctures.
When the data were set up as a 2x2 contingency table, the
relationships were so striking that there was no need to
complete the celculation of the chi-square values. The
results, shown in Table XV indicate the regularity with
which the punctures containing eggs are capped while those

without eggs are left exposed.

TABLE XV

Comparison of capped and uncepped punctures in
relation to the presence or absence of eggs

therein,
Capped Not capped Total
with eggs 2334 217 2551
(1268.2) (1281.8)
without eggs 174 2320 2494
(1239.8) (1254.2)
total 2508 2537 5045

The amount of weevil feeding, copulation, and ovi-
position observed during a given pefiod is a function of
the existing climate., Within reasonable limits, factors
such as wind seem to have little effect on the amount of
insect activity. Heavy rain halts all activity although a

small percentage of the insects remain active during periods
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of light rain. The most important element affecting the
classified types of weevil gctivity is the bark temperature
of the leader, although solar radiation and relative humi-
dity can not be ignored. Solar radiation affects the body
temperature of the insects, but it affects the bark temper-
ature in much the same way. The two temperatures are main-
tained within 2°C. of one another with the body temperature
of the insects beling higher, Therefore, solar radiation
has not been treated in as much detail as the bark temper-
ature and relative humidity.

The data were first analyzed to determine the in-
dependent influence of each factor on the percentage act-
ivity of the insects. Kach percentage was calculated on
the number of insects observed at definite levels of each
weather factor. Regression analysis was carried out and in
all cases the classified type of activity was used as the
dependent variable. The observations were repeated during
consecutive years (1951-52) and the results were tested for
significance to determine whether the insects of different
generations reacted similarly to temperature and humidity.
The calculated "b"™ values and mean square of error values
of regression analysis were compared and the results are
shown in Table XVI, During 1951, the amount of oviposition
observed was not sufficient to warrant treatment in this
manner, hence the two years' data could not be compared.
Table XVI shows that none of the "b" values were signifi-

cantly different. In only one of the mean square af  error
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comparisons did the "PFP" value indicate borderline signifi-
cance, This occurred in the regression of percentage copu-
lation on relative humidity and appeared to result from an

insufficient number of observations during 1951.




TABLE XVI

Comparison of "b" values and mean square of error values calculated from

regression analysis of the classified types of weevil activity on air

temperature, leader bark temperature and relative humidity for
the years 1951 and 1952.
and mean squares by F-test.

"b" values compared by t-test

Weather Activit b value t P Mean square F P
factor type (%§ T1951 1952 1951 1952
Air t. total 3.704 2.834 .897 205 87.26 136.03 1.56 >.05
activity (n-18) {n=23)
Bark t. feeding 2.hl9 1.187 1.229 >.05 160.75 92.16 1.74 ».05
n=15) (n=25)
ccpula— lﬁll-57 10306 .331 ,005 30082 15093 1093 7005
tion (n=21) (n=24)
inact- =2.,763 -2.392 426 » 05 176.30 125,04 l.41 >.05
ivity (n=21) (n=25)
Rel. feeding -0.440 -0.468 .121 .05 47.97 L9 .54 1.03 >.05
hum. (n=12) (n=17) |
copula- =0.318 -0.298 .138 »>.05 18.97 - 6.26 3.03 .05
tion (n=23) (n=16)
inact- -0.810 -C.749 .168 705 66.50 64.88 1.03 2,05
ivity (n=12) (n=17)

9Tl
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Orthogonal polynomial curves (Snedecor, 1950) based
on 7592 observations of individual weevil activities are
used to show the relationships between insect activity and
physical factors. In Fig. 23, which shows the regression of
the percentage of the total combined weevil activity on air
temperature, the correlation between the expected and the
actual values is highly significant (r=.941). The curve
shows that weevil activity increases as the air temperature
increases to an optimum of 28°C. The lower limit of air
temperature associated with weevll activity occurs between
5° and 6°C,

The percentage activity of the weevil population on
the leaders is most closely related to the bark temperature
of the leader. This might be expected since the bark
temperature represents the temperature of the surface with
which the insects are in contact and, therefore, is close
to their actual body temperature. TFig. 24 shows the general
increase 1in weevil activity as the bark temperature increases
from about 8% to 329C and the rapid decrease from maximum to
zero activity between 32° and 359°C. Thus, the insects are
active within a bark temperature range which 1is higher by 2
to 4°C than the comparable alr temperature range.

The 1lnsects are sensitive to changes in solar radiation
(Fig. 25) but as pointed out earlier, solar radiation is
directly reflected in the bark temperature at the activity
site so that its gffect may be observed in the bark temper-

ature-percentage activity relationship shown in Fig. 24.
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Further analysis of the temperature-activity relations
involved determining the influence of bark temperature on
the individual classified types of weevil activity. The
regression of percentage feeding, copulation, and oviposition
on the bark temperature of the leader is shown in Figs. 26,
27 and 28, respectively. Fig. 26 shows a marked increase
in per cent feeding occurring at bark temperatures between
8% and 29°C. Below 8°C no feeding occurs and between 29°
and 359C feeding activity decreases rapidly. The rapid in-
crease in percentage feeding at the lower end of the temper-
ature scale indicates that a large percentage of the insects
may engage in this activity over a wide range of bark temp-
erature. The increase in percentage copulation (Fig. 27)
occurs at a relatively steady rate between 8° gnd 33°C but
it drops rapidly between 33 and 35°C. On the other hand,
percentage oviposition (Fig. 28) increases slowly between
bark temperatures of 10° and 20°C, accelerating rapidly at
temperatures between 20 and 29°C. Between 29 and 35°C, the
intensity of oviposition decreases rapidly. The results
show that oviposition activity is sharply limited by the
bark temperature of the leader - a significant fact for in-
terpreting population differences in different types of
stands.

During the spring the adults also appear sensitive to
changes in atmospheric moisture. Fig. 29 shows the regres-

sion of per cent activity on relative humidities between 20
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and 100 per cent. As the humidity rises the percentages of
weevils engaged in feeding, copulation, and oviposition de-
crease until only about 7 per cent of the insects are act-
ive at 100 per cent relative humidity. Further analysis
indicated that this relation is at least partially reflec-
ted in the temperature-activity relations. To show this,
the relation between relative humidity and air temperature
has been calculated and the results, based on weighted av-
erages of the relative humidity records taken in conjunc-
tion with observations on insect activity, are shown in
Fig. 30. It is apparent that, on occasion, unusual combin-
ations of temperature and humidity occur so that their in-
fluence on weevil activity cannot be demonstrated by correl-
ations between the response of the insects to individual
factors of the environment. Therefore, three-dimensional
graphs have been used to represent by isopleths the varia-
tions in percentage aétivity with bark temperature of the
leader and with relative humidity.

Fig. 31 shows that the influence of relative humidity
on weevil activity is increased as the bark temperature of
the leader is raised. This effect is clearly shown in Fig.
32 which shows the decrease in per cent activity at differ-
ent levels of relative humidity when the bark temperature of
the leader is held constant. Thus, at a constant tempera-
ture of 31°C a maximum of 80 per cent activity may occur
over a relative humidity range of 25 to 65 per cent, but at

humidities abowe about 65 per cent the amount of activity
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drops progressivdy until at 31°C and about 87 per cent rel-
ative humidity no weevil activity occurs. At a constant
temperature of 20°C (Fig. 32) the amount of activity does
not exceed 50 per cent, but this intensity of activity may
continue over a relative humidity range from 20 to 86 per
cent.

The conditions under which adults are able to oviposit
are of prime importance. Consequently, isopleths indicat-
ing the variation in percentage oviposition with bark temp-
erature and relative humidity are shown in Fig. 33. This
figure shows that oviposition most commonly occurs at tem=-
peratures between 254and 29°C when this range is associated
with relative humidities from 20 to 55 per cent - a compar-

atively narrow range of conditions.

(2) Larval population

White pine weevil larvae form a concentric ring about
the leader and move down the shoot by feeding on the entire
cortex, with the exception of the outer layer of bark.

Their entire developmental period is spent within the leader
and, therefore, they are not directly exposed to the surroun-
ding elements. Weather factors such as relative humidity
and wind had little effect on the amount of movement of the
larvae. Solar radiation could be correlated with the amount
of movement but, as shown earlier its affect is reflected in

the bark temperature of the leader. Temperature proved to
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be the most important of the physical factors affecting the

rate of movement of the larvae,

(a) Effect of temperature on larval movement

During the field studles, a number of attacked leaders
were inspected at 48-hour intervals and the amount of move-
ment of the larvae was recorded. The total movement of all
the leaders was indexed in an attempt to eliminate, at least
partially, the effect of variability resulting from mortality,
parasitism, and maturity of the larvae., The method used to
bring the two-day totals to a comparable basis is shown in
the following formula,

Movement = {(total movement) (total number of trees observed)

index number of trees showing movement
The change in movement index was then determined., This
represented the positive or negative difference between two
consecutive readings recorded at two-day intervals and
brought to a comparable basis using the above formula.
Regression analyses were calculated between the change in
movement index and the positive or negative change in two-
day mean temperature, Preliminary observations showed that
no detectable movement of the larvae occurred at night.
Therefore, mean temperatures for correlation with larval
movement were calculated from temperatures recorded every

two hours between 0800 and 2000 hrs,
These studies were repeated a second year and, as

shown in Teble XVII, the rate of movement of the larvae of




TABLE XVII

Comparison of "b" values and mean square of error values calculated from
regression analysis of larval movement index on air and bark
temperature for years 1951 and 1952,

Weather b-values t P Mean square F P

factor 1951 1052 1951 1952

Air temp. T7.788 8.603 0.317 >.50 1226.87 1259,20 1.03 ».05
( n=12 ) ( n=19)

Bark temp.4.703 8.920 1.180 2,20 1104.20 1108.90 1.00 2.05

(n=12) (n=19)

62T
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different generations is influenced similarly by temperature.
The results are based on observations of 69 infested leaders
in 1951 and 99 infested leaders in 1952, When the data were
combined, regression analysis of movement index on mean air
temperature change gave a highly significant b-value of
8.336, Over the range of mean two-day air temperatures,
17.1° to 29.79C, for each change of 1°C, the average change
in the movement indeéx during a two-day period was 8.556£l.52
¢ms, Similarly, regression analysis of movement index
change on mean bark temperature change gave a highly
significant b~value of 6.547. For each 1°C change in mean
bark temperature, the average change in the movement index
was 6.547t1.19 cms. (over a range of two-day mean bark
temperatures of 18,5° to 31.8°C),

The foregoing results show that the rate of larval
movement is influenced by temperature. In addition, vari-
ations in the temperature-movement relations of the larvae
exist which are directly related to the age of the indivi-
dual populations in each leader. The percentage movement in
each leader was determined for each of the two-day periods
based on the total amount of movement which occurred during
the season., By selecting those leaders in which the complete
developmental period of the larvae was recorded, the in-
fluence of temperature on the mean percentage movement of
larval populations of known age c¢ould be obtained. Fig.
34A1 and All express the influence of the bark temperature

of the leader on the amount of movement of larval populations
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during their 3rd and 4th days and, 24th and 25th days of
development, respectively. These lines represent the outer
limits of the observed differences in amount of movement
whieh occurs during the developmental period of the larvae.
It is apparent that the amount of movement and, therefore,
feeding of young and o0ld larval populations increase as the
temperature of the bark increases, In addition, the lines
show that young larval populations move a greater distance
than older larval populations within similar temperature
ranges.

When all the data are comblned irrespective of age of
the larval populations, the rate of movement continues to
be directly related to the bark temperature (Fig. 34B). It
will be seen that this line falls between lines 1 and 11 of
Fig. 34A and that it liles closer to the latter. It should
be mentioned that the calculated line in Fig. 34B extends
over a bark temperature range of 22 to 31°c only. The
points at the 19 and 20°C intervals were not used, as these
temperatures did not occur during the latter portion of the
developmental season of the larvae.

The differences in amount of movement of young and old
larval populations (Fig. 34A) may be due to differences in
the number of larvae present in the leaders at the two
periods of the season. Although there is about a 94 per
cent hatch, mortality of the larvae during their development
amounts to about 90 per cent. .Thus, a much larger number of

larvae are present during the early season. It is suggested
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that these larvae, although consuming less food per indivi-
dual, move a greater distance as a result of their greater
number, In addition, the fact that the regression line of
mean percentage movement on bark temperature (Fig. 34B)
lies closer to line 11 of Fig. 34A indicates that a high
percentage of larval mortality probably occurs during the
early stages of development, the period of maeximum competi-
tion and of relatively lower temperatures that might slow

movement enough to permit pitch-drowning,

(3) Autumn population of adults

(a) Emergence from infested leaders and subsequent bshaviour

Emergence of the new generation adults normally begins
during late July or early August and continues until about
mid-September. Upon completion of the transformation from
pupa to adult, the insect remains within the pupal chamber
for about two weeks before emerging., Complete emergence is
closely correlated with temperature., The insects commonly
cut their emergence holes to the inner surface of the outer
intact bark layer and, after making a small hole through
this layer of bark, they remain relatlively quiet until
temperatures favour completion of the outlet and finel emerg-
ence,

Twenty-five infested leaders were placed in a cage
shaded from direct sunlight and the number of adults emerg-
ing were recorded at hourly intervals in conjunction with

the air temperature. The number of adults emerging was
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checked by counts on the number of emergence holes in each
of the leaders. The results are shown in Fig. 35. This
figure shows that emergence occurs at temperatures between
10 and 35°C with an optimum at approximately 29°C. Per-
centage emergence increases rapldly with air temperature
between 10 and 30°C and decreases suddenly at temperatures
above 30°C. Normally the insects emerge during periods of
rising temperature. At temperatures between about 10° and
20°C, they move to the upper portion of the dead leader
after emergence but, as this region is warmed they react in
much the same manner as adults emerging at temperatures
above about 20°C; they drop to the ground or to a lower
portion of the tree, crawl down the mainstem, or begin
flight., In any event, their behaviour removes them from the
dead leader,

Individuals observed moving up a tree with a dead
leader commonly continued to the demarkation line at the
junction of the healthy and attacked wood but usually would
not move over the boundary onto the attacked wood. After
repeated attempts to move over the dead portion of the
leader the insects would return down the leader or out onto
one of the lateral shoots. This behaviour seemed to be
regulated by the bark temperature of the leader because it
occurred only on relatively clear days when the bark was
warmed to 27°C or above. On such days the bark temperature
of a dead leader ranged as much as 2.5 to 6.5°C above the

ambient air temperature when this ranged between 15 and 30°C
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and from 0.5 to 3.5°C above the bark temperature of a living
leader. Hence, the difference in the temperature of the
dead and healthy bark was frequently sufficient to limit
weevil travel to the living portion of the leaders,

The behaviour of young adults during the autumn is
similar to that described for the old adults during the
spring. They éhow a strong preference for the most exposed
parts of the habitat and when these sites are overheated
they move to shaded areas. When forced to move to the shaded
sites, however, they may continue to feed. Spot observations
indicated that at bark temperatures exceeding about 27°C the
insects leave the exposed sites and move to shaded sites on
the leaders and laterals and continue feeding. At bark
temperatures above about 31°C the adults are seldom found on
the leaders, but a search of the lower foliasge reveals many
feeding in shaded areas at bark temperatures below 27°C.

The temperature differences between the exposed and shaded
sites indicated the effect of solar radiation on the habltat.
Once in the shaded sites, the cooled insects do not show as
strong a tendency as spring adults to move back to the
exposed sites. It is suggested that this results from the
ability of the insects to feed on older growth., Thus, as

fed insects, they do not exhibit such strong photopositive
responses, However, during late afternoon and evening when
the intensity of solar radiation has decreased the insects

move back to the more exposed, but not overheated sites.
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(b) Effect of weather on feeding activity

Activity of young adults during the autumn is limited
to feeding which continues until they hibernate. Feeding
activity 1s not, however, confined to the leader as it is
during the spring. Records kept on the incidence of feeding
indicate that about 25 to 30 per cent occurs on the new and
previous years' terminal growth of the main stem. The re-
maining 70 to 75 per cent occurs on the lateral shoots,
where preference 1is shown for the last three whorls, parti-
cularly the new growth and the growth of the previous year.
These locations are normally the most exposed and thelr
selection as feeding sites is in accordance with the posi-
tive response of the insects to light. It is not uncommon,
however, to observe adults feeding on older growth produced
as much as three years before, and rarely they have been
observed feeding on lateral growth laid down five years
previously.

During this study, extensive rearings of young adults
under insectary conditions vere carried out in conjunction
with the observations in the field. At no time were the
young adults observed copulating or ovipositing. Examin-
ation throughout the season of food pieces containing 1134
punctures failed to reveal any eggs.

During field studies, 3959 individual observations on
the activity of the insects were made in conjunction with

observations on the existing weather conditions. It was
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found that autumn weather influences the feeding activity
of the insects in much the Same manner as it does during the
spring, with two notable exceptions., First, the insects are
less sensitive to changes in atmospheric moisture (Fig. 36).
No major change occurs in the response of the insects at
relative humidities between 30 and 80 per cent., Between 80
and 95 per cent the percentage of the population engaged in
feeding decreases slowly, but when the air becomes saturated
the percentage feeding drops sharply to about three per cent.
Secondly, no significant relation could be obtained between
solar radiation and percentage feeding. This might be ex-
pected, since considerable feeding occurred in shaded sites,
The bark temperature of the leader is again the most
important factor influencing weevil feeding. Fig. 37 shows
the regression of percentage feeding on the bark temperature
of the leader. TFeeding activity occurred over a range from
7% to 37°C with the optimum temperature between 28 and 29°C,
This temperature range exceeded that of the air temperature
by from 1 to 4°C., The slow decrease in feeding intensity
between bark temperatures of 29 to 34°C resulted from the
ability of the insects to feed in shaded areas which were
cbnsiderably cooler than the bark of the leader. Since the
temperature at all the various feeding sites could not be
taken during each observation period, the bark temperature
of the leader was selected as the standard temperature for

comparison.
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(e) Hibernation

Weevil adults normally hibernate during the latter parst
of October, but this may vary, depending on the temperatures
comdglmes occurring at this time of the season. Observ-
ations on adults labelled with the radioactive isotope co80
during 1951 and 1952 showed that all insects had hibernated
after a prolonged period of mean daily temperatures below
50C (Fig. 38). This figure shows that the insects had
hibernated by October 30, 1951 and October 21, 1952, and that
in both cases completion was associated with a period of six
to seven days when the mean daily temperature remained below
5°C,

The insects hibernate at the surface of the mineral
80il below the ground cover. Final hibernation sites
are limited to two general area’, (1) in shaded sites with-
in a radius of about one foot from the base of the tree
and (2) in more exposed locations at greater distances from
the base of the tree. During 1952, about two weeks before
hibernation was complete, 24 Co®0O-labelled adults were 1i-
berated individually on trees within the section of the
pine plantation enclosed by the "radiocactive grid" (Fig.

1), Periodic checks were made with suitable détecting
instruments and the positions and amounts of movement

of the insects were recorded. The following notes are
presented to show the general distribution of the adults

shortly before, during, and after hibernation.
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Oct. 7/1952:

Oct. 14/1952:

Oct. 16/1952:

Oct. 21/1952:

143

24 weevils tagged with 0060 placed on
individual trees.

One insect has moved three feet to an ad-
joining tree and the remainder are still

on or at the base of the trees on which
they were originally placed. Five of

the insects are in tree locations. Of

the 19 insects on the ground, 14 are in
shaded sites within 6 inches of their re-
spective trees and 5 have moved out to
exposed ground positionmns,

All but one of the in$ects are in the duff
at or near the bases of the trees on which
they were originally placed. Of the 19
ihsects on ground on October 14, 15 have
moved, the maximum distance being about one
foot. Maximum distance of any insect from
tree base is about five feet.

All insects are in the duff at or near the
base of the tree on which they were origi-
nally placed. Twelve insects have moved
from previous locations recorded on October
16. Eighteen insects are now within a one-
foot radius of their respective trees and

6 are within a radius of five feet. Of the

2L locations, seven are in exposed or part-

ially exposed sites and the remainder are
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in heavily shaded sites.

Oct. 25/1952: No change from the observations on October 21.

The above notes indicate that the insects do not move
far from the trees on which they are located at the time of
the drop in mean daily temperature. The insects are, how-
ever, sensitive to temperature changes during this period and
during the period Jjust before the general drop in tempera-
ture. On days before the general drop in temperature the in-
sects may be warmed sufficiently to permit movement up the
trees to feeding sites where they may remain for a few hours
around mid-day and early afternoon. During the evening of
such days, there is a sharp drop in the temperature of the
exposed sites when insolation is reduced to near zero. The
insects then move to the warmest locations available, which
at this time of the season are at the base of the trees
(Table XVIII). On subsequent days, if the mean temperature
remains below 5°C very little movement occurs. The longer
these conditions persist, the more insects hibernate. On
the other hand, if subsequent days are warmer, many of the
insects move back up the trees while others move out from
their bases. The direction of travel is dependent on the
temperature of the ground and the bark at the base of the
trees, particularly during the morning. Table XVIII shows
that steep vertical and horizontal temperature gradients oc-
cur from the shaded to the exposed sites on the trees and on
the ground, but the direction of movement of the insects is

dependent on the level of the temperature at the lower ends
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of the ranges. Thus, movement ovér the horizontal gradient
may be possible at a time when the bark temperature at the
base of the tree does not favour upward movement. Consequent-
ly, the number of insects found in shaded and exposed sites

is a function of the temperature which occurs prior to hiber-
nation. Brief warm periods permit movement but prolonged

cool periods inhibit movement ‘and more insects hibernate

near the bases of the trees.

TABLE XVIII

Comparison of temperatures pertinent to weevil activity at
various points in a typical weevil habitat and the air tem-
perature at four feet above ground level. October 10, 1952.

Time 1 2 3 L 5
0900 6.7 4.8 -3.8 -1.9 3.3
1000 7.9 3.0 -3.9 -0.7 6.0
1100 10.2 5.9 -3.8 ~2h 6.0
1200 10.5 2.7 ~L.7 1.3 3.8
1300 11.1 3.8 0.2 0.2 9.0
1400 12.8 1.2 -2.1 -1.0 8.0
1500 11.8 6.2 4.7 3.0 6.9
1600 9.3 2.8 0.9 0.5 0.2
1730 -1.0 1.7 3.1 " 8.6

Code: 1. Air temperature at four feet above ground level.
2. Bark t. of white pine leader minus No. 1.
3. Bark t. at base of tree minus No. 1l.
L. Temp. of hibernation site at base of tree minus No.l.
5., Temp. of exposed hibernation site minus No. 1.
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After the completion of hibernation, the temperatures of
pertinent sites within the confines of a single habitat still
vary in relation to the degree of exposure, but they are for

the most part reduced to levels below that associated with
weevil activity even on relatively clear days (Table XIX).
This table shows that there is very little difference between
the temperatures of the exposed amd shaded sites. The expo-
sed hibernation sites may vary as much as 1.5°C above the
shaded sites during the hours of ineident solar radiation
but during early morning and late afternoon they are cooler
than the shaded locations. At these times, back radiatiom
from the exposed sites is stronger than in the shaded sites,
so that they are cooled to lower levels,

TABLE XIX

Temperatures of P. strobi activity and hibernation
sites on a relatively clear day approximately five
days after the completion of hibernation. October

26, 1952.

Time 1 2 3 4

1000 4.9 -0.5 -3.4 -4.1
1100 7.5 -0.4 -4.9 —509
1500 905 1.0 "6.4 ‘6.4
1400 7.5 0.7 -1l.2 -0.5
1500 7.8 0.5 ~3.9 -2.4
1600 8.5 -0.1 -4,0 -3.4
1700 3.9 1,7 -1.0 -2,0

Code: 1. Air temperature at four feet above ground level.
2. Bark t. of white pine leader minus No. 1.
3, Temp., of shaded hibernation site at base of tree
minus No. 1.
4, Temp. of exposed hibernation site three feet from
base of tree minus No. 1.
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(4) Dispersala:;’ flight habits

The white pine weevil may disperse by crawling or by
flight. In exposed stands, both methods account for the
dispersal which occurs within the limits of the stand.
Field observations gave no indication of a definite
flight period during the spring or autumn. Flight is
most commonly observed during &f wind speeds of less than
8 miles per hour and occasionally during gusts up to 10
to 12 miles per hour. The direction of flight was noted
in relation to the direction of the wind and the posi-
tion of the sun's disc but sufficient data were not ob-
tained to correiate these factors with flight. Temper-
ature proved to be the most important factor influencing
flight., During the field observations a total of 150
weevil adults were observed landing or taking off and at
no time was flight observed at air temperatures below
159C (Fig. 394.)e The optimum temperature was 26°C., In
terms of bark temperature of the leader, flight occurred
most commonly at 25°C and above but was observed occasion-
ally at bark temperatures as low as 16°C (Fig. 39B).

Bark temperatures of 25°C or above commonly occur
during the active season of the adults, particularly at
the feeding and oviposition sites. If overheated at these

sites the insects move down the trees to cooler tempera=-

ture zones. Although this movement usually takes them to

zones of lower temperature, the reverse situation occurs
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on occasion. On exposed trees such as those on the fringe
of a plantation or roadside, movement down the tree may
bring the insects into contact with higher temperature
zones (Table XX). At such times when they are trapped
between two high temperature zones, the insects take
flight., Before taking flight, a weevil moves up on some
projecting point such as the tip of a needle, moves about
the tip excitedly with frequent antennal movements, and
then flies off. When landing, the insects usually
settle on the needle fascicles of lateral branches or of
the leader. Subsequent movement normally takes the form
of attempts to move to the upper portion of the leaders.
Single flights exceeding eight to ten feet are
rarely observed. The insects normally fly only to the
surrounding trees. On one occasion, however, a weevil
was observed leaving a tree on the west side of the plan-
tation and flying into a light west wind at about 15 feet
above the ground, and was followed for approximately
200 feet before it landed in a small clump of white
pine. Similar observations have been made by Barnes
(1928). It appears that the weevil is capable of re-
latively long flights.,




150

TABLE XX

Bark temperatures at different points along the mainstem of
an exposed white pine tree located on the fringe of a plan-
tation minus the air temperature.

Time 1 2 3 L

0800 21.3 1.2 2,0 -4.8
0900 23 o4 3.0 6.4 ~2.9
1000 25.6 2.6 L.6 -4 .6
1100 26.4 1.3 8.3 -5.0
1200 25.9 2.3 5.0 -2.5
1300 25.7 1.8 L5 3.4
1400 275 1.5 L.2 -1.6
1500 27.6 1.7 7ol 2.9
1600 25.6 2.4 2.6 -1.8

Code: 1. Air temperature at 4 feet above the ground.
2. Bark t. of a white pine leader minus No. 1.
3. Bark t. one-half way down the mainstem minus
No. 1.
L. Bark t. at base of tree minus No. 1l.
During the field studies a number of experiments were
carried out to obtain some information on the dispersal of
adults of the spring and autumn populations of the weevil

in exposed and shaded stands. Co6q1abelled insects were
liberated in selected areas. The recovery program included
periodic checks with suitable detecting instruments
(Sullivan, 1953). In the first experiment during the

autumn of 1951, 56 weevils were liberated within the "radio-

active grid" (Fig. 1). Fourty-two insects were liberated
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in section K, seven in section D, and seven in section Kl6.
Between September lst and November lst, nine weevils or
about 16 per cent of the tagged insects could not be locat-
ed. Loss of these insects may have been due to bird and
small amammal predation or to flight outside the limits of
the check area. In one instance, a small mammal fecal
dropping was detected that gave a high radioactive count.
The results indicated that only a small percentage of the
population actually left the area.

In section K, the insects moved chiefly in a norther-
ly direction (Fig. 40). This release area was selected
mainly because it was shaded for a few hours around mid-
day by a sub-mature stand of red and white pine (Fig. 1).
The results of the recovery programme showed that the in-
sects moved to sites which were considerably more exposed.
This indicated that the insects have a preference for ex-
posed areas when they are placed in sites which are shaded
for a portion of each day.

In section D, movement of the insects in a NNE and
SW direction occurred but in no case did the recovered
insects move more than about 10 feet. In section K16, the
insects were released within a clump of young white pine
situated about 15 feet inside the stand of sub-mature red
and white pine so that they were shaded throughout the en-
tire daylight hours. They were released on September lst
and, by late afternoon of September 2nd, three of the in-

sects had left the area. In addition, there was evidence
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that the remaining insects had fed. By September 8th, they
were all on ground locations within a radius of five feet
from the release area and, when recovered, were found to

be dead. Movement which had occurred was in a northerly
and northwesterly direction towards the exposed stand, an
area of greater light intensity.‘

The second experiment was carried out during the autumn
of 1952. On August 17, 26 Co®0-1abelled insects were 1li-
berated in a young stand of Norway and white spruce at a
point about 30 feet from the edge of the white pine plan~
tation (Fig. 1). Four insects died and were removed. The
recovery of the remaining insects is shown in Table XXI.

Table XXI shows that 13 of the original 22 insects or
about 59 per cent could not be located. This represents
an increase of 43 per cent over that which occurred among
the insects released in the white pine plantation the pre-
vious autumn. It is suggested that this increase may be
partly the result of the food preference of the weevil.
Since Norway spruce stands may, on occasion, be heavily
attacked by the weevil, the insects were given a choice of
white pine and Norway spruce odours in an olfactometer
held at approximately 28°C and 60 per cent relative hum-
idity. Tests involving 200 observations gave an index of
reaction of 22%8.0 in favour of the white pine odour. When
given a choice of Norway spruce odour and odourless air,

the results gave an index of reaction of 3¥1.0 in favour

of the spruce odour. The definite preference of the in-
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sect for the white pine odour indicates that the high per-
centage loss of the tagged insects from the spruce stand
occurred as a result of a preference for the adjacent white
pine stand. This is substantiated by the movement of the
recovered insects. The maximum distance moved by these in-
sects was about 15 feet and this was in the direction of the

adjacent white pine stand.

TABLE XXI

Recovery of 22 weevil adults tagged with Co60 and liberated
on Norway and white spruce trees about 30 feet from an ex-
posed white pine stand.

Date No. recovered No. lost
August 17/52 22 0
August 20/52 18 L
September 10/52 17 5
September 30/52 13 9
October 21/52 9 13
October 25/52 9 13

A third experiment was carried out during June, 1954.

60

Seventeen Co “-labelled insects were liberated in a small
group of exposed white pine situated near the northwest end
of the white pine plantation about 25 feet west of the main
body of the stand (Fig. 1). In addition, 60 Coéo-labelled
adults were liberated in an unweevilled stand of white pine

averaging sbout five feet in height and shaded by an overstory
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of red oak 25 to 30 feet in height. The results of the re-
covery program in the two sites are shown in Tables XXIIT

and XXIII, respectively.

TABLE XXIT
Recovery of 17 Co%0.1abelled adults of the white pine
weevil liberated in an exposed group of white pine

during June, 1954

Date No. Recovered No. Lost

19054 Living Dead

June 15 17 0 0

June 18 13 0 4

June 21 11 0 6

June 24 10 1 6
TABLE XXIIIX

Recovery of 60 0060-1abelled adults of the white pine
weevil liberated in a young stand of white pine shaded
by a red oak overstory during June, 1954,

Date No..Recovered No. Lost
1954 Living Dead

June 15 60 0 0
June 17 54 0 6
June 21 37 6 17

June 24 : 21 12 a7
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It should be mentioned that the recovery program in
the shaded stand was terminated rather abruptly by the
occurrence of a hail storm about 12 days after the insects
were liberated. As a result, most of the foliage canopy
was removed and many of the white pine leaders and lat-
erals were broken. Only one insect was found on the
trees. Thus, the results in Tables XXII and XXIII show
weevil recovery only to the last observation before the
storm. |

On June 21st, two of the recovered insects in Table
XXITI were found about 4O feet east of the release area
feeding on trees within the main body of the white pine
plantation. The remaining insects did not move appre-
ciable distances from the release point. No evidence of
predation was observed. It should be pointed out that
during the period of observation, the daily temperatures
were within the range asdociated with flight of the wee-
wil,

There was no evidence that any of the 12 dead in-
sects recorded in Table XXIII died as a result of preda-
tion. It is assumed that most of the 27 lost insects
left the stand of their own volition.

Some marked differences occurred in the rate of loss
of the insects through mortality and non-recovery between
the exposed and shaded stands during the nine days of ob-

servation. The results of these comparisons are shown in
Table XXIV.
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TABLE XXIV

Comparison of percentage mortality and loss of Co6o-labelled
weevils liberated on exposed and shaded white pine trees on
June 1l5th and inspected on June 24, 1954,

Exposure Number Per cent Per cent
Liberated lost Mortality

Exposed 17 35.3 5.9

Shaded 60 ' L5.0 20.0

Table XXIV shows that a higher percentage of the insects
placed in the shaded stand are lost and a greater percentage
die. This is another indication that the environmental con-
ditions within the shaded stands are not as suitable for
weevil activity and survival as they are in adjacent exposed
white pine stands.

5. THE EFFECT OF SHADE ON THE HABITAT OF THE WEEVIL

It is well known that shaded stands of white pine are
less severely attacked by the white pine weevil than open=-
grown stands, but the reason for the difference in weevil
preference has never been investigated fully. Therefore, the
present studies included observations on this aspect of the
problem. Although these studies are still in progress and
are of a relatively long-term nature, marked differences per-
tinent to weevil behaviour and activity have been obtained
between exposed and shaded habitats, particularly during the
period of feeding and oviposition of the spring population.

The results of these preliminary studies are presented below.
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The investigation was begun during the summer of 1956.
Observations were confied to a study of the differences in
habitat climate and tree growth in white pine stands of vary-
ing exposure and weevil attack. These included: (1) a heav-
ily weevilled, open-growth plantation of pine; (2) a lightly
weevilled stand of natural regeneration pine under a light
red oak, Quercus texana Buckley, overstory where leader mor-
tality of the pine has never exceeded about 10 per cent of
that which occurs in the open; and (3) an unweevilled stand
of natural regeneration pine under a medium red oak overstory.
The red oak ranged from 25-40 feet in height. Included in
the mixed stands were a few scattered, mature white pine
seed trees.,

The young pine in the study areas ranged from 15 to 19
years of age. Because of abnormally cool weather during
April and early May of 1956, shoot and foliage growth on
all trees and first weevil activity were delayed about three
weeks. The white pine buds began swelling between May 9-13
in the exposed stand and between May 13-17 in the shaded
stands. The amount of height and diameter growth was re-
duced in proportion to the density of the overstory. Thus,
the open-grown trees added the most growth and the pine
under the more heavily shaded stand added the least growth
(Table XXV).
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TABLE XXV

Mean growth of 15-19 year old open-grown and
shaded white pine at Chalk River, 1956.

Exposure No. 1955 Leader Leader Length (inches)
Trees Diameter (mms.)k 1955 1954

Open 99 7.33 t.173 12.2 *.398 16.5 *.,18

Light oak 103 L.90 t.102 7.7 1,260 9.9 £.337

overstory : :

Medium oak 104 3.66 *,123 5.5 *.,195 6.2 £.192

overstory - : :

& Diameter measured one inch from top of leader.

The effectiveness of the overstories as barriers ag-
ainst the penetration of light to the undergrowth pine
varied throughout the spring season of weevil feeding and
oviposition. The amount of light penetration was obtain-
ed by recording the intensity in foot-candles at fixed
distances along a line strung through the stands at lead-
er height for a distance of one to two chains. The ob-
servations were taken at hourly intervals throughout most
of the daylight hours on clear days and have been inter-
preted in terms of percentages of the maximum available
light recorded in the open. Figs. 41A and B show the
percentage of maximum available light penetrating to the
white pine leaders under the light and medium oak over-

stories before (May 8), during (June 6), and at the com-
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pletion (June 18) of the growth of the foliage canopy.
In addition to the large differences in light penetration
at different periods of the season there is also a large
variation in the amount of light reaching the pine dur-
ing any one day. The greatest penetration occurs dur-
ing a period of a few hours around midday, corresponding
with the time the sun is near its maximum elevation.

The effectiveness of the different densities of
shade in reducing light penetration may be seen by a com=-
parison of parts A and B of Fig. 41. Before the growth
of the oak foliage began (May 8th) a maximum of 85 and
75 per cent of the total light available to open-grown
pine reached the pine under the light and medium oak over-
stories, respectively. In addition, the effectiveness of
the mature pine seed trees in reducing the amount of light
penetration at this time of the season is shown, particularly
during early morning (Fig. 41A) and late afternoon (Fig. 41B).

The difference in light penetration through the two
oak stands increases progressively with the development of
the hardwood foliage. This results from the difference in
density of the foliage. Thus, by June 18th, when foliage
growth was complete, a maximum of about 55 per cent of the
available light penetrated the foliage canopy of the light

oak stand whereas a maximum of only about 20 per cent

penetrated the dense foliage canopy of the medium oak stand,

Corresponding with the reductions in light penetration
in the stands there are also marked changes in the temper-
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PERCENTAGE LIGHT, (FOOT-CANDLES)
o

10 12 14 16
TIME-HOURS (E.ST)

Fige 4le. Percentage of maximum light reaching white pine leaders on
three clear days during May and June, White pine growing

under: A, light oak overstory; B, medium oak overstory.
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atures of weevil feeding and oviposition sites throughout
the part of the season that the insects are engaged in these
activities. To show these differences, it was first nec-
essary to obtain comparable temperature records on a single
selected day (Wellington, 1957), Therefore, a number of
black bimetal thermographs were set out at leader height,
three in each of the shaded stands and one in the exposed
stand. Black bimetal temperatures were chosen because

they approximated the daily trend of bark temperature at

the feeding and oviposition sites of the weevil more closely
than did the ambient air temperature. The relation between
the diurnal trend of black bimetal temperature and the
actual temperature of the bark, as measured with thermo-
couples, was determined during cloudless days in each of the
stands under observation. The results, as shown in Fig. 42,
L3 and 4L were used for correcting bladk bimetal temperatures
to the level of the bark temperature of the leaders. Hence,
the diurnal cycles of bark temperature in the three stands
could be compared on selected days.

Fig. 45 shows the percentage growth curve of red oak
foliage superimposed over the seasonal trend of the mean
bark temperature of shaded white pine leaders minus the
mean bark temperature of exposed leaders on relatively

clear days during a period extending from late April until

mid-July. The mean bark temperatures were obtained by aver-
aging the temperatures recorded at 0900, 1300 and 1700 hrs.

of clear days. This figure shows the rapid rise in
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bark temperature differences associated with the development
of the canopy. In addition, there is decrease in the temper-
ature differences occurring up to the period of minimum
differences., This may be explained partly on the basis of
the sun's elevation at this time of the year and partly on
the thawing of the ground under forest conditions, At this
time of year, thawling permits increasing back radiation from
the groungd,

| Corresponding with the variation in the daily trend of
light penetration through the overstones, there is a dally
variation of bark temperature betweea the exposed and sha=-
ded leaders, Minimum differences in both light penetration
and bark temperature occur around mid-day, the period of
maximum insolation. Thus, prior to oak foliage growth,

there is a brief period each clear day when the temperatures
of the feeding and oviposition sites are almost equal to

that occurring in open-grown stands. However, these temper-
atures in the shaded habitats persist for only a brief peri;
od around mid-day. During early morning and late afternoon
the reduction in light penetration (Fig. 41) increases great-
ly and this corresponds with a decrease in the bark tempera-
ture of the shaded leaders (Table XXVI). At no time during
the latter part of the season when the hardwood foliage nears
complete development are the bark temperatures of exposed and
shaded leaders equal (Table XXVI). The daily cycle of the
bark temperature of the shaded leaders which occurs is, howe

ever, within a range associated with a reduced level of weevil
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activity.

The insects emerge from hibernation during the period
of minimum temperature differences between the exposed and
shaded sites. First emergence corresponds with the initia-
tion of growth of the terminal buds of the pine and the in-
sects normally feed and copulate for about one week before
depositing any eggs. Thus, first oviposition of insects co-
incides with the beginning of the increase in bark tempera-
ture differences between the exposed and shaded sites, or
near the time of the beginning of hardwood foliage develop-
ment. This indicates that the most critical period from
the standpoint of oviposition attack in the shaded stands
occurs during the initial stages of the development of the

foliage canopy.

TABLE XXVI

Differences observed between the bark temperature of shaded

and exposed white pine leaders about two weeks before the de-~

velopment of the foliage canopy and immediately following the

development of the foliage canopy. Temperatures and tempera-
ture differences in Centigrade.

Time No Foliage Canopy . Foliage Canopy Complete
1l 2 3 1l 2 3

0800-1000 16.9 -3.9 .
1200-1400 21.2 0.1 -1.7 26.6 -3.1 47
1500-1700 20.0 =2.1

Code: 1. Mean bark temp. of fully exposed leader.
2. Mean bark t. of leader under light oak canopy minus
No. 1.
3. Mean bark t. of leader under average oak canopy mi-
nus No. 1.
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An increase in atmospheric moisture is associated
with the reduction in light and temperature in shaded wee-
vil habitats. Hygrograph records show that during the per-
iod of weevil emergence from hibernation, but before the
development of the hardwood foliage, the relative humidity
in the exposed stands on relatively clear days is only
about 5 per cent lower than in the shaded sites. With the
development of the foliage canopy the difference in hum-
idity increases to about 15 and 30 per cent in the light
and medium oak stands, respectively.

The above results show clearly that the shaded

stands are cooler and more moist than exposed stands. The
effect that these conditions have on reducing the amount
of weevil activity may be shown by interpreting the cli-
matic differences occurring between the exposed and shaded
stands in terms of probable weevil feeding, copulation,
and oviposition. The equal activity curves shown in Figs.
32 and 34 have been used as the basis for comparison.
Two relatively clear days were selected to show theée com-
parisons, one during the early part of the active season
of the weevil before the development of the hardwood foli-
age and one during the latter part of the active season
of the weevil at about the time the foliage is fully deve-
loped. The results are shown in Table XXVII.

Table XXVII shows that, on the basis of the climate

of shaded habitats, the maximum percentage of total ac-
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tivity, mainly feeding, and the maximum percentage of ovi-
position is considerably lower than that occurring in adja-
cent exposed stands. Minimum differences occur during the
early part of the season. The percentage reduction in act-
ivity, particularly oviposition, is increased greatly dur-
ing the season of foliage development. Thus, it appears
that white pine stands are not attacked by the weevil when
shaded sufficiently to reduce the habitat climate to le=
vels associated with a reduction of 4O to 75 per cent of
the oviposition experienced in exposed stands during ideal
weather conditions. On the other hand, white pine stands
may experience light weevil attack if the habitat climate
is reduced to levels limiting oviposition only by 35 to 55
per cent of that experienced by exposed trees during ideal
weather conditions.

TABLE XXVII
Estimated reduction in percentage total weevil activity and
oviposition at various combinations of leader bark tempera-

ture and relative humidity on clear days in shaded white
pine stands based on the observed relationships in exposed

stands.
Exposure Reduction in Activity (%)
Without Foliage Canopy With Foliage Canopy
Ovi- ,

Total Activity position Total Activity Oviposition
Light oak 25 35 35 55
overstory
Medium oak 30 4O 35 75

overstory
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Additional studies were carried out with caged weevils
to determine the accuracy of these results. In each of the
shaded stands, the upper four or five years' growth of five
selected trees were enclosed within a screen cage at the
beginning of the season. Five males and five females were

liverated in each cage. Control samples of thirty weevils
on three similarly caged stems were set up in the exposed
stand. At the end of the season these stems were inspected
and the amount of damage recorded. The results are shown in
Table XXVIII.

Table XXVIIT shows that all leaders of the control
sample experienced heavy weevil damage and died, whereas
the intensity of damage in the shaded stands was greatly
reduced, Only one of the leaders situated under the light
oak overstory received sufficient attack to succumb. In no
case did.this occur in the more heavily shaded pine stand.
The weevils in the shaded stands were unable to survive the

normal life-span of weevils in the exposed stand.
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TABLE XXVIII

Weevil damage occurring on white pine at three
different levels of exposure during 1956, ’

Exposutre Leader Leader
And Tree Diameter Length Remarks
Number (Top-mms) (inches)

Exposed
1 6.0 15,00 Heavy feeding and oviposition on leader.
Larval damage, - 13.5 inches. New
growth dead.
2 5.5 11.50 As above except that larval damage
amounted to 12.0 inches
3 5.4 9.50 As above except that larval damage

amounted to 8.0 inches

Light oak shade :
1 6.7 19.50 Heavy feeding and moderate ovipos-

ition on leader. Larval damage, =~
4.5 inches plus single trails ex-
tending 2 inches lower. New growth
dead.

2 5.0 14,00 Moderate feeding and light ovipos-
ition on leader. Larval damage as
a single trail 2.75 inches ldng.
New growth healthy.

3 6.3. 16.00 As on No. 2 except that larval dam~-
age covered one-half the circumfer-
ence of the leader for a distance of

2 inches.
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TABLE XXVIII(Cont'd)

Weevil damage occurring on white pine at three
different levels of exposure during 1956.

Exposure Leader Leader :
And Tree Diameter Length Remarks
Number (Top-mms) tinches)

Light oak shade
L 3.9 14.75 Light feeding extending over entire

length of leader. Moderate feeding
and light oviposition at top of 1954
mainstem growth. Larval damage as a
single trail 2 inches long. New
growth healthy.

5 3.8 10.50 Light feeding and very light ovipo-
sition on leader and 1954 mainstem
growth. Larval damage as two spots
about one-quarter inch long. New

growth healthy

Medium oak shade
1 2.8 7.00 Light scattered feeding on leader

and 1954 and 1953 mainstem growth.
Oviposition very light and only on
the 1953 growth. Larval damage as
two spots about one-quarter inch
long. New growth healthy.

2 3.9 10.00 Light scattered feeding on leader
and 1954 mainstem growth. Very
light oviposition on 1954 growth.

Larval damage as three spots, one-
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TABLE XXVIII (Cont'd)

Weevil damage occurring on white pine at three
different levels of exposure during 1956.

Exposure Leader Leader
And Tree Diameter Length Remarks
Number (Top-mms) (inches)

Medium oak shade
quarter inch long. New growth

healthy.
3 3.4 7.00 As on number two except that
| very little feeding occurred on
the leader.

L 2.9 6.25 Very light feeding on leader
and 1954 growth. No evidence
of oviposition or larval damage.
New growth healthy.

5 3.2 11.00 As on tree No. 2.
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The above results indicate that weevils may feed and
oviposit in stands normally unweevilled, although the amount
of damage occurring is greaﬁly reduced., On many of the
shaded trees, particularly those of small leader diameter,
an abnormal pattern of attack occurred. As indicated by
the distribution of the punctures on these stems all'ovi-
position and larval damage which occurred was confined to
the 1953 and 1954 mainstem growth. It is suggested that
this abnormal pattern of behaviour occurs because the thin
leaders present a mechanical barrier to oviposition. It
appears therefore, that some other factor is functioning
in combination with the habitat climate to render the shaded
stands less favourable to weevil survival and development,

In addition to the foregoing studies, experiments were
carried out to determine whether the weevil showed any pre-
ference for leaders of different lengths and diameters.
These tests were conducted under insectary conditions in
screened cages designed to hold eight white pine leaders in
a vertical position and spaced four inches apart.. The stems
were cut so that a five-inch stub of older growth protruded
below the floors of the cages into water troughs. In this
way they could be left undisturbed for one week without ex-
cessive drying. The top of each cage was hinged to facili-
tate leader change and the introduction of the insects. The
leaders were changed every seven days and the number of pun-
ctures contained in each was used as the criterion of prefer-

ence. All means were compared by t-test,
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In the first experiment, attempts were made to determine
weevil preference for long or short leaders of similar dia-
meter. The test was repeated three times, and on each occa-
sion the insects were given a choice of four long and four
short leaders alternately spaced in the cage. The results
shown in Table XXIX indicate clearly that the weevil shows
no preference when given a choice of long thick vs short
thick leaders. The high standard errors of the mean
number of punctures per leader are due partly to the leaders
being removed before some of them were extensively attacked
and partly to an unavoidable variation in the number of
adults contained in the cage during the tests.

The tests in the second cage were run concurrently with
those described above. In this cage, attempts were made to
determine the preference of the weevil for leaders of vari-
ous lengths and diameters., The experiment was repeated four
times and on each occasion two each of long thin, long thick,
short thin, and short thick leaders were placed alternately
in the cage. In addition, during each test, leaders chara-
cteristic of each of these types were placed in a different

position in the cage. The results shown in Tables XXX and
XXXI show the preference of the weevil for short thick vs
gshort thin leaders and short thick vs long thin leaders,
respectively. They indicate that the weevil has a decided
preference for thick leaders irrespective of their length.



TABLE XXIX

Preference of P. strobi adults for short thick vs long
thick white pine leaders.

Length (inches) Diameter-Top (mms) No. of Punctures

Short Long ~ Short Long Short Long
n 12 12 12 12 12 12
X 6.96 13.46 6.33 6.39 63.9 65.8
S_ .465 . 560 .185 .235 9.576 12.210
X
P <.01 >.50 >.50

n, number of leaders; X, mean; S _, standard error of mean; P,

—

X probability

9LT



TABLE XXX

Preference of P. strobi adults for short thick vs short
thin white pine leaders.

Length (inches)  Diameter-Top (mms) No. of Punctures

Thick Thin Thick Thin Thick Thin
n 8 8 8 8 8 8
X 6.41 6.72 6.21 2.96 100.25 38.25
S 402 .418 .260 .165 12,104 10.267
P >.50 <,01 <,01

n, number of leaders; X, mean; S;, standard error of mean;
P, probability

LLT
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TABLE XXXI

Preference of P. strobi adults for short thick vs long thin
white pine leaders.

Length (inches) Diameter-Top (mms) No. of Punctures
Short Long Short Long Short Long
n 8 8 8 8 8 8
X 6.41 13.34 6.21 3.86 100.25 50,75
Si .402 .788 «260 «121 12.104 12,662
<,01 <01 <.,02

n, number of leaders; X, mean; 9X, standard error of mean;
P, probability.

It should be pointed out that the pattern of attack on
the thin and thick leaders varied in much the same way as it
did between the thin and thick leaders in the shaded and ex=-
posed stands (Table XXVIII). Thus, many of the punctures on
the thin leaders occurred at their base, which was of greater
diameter. Hence, the differences in number of punctures per
leader shown in Tables XXX and XXXI are masked to a certain
extent by changes in the pattern of feeding damage of the
weevils., Nevertheless, the results obtained indicate clearly
a definite preference of the weevil for the thick more vig-
orous leaders such as those in open-grown stands rather than

the thin, slower growing leaders found in shaded stands.,
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V  DISCUSSION

It is clear from the foregoing results that weather
exerts considerable influence on the behavicur, active
ity, and survival of the white pine weevil. The insect
is, however, well adjusted to the environment of its
natural habitat and hence does not experience the large
fluctuations in numbers common to populations of many
other forest insects. Indeed, the very nature of the
habitat serves to modify the c¢limate so that the in-
sect is seldom required to contend with extreme flu-
ctuations such as occur in xeric habitats (Green, 1955).
Adverse weather conditions ranging above and below the
upper and lower limits tolerated by the weevil occa-
sionally occur, but behaviouristic peculiarities per-
tinent to survival carry the insects in exposed stands
to sites of modified climate., As might be expected, ad-
verse weather conditions prolong weevil development and,
if they persist for long periods of time, may result in
excessive mortality. However, the adult weevil is cap~
able of remaining active over a relatively large range
of climatic conditions so that prolonged periods of ad-
verse weather which result in the insect remaining in-
active for a sufficient length of time to result in
death due to starvation seldom occur. On the other hand,

the effects of stand climate on the rate of larval de-

velopment may result in a high level of larval mortality,
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Emergence of adults from infested leaders during late
summer occurs over a wide range of temperature extending
from 10%0 36°C with the optimum at about 30°C, Em-
ergence occurs almost always at periods of rising tem-
perature. Adults emerging during the cooler temperatures
move up to the top of the dead terminal and remain there
until the temperature rises to levels associated with
their reversal to photonegative behaviour. At this time
they either take flight or move down the tree to ceoler
areas. This photonegative behaviour which removes the
insects from a temperature regime which may prove harmful
is in response to a token stimulus (Fraenkel and Gunn,
1940).

A large part of the life of the weevil is spent on
or in the tissues of white pine. At moderate temper-
atures during autumn the photopositive response of
starved or fed weevils takes them to the outer more ex-
posed regions of the upper shoots. When these sites are
warmed above the reversal temperature of the weevil their
subsequent photonegative response takes them down the
leader or in towards the mainstem to cooler sites where
they may continue feeding., On the other hand, both the
feeding and the eviposition of the spring population is

restricted to the terminal shoot, and their higher re-

versal temperatures permit them to remain at this site

for a longer period each day. If exposed to moderate
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temperatures, they remain on the exposed portion of the
leader. When overheated, they respond by movement to
shaded, cooler areas of the leader.

It has been shown in this study that weevil adults
may move through a temperature range of as much as 13°C
from the upper exposed sites to the lower, shaded sites
of the habitat. This represents a broad temperature gra-
dient which, from the standpoint of survival, is used to
advantage by the weevils when their feeding and oviposi=-
tion sites become overheated. When overheated at these
sites the insects move to shaded, cooler zones of the ha-
bitat but, since members of the spring population do not
feed and oviposit at the lower regions, their subsequent
photopositive behaviour upon cooling consists of attempts
to move back to the feeding or oviposition sites. This
response is very strong and accounts for the difference
which occurs in the direction of movements of groups of
adults at any one time.,

The wide range in temperatures ét which weevil adults
reverée their light reactions explains the variation in
behaviour sometimes shown by different directions of
movement by individuals. Some may be moving to shaded
sites while at the same time others are moving to exposed

sites. On the basis of the laboratory results, it

appears that these adults are reacting in accordance with
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weather previously experienced. When they are subjected
to lower temperatures, such as eccur at night or during
cool days, the insects become acclimated to these levels
and hence are unable to withstand high temperatures unless
these occur gradually. Changing temperature conditions
generally are gradual during the season the insects are ac-
tive (except during frontal movements) and acclimation ap=
pears to parallel these changes., Nevértheless, after a
change from one extreme of temperature to the other, mixed
directions of movement are commonly observed.

The behaviour of the adults during the period when
they are moving to the hibernation sites requires some
discussion. The initial reaction, that of movement down
the trees appears to be a response to temperature gradient
alone since the insects are photopositive at all times be-
low their reversal temperature. Thus, movement to the base
of the trees during late afternoon serves to place the
photopositive insects in the warmest region of their habi-
tat. Upon resumption of activity the following morning,
the insects attempt to move back up the tree in accordance
with their strong photopositive response at low temper-
atures and in response to their strong negatively geo-
tactic reaction. However, at this time of the season, the

early morning temperature of the ground surface may be as
much as ' 3°C above the temperature of the bark surface at

the base of the tree. Consequently, the photopositive re-



183

sponse of the insects plus their reaction to temperature
gradients may serve to take them out from the base of the
tree to more exposed ground locations. Thus, the distri-
bution of the insects prior to hibernation during any one
season is dependent on the normal response of the insects
to light together with their response to temperature. It
is suggested that the occurrence of continuous cool weath-
er conditions during the time the insects are reacting in
this manner represents a conditioning period during which
the insects are prepared for hibernation.

It has been shown that emergence of the weevil from
hibernation is closely related to the maximum daily tem-
perature, though the time of the season the insects emerge
varies with the exposure of the hibernation site. In the
average white pine stand, the location of the hibernation
site is dependent upon the weather experienced during the
period in which the insects enter hibernation the preced-
ing autumn. It is apparent that this would have to be
taken into consideration before accurate predictions could
be made of the percentage of a population which have em-
erged by a given time during the spring.

Recently, Godwin and Bean (1956) observed emergence
by means of trapping weevils moving up the stems of se-
lected trees. These data were correlated with daily cu-

mulative degrees above 4LOPF (L.L44°C) between 0600 and

1800 hrs., as measured on a thermograph placed one foot
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above the ground. They concluded that at approximately
730 cumulative degrees above LOOF, 50 i 12 (odds, 19:1)
per cent of the weevil population will have emerged from
hibernation. From the standpoint of chemical control, this
is a very practical approach, but their results, do not
really refer to insects emerging from hibernation but only
to those moving up the trees. It is suggested that the
percentage emergence from hibernation may be considerably
higher, depending upon the distribution of the hibernation
sites. Exposed sites may be warmed to the level asso=-
ciated with emergence well in advance of shaded sites but
the insects which have emerged may be unable to move th-
rough the temperature zone occurring at the base of the
tree. Hence, they may wander for several days before
moving up the trees.

The most critical period in the development of P,
strobi occurs during the spring. From the study of the
two-dimensional graphs relating the classified types of
weevil activity with the various cc;mponents of the weather,
it is apparent that bark temperature of the leader, solar
radiation, and relative humidity all influence the amount
of activity at any one time, The effect of radiant heat-
ing is reflected in the bark temperature-percentage acti-
vity curves. Of the remaining two factors, it would be

erroneous to assume that accurate predictions of the ine

tensity of activity could be made on the basis of either
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factor independent of the other. This has been shown by
the studies of the three-dimensional graphs relating tem-
peraturé and relative humidity with percentage total acti-
vity of the weevil and with percentage oviposition. It

is immediately apparent that feeding and copulation may
commonly occur during weather conditions which are not
conducive to oviposition.

Pierce (1916), working with the cotton-boll weevil
Anthomonus grandis Boh., was one of the first to show con-
clusively that definite changes in responses occur out-
side particular combinations of temperature and humidity.
Similar results have been obtained by Shelford (1927) on

the codling moth, Carpocapsa pomenella Linne, by Parker

(1930) on the grasshoppers, Melanoplus mexicanus mexica-

nus Saussure and Camnula pellucida Scudder and, more re-
cently, by Edmunds (1952) on black flies. In the present
work, it has been shown that relative humidity influences
the amount of weevil feeding and oviposition, particular-
ly at or near the optimal temperatures for these acti-
vities., It is suggested that the rate of water loss at
optimal temperature is of primary importance to the in-
sect and its ability to remain at feeding and oviposition
sites.,

By reducing the penetration of light to young pine,
the shade afforded by a hardwood canopy changes the cli-

mate of weevil habitats as well as lowering the growth
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rate of the understory pine. It is apparent that the
changes in habitat conditions which occur must be viewed
in relation to the level of light penetration. As mention-
ed earlier, the most critical period in the development of
the weevil occurs during the spring and early summer. At
this time, habitat conditions must be suitable for emer-
gence, feeding, copulation, oviposition, and larval deve=-
lopment. These conditions are met in exposed habitats
except during very cold, cloudy years, but in many shaded
habitats they never favour weevil development and multi=-
plication even in wamm sunny years. The reasons for this
are discussed in some detail bélow.

It has been shown that on clear days during the
spring, the climate in unweevilled stands of shaded pine
limits the amount of oviposition which would occur if the
weevils were introduced into the stands. Thus, in stands
where the penetration of maximum available light varies
from 75 to 20 per cent, the maximum amount of oviposition
possible varies from 60 to 25 per cent of that which may
occur in open stands. When overstory hardwoods are leaf-
less some oviposition may occﬁr on the pines beneath them,
but it is considered negligible since at this time of the
season oviposition is slight in even the most favourable

sites., Later, when there is more oviposition generally,
the shaded stands are less favourable for it. Moreover,

they are not suitable for rapid feeding by young larvae,
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and so promote pitch-drowning.

In exposed stands a broad temperature regime exists
.within the habitat that is maintained, particularly during
diurnal periods of maximum weevil activity, throughout the
season. In shaded stands the temperature variation be-
tween the upper and lower levels of the habitat is not
broad and is not consisténtly directional (Sullivan, un-
published data). The shaded habitats appear to receive
the least amouﬁt of their heat by radiation and the major
portion from the surrounding air by conduction and con-
vection.

Another point worthy of mention is the effect of ear-
ly morning temperatures on weevil activity. Nocturnal re-
sting often occurs at the top of the previous year's lead-
er. Thus, in exposed stands the insects are warmed early
by radiant heating and the daily period of activity not
only occurs under more favourable conditions, but is in-
creased considerably. In mixed stands, even before the
development of the foliage of the overstory, the lack of
radiant heating prevents the development of high morning
temperatures. In fact, bark temperatures favourable for
relatively high weevil activity occur in shaded stands on
clear days, only for a brief period about solar noon.

This condition is especially pronounced in the more heav-
ily shaded stands where no weevilling occurs.

When weevils are forced to remain in heavily shaded
stands, their behaviour is abnommal, with the result that
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the damage occurring is negligible. There is a general
decrease in feeding activity and oviposition. Much of
this reduction may be attributed to unfavourable climate
conditions, but the direct affect of leader diameter of
the white pine is also important.

* Under a stand of more widely spaced oak where the pe-
netration of light on clear days varies from 85 down to 45
per cent of the available maximum throughout the season of
weevil activity, the differences in climate and leader dia-
meter are intermediate between the open and heavily shaded
stands. These conditions permit greater weevil activity
which more closely approaches open-stand levels. Although
some of the leaders may be destroyed, the amount of damage
is kept to a tolerable level, The damage occurring in such
stands appears to depend entirely upon the influx of in-
sects each year from adjacent open stands.

The high percentage of lost Coéo-labelled insects
placed in shaded stands indicates that many leave such
stands of their own volition. In addition, there appears
to be a considerable amount of travel between shaded and
open stands, particularly on relatively clear and warm days
that are conducive to high weevil activity. When over-
heated, the insects may fly into the shaded areas but, they
return to the exposed sites when cooled, Consequently, it
is suggested that the population in the shaded stands is

not large enough nor sufficiently static, nor is its be-
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haviour sufficiently normal to result in damage beyond tol-
erable limits.

If silvicultural control is to work, many points must
be considered in addition to providing minimal shading con-
ditions which afford protection from weevil attack. The
trees must be allowed to grow rapidly enough to warrant
their maintenance in particular areas. Certainly this will
depend on such factors as soil type and root competition.
However, on the better Petawawa sites where the required
condition of shading results in no weevil damage, the trees
are sufficiently vigourous to maintain average leader dia-
meters of 3.6611,26 mms. On similar sites where the shade
is somewhat reduced, weevil damage may occur within tol-
erable limits and the trees are sufficiently vigorous to
maintain leader diameters of 4.90%1,04 mms. Thus, in terms
of diameter growth, the pine grows at a slower rate but is
maintained at a level about 50 to 70 per cent of that oc-
curring in open stands on comparable sites.

It is recognized that the type and density of the
overstory is of prime importance in studies of this nature.
To date these factors have not been treated in detail. So
far, studies have been concerned chiefly with determining
the biological requirements of the weevil and comparing

them with the physical conditions which occur in unweevill-
ed or lightly weevilled stands of white pine. Thus, it has

been shown that weevil development is governed by the cli-
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mate and it seems highly probable that the criterion for
the establishment of weevil-free stands of pine may be
found in the limitations that weather imposes on weevil be-
haviour and survival. While light penetration appears to
be a suitable criterion for establishing the limits of
shade required to produce white pine undamaged by the wee=
vil, the results must be interpreted in terms of type and

density of overstory for specific sites.
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VI CONGLUSTONS

1. At room temperature, adults of the spring and autumn
populations of P. strobi are photopositive to discrete
sources of light. Starvation simply intensifies the re-
action until about 48 hours before death. At this time
the insects still respond photopositively, but their paths
to the light are more irregular and the time they require
to reach the light is increased considerably. At 24 hours
before death, starved insects  of the autumn population do
not show a consistent pattern of behaviour. Most of the
adults of this population exhibit an extended period of
indifference during initial trials, but during subsequent
trials they become more strongly photopositive. On the
other hand, old adults during the spring are more strongly
photopoisitive during initial trials and maintain this res-
ponse during subsequent trials. After starvation up to
five hours before death, both young and old adults become
photonegative,

2. At room temperature, fed young and old adults are po-
sitive to diffuse light but become negative when overheat-
ed, and this reversal also appears in their field behavi-
ocur. The temperature at which they reverse varies with
their previous temperature conditioning. The main differ-
ence between young and old adults is that the former be-
come negative at lower temperatures.

3. When starved and conditioned to temperatures within
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their normal activity range, adults of both the spring and
autumn populations become negative at lower temperatures
than when they are fed. When conditioned to temperatures
below their normal activity range, there is no change in
the temperature at which they become negative. Starved
adults of the autumn population acclimated at 20 and 0°C
become negative at lower temperatures than starved adults
of the spring population acclimated to similar tempera-
tures. When conditioned to 12°, there is no difference

in the temperature at which either young or old adults be-
come negative.

L. In the field, the occasional absence of an orderly
pattern of movement of weevil adults can be explained on
the basis of the response of the insects to light and tem-
perature. Thus, the observed reaction of individuals to
light and temperature is simply a function of their pre-
vious temperature conditioning and amount of feeding.

5. The lower reversal temperatures of the autumn popula-
tion of weevils does not present a hazard to survival.
When overheated at exposed points of the habitat the in-
sects move to shaded cooler points where they may contin-
ue to feed., Feeding and oviposition of the spring pop-~
ulation is, however, limited to the leader and their high-
er reversal temperatures permit them to remain at this ex-
posed site for a longer period each day.

6. The yearly increase in leader mortality in young open-
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grown white pine stands is more dependent on local in-
crease in population than upon weevil migration, whereas in
shaded stands of white pine where leader damage is only 10
per cent of that occurring in the open, the extent of lead-
er mortality is entirely dependent upon annual migrations
from the open stands.

7. The ability of white pine leaders to overcome weevil
attack is directly related to the amount of larval damage
to which they are subjected. Unless the larval popul-
ation is large enough to encircle the leader, the insects
die and the leader survives. The effect of partial dam-
age is reflected in the amount of new growth added by the
current year's terminal shoot.

8. The rate'of development of the larvae is related to
the temperature of the bark. At highef temperatures the
insects consume more food and hence move down the stems
more rapidly.

9. The greatest portion of the mortality occurring dur-
ing the development of the white pine weevil occurs dur-
the larval stage. In lightly or weakly attacked leaders
the young larvae are generally pitch-drowned shortly after
hatching. In heavily attacked leaders, excessive compet-
ition between larvae results in excessive mortality but the
survivors complete their development if they can feed ra-
pidly enough to avoid drowning.

10. Emergence of the new generation adults from infested
leaders is influenced by temperature. Emergence may occur
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over an air temperature range of 10 to 36°C, with the op-
timum temperature at 30°C.

11. During the autumn, no well-defined pattern of feeding
occurs, but the adults prefer the leader and exposed parts
of the laterals of the upper three whorls of the trees when
the weather permits feeding there. The amount of feeding
of the adults is influenced chiefly by temperature and the
insects are less affected by changes in atmospheric mois-
ture and solar radiation. This is due to the fact that
they may continue feeding in shaded points of the habitat
where the temperatures are not extreme.

12, The autumn population begins winter hibernation dur-
ing a period of six to seven consecutive days in which
the mean daily temperature does not exceed 5°C. The am~
ount of movement before hibernation and the final selec-
tion of exposed or shaded hibernation sites is governed
by the reaction of the insects to light and temperature.
13. First emergence of the white pine weevil from hiber-
nation corresponds closely to the time the terminal buds
of the white pine begin to swell. The percentage of ad-
ults emerging at any one time and the length of the emer-
gence season is dependent upon the exposure and tempera-
ture of the hibernation sites.,

14. Feeding and oviposition on leaders during the spring

follow a very definite pattern which is conduqﬂive to

successful larval development and a high degree of ter-
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minal mortality. These activities first occur on the up-
per part of the leader and extend downward as the season
progresses. More feeding occurs during the early part of
the season but, by the end of the spring season of act-
ivity, the ratio of oviposition punctures to feeding pun-
ctures at all levels along the leader is 1l:1. In addi-
tion, punctures containing eggs are capped while those
without eggs are left exposed.

15. During the spring, maximum weevil activity occurs

on relatively clear, warm days which are characterized
by bark temperatures of 26 to 31.5°C and relative humid-
ities of 20 to 72 per cent. At lower temperatures, the
amount of activity decreases but remains relatively con-
stant over the greater part of the normal range of re-
lative humidity. At bark temperatures above the optimum
level, the amount of activity drops rapidly and is zero
at bark temperatures of 359C and above.

16. Of the classified types of activity, oviposition
occurs within much narrower limits of temperature and re-
lative humidity. Maximum oviposition occurs at leader
bark temperatures of 25 to 299C in conjunction with re-
lative humidities of 20 to 55 per cent. At lower tem-
peratures and higher humidities the amount of oviposition

is reduced much more sharply than are feeding and co-

pulation. Consequently, considerable feeding may occur

during weather not conducive to oviposition.
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17. There is no definite flight period. Flight may
occur at any time during the spring and autumn when bark
temperatures of the leaders exceed about 16°C. Optimum
conditions for flight occur on relatively clear warm
days when the bark temperature exceeds about 259C, At
higher temperatures, the insects normally fly to cooler
sites., This flight may simply take them to near-by trees
or they may fly into adjacent shaded stands of pine.
When cooled, however, they return to the more exposed
sites,

18, When placed in unweevilled shaded stands of piﬁe a
greater number of the insects are lost and it is con-
cluded that at least a portion of them move out to ex-
posed stands. When placed in stands which are partly
shaded for only a portion of each day, the insects move
to the fully exposed sectors of the stand.

19. White pine in mixture with red oak is not subject-
ed to weevil attack when the penetration of light near
solar noon on clear days is reduced from about 75 to 20
per cent of the maximum light occurring in the open.
Stands shaded by less dense red oak overstories may be
lightly weevilled when the overstory density serves only
to reduce the penetration of available light near solar

noon on clear days from 85 to 45 per cent. The amount

of weevilling which occurs is, however, within toler-

able limits,
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20, There are at least two reasons for the reduction in
weevil attack and abundance in shaded stands.

(A) The climate of the shaded habitat is greatly
reduced so that even during ideal conditions
in the open, the climate of comparable shaded
habitats permits only minimal adult and larval
activity.

(B) Added to this is the effect of the reduction in
leader vigour of the shaded trees which results
in an abnormal pattern of weevil oviposition
that is not conducive to successful develop-
ment of the larvae,

21, The change in habitat climate and the change in be-
haviour associated with the reduction in leader vigour
result in conditions which cause greater mortality amowng
the existing population of adults and greatly reduce the
chances of survival of any larvae which may be pro-

duced.
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VII CLAIM OF CONTRIBUTION TO KNOWLEDGE

Evidence has been presented indicating that weather
influences the activity, behaviour, and survival of the

white pine weevil, Pissodes strobi Peck. By applying

quantitative methods in the field, the influence of
climate on the weevil has been shown as a series of
curves which can be used to predict the extent of acti-
vity during specified weather.

The results of preliminary studies have shown that
the criterion for the establishment and growth of white
pine stands free of weevil attack may be found in the
limitations that weather and the attributes of the pine
trees impose on weevil behaviour and survival.

It has been shown by studies of the light reactions
of weevil adults that their observed behaviour in the
field which enables them te avoid extremes in climate

is a response to light and temperature,
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