A PRELIMINARY ANALYSIS OF MORTALITY

IN EXPERIMENTAL POPULATIONS OF THE SPRUCE BUDWORM

by
0. A' Miller’ c. W. Bennett, and T. R. Renault

INTERIM RESEARCH REPORT
FOREST ENTOMOLOGY AND PATHOLOGY LABORATORY

FREDERIGTON, N, B.

CANADA
DEPARTMENT OF FORESTRY
FOREST ENTOMOLOGY AND PATHOLOGY BRANCH

March, 1963

(This report may not be published in whole or in part without
the written consent of the Director, Forest Entomology and

Pathology Branch, Department of Forestry, Ottawa, Ont.)



1.
2.
| 3e
Lo
Se

Te

Pe
10.
1l.

TABLE OF CONTENTS

INTRCDUCTION & o o o o ¢ o o o
METHODS o o o o o o o o o o o o
PROBLEMS IN ANALYSIS . . . . . .
GENERAL INDEX OF CLIMATE . . . .
RESULTS FOR EACH SERIES . . . .
MORTALITY FACTORS + o & o o «

691MiSSinguo'o--¢ooo

602 Predation . o ¢ o o o o ¢ o
6,3 Dead and Disease . .. . .
6.4 Parasitism < ¢ o706 o o o o
6.5 Total Mortality . EEEEEEE
THE KEY PERIOCD IN LARVAL SURVIVAL

RELATIVE IMPORTANCE OF MCRTALITY FACTORS
SURVIVAL 1IN EXPERIMENTAL AND NATURAL POPULATIONS
FUTIJBAE PIANS L L] . ® ® * L 4 * L L] ® L] . . ] @ *

REFERENCES * L 4 ° * ® L) L] * * . ] L 4 [ ] [ ] ° L] L4

Page No,.
1 |
2
L
8

10
12
12
13
15
16
17
18
18
20
21
21



A PRELIMINARY ANALYSIS OF MORTALITY IN
EXPERIMENTAL POPULATIONS OF THE SPRUCE BUDWORM

1. INTRODUCTION

The severe spruce budworm outbreak that developed during the late 1940's
in northern New Brunswick subsided in the late 1950's and population density
approached the endemic level by 1959, Endemic budworm populations have not been
studied intensively in the past and therefore the investigation of the population
dynamics of this forest pest at the outbreak level that was initiated in 1945 in
northern New Brunswick as part of the Green River Project are being continued
during the present endemic¢ period in order to establish the factors and mechanlsms
that determine budworm density in place and fluctuations about the 'mean density!
in time,

‘One of the main problems in studying an endemic population is the time
and effort required to establish mean density on a plot within acceptable error
limits and the effort required to collect sufficient numbers of insects to assess
the effects of predation, parasitism, disease, inherent weakness and other mortality
factors. Low budworm densities have thus necessitated a change in study technigues,
Rather than attempt to determine survival at different stages within a generation
{the 1life-table approach) our general aim is (1) to obtain a single population fix
each year in terms of third- and fourth-instar larvae, (2) to describe and explain
the factors that cause larval and pupal mortality and attempt to relats these
factors to yearly changes in the third-instar larval density. The validity of this
general approach, which largely ignores the egg, small larval, and adult stages,
is partly justified by the analysis of epidemic budworm populations where it has
been shown that the survival of large larvae is one of the major processes deter-
mining survival within the generation.

Experimental data that may supplement the findings and conclusions
derived from natural populations are of special significance when studying natural
populations at the endemic level. For this reason a continuing program was
initiated in 1959 to assess budworm survival during the third-instar to adult age
interval using partially 'controlled' populations in the field. This report deals
with a preliminary analysis of the results of this study obtained in the period
1959-62, The main objectives of this study are to investigate the effects of
climate, parasitism, and predation on the budworm using the 'exclusion' technique
and to obtain an index of large-larval survival in any one year to check against
the trend of natural populations in the Green River area. The exclusion technique
(sleeve cages, insecticides, biological control agents such as ants) is a common
method of assessing the efficiency of certain mortality factors. Dowden gt al,
(1953) caged small trees (10 to 12 feet high) with cloth and wire and left some
trees exposed and checked budworm survival in each treatment. They conecluded that
20 to 4O per cent more budworm disappeared from exposed trees than from trees
protected with wire screening and that these figures upheld their theory that birds
are important predators of the budworm, Exclusion techniques have certain dis-
advantages since cages may produce a major change in the microclimate and may also
confine individuals that normally disperse within or between host planmts,



2. 'METHOD3

Bach year a stock of budworm was obtained by forcing first-instar larvae
to spin hibernacula on balgam fir twigs covered with old staminate flower cups,
These twigs were taken to the field and pinned to the branches of balsam fir
reproduction in late August and early September in order. to overwinter the stock
under natural conditions, Approximately 2,000 second-instar larvae were over--
wintered in this manner, In early May of the following year samples of these twigs
were brought inte the laboratory and checked every two days until it beeame apparent
that emergence from hibernacula was imminent, All twigs were then collected,
placed in vials, and housed in an open insectary. As the seeond-instar larvae
emerged they were taken to the study plot and placed on the branch tips of balsam
fir reproduction at & stocking density of one larva per tree. One study plot (G2)
consisted of a moderately dense stand of balsam fir approximately 15 to 25 féet in
height that had developed after clear-cutting of the mature over-story in 1945 and
this plot was used in 1959 and 1960, In 1961 and 1962 experimental populations
were set out in a new plot (Gl?) with stand characteristics and history similar to
G2, In 1962 populations were also established on plot I3 (14 air miles south of
G17) in an attempt to relate changes in local climate to possible changes in budworm
survival,

The second-instar larvae were placed on branch tips between 3 and 5 feet
from the ground and the branch tips were covered with a perforated plastic bag.
This minimized dispersal frem the branches before the larvae started to mine needles
or buds. The bags were removed within a period of three days, depending on weather
conditions, Approximately 500 second-instar larvae were established on the study
plot each year on trees where cutting-trails (from previous pulpwood operations)
permitted the use of relatively exposed branches with vigorous growth near ground
level. The 500 larvae were therefore scattered over an area of approximately 2 acres,
and were, in effect, added to a resident population of approximately 5,000 larvae
(2 rough estimate of the study density on G17). After the larvae started to spin
feading sites either between needles or adjacent to vegetative buds they were
arbitrarily divided in separate experimental populations. In the period 1959-1962
six series of experimental populations (A, Al, B, Cy D, and B) were studied but
only three series (B, G, and D) were studied during each of the four years, A
description of each populabion series follows:

 Beries B.-=This series consisted of approximately 100 larvae set up on balsam
fir and caged with a ¢cylindrical cage about 12 inches long, 5 inches in diameter,
and constructed of fine mesh plastic screening (Plate 1, Fig, 1), Strips of cotton
cloth about é inches wide were used to close the ends of the cage, and & coil of
wire was inserted to support and shape the plastic sereening., It was assumed that
the cage would exclude parasites and invertebrate and vertebrate predators, and
that disease, inherent population 'vwigor' and weather (plus the interaction of
these factors) would be the prineipal source of mortality.

Series C.--This series consisted of approximately 100 larvae set up on balsam
fir and caged with galvanized screening of 1/h-inch mesh size. A cylindrical cage
12 inches long and approximately 6 inches in diameter was used in 1959 bub replaced
in 1960 with a 10-inch diameter cage as birds and invertebrate predators were
potentially able to remove larvae while resting on the outside of the smaller cage.
In 1961 a square cage was designed (12" x 12" x 7" deep) and proved to be the most



Plate 1, Fig, l.~--B Series Cage
Fige 2e=C Ser;es-ﬂage

Figs 34~=-E Series Cage
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satisfactory (Fig. 2). Strips of cloth were used to enclose the ends of the cage,
It was assumed that parasites and invertebrate predators would have access to the
caged larvae while birds would be excluded and that this experiment would con-
sequently provide an index of budworm survival in the absence of predation by
birds, However, it was soon apparent that sixth-instar larvae tended to move

about on the foliage just before pupation and in so doing were able to pass through
the 1/L-inch mesh of the cage and were lost; larval dispersal thus confounded the
survival data. In 1960 and 1961 a sheet of waterproof paper was therefore placed
on the bottom of the cage to trap dispersing larvae, In 1962 half of the cages in
this series were modified to trap dispersing larvae (Cl) while the remainder (C2)
permitted dispersal, The modification consisted of a strip of nylon 'mesh' (mesh
size approximately 1/16th of an inch) completely covering the bottom of the cage
but, unlike the paper, possibly allowing small parasites and spiders acecess through
the bottom as well as the top and sides of the cage,

Series D,~-This series consisted of approximately 200 larvae set out on balsam
fir and left exposed until the survivors reached the late pupal stage,

Serieg A,--Series A consisted of approximately 100 second-instar larvae estab-
lished on balsam fir and left !exposed! on the branch, An open tray about 20 inches
square and 6 inches deep with wooden sides and a cotton bottom was placed under each
branch, The sides of the tray were ringed with tanglefoot in order to trap larvae
that dropped from the branch. This treatment was only used in 1959 and then dis-
continued, since 'missing' larvae were not found in the trays and the trays may have
unduly influenced predation by birds.

Series Al,--This series consisted of approximately 100 larvae established on
white spruce and left 'exposed! on the branch. The objective was to check relative
survival on white spruce and balsam fir, The experiment was set up in 1960 but dis-
continued since the population survival curves on the two host plans were almost
identical,

Beries E.--This series was very similar to Series B except that the cage was
constructed of fine mesh nylon (Fig, 3) rather than plastic sereening, Series E was
first used in 1962 to check the potential variation in budworm survival resulting
from the characteristics of the cage,

In any one year the series of populations were intermixed so that, for
example, the exposed larvae of Series D were not clumped together in one part of the
study area, The larvae were examined every three days (series C and D) with a
minimuwm disturbance of the feeding site, and movement to new feeding sites was noted
on a diagram of the branch, Dead and missing larvae were recorded under four
headings; parasitism, predation, deadaxidiseased, and missing, Parasitized larvae
were taken to the laboratory and reared, Difficulty was experienced in classifying
other dead larvae, If the integument was broken or scarred death was atbribubed to
predation, If the integument was not broken, or if the larva appeared flaceid, it
was recorded under 'dead and diseased', These dead larvae, when possible, were
frozen and later examined for the presence of pathogens, The subjective analysis
of disease and predation is discouragingly evident. Dead larvae were also recorded
by instar, In some instances the date of larval death was not listed as the date
when the dead larva was found but was adjusted to a previous date on the basis of
larval development and d egree of feeding on the shoot, Mortality was necessarily
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recorded as the acgtual number of budworm killed by a particular factor on a
particular date, This differs from the usual assessment of mortality where, for
example, a sample of the host population is collected and dissected for parasites
and the number of hosts with parasites is, in effect, the apparent number that
would be killed by parasites in the absence of all other mortality factors., The
agsgessment of mortality in terms of 'actual'! rather than 'apparent' proportions
caused certain difficulties in the interpretation of the data,

The periocdiec recording of living larvae gave & series of population
fixes for each experimental series from the beginning of the third instar to the
late pupal or adult stage and these have, for comparative purposes, been plotted
as survivorship curves (Figs. 4, 5, 6 and 7). Survivorship curves and estimates
of early larval mortality were based on third-instar density rather than on the
number of second-instar larvae established in feeding sites since no attempt was
made to find second-instar larvae that dispersed or were 'missed! from the tagged
braneh, An estimate of the *loss' between second-instar larvae in mines and third-
instar larvae in new shoots (on the same branch) for the period 1959-62 is as
followss -

Second-instar Third-instar
larvae in larvae in Per cent
mines shoot s ~ loss
1959 L62 367 21
1960 L7 , 325 32
1961 L22 369 36
1962 486 410 16

This loss appears to be a function of current shoot development when newly moulted
third-instar larvae begin to attack the current shoots,

3. PROBIEM3 IN ANALYSIS

The problems of analysing and interpreting mortality data obtained from
experimental population studies may be briefly stated as follows:

1, Mortality factors -are -measured in terms of their effects on the budworm
and not their presence or density in the ecosystem, The relationship between a
particular mortality factor and budworm survival must therefore be interpreted
with caution, particularly if regression techniques are used.

2, The method of collecting mortality data from experimental populations is
such that the actual number of budworm killed by a particular factor is observed
and recorded. Data are therefore presented as the actual proportion killed and
the interaction between factors is accounted for in the data collection technigue,
This differs from the uswal circumstances where a sample of hosts are examined and
the apparent mortality is measured,

The remainder of this discussion deals with the problems arising from
statement (2) above and the discussion may be illustrated by using the hypothetieal
example recorded in Table I, This table shows a population of 80 third-instar



Fige he=--Survivorship curves for series
By Cp and D in 1959, Survival rate based on
third-instar density,



RATE

SURVIVAL

1.00

80

.60

.40

.20

UMAY

SERIES

SERIES

SERIES

25

JUNE

24

24



Fige S5.=-Survivorship curves for series
B, C, and D in 1960, Survival rate based on
third-instar density.
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Fig, 6,-=Survivorship curves for series B, C,
and D on Plot G17 in 1961. Survival rate based on
third-instar density,
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Pig, «7.—-$urvivorship curves for serieé
By €1, and D on plot G17 in 1961, Survival
rate bagsed on third-instar density.
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larvae reduced to two adults as the result of parasitism and disease, It is
agsumed that the population was counted at successive intervals in its development
and the actual numbers of larvae killed by parasites and disease recorded, The
proportion of hosts killed by a particular factor at a particular stage is there-
fore based on the number of hosts present at the beginning of that developmental
stage. :

Contemporaneous mortalities. Table I shows that, as a result of measuring
mortality in terms of the actuwal proportion killed, contemporaneous mortalities are
additive., Thus, 40 per cent of the third-instar larvae are killed by parasites and
10 per cent by disease and total mortality equals 50 per cent, (Note that if the
. apparent proportion of hosts killed by these factors had been measured, the apparent
mortalities could only have been summed if no interaction cceurred,)

o Sequential mortalities., Sequential mortalities are not additive, and
Table I shows that sequential survivals (1 - mortality rate) are not multiplicative,
again because the data are based on the actual rather than apparent proportion of
_hosts kg %edo For example, sequential mortalities caused by parasites in Table I

are hO%&§ 3%, and 4OZ, If these data are converted to survivals and multiplied,

(1 - .40)(1 - .30)(1 - (25)(1 ~ .40) = ,189

: _ mortality due to parasites
the result shows a survival rate of .189, or conversely, 8l,1 per cent, Similarly,
67,6% of the hosts were killed by disease, but these data, €1,1% and 67.6%, can in
no way be combined to show a total mortality of 97.5% (78/80) which was the observed
mortality. Therefore, 81,1% is not a realistic estimate of mortality caused by
parasites., However, if one wishes to compare the effect of parasites on budworm
survival in relation to other factors,-a means of combining sequential mortalities
is required, This can be accomplished by summing the total number of hosts killed
by a factor and presenting this as a proportion of initial or third-instar density.
For example, in Table I total parasitism would be 53/80 or 66.25 per cent, and total
disease would be 25/80 or 31,25 per cent. The combined mortality would be additive
(66.25% + 31,25%) and equal 97.50 per cent, as observed, This is the correct means
of interpreting total parasitism in terms of the third-instar population, but in an
Intuitive sense it fails to assess the potential impact of parasitism on the host
poepulation, For example, in Table I if six rather than four pupae had been killed
by parasites, total parasitism in terms of third-instar density would equal 55/80 or
68,75 per cent; an increase of 2.5 per cent (68,75 -~ 66,25). In terms of the pupal
period, however, an increase of two pupae killed would represent 60 per cent rather
than 40 per cent parasitism, In both instances the population would become extinct;

(1) 68,75% parasitism + 31.25% disease = 100% mortality of the population

(2) 60% parasitism (of pupae) + LOF disease (of pupae) = 100% mortality
of pupae

but it would appear to be more appropriate to discuss the impact of parasitism on
the population in terms of an increéase from 40 to 60 per cent than from an increase
of 66,25 to 68,75 per cent,

A possible solution to this problem would be to combine the sequential
mortalities caused by parasites to give an estimate of total parasitism, but it
has already been pointed out that the sequential mortality data obtained in experi-



 TABLE T

A hypothetical populatién of 80 budworm reduced %o
two adults as the result of parasitism and disease.
Proportion of host killed expressed in terms of the
aumber of living larvae in each instar.

. Noe Proportion
killed by killed by ; : o ,
pargsites  parasites - Cumulativel | Wo. larvae killed by
No. ,‘and' and Proportion  proportion - Parasites - Disease
larvae disease disease surviving surviving Number Proportion Number Proportion
III-instar 80 : ' |
40 .50 .50 50 32 .40 - 8 .10
V-instar 40 g :
20 .50 » 50 .85 12 030 8 - 30
VI-instar 20 o :
. 10 .50 .50 .125 5 .25 5 .25
Pupae 10 .
: 8 .80 20 .025 4 .40 4 - 40
Adults -2
Tolals : 78 53 25

Actual survival = 2/80 = ,025

1(,50) (.56) = ,25
(.50) {.50) (.50) = .125 stec.
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mental populations camnot be combined. Further, this is essentially Thompson's
approach and Miller has pointed out (1955) that it must be used with caution since
it tends to ignore other mortality factors acting on the population., This latter
objection may not be too serious in experimental populations because a number of
mortality factors are measured and one would analyse the variation in parasitism
in relation to the wvariation of other mortality factors before attempting to relate
‘it to host survival,

The first objection to combining sequential mortalities, that actual
rather than apparent proportions of hosts killed are measured in experimental
populations, can be nullified in the following mahner. The hypothetical example
in Table I shows that among third-instar larvae, disease and parasites cause an
actual mortality of 10 per cent and 40 per cent, respectively. But it is reasonable
to assume that these factors interact and that some hosts are attacked by beth,
Consequently, the apparent mortality caused by disease would equal 10 per cent plus
an unknown proportion X, and the apparent mortality caused by parasites would egual
LO per cent plus Y3 since disease and parasites are present in the ratio of 4 to 1,
the apparent mortalities could be transformed to 10 + X per cent and 40 + AX per
cent, It can also be assumed that the interaction between parasites and disease is
such that the presence of one in the host has a minimum effect on thas attack of the
other, If both attack the host, the probability of host survival thus equals:

(1 - apparent proportion attacked by disease)(l - apparent proportion
attacked by parasites)

Hogt survival in the example = .50, and therefore
1= (10+X) (- (.40+4X) =50
X=,01
If the above assumptions are correct, the apparent mortalities caused by disease and
parasites equal 11 per cent and 44 per cent, respectively. Apparent mortalities
were computed for the other host stages in Table I and the following example shows
the results obtained for paragitism:

11 v VI Pupae

Actual mortality by LO% 30% 25% L0%
parasites

Apparent mortality by Li% 35% 29% 55%
parasites

The apparent mortalities by parasites ecan be converted to survival rates:

11l v vI Pupae
Survival rate $56 065 Nal 45

and, since parasites are acting in sequence, the survival rates can be multiplied
to give a cumulative survival rate of ,116, In other words, 1l.6 per cent of the
hosts survived parasite attack. In the same manner, the proportion of hosts sur-
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viving attack by disease equals ,214 and the proportion of hosts surviving both
factors is (116)(.214) or ,025 as compared to the observed in Table I of ,025.

This technique may be an acceptable means of combining sequential mortalities
obtained in experimental populations, It does provide a total estimate of mortality
caused by a factor as well as giving due weight to mortality that occurs late in a
sequence of events,

This discussion on the interpretation of mortality data may be summarized
as follows:

{1) Mortality data in experimental populations are measured in terms of the
actual rather than apparent proportion of hosts killed.

(2) As the result of (1), contemporaneous mortalities are additive.

(3) As the result of (1), sequential mortalities cannot be converted to
survival rates and multiplied,

(L) An estimate of the total effect of a factor acting in sequence can be
obtained by relating mortality to the initial or third-instar density; but this
procedure tends to minimize the effect of a factor acting late in the sequence,

(5) A possible solution to (A)-is to convert actual proportions killed to
apparent proportions., Sequential survival values then become multiplicative and
an estimate of the total effect of a factor can be obtained,

(6) Slgniflcant changes in apparent versus actual mortality are not only
dependent on the level of the actual mortality but also on the level of other contem-
poraneous mortalities associated with it. This has been analysed by Morris (1957)
in his interpretation of mortality data.

(7) The procedure in (5) can only be attempted when one has a sound under-
standing of the interaction between factors,

It is now anti-climatic, but necessary, to inform the reader that the use
of cumulative survival rates has not been adopted in the following analysis since
a number of assumptions must be tested before the procedure may be eventually
adopted. Instead, in the preliminary analyses to be discussed below the age-interval
from third-instar larvae to pupae has been divided into two age intervals: (1) from
the third instar to the appearance of the first sixth instar in the population, and
(2) from the first sixth instar to the adult stage. These are termed the early
larval and late larval age intervals, The number of hosts killed by a particular
factor is consequently presented as a proportion of either early larval density
(third instar) or late larval density (density at the beginning of the sixth instar).
This, in effect, is a compromise between computing the effect of a factor solely
in terms of third-instar density and attempting to compute a cumulative survival
rate, :
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Lo GENERAL INDEX OF CLIMATE

The importance of climate in governing changes in budworm density is
well known, although the relative importance of various climatic factors and their
interaction with the budworm has yet to be established, Some index of climate is
necessary for the following discussion of mortality in experimental populations
and rather than use the measurement of a specific climatiec factor such as
temperature, an attempt has been made to designate only whether climate was
favorable or unfavorable in 1959, 1960, 1961, and 1962,

Budworm development provides an index of general climate; and the fol-
lowing data on- the appearance of the first sixth-instar larva and first pupa in
the experimental populations during the period 1959-62 suggest that climate was
favorable in 1960:

First :
sixth-instar i First
Year larva o pups.
1959 June 20 July 2
1960 June 12 June 25
1961 June 28 July 8
1962 June 26 July 5

The rate of balsam fir shoot growth also suggests that climate was favorable in
19603

5% Shoot 50% 5%
Year growth growth growth
1959 June 7 June 21 Juij 2
1960 May 31 - June 12 June 21
1961 June 16 June 27 July 6

If 1960 is accepted as a computation base, the deviations (in days) in
budworm development and balsam fir shoot develdpment are as follows for 1959,
1961, and 1962:

Deyiations in days from 1960

First 25%

sixth=-instar First shoot
Year | larva pupa growth 50% 5%
1959 + 8 + 7 +7 +9 +11
1961 +16 +13 +16 +15 +15

1962 +14 +10 +14 +15 +19
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These data show that phenological events were approximately one week later in
1959 than in 1960, and two weeks later in 1961 and 1962 than in 1960, Further
analyses of balsam fir shoot growth have shown that the rate of growth in 1959
was comparable to the 1952-58 mean, It is therefore concluded that climate was
favorable in 1960, about average in 1959, and unfavorable in 1961 and 1962,

The analysis of temperature data for the period 1959-62 has not been
completed. In a preliminary abstraction, maximum daytime temperatures were ’
averaged for seven-day periods beginning on May 15 (about the time budworm emerge
from hibernacula), The following table records the deviations in these averages
from a mean computed for the 1959-62 period:

Deviations in maximum temperature (mean daily maximum
over a seven-day period) from an average
computed for the period 1959-62

May . ‘ June . _July
Year 15 22 29 2 12 19 - . 26 3 10

1959 4+ .6 + 5.1 <18 «3.3 5.0 -2,1 =51 +6.6 +6.
1960  +3.3 4127 494 . 42,0  -l.7  +.6 +50 -9 O
1961 -6.7 -11.9 “he5 -i.2 0 +3.0 - o2 “2.2 +Ll.5
1962 42,6 - 5.9  -3,1 42,7  +6,6 1,5 +. =37 -80

These data show that the rapid budworm development rate in 1960 could be associated
with high temperatures in late May and early June, In 1959 temperature was high
during the first two weeks of July when large larvae were developing to pupae and
this doubtless had a favorable effect on survival.
1962
June precipitation records for 1959, 1960, 1961 and/are as follows:

195 1960 1961 1962

Total rain for June 8,43 3.72 354 433
8,00 a,m, to 6,00 p,m. datas
(1) Max, rate for 1 hour 1.40 .38 27 «20
(2) Max, duration of 1 storm 6 hrs, 4 hrs, L hrs, 5 hrs,
(3; Total hrs, with rain L3 16 24 32
(4) Total rain Lo9h 1,06 87 1.42
(5) Mean rainfall per hr, o49 W11 .09 olily

The critical attributes of precipitation in relation to budworm survival have not
been established, The above data show a high rainfall in 1959 as compared with
1960 and 1961, In the arbitrary period of 8,00 a,m, to 6.00 p,m, it rained for a
total of 16 hours in 1960 as compared with 24 and 43 hours in 1961 and 1959, and
this may have contributed to the rapid budworm development rate in 1960,
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-In 1962 preliminary tests using a recording potentiometer were carried
out to compare maximum daily temperature, minimum temperature and relative humidity
in the various cages with ambient conditions, However, difficulties were
experienced with radiation even on small thermocouples and the tests must be
repeated,

5, RESULTS FOR EACH SERIES

B, Series.--This series of experiments was carried out yearly during the
period 1959-62 with little or no change in cage design., In 1962 a new cage material
(Series E) was used but both types of cages were supposed to measure the same
mortality factors. Figure 8 shows the survival curves and Tables II-VII record
mortality data from these experiments. Survival rates from the third instar to
the adult stage were as follows:

1959 1960 1961 1962
L 70 73 .62 (Series B)

.49 (Plot I3)
»70 (Series E)

These data show a very high survival rate of the budworm for the third instar age
interval. The mean of approximately .70 for field rearing in cages :

compares favorably with results reported by Stehr (1954) for laboratory rearings

in which he obtained survival rates ranging from .60 to .80 during the gecond instar
to adult age interval., The above results were also supplemented by experiments
carried out in 1962 where small trees (about 5 feet in height) were caged with
cotton and nylon eloth fastened to a wooden frame, Second-instar larvae were
placed on the trees and then counted when 50 per cent of the adults had emerged and
the remainder were living pupae, The survival rates on three trees where 21, 23,
and 21 larvae had been set out, were .86, ,70, and .81, respectively., However, the
wmiformity in survival rates in Series B and during the four-year period was not
expected., It was assumed that changes in local climate would result in real changes
in the proportion of hosts killed by disease and other intrinsie mortality factors,
although it was also recognized that the tightly woven screen cage could modify the
microclimate within the cage. The low survival of .49 on plot I3 in 1962 did
result from a high intrinsic mortality rate, but sufficient data are not available
to relate this to local climatic conditions,

Co Series.=-Changes in cage design and other influences tends to confound
any attempt to compare survival rates in this series during the period 1959-62,
In 1959 larvae could easily disperse from the small cage, while in 1960 the foliage
in some cages was limited to such an extent that partial starvation occurred and
an increase in dispersal was noted, In 1961 and 1962 two different methods of
placing a 'floor! in the cdge to limit dispersal probably confounded the results
to some extent, Figure 9 shows the survival curves for this series and Tables
VIII-XII record the mortality data., Survival rates were as follows:



Fig. 8.--Survivorship curves for the B series
in the period 1959-62, Plotted over the common .
base of the appearance of the first sixth-instar
larva and first pupa in the population,
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TABLE IT

B Series, 1959

No; living Total Dead + Parasi-

inate 1l&rvae loss Missing Predation Dead Disease disease tism
May 19 92
; 197
June 4 75~
3 3
18 72
5 4 1
24 67
2 2
© July 3 65
12 2 1 3 3 6
8 53
0
22 53
Total 22 11 2 3 3 6
Adults: 353 = 32 females, 21 males

No dead larvae examined for disesase.



B Beries, 1960

TABLE III

No. living Total Doad + Paragi-
Date larvae loss Missing Predation Dead Disease disease ‘tism
May 18 92
21 19 2
June 1 71 _
1 1
8 70
3 3 1 1
16 65
4 2 2
20 61
10 4 4 2
7 51
1 11
July 4 50
Total 21 0 11 5 5
Adults: 50 = 25 males, 25 females

1Prepupae



TABLE IV

"B Series, 1961

No. Total ' Dead +
Date larvae loss Missing Predation Dead Disease disease Parasitism
May 31 103
30 30
June T 73
1 1l 1
16 72
5 1 3 1 1
21 67
6 3 2 1 3
29 61
3 2 1
July 7 58 1
2 1 1 1
13 56
0
17 56
0
20 56
3 31 3
24 53
o
27 53
Total 20 7 3 T 3 9 1l
Adults: 53 = 29 males, 24 females

1

Pupas



. TABLE ¥
B Series, 1962, G17

s

No.  Total B ' Dead + Paragi-
Date larvae loss Missing |Predation Dead Disease disease tism
May 31 43 '
6 6
June 3 37
2 2 2
7 35
1 1
14 34
2 1 1 1
19 32
0
21 32
1 1
26 31
0
30 31
2 1 1 1
July 2 29
1 1
9 28
2 1 1
12 26
1 1
16 25
2 2t 2
19 23
Total 14 4 3 5 1 6 1

Adultss 23 = 15 males, 6 females, 2 undetermined

1Pupae



TABLE VI

E Series, 1962, G17

No. Total Dead 4
Date larvae loss Missing Predation Dead Disease disease Parasitism
May 31 53
6 6
June 3 47
3 2 1 1
14 44
0
19 44
: 0
21 44
2 1 1 1
26 42
0
30 42
1 1
July 2 41
1 1 1
9 40
1 1
12 39
3 2 1
16 36
3 3l 3
23 33
Total 14 4 4 6 0 6 0

Adultss 33 = 18 males, 15 females
1Pupae



TABLE VII

B BSeries,. 1962, I3

No. Total , Dead &
Date larvae loss Missing Predation Dead Disease disease Parasitism
May 29 41
2 2
June 3 39
2 1 1 2
11 37
2 1l 1 1
14 38
4 1 3 3
19 31
1 1 0 1
21 30
1 1
26 29
2 1 1 1
30 27
3 1 2 P
July 2 24
1 1
9 23
4 1 1 2 2
12 19
23 19
Total 20 4 4 9 3 12 0

Adults: 19 = 9 males, 9 females, 1 undetermined
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1959 1960 T 1961 1962
L086% .33% .33% .20 (01;3
088 (c2)4

1, Small cage with no 1floor! :
2. Cage with waterproof paper as a !'floor!
3. OCage with nylon mesh as a 'f{loor?

4, Cage without floor

One interesting result noted in these experlments was the behavior of

sixth-instar larvae before pupation. The examination of foliage for pupae while
sampling natural populations has suggested that some larvae tend to move from the
sixth-instar feeding site and pupate on other parts of the braneh. This dispersal
was quite evident in the C cages since a number of pupae were found on the cotton
ends (toward the tree trunk) of the cage. In 1960 and 1961 only 38 per cent and
27 per cent, Yespectively, of the larvae that pupated did so in the sixth-instar
feeding site. Prelimlnary data from a vecordlng potentiometer did not show a
temperature increase in these’ cages under full sunlight which would result in an
abnormal behavioral pattern, The full impact of this dispersal pattern in natural
populations and the vulnerability of larvae during this period has received little
attention,

D, Series.~=The methods used in setting up this series of experiments were
gimilar in all years. The larvae were left exposed on the branch. Small, healthy
larvae usually staged near the branch tip where they had originally established
feeding sites, Large larvae (sixth instar) tended to move about on the branch just
before spimning a pupation site, and it was therefore necessary to examine the tree
very carefully during this period., Survival curves for these experiments are shown
in Figure 10, and mortality data are recorded in Tables XIIIwXVII Survival rates
were as follows:

1959 1960 1961 1962
036 <017 000 000 (G17)
won.s:L | .000 (I3)

1. Population on white spruce

: In setbing up these experiments it wag realized that few individuals
would survive to the late pupal or adult stage and further that the loss of very
few individuals during the late larval and- pupal stage would result in a geometric

variation in the survival rate., However, it was hoped that a sufficienthumber
might survive to the early pupal stage to permit the calculation of a supV1val
rate for the third -instar to the early pupal stage, Such a survival rate might
be a realistic index of events occurring in .any one year and permit inter-year
comparisons, In 1961 and 1962 no individuals reached the pupal stage, but some
large larvae did survive to that point in time (early Juneg when pupae started to
develop in the B and C cages., Consequently, survival in the D series has been
analysed in terms of the third instar to the 'first pupa! age interwal although
it is realized that inter-year comparisons must be carefully interpreted.



Fige 9.-=Survivorship curves for the C series
in the period 1959-62, Plotted over the common base
of the appearance of the first sixth-instar larva
and first pupa in the population,
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TABLE VIII

C Series, 1959

No. Total - Dead + Parasi~
Date larvae losa Missing Predation Dead Disease disease fism
May 19 96 . .
26 26
June 2 70
7 3 2 2 2
11 63
8 7 1
16 55
12 11 1
23 43
5 3 1 1 ]
30 38
a7 13 3 2 2 9
July 5 11
4 1 1 3
8 7
1 1
14 6
22 6
Total 64 38 8 6 6 12

Adultss 6 = 3 males, 3 females



TABLE IX

¢ Series, 1960

No. Total o Dead ¢ Pargsi-
Date larvae loss Missing Predation Dead Discase disease ‘tism
May 18 102
_ 30 30
Juns 2 T2
0 -
8 72
11 1 8 i 1 1
17 81
' 9 6 a 1 1
22 52
22 7 4 1 1 7
28 30
8 5 1 3 4
July 6 24
Total 48 19 14 4 3 7 8
Adults: 24 = 19 males, 5 females



TABLE X

C Series, 1961

No.  Total ' Dead ¢ Parasi-

Date larvae ° losg Missing Predatioh Dead Disease disease ‘tism
May 31 86 A
18 19
June 6 67
o
9 87
3 3 3
15 64
, 3 2 1
20 81 ,
3 1 2
22 58 -
2 1 1
27 56
3 2 1
30 53
8 6 1 1
July 6 45
5 5
10 40
1 1
13 39
5 1 2l 1 1 1
17 34 |
12 2+ gl 7l 7
20 22
Total Y 17 11 10 1 11 6

Adults: 22‘3 13 males, 9 females

1Pupae



TABLE XI

Gl Series, 1963

No. Total ’ Dead +  Parasi-
Date larvae loss Migsing - Predation Dead Disease disease  tism
May 31 54 ~
: 9 9
~ June 8 45
' 1 1 1
7 44
' 1 1 1
26 43
1 1
30 - 42
‘ 5 4 1 1
July 2 37 ’
2 1 1
9 35 o . S |
| T I 1 e 4
12 23 | ’ |
10 9 1 : 1
16 13 i
4 1 1 1 2
19 Y]
23 9
Total 36 22 1 7 2 9 4

Adulte: 9 = 6 males, 2 fomales, 1 undetermined
1Pupae



TABLE XIT

c2 éefies,‘l962

‘Wo..  Total B ' " Dead +

Date larvae loss Missing Pfédatibn Dead Disease disease Parasitism
Mey 31 62
5 5
June 3 57
2 1 1 1
14 55 '
1 1
21 54.
4 1 1 2 3
26 50
' 4 4
30 46
6 5 1 1
dJuly 2 40
1 1 1
5 39
3 1 1 1
9 36
21 13 1 4 o 4 - 3
12 15 1 |
' 6 5 1 1
186 9
' 0
19 9
4 1 1t ol 2
23 5
25 5
Total _ 52 3l 4 9 4 13 4

Adults: 5 = B.males,iz females
1Pupae '



_ Fig. 10i==Survivorship curves for the

D series in the period 1959-62, Plotted over
the common base of the appearance of the first
gixth-instar larva and first pupa in the popu-
lation, :



RATE

SURVIVAL

.00

.80

.60

40

First XL Instar

DEVELOPMENTAL

STAGE

First pupa

OF

BUDWORM




TABLE XIIT

D Series, 1959

Pupae

No. Totai S Dead + Parasi-
""nead”ﬂ'”lafvaé"“’ioBS“‘**Nﬁssing"*Predation"wﬂead'”Disease*”diseasefwtism*'WW'f
May 19 176

' 38 38
June 2 138 :
: 18 7 7 4 4
10 118
' 1z 7 -5
16 108 o :
32 20 6 3 5 1
23 76
35 18 5 8 10 2
30 41 .
az 14 1 1 17
July 5 9
2 2
8 7
2 21
10 5
0
22 5
Total 133 70 23 16 20 20
Adultss 5 = 5 males



TABLE NIV

D Series, 1960

. No. Total Dead # Paragi-
__Date larvas  _ loss Missing Prodation Dead Digease disemse tism
May 25 186 . : '
\ 69 69
June 1 117 A
: 7 3 2 2 2
7 110
47 20 12 4 1 5 10
14 63 :
17 4. 6 2 R 4 3
2L 46 : -
38 8 11 3 6 9 10
a7 . 8 -
2 1 1 1
dJuly 6 6
. 4 4
11 2
Total 115 40 31 11 10 - 21 23

Adults:s 2 = 2 females



TABLE XV

D Series, 1961

No. Total Dead + Parasi-
Date larvae loss Missing Predatien Dead Disease disease tism
May 30 180 :
60 60
June 6 120
1 1 1
9 - 119
2 2 2
15 117 -
10 ‘1 6 2 2 1
- 20 107 '
29 5 15 6 6 3
23 78
26 4 8 8 6 8
27 52 :
19 6 4 5 5 4
30 33
22 10 2 3 3 7
July 6 11
9 6 1 1 2
10 2 : '
T 1 1
13 1 )
1 1
15 0
Total 120 34 35 1l 25 26 25




TABLE %VI
D SERIES, 1962, GL7

No. Total , Dead + Paragi-
Date larvae loss Missing Predation Dead Disecase disease tism

May 31 178 .
34 34
Juhe 3 144
4 4 4
7 140
0
9 140
3 1 2 2
11 137 :
26 ' 9 10 4 2 6 1
14 111 .
16 10 3 1 1 2
19 95 _ ' _
' 20 6 4 1 3 4 6
3l 75 o
38 15 9 2 5 7 7
26 37
. 16 7 2 1 2 3 4
30 21 | |
11 4 -1 3 2 5 1
July 2 10
5 1 1 2 3 1
5 5
5 5
9 0

Total 144 58 29 19 16 35 23




TABLE XVII

D SERIES, 1962, I3

No, Tobal Dead ¢+ DParasi-
Date larvee loss Missing Predation Dead Disease disease ‘tism
May 31 149
23 23
June 3 127
2 1 1 1
7 185
5 3 2 2
11 120
16 7 7 2 2
14 104 .
16 9 4 3 3
19 88 -
15 6 7 1 1 1
2l 73
23 13 2 1 1 7
26 50
18 8 1 1 2 3 6
30 32
11 8 1 2 2
July 2 21
17 12 3 2 2
9 4
3 2 1 1
12 1
1 1 0 1
15 0

Total 127 68 26 7 12 19 14
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6. MORTALITY FACTORS

6,1 Missing

The unaccountable loss of larvae from feeding sites tends to confound
any attempt to interpret mortality data drawn from experimental population studies,
In the B series approximately 10 per cent of the larvae (based on third-instar
density) could not be accounted for during the examination of the foliage and it
was assumed that this loss was primarily sampling error. In the C series, 25 to
54 per cent, could not be found primarily as the result of the dispersal of sixth-
instar larvae from feeding sites and eventual drop from the cage. In the' D series,
28 to 53 per cent of the larvae (also based on third-instar density) was tmissed',
The proportions of hosts 'missed! in the C and D series are comparable although it
is evident that the 'missing' category is measuring two different patterns of events
in these series., For example, if the number of larvae 'misged' are accumulated
from one sampling period to the next and expressed as a proportion of the third-
instar density, the following results are obtained for the 1962 € and D series datas

D series Gl series C2 series
Missed Missed Missed _
Date No, _ Proportionl No, Proportion No, Proportion Development
June 3 III-ingtar
9 1 .01
11 10 «07
14 20 o1l 1 .02
19 26 .18 2 «Oh
21 hl =28 2 «Oh
26 48 033 6 .11 First
: gixth-instar
30 52 36 b .09 11 «19
July 2 53 o 37 p) oll 11 19
5 58 » 40 5 .11 12 021 First pupa
9 12 W27 25 otk
12 21 b7 30 53
16 22 A9 30 «53
19 31 o 5k

1. Proportion based on third-instar density

These data show that by the time the first sixth-instar larva appeared in the popu-
lation, approximately 33 per cent of the D series were missing, while only zero to
11 per cent of the € series had dispersed from the cages, Some mortality factor
apparently removed small larvae from the foliage in the D series and it is assumed
that invertebrate predators are largely responsible, This topic is discussed in
the following section,

Table XVIII records the proportions of early larvae, late larvae, and
early plus late larvae 'missing* for all experiments for the 1959-62 periocd,



TABLE XVIIT

Proportion of larvee 'miséihé' iﬁ—éil experiments, 1959-62

1950 1560 . 1561 1562
, N e e ‘ .
! s Barly + " Berly # Barly + ‘ Early %
Barly” Lates” lats | marly Late late |Barly late  late .| Barly late  late
larvae larvae larvae %arvae larvae larvae |larvae larvae larvsas larvae Jlarvae larvse
Series B (G17) .09 .06 .15 .00 .00 .00 .05 .05 .10 .05 07 .11
B (13) ) .05 .07 .10
B 4 .02 .07 .09
Series G or C1 .30 =40 54 .01 +30 «26 .00 30 .25 .00 .51 .49
2 . : _ 04 .58 .54
Series D (Gn) .35 47 .01 « 20 <29 .34 .08 A5 .28 »28 .46 - 40
D (1I3) »30 .60 .54
1

Proportion of early larvae based on third-instar density

2Proportion of late larvae based on large-larval density

3Proportion of early # lgte Jarvase based on third-instar density.
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6,2 Predation

- The assessment of mortality caused by invertebrate predators where
larvael cadavers were left on the foliage proved to be guite arbitrary, Dead
larvae were classified under 'predation' if the integument was broken, or scarred,
or if the body contents appeared to have been sucked out, It was recognized that
some larvae classified as 'dead and disease' may have actually succumbed to
predator attack and the reverse could also have been true where sucking arthropods
attacked but did little feeding. Table XIX records the proportion of hests killed
by invertebrate predators where cadavers were left on the foliage, Predation of
early larvae was higher on the exposed branches (D series) than in the G cages
although it had been hoped in setting up these experiments that little or no dif-
ference would occur, Table XIX shows no accountable trends in predation during
the period 1959-62 but the data, particularly for the D series in 1959, 1961, and
1962, do show that the proportion of sarly larvae killed by invertebrate predators
wag considerably greater than the proportion of late larvae, This trend was
reversed in 1960 when a higher proportion of late larvae were killed, The same
conclusion can be drawn from the following table which records the proportion of
hosts killed in various instars for the period 1959-62:

Noe budworm Proportion killed by invertebrate
Year examined ‘ predators in various instars

X o m 9§y i

ot

1959 35 926 023 031 hQO
1960 63 .08 o1l 023 .52
1961 45 29 oh9 o1l 11
1962 53 .02 30 o 40 ol7 L1l

These data suggest that if budworm development rate is rapid (1960) predatien
tends to occur among late larvae, while a larger proportion of early larvae are
attacked if development is slow. This could be a function of the length of time
that the host is vulnerable to attack, or a lack of synchronization with some of
the more important invertebrate predators,

Table XIX shows that invertebrats predation of late larvae in the C
series was comparable to predation on the exposed branches (as contrasted to early
larval predation), and, with the exception of 1960, predation of late larvae varied
from 9 to 12 per cent, It is therefore concluded that a complex of invertebrate
predators other than spiders generally attack about 10 per cent of the late larval
population, '

The discussion of invertebrate predation to this point is based on a
count of larval cadavers found on the folliage, However, it was recognized that
gome larvae could have been completely devoured or removed by invertebrate
predators, and that large larvae and pupae were doubtless removed by birds, Thus
a proportion of the larvae 'missing' in the D series could reasonably be assumed
to have been removed by invertebrate predators and birds and the following analysis
is an attempt to assess total predation based on this assumption, In considering
total predation of early larvas it was further assumed that (1) birds do not attack
small larvae (and gizzard analyses support this conclusion), and (2) early larvae




TABLE XIX

roportion of larvae kiiiéé*b§.invertebré%e”pre&atars
where larval remains were left on the foliage, 1959-62

1962

1959 1960 1961

1 - Barly #3  Early s  Eerly Early &

Bazrly Lats® lats. Barly Tlate late | Early late late  |Barly Lais late

larvas larvas larves larvas larvae larvae |larvae larvae larvae |larvae larvas larvas.
Series B (G17} .01 .01 .03 »06 .11 .15 .04 200 .00 .08 .07 .08
B (13) .03 «10 .10
B 204 .03 .09
Series C or C1 +06 .08 131 011 10 - 19 «06 «12 218 .00 .02 .02
G2 .02 .06 07
Series D (@17} .13 .07 .17 .12 -R7 .26 024 .12 «29 .18 .08 - 20
b (13) .17 .10 .20

1Propertion of emrly larvae based on third-instar density

P

Proporiion of lgta larvae based on large-larval density

3_ - . . . .
Proportion of sarly ¢ Imts larvae based on third-instar density
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missing in the B series were, in effect; the result of sampling error., This'error!
was then applied to early larvae ‘'missing! in the D series and the remainder were
treated as larvae actually removed from the foliage by invertebrate predators,

For example, in 1959, 9 per cent of the early larvae in the B series were classified
as missing, or as sampling error, This was equal to 12 larvae (9 per cent of 138)
in the D series. A total of 34 small larvae were missed in the D series and thus
the assumed proportion taken by invertebrate predators was (34-13)/138 or 16 per
cent, Total predation was therefore equal to

16% removed by invertebrate predators
13% cadavers left on the foliage

29%

On this assumption, total predation of early larvae during the period 1959-62 was as
followss

1959 1960 1961 1962

Removed 166 20% 3% 15%
Cadavers J_Lz - 2 24 18
Total . 298 | 328 27% - 33%

The speculative aspects of these results are quite evident, but the hypothesis that.
up to 30 per cent of the early larvae in an endemic population are taken by inverte-
‘brate predators could serve as a'bgsis‘for further research of the predation problem,

Unfortunately, the analysis of predation of late larvae is also speculative,
It has already heen pointed out that invertebrate predation of late larvae (where the
cadavers were left on the foliage) averaged about 10 per cent, But attempts to assess
the proportion of late larvae removed from the foliage (primarily by birds) were con-
founded by the uwnexpected loss from the C cages. It was hoped that parasites,
invertebrate predators, and intrinsic mortality would be the only factors causing
mortality in the C series and thus a survival rate in the absence of bird predation
could be obtained and compared with the D ‘series to give an index of the effect of
birds on the population, Dispersal from the C cages nullified this assumption,
However, an attempt has been made to assess predation of large larvae by birds on
the following hypotheses; B ‘ '

(1) that the proportion of late‘larvae 'missing' in_thé B series was
essentially sampling error, - :

(2) that the number of late larvae 'missing' plus the number that sur-
vived in the C series was, in effect, a count of larvae that
escaped attack by invertebrate predators, parasites, and disease,
and that these larvae would be vulnerable to attack by birds in an
exposed population, :

(3) that the proportion of late larvae vulnerable to bird predation (as
' calculated from the C series) could be compared to the proportion of
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larvae 'missing' in the D series in an attempt to assess bird
predation in the D -series.

The following example from the 1959 data shows how these assumptions were used in
the assessment of bird predation. In 1959, 6 per cent of the late larvae in the

B series were 'missed' and therefore classified as sampling error, In the C series,
17 late larvae were ‘missed', 6 survived and, correcting for sampling error, this
means (23-3)/43 or 47 per cent of the late larvae escaped attack by invertebrate
predators, disease,and parasites and would have been vulnerable to attack by birds.
If the interaction of invertebrate predators, disease, and parasites on the host
were similayr in the € and D series, then 47 per cent of the late larvae in the

D series were vulnerable to bird predation, Thus, 36 larvae (47 per cent of 76)
were vulnerable to birds, as compared to 31 larvae (41 per cent) that were actually
clagsified as 'mi331ng' in the D series, Similar 1nterpretations for 1960-62 data
give the following results:

1959 1960 1961 1962

1, Sampling error .06 .00 .05 .07

2, Proportion of late larvae A7 .85 6 .65
" in € series classified :
as healthy and vulnerable
to bird predation

3, Population density of late 76 63 52 37
larvae in D series ’

4, Calculated pumber of larvae 36 5h .33 24
in D series vulnerable to '
bird predation, Based on
{(2) above,

5 Observed number of 'missing' 31 17 21 - 14
larvae in D series

6o Proportion of larvae ohl 027 T W40 «38
‘missing! in D series

In 1959 and 1961 the calculated muber of larvae vulnerable to birds and the observed
number of 'missing! larvaeare roughly comparable, and these data suggest that birds
could removed up to 4O per cent of the late larval population, No relationship is
evident in the 1960 data primarily because the mortality cauwsed by parasites,
predators, and disease largely occurred during the late larval period and the attack
rate wag much higher in the P series than in the € cages,

6.3 Dead and Disease B

In the field, diseased larvae were classified under 'disease! on their
flaedd appearance, while dead larve with no apparent break in the integument were
glassified as tdepd', Some of the latter group were later examined by M. M, Neilson,
but since it was pot possible to examine all dead larvae microscopically and define



TABLE XX

Proportion of budwoféiaying as the result of

*dead and disease®, 1959-63,

1959 1960

1961

1962

._ ‘Ea.ﬂ.'ylés Ea.rly} S e E&z'lyri-;g o _ Eérl‘y %
,Ea.z‘l"gl Lete® late . | Barly late  labs | Early _Tate . lgte _| Barly TIabe 1late

larvae Jaryae larvae |larvae Jlarvae larvae |larvae larvae larvee |larvae larvae larvas
Series B (817) .00 .04 .04 .01 .06 .07 .07 .07 a2 | .08 .10 .16
B (13) .18 .17 .31
E | | .14 .10 .13
Series G or G1 .03 .09 .09 .01 .10 .10 .04 .14 16 .04 .16 .20
c2 07,18 .23
Series D (G17)  .O7 .14 .14 .06 22 .8 .14 .17 .22 .17 .30 .24
D (I3) | .08 .18 .15

Iproportion of sarly larvae based on third-instar density
2 5 .
Proportion of Imig larvae based on large-larval density

BProportion of parly ¢+ Imts larvae based on third-instar density
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the intrinsic eause of mortality, the 'dead! and 'disease! categories were neces-
sarily combined for analysis purposes., Table XX records the proportion of budworm
killed as the result of 'dead and disease', These data suggest that (1) the
mortality rate is generally higher among late larvae than early larvae, (2) if bud-
worn development rate is rapid as in 1960, the higher mortality rate among late
larvae is more pronounced, and (3) the mortality rate was generally higher in the
unfavorable climatic years of 1961 and 1962 than in 1939 and 1960, The differential
mortality rate between late larvae and early larvae in 1960 and its possible relation-
ship to the rate of host development are also evident in the following data:

Proportion of hosts dying in various stadia

JTear il iIX iV ¥ AN Pupa
1959 - 08 W4 .36 15
1960 - .02 202 .05 W21 .58 .12
1961 .02 016 026 016 013 o227
1962 010 016 023 009 033 é07

Table XX also points out one of the many problems in collecting, analysing
and interpreting mortality data from experimental populations, For example,; the
prOportion of budworm killed as the result of 'dead and dlsease' on plots G2 and G17
is as follows (taken from Table XX):

1959 1960 1961 1962

Series B 04 <07 012 16, .13
C 009 010 olé ozog 0'23
D o1l .18 .22 o2

In any one year the progressive increase in mortality in the three series of experi-
ments is obvious, although one could assume on biological grounds that this type of
mortality would be comparable in all experiments regardless of whether the larvae
were caged or exposed, This is particularly true in comparing € cages and exposed
branches in the D series, At this point in the study one can only assume that the
B cages do have some effect on this type of mortality, bubt that the variations in
the C and D series could result from chance alone,

It has already been pointed out that some dead larvae were examined for .
disease symptoms, but such a blased sample could not be used to obtain a realistic
estimate of the incidence of disease. But it is of interest to note that 4 out of
12 dead larvae {33 per cent) examined in 1959, 20 out of 42 (48 per cent) in 1960,
and 45 out of 55 (82 per cent) in 1962 were diseased,

6.4 Parasitism

A gmall chalcid, Elachertus cacosciae Howard, and Apanteles sp, (very rare)
are the orly parasitic species recovered from experimental populations, This is an
extremely simple complex since approximately 10 species have been recovered from
natural populations in the area, E. gacoeciae is an external parasite which lays
two or more eggs per host and has been recovered from a variety of lepidopterou%
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hosts, Table XXI records the proportion of hosts killed by parasites, In the D
series parasitism (based on third-instar density) ranged from 11 to 21 per cent,
Parasitism was higher in the D series than the € series indiecating that the open
mesh cages did, unfortunately, have an adverse effect on parasite attack,

The proportion of hosts killed in the various instars by E., cacoeciae is
glven in the following tables

Proportion of hosts killed in various instars.

Year ITE v v VI Undetermined
1959 603 , 619 078

1960 «Oh .06 <28 062

1961 : ulllv 031 0'21} 031 g

1962 .03 020 o5 «30 »02

These data suggest that E. cacoeciae generally kills fifth- and sixth-instar larvae,
but if host development rate is slow (1961 and 1962), a considerable number of
third- and fourth-instar larvae may also be killed, Table XXI shows no specifie
trends in parasitism during the period 1959-62, A rather constant per cent para-
gitism would be expected since E. cacoeciae overwinters in an alternate host and it
is quite probable that it hes more than one generation per year.

6,5 Total Mortality

The section on various mortality factors is briefly summarized in the
following table, in which is recorded the mortality of early larvae and late larvae

in the D series: %
Early larvde ' Late larvae
Mortality caused bys Yortality caused by:
' Invertebrate
Total predation Disease Parasitism Birds_ predatdrs
1959 029 : olh 25 oAl .10
1960 , 032  e22 221 27 - . 210
1961 o7 17 025 -ohO ' «10
1962 033 7 ozh ,16 ) 938 ,10

These data suggest the following survival rates for the period 1959-62:

1959 - (+71)(,10) = 071
1960 - (.68)(,20) = ,136
1961 - (,73)(.08) =.,058
1962 - (,67)(.12) = ,080

but it must be noted thet these survival rates are overestimates, since (1) they
are based on actual rather than apparent mortalities, and (2) some early larvae
were killed by parasites and disease as well as predators,



TABLE XXI

Proportion of budwormhkiliéé by parasites, 1959~62

1960

1962

1959 1661
1 . .. Barly +3 - Barly ¢ . Early & S Early &
Early  TLaté®  large . | Barly Late late’ ,|Barly late late _ |Barly 1Lats  labe
larvae Iarves 1ar?ae larvee 1grvae larvae }a:vae ;arvae Tarvae {arvae }arvae larvae
Series B (G17) .00 .09 .08 .01 .06 .07 .00 .02 .01 .00 .03 .03
B (13) .00 .00 .00
B . ‘ .OQ .00 +00
Series G or C1 .00 .28 . .17 .01 .11 .11 .06 .04 .09 .00 .07 .09
c2 A .00 .08 07
Series D (G17) .01 .25 .14 .09 .21 .20 .10 .25 .21 #11 .16 .15
D (13) | .06 .12 11
lPropbrtion of early larvae based on third-instar density
?Prepor%ion of laker larvae based on 1arge-larvaludensity o
3Proportion of early + Ilate larvee based on third-instar density
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7. THE KEY PERIOD IN LARVAL SURVIVAL

If the survival rate from the third instar to adult age interval is
denoted as Syrr.p 8nd,

8111.yT = survival rate from the third instar to the time
- when the first sixth-instar larva is found in
the population,

Sy1-p = survival rate from the first sixth instar to the
appearance of the first pupay

Sp-& = gurvival rate from the first pupa to the appearande
' of adults, :

then the following generaliZation is true:?
S111-a = (S11r-v1)(8v1-p)(SP-A).

This generalization was used in an attempt to find the key period that largely
determines survival during the third instar to adult age interval. No detailed
analysis was attempted since only four years! data for any one experimental popu-
lation were available, Further difficulties were experienced in the analysis
since in 1961 and 1962 the D populations became extinect before the adult stage
and it was therefore necessary to assume a survival rate of .OOl(SIII_A) for
analysis purposes. The following results, which show regressions coefficients
derived from the regression of Syry-aA on SITI-VIs SVI-P, and Sp.py; are presented
but no conelusions can be drawn until more data become availables:

S11I-aA on S111-yI  S117-A on SyI.p  SIIT-A on Sp.p

B .8l .38 50
D .81 .62

The apparent importance of the survival of small larvae in the B and D series
requires corroborating evidence,

8, RELATIVE IMPORTANCE OF MORTALITY FACTORS

The difficulty of interpreting mortality data and assigning degrees of
importance to various factors in population regulation has already been discussed.
I have yet to establish a satisfactory method of expressing the proportion of
hosts killed by a factor so that the following discussion of results is only
tentative and subject to change pending the acquisition of more data and modifi-
cation of study techniques., Such an analysis is also hampered by the fact that
mortality or survival data are based on the effect of a factor and not on an
independent measurement of the presence of the factor in the ecosystem,

In attempting to assess the'importance of a factor each experimental
~ series was examined separately. The relationship between survival from the
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third instar to the adult stage (8yrr.a) and thejféllowing variables were investi-
gated by graphical and regression methods:

(1) Proportion of early larvae killed by a particular factor, with the
proportion based on third-instar density.

(2) Proportion of late larvae killed by the factor and based on late
larval density,

(3) Proportion of early plus late larvae killed by the factor and based
on third-instar density.

The relationship between S to cunmulative survival rates (as discussed in a
previous section) was also investigated but will not be reported,

, In the tabular data to follow the observed survival rates in a particular
experlmental series are ranked ﬁrom high to low, The proportion of larvae killed
by a particular factor are also listed and the importance of-a factor is only inferred
through its apparent rank correlation. In the B seriss, where the larvae were
screened, the few parasites and predators that did enter the cage could be classed
as random mortality and would not be expected to be related to survival, The pro-
portion of hosts dying as the result of 'dead and disease', however, appear to be
related to Syyy.ps ‘

Observed Proportion of budworm killed by
survival 'dead and disease! :
in Ranked » ' Barly +
Yoar B _series survivals Early larvae Late larvae: laté larvae
1959 o 70 ‘ <13 .07 - W07 012
1960 o?O n71 nOO #Oh ' Uoh f
1961 o' 13 o 70 .01 p .06 . .07 -
1962 G17 .62 70 - e 010 213
o . 13 ’chg 062 908 ¢10 q16
series B 070 oh9 018 017 631

: In the C series the proportion of small plus large larvae, and the pro-
portion of large larvae that were 'missed'; appear to be.related to St except
that in 1959, the proportion of small plus large larvae dying as the resuﬁt
'dead and disease'! also appear to be related to SIIImA"

Observed Proportion 'missing!
survival Early Proportion
‘ in Ranked Late late Ydead and diseagat

Year C series survivals larvae larvae Barly + 1ate larvae
1959 0086 a33 030 025 016
1960 e 33 «328 .30 T 026 «10
1961 0328 +20 T 651 © WA9 s20
1962 ¢l 020 .088 .58 o Sh ¢23

c2 088 .086 .40 o5l 209



In 1959 the interaction of 'dead and disease! and parasites confounded the results
since the proportion of hosts killed by parasites in 1959 was high in relation to
other years and this may have resulted from the design of the cage in that year,

In the D series the survival rate for the third instar to the pupal stage
(STrT-p) rather than Syyy.p was used as the dependent variable, The following data
suggest that the proportion of early plus late larvae dying as the result of 'dead
and disease! and possibly the proportion of early larvae attacked by predators are
related to Syry.p?

Observed , .
survival Proportion 'dead Proportion
in Ranked and disease! 'predatign!
Year D series survivals Late larvae - Early laryae
1959 - «18 .18 oLl «13
1959 .15 .15 a8 S 12
1960 C nOA '10 : 'o15 C nl?
1961 .03 <04 022 - o024

1962 G17 »10 .03 oRb .18
I3 : ' .

No conclusions can be drawn from the above data on mortality in the By €,
and D series, However, it is of interest to consider that the proportion of budworm
dying as a result of 'dead and disease' has some effect on survivaly, since it would
fit the generally accepted hypothesis of the importance of weather,

9. SURVIVAL IN EXPERIMENTAL AND NATURAL POPULATIONS-

The analysis of data obtained from life tables during the period 1950-58
showed that generation survival of the budworm is largely determined by survival from
the third instar to pupal age interval (Morris, 1963), Theréfore, one aim in estab-
lishing experimental population studies was to relate the survival rates determined
from exposed branches to the yearly changes in density in natural populations of the

. spruce budworm. Unfortunately, zero survival rates in the D series in 1961 and 1962
have nullified this approach but, as more data become available, it may be possible
to determine a key period in the third instar to adult age interval and carry out the
proposed analysis., For example, it may be assumed that the early larval peried
(third instar to the beginning of the sixth instar) is the key period in the third
instar to adult age interval and, consequently, survival in this period largely
determines population density in the following generation, In 1960, survival in the
D series during this period was ,73 and the 1960 to 1961 rate of change in a natural
population in the area was a 5-fold increase, In 1961, early larval survival in the
D series was ,36 and the 1961 to 1962 rate of change in a natural population was .34,
In 1962, early larval survival in the D series was ,28 and one would therefore sus-
pect another decline in density in 1963,
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10. FUTURE PLANS

The four years' study of experimental populations of the spruce budworm
has produced limited results, but these warrant continuation of the program, The
scope of future work, however, depends largely on designing a cage that will allow
free access of parasites and invertebrate predators, limited dispersal but no loss
of larvae larvae, and exclude birds, The results from this cage might permit an
indirect but realistic appraisal of the 'missing! group on the exposed branches,
Other lines of research might develop from the following comments and assumptions:

(1) With additional data it may be possible to relate intrinsic mortality
in the B series to local climatic conditions. In any event, survival
in the B series and fecundity in the B and C series (to be presented
in a separate Interim Report) provide an index of population 'vigor!
that may prove valuable in analysing changes in natural populations,

(2) It may be possible to obtain some index of invertebrate predation to -
analyse the 'loss! of small larvae in the D series by introducing a
known number of predators on to caged trees, Results in 1962 sug-
gested that budworm survival is high in small caged trees where DDT
is carefully used to sterilize the environment.

(3) Survival in the D series was discouragingly low although it may be
possible to study mortality on exposed branches with two 'populationst.
In one the mortality of small larvae would be assessed, The !second’
population could be caged until the appearance of the first sixth
instar and then exposed in order to assess large larval mortality,
although the density of the experimental population in comparison to
the resident population would have to be carefully considered, In any
event, it is hoped that the D series will eventually suggest a key
period in larval survival and the relative importance of the mortality
factors under investigation,
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