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FOREWORD

The Canada/U.S. Spruce Budworms Program in
cooperation with the Center for Biological Control
of Northeastern Forest Insects and Diseases of the
Northeastern Forest Experiment Station co-sponsored
this Forest Defoliator-Host Interaction Workshop.
This invitational workshop was limited to
investigators of the spruce budworms and gypsy
moth in the Forest Service, Canadian Forestry
Service, and the University sector. The primary
purpose of this workshop was to foster
communication between researchers having a mutual
interest and active research projects designed to
understand the relationships between the host
plant and forest defoliator feeding behavior,
growth, and reproduction.

This Workshop was a follow-up to two
previous meetings on host-insect interaction. In
1980, Dr. W. Mattson hosted a CANUSA-sponsored
meeting at the North Central Forest Experiment
Station, St. Paul, MN. This informal gathering
brought together CANUSA Program investigators
from the US and Canada for the purpose of sharing
preliminary information and data on host-insect
interactions. The second meeting took place in
the fall of 1982. CANUSA(E) sponsored a
Symposium on Spruce Budworm-Host Interaction at
the Eastern Branch Meeting of the Entomological
Society of America, Hartford, CT. The current
Workshop developed from this Symposium. We found
that participants were raising question concerning
the similarity or differences between the spruce
budworm and gypsy moth host interaction systems.

These Proceedings resulted from a three-day
Workshop held in April 1983 at the Park Plaza
Hotel, New Haven,CT. The structure of the
Workshop allowed each participant a period for a
presentation followed by lengthy discussion.
These discussions were lively, friendly technical
exchanges clarifying or elaborating on points
raised by the speaker. Frequently, these
exchanges were thought-provoking and often
provided avenues for further detailed discussions
and in some cases, future cooperative efforts.

The papers that make up these Proceedings
were submitted at the Workshop as camera-ready
copy. As a result, the participants did not have
the benefit of reappraising their work in light of
the discussions that followed their presentations
or other ideas that developed at the Workshop.

Since the Workshop was planned late in the
1ife of the CANUSA Program, we asked each
investigator to be especially aware of the
implications of these interactions om population
dynamics of the insect in relation to forest
management potential. When possible, we also

asked that future research needs and direction be
mentioned.

Ag technical coordinators for this
Proceedings, 1t was our task to arrange and more
effectively focus material so that papers
provide a smooth transition of ideas and research

activities on insect~host interactions for the
spruce budworms and gypsy moth.

Lastly, we would like to acknowledge the
support and confidence expressed by the following:

Denver P. Burns, Director, Northeastern
Forest Experiment Station

Melvin E, McKnight, Program Leader, CANUSA

William E. Wallner, Director's
Representative, Hamden, CT

August 1983 Robert L. Talerico, Broomall, PA
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Left, gypsy moth larva; right, spruce budworm
larva.
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SPRUCE BUDWORM (CHORISTONEURA FUMIFERANA)

PERFORMANCE IN RELATION TO FOLIAR CHEMISTRY
OF ITS HOST PLANTS
William Johun Mattseon

Principal Insect Ecologist

U.S. Department of Agriculture, Forest Service
North Central Forest Experiment Station

202 Pesticide Research Center

Michigan State University

East Lansing, MI 48824

Scott S. Slocum and C. Noah Koller
Research Assistants

University of Minnesota

Department of Entomology

St. Paul, MN 55108

Spruce budworm growth was best on balsam fir,
poorest on lowland black spruce, and intermediate
on upland white and black spruce. OGrowth was
congistently, positively linked to foliar N and
negatively linked to Fe, K, and select terpenes.
Survival rates were not strongly, nor consistently
linked to any of the measured foliar chemical
traits.

The population dynamics of the spruce budworm,
Choristoneura fumiferana, is clearly an ecosystem/
biome level process. The process has many parts,
all of which interact to some degree, and none of
which is really well understood individually, not
to mention how they operate together. The process
starts, as we see it, by a budworm larva taking a
bite out of a plant. The plant has a complex array
of nutritive and nonnutritive chemicalsg that
together affect budworm behavior, metabolism and
ultimately growth, reproduction and/or death. Our
primary objective has been to examine variations in
budworm performance among different host tree
species in relation to the foliar chemistry of
these trees. The ultimate goal is to identify the
ma jor host factors regulating budworm performance.

This paper reports on our preliminary analyses
of the growth and survival of budworms in relation
to total nitrogen, mineral elements, mono-terpenes,
and phenolics in its diet on three tree species:
balsam fir, Abies balsamea; white spruce, Picea
glauca; and black spruce, Picea mariana.

This study was conducted in two locations, the
main plot being about 20 miles south of
International Falls, Minnesota, in Koochiching
County, and the secondary plot about 15 miles west
of Cloquet, Minnesota, in St. Louis County.

Methods
In 1981, we selected 122 trees for the purpose

of monitoring the performance of larval budworms in
relation to foliar chemistry of these trees. Among

this set were 20 white spruce, 25 black spruce, and
58 balsam fir which were divided into four classes:
24 small (1-5 m), 16 medium (5-10 m), 8 large
(10-15 n), and 10 stress. Nineteen of the medium/
large catepory were selected at random for the
purpose of studying both early and late season
(i.e., late summer) budworm performance.

On each tree we selected five branches at
midcrown level, approximately 70° apart so as to
encircle the tree. FEach branch was then enclosed
with a 36" long fine-mesh cloth sleeve cage which
served as an enclosure for 15 secound-stage larvae
placed therein., Larvae were obtained from the
laboratory colony of the Insect Rearing Service of
the Forest Pest Management Institute, Envirounment
Canada, Canadian Forestry Service in Sault Ste.
Marie, Ontario. Each branch contained at least 30
new shoots. Budworms were removed at the pupal
stage and subsequent moths were collected in the
laboratory and frozen within 24 hours after
emergence in preparation for freeze-drying to
constant welght.

We started the experiment in all cases after
shoot elongation had begun (approximately 300
degree days, using 2.8°C as the threshold and March
1 as the beginning date). Budworms normally emerge
from hibernacula at about 200 degree days in
northern Minnesota (Bean and Wilson 1964) whereas
in New Brunswick it may be closer to 100 (Cameron
et al., 1968). Our records indicate that balsam
“bud bresk” occurred at about 238 DD in our main
plot. In 1981, we placed larvae on black spruce
about 1 month later (6/22/8l) than on balsam and
white spruce so as to avoid any possgible adverse
effects of the late phenology of black spruce. In
1982 all tree species received larvae at 300 DD.
Furthermore, in 1981, we also placed second stage
larvae on 19 medium/large balsam on July 24. This
is about the time that budworm first stage larvae
are normally preparing for overwintering.

Follage chemistry was measured only once during
the larval perlod, at approximately the
commencement of the fifth larval stage. This was
done because the fifth and sixth stages coansume
90-95 percent of the total diet (Miller 1977,
Retnakaran 1983). Foliage was gathered from all
sides of the tree at midcrown, immediately stored
in coolers on dry ice and then frozen at the
laboratory until used for analysis. Except for
terpene analyses, the foliage was separated from
stems, then lyophilized and ground to pass through
a 40-mesh screen on a Wiley mill. It was then
stored dry in a glass container in the dark until
analysis. Details of the various analyses can be
obtained from the authors on request.

Because the field studies did not permit
control of temperatures during larval development,
temperature effects may be confounded with tree
effects when comparing budworm performance on
different plots and at different times. 1In all
cases we know the dzily maximum, minima, and mean
temperatures for our experiments as well as the
precipitation values. Once we understand the
budworm's temperature-growth responses we will be
able to remove possible temperature effects from
host effects.
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Table 1l.~-Mean adult female and male weights (mg dwt) reared on different hosts

in 1981 and 1982

1981 1982 1981 1982 a/
Host plant Mean SD Mean SD Mean SD Mean sh
Femaleg Females Males Males

Bfir stress 2144 5.64 22.13 5,11 10.24 1.92 12.91 2.95 10
BFir lge 19.28 4.91 22.42  4.32 9.66 2.02 12,40 2.71 8
BFir med 20,42 3.90  20.65 5.74 9.76 1.76 11.99 3.44 16
BFir sml 17.83  3.99 18.78  4.43 9.33 1.69 10.87 2.38 24
WSpr lge 16.81 5.50  18.49  6.33 7.31 1.93 12.43 3.02 10
WSpr sml 15.00  6.05 16.17 6.21 8.20 2.81 9.26 2.93 10 e/
BSpr upld 15.06 10.37 19.04  6.01 8.12 1.89 10.67 2.78 10/20~—
BSpr lowld 8.32 3.38 ll.g? 3.56 45.92 1.42 6.73 1.79 15
BFir late 13.56  3.09 na— na 7.41 1.78 na na 18

3/Numbcr of trees in each species class.
—,Nn data avallahble.
' Ten trees in 1981, twenty in 1982.

Results
DMfferences Among Species

Budworms clearly attained the highest adult
welghts on balsam fir (18-22 mg dwt), followed by
white aproce (15-18.5 mg) or upland hlack spruce
(15-19 mg) and then lowland black spruce (8-11 mng)
(Table 1), The pattern was conglstent between
vears for both sexes. The fact that white
spruce-reared budworms were smaller than those from
fir is contrary to results from eastern North
America where such spruce-reared budworms are
urually about equal to (Blais 1957, Greenbank 1963)
or aign{ficantly larger (Koller and Leanard 1982,
and see T, Thomas in this proceedings) than those
from balaam fir. The upland black apruce data
agree with previous research which suggests that 1t
producen slightly smaller ingects than does balsam

fir but not necessarily less than does white spruce
(Blair 1957, Greenbank 1963),

Varfability in female weights was about 50
percent greater on the apruces than on balgam fir
an estfmated by the coefficlents of variation
(SD/R) (Table 1). Thig was the result of the fact
that some apruce trees consdstently produced very
small Ynsects (i 1] mg) while others congistently

produced larpe {naccts (> 20 mg) similar to those
an large halgam fir,

Ceneration survival rateg (from second instars
to the adult srage) {n 1981 revealed that balgam
fir was n superior host follawed by white spruce
and then bhlack spruce (Table 2)., The pattern
changed fn 1982, however, showinp that white spruce
and Towiand black 8pruce were not different from
haluam.  Upland black gpruce, however, again showed
the Iowent survival rates, We rauwnot explain
differences fa the suevival pattetns between yeara
exeept to hyvpothestze that weather conditions may
have been responnible, Mean dafly remperatures were
shaut FUA"¢ higher durfng the larval perfod 1n 1981
than dn 1982 (14,27 yq, 14,3y, Mean daily maxima
averdped wearly the same (23,87 ve. 22.9%) in both

years bur datly miaima were about 4°C higher 1in
T9B1 (9.5° vg, §,7%y, ‘

g1

Table 2.--Survival rates and proportion of females
from different hosts in 1981 and 1982

Proportion
Survival rate fenales

Host plant 1981 1982 1981 1982
BFir stress .290 .282 .48 .51
BFir md/1lge 305 276 .55 48
BFir sml 330 327 .54 .51
WSpr all 2232 +351 .53 a/ .31
BSpr upld .130 .179 AR .45
BSpr lowld .120 .275 .60% .51
BFir late 157 na 53 na

E’Significantly (p £ .05) different from .50 ratio.

Differences Among Age Classes

We studied budworm performance on three
age/size classes of trees (3~5 m, 5-10 m, 10-15 m)
known as smali(s), medium(m,, and large(1),
respectively. All trees were nearly open grown so
most had full tree erowns. Large trees were -
bearing male flowers in the upper half crown level,
whereas only few of the medium and none of the
small trees were flowering.

In both balsam and white spruce, there was a
consistent trend for small trees to produce the
smallest insects. Thig pattern held between vears
and for both sexes. For example, the female mean
dry weights (mg) for each size class shown in the
following tabulation are significantly different

(p £ .05) from one another:

1981 BFir: 20.35(m) 19.26(1) 17.83(s8)
1982 BFir: 22,42(1) 20.65(m) 18.78(s)
1981 W8pruce: 16.81(1) 15.09(s)

1982

WSpruce: 18.49(1) 16.17(s)



The smallest differeuce betwecn mean female
weights ou small and the large-medium classes
ranged from 1.4 to 1.9 mg on balsam and 1.7 to
2.3 mg on white spruce. The differences imply that
insects growing on large-medium trees averaged at
least 10 percent larger than those from small trees
and in some cases as much as 20 percent. Survival
rates, however, did net vary significantly among
age classes (Table 2). Therefore, although small
balsam and white spruce produced smaller insects,
they did not produce lower survival rates than
larger trees. 1In general, for both balsam and
white gpruce, mean ingect weight gains and survival
rates per tree had no correlation with one another,

Differences Owing to Phenology

On July 24, 1981, we “"planted” second stage
budworm larvac on 19 medium—large balsams. This
date is nearly 2.5 months later than budworm second
stage larvae normally emerge for feeding in
northern Mimmesota. The larvae on these trees
attained only about two~thirds the size (13.56 mg)
of normal early-season larvae (Table 1). Further~
more, survival was only about half (16%) of that
experienced by the similar early-season cohort
(Table 2). This was not unexpected because late
summer foliage conditions are drastically different
from those of early season. The fact that budworms
performed as well as they did, however, was
surprising. Mean daily temperatures during this
late season experiment were about 2°C higher (18.9°
vs. 16.7°) than during the early season
experiments.

Differences Owing to Stress Treatments

Ten trees (7 medium and 3 large) were trenched
at a radius of 10 feet from the trumk in the spring
of 1980 down to depth of about 30 inches. This
depth reached well into the mineral soil layer or
hit bedrock since the study plot was on top of =z
rock outcrop covered with shallow soils. The
ground area under each tree canopy was then covered
with black polyethyleune plastic. Trees were
monltored for moisture stress by pressure bombing
rwigs that were collected near the bottom of the
crown. Pressure bomb readings were taken once per
week and two times per day (before 8:00 a.m. and
after 2:00 p.m.), during the 6-week larval growth
period. The following tabulation shows the mean
seasonal pregsure bomb differences (stress—control)
at both a.m. and p.m. samples:

a.m. difference p.m. difference

1981 0.50 bars 0.89
1982 0.45 bars 0.78

Mean differences in water potential between stress
and control trees were usually less thanm one
bar~-suggesting that the stress treatment was
relatively weak. The differences were nevertheless
statistically significant on half of the sample
periods each summer.

Stress trees produced significantly larger
female and male insects than the control trees (all
medium and large firs combined) (Table 1). However,
in 1982 only males were significantly larger than

those from the control trees. The mean weight
differences (stress—contrel) for each sex are shown
in the following tabulation:

Females Males
1.31 mg 0.53
0.79 mg 0.80

1981 (Stress-Control):
1982 (Stress-Control):

Thus, so far, the induced stress treatment has had
only a minor enhancing effect on budworm growth.
However, it has not had any effect on survival
rates (Table 2).

Budworm Performance in Relation to Foliar Nutrients

Theoretically an insect's performance should
vary in relation to its dietary uneeds and a diet's
deviations from these needs. In the case of the
spruce budworm, no one really yet knows what the
particular detsils of its needs are. Mattson and
Koller (1981) proposed that the minimally optimal
foliar N value for female performance is about 2.1
percent dwt. Harvey (1974) proposed that the
minimally optimal levels of soluble sugars in the
female's diet 1s about 4 percent fwt or 20 percent
dwt. Albert et al, (1982) found that peak
behavioral (i.e., feeding) response to soluble
sugars (sucrose) in the diet occurs at about .03M
ot less than 1 percent fwt. Thus diets deviating
negatively from these values probably will produce
smaller insects and/or longer growth and feeding
periods. Requirements for other important dietary
components are really unknown,

To obtain a perspective on the budworm's needs
for the mineral elements, we analyzed the nutrient
levels in the bodies of adult males and females
collected from the treeg in our study and then
compared thelr body levels to their food levels
(Table 3). The data reveal that the elemental
concentrations showing highest deviations from
foliar levels are as follows for males and females:

Females: Na>N>POCuPZnd>Fe>MgiKdCadMn
Males:  Na>N>CudP>rZn>FedMgi>K-CadMn

Sodium clearly had the highest magnification factor
(MF) (60.9 and 13.4), but owing to possible errors
in its measurement on our emission sgpectrometer we
congider the results very tentative. Nitrogen, P,
and Cu were clearly the unext highest, with all
elements down to Fe ghowing MF's greater than two.
All the rest were smaller than one. WMF is
concentration in Insect body divided by
concentration in foliage. Studying the budworm's
utilization efficiencies of mineral elements in a
low-salt McMorran (1965) meridic diet gave nearly
the same results as the above wmagnification factor
array:

Cu>N>Zn>P>KOMgrFe>CadMn

The utilization efficiencies array 1is somewhat
different from MF array because the artificial diet
does not exactly match the levels of elements
contained in the foliage. The polnt is, though,
that any variations in budworm performance on
different hosts will most likely be due to
variations in the limiting nutrients—-those having
highest magnification factors or utilization
ratios.
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Table }.~Concentrations (ppm dwt)foliage (6/22

adulrs, and balsanm fir
canrentratians

e oot St

Mg

Ttem 7N P K
S8 Female 861

WHean L] 9,932

f;“" 7?:: ?'éga £00 101
SEW Mal

Tawn 2,41 2,569 10,855 987

50 0 642 892 83
Fir foltapr

Hean 1.76 1,872 12,738 927

sp 10 108 1,704 109
SERN/ foltage 6.1 4.0 .78 .92
Jﬁnwlfmliagn 7.4 5.1 85 1.06

1 elements in the bodies of male and female spruce budworm
/82), and the ratios of insect/foliage elemental

Ca Zn Fe Na Cu Mn
290 113 73 56 12 4
97 22 43 21 4 3
340 117 87 128 19 6
73 23 51 38 8 4
3,671 34 31 9 [3 303
646 4 4 2 1 103
.08 3.3 2.4 6.1 3.3 .01
.09 3.4 2.8 13.9 5.4 02

Crowth 1o Relatian tn % and Mineral Elements
Baleam fir. Regresning male and female dry
woights againat the folfar olpmental concentrations
they axperienced an fifth and sixth stage larvae
revealed that sitropgen wan the only variable
conalatently and ponitively related to prowth
{Tabhle 4). Caleium had a signfficant poritive
effect on fewmsale welghta fu 1981 but this is
prabably apurious owing te the fact that the larvae
wead paly about WD ppm calefum or less in their
dlets and folfage has about 15=fold thia level.
Yaleium, of contae, vould he rolated to some other
fmprrtant foltar vartable which {n turn affects
tatval growth, For esample, it wan vegatively
corfelated (p < O% with hoth fanning and ’
phesalica,  Caleiwm mav form chelaten with many
kindn of pheunifes, tethaps rendering them lees
doletertous t0 a lea! canmumer.  The effects of the
siher sipmouta (K, Fe, 'n) wers, ta our surprige,
411 negative. For exasple, haged an the
bodv fTollage magnl tirat fon factora, we cxpected
that Pe awd Cu were 1o relative short supply, but
thels nogative correlarting with welpht gain implies
itherwlee.  However, as in the cane of calcium
thels corvelat fon need got imply direct cause ;nd
effect hut aome !nd!rncg “ffect, K, for example
was aignffteantly poattively correlated with 10 '
mon and seegat-torpene faper

fes 1 bnlsam 1
! r
with the torpenge wrawt mume, . and

Fe, on the other
band, was mopaitvels correlated with four terpenes

atd Cu paattively with three, 1y general, all
foliar rlemente fouded 1o ghow 4 nﬂgarive,
carrelation with tatal pheanls ang condensed
fanning.

Late meason teanltn vore unl the the oqry
seamoit Fonnlte (o that ¥ and oy were now 31"
rorvelsted with welght paln (Tabie %) Fg:shti;ely
. ot

clemente, howrver, lare seamey 1
' ROEARe “veln wore |
€88 on

Lhe average than thev were {4
. T . ©arly peanon
Ko ROOO ewm, 10 AR2Y . Wy MY were phey liﬂ-g.,
they wore much suere variable ¢ " 88,
v TUEACR., YK = 22
. Vs.

N=E = NR}., late season Cu ey
o ele we
helow optimal, for mare than half of ;;: ?::bably
> e
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season trees had less than 0.5 ppm in their
foliage. Early season trees, on the other hand,
averaged about 4 ppm--none going below 2.6 ppm.
When Cu occurred at similar levels (4 ppm) in the
meridic diet, budworms more completely (ca. 60-75
percent) extracted it than other elements that
occurred at levels comparable to early season
foliage. N was not a significant late season
nutrient variable for both sexes but only for
males, probably owing to its relatively uniform
concentration among late season trees (CV-N = ,08
vs. QW-N = ,14),

Table 4.--Significant variables in the regression
of mean male and female adult dry weights
per tree on foliar mineral element concen—
trations in different host trees and years

Host species Significant Variables R rgg/

Females
BFir-79 +N  -Fe .69 12
BFir-81 +N -Fe -K  +Ca a4 50
BFir-late +K 17 18
Males
BFir-79 +N ~-Cu A7 i2
BFir-81 +N -Fe -K .18 50
BFir-late +N -Fe +Cu .33 18
Females
WSpr-81 +N  -K ~Zn .61 18
BSpr-81 +HN X 66 17
Males
WSpr-81 00 18
BSpr-81 +N  -Mn ~Cu .76 17

E/Number of trees in the regression.



Spruces. As with the firs, N was the only
element showing a consistent, positive relation to
weight gain for both sexes (Table 4). All other
elements were negative; thereby corroborating the
pattern seen for early season balsam fir. The
consistently negative contribution of K stands out
because K levels in black spruce were even lower in
most cases than they were for late season balsam
(6000 ppm vs. 8000 ppm). Thus one is obliged to
conclude that K itself is not directly affecting
weight gains but indirectly through its effect on
some other plant traits. For example, plant X was
positively associated with every terpene species
but one in both black and white spruce. We hasten
to add that none of the assoclations was
statistically significant though. This is probably
at least partially due to a small data set which
will be enlarged in the next few months. As
before, the negative contribution of Cu is
difficult to explain hecause copper was close to
its minimally optimal level in the foliage diet.
On the other hand, manganese may be approaching
deleterious levels in the foliage because it's
about one-hundred fold more abundant there than in
the insect's body. Moreover, excessively high
levels of one mineral element can interfere with
the absorption and utilization of other elements
and nutrients (Maynard et al. 1979). No
explanation 1s readily avallable for zine's
negative coutribution because its level in the
foliage (46 ppm) is hardly excessive. 1In fact, at
this level in the artificial diet it is highly
utilized and supports good growth.

Survival in Relation to N and Mineral Elements

Regressing generation survival (the arcsin
transformation of the survival rate) against foliar
elements revealed that none accounted for more than
50 percent of the observed variation and in most
cases, they accounted for only about one-third of
the variation (Table 5). Moreover, there was no
consistency between years or between specles.
Therefore, we feel that the observed results may be
entirely an artifact.

We were also surprised to learn that insect
weight gains (FWT, MWT) and survival rates per tree
were not significantly correlated with one another
except on black spruce (*) where the relatiomship
was negative (p < .05) contrary to expectation:

BFir WSpr BSpr Late BFir
FWT .11 «13 —«51% .23
MWT -.03 -.28 —.56% .16

The latter result may suggest that foliage was in
short supply and hence higher survival meant less
food per insect and thus lower growth. Oun the
other hand, it also could sugpgest that the tree
tralts governing survival and growth of budworm are
linked in opposing directions, or perhaps not at
all in the case of fir and white sgpruce.

Table S5.-~Significant variables in the regression
of generation survival rates per tree
(2d-»adult) on foliar mineral elements
and phenolics (PH) In different host
trees and years

Host species Significant variables Rz nE/

BFir-79 +Fe ~-PH .32 39
BFir-81 +Mn  +Cu .31 50
BFir-late +N .18 18
WSpr-81 +Cu ~K -Fe +PH .52 18
BSpr—-81 Mg .33 18

E/Number of trees in regression

Budworm Performance in Relation to Allelochemice

Terpenes

Preliminary analyses reveal that several terpenesg
are significantly negatively correlated with weight
gain for both sexes in both balsam fir and white
spruce. In the case of balsam fir, the following
six specles of monoterpenes were negatively
correlated (p  .05) with growth except where noted
(ns):

alpha-  beta- beta-
pinene pinene camphene phellandrene
MWT .36 -.37 -.43 -.38
FWT -.32 -.32 -.40 ~25
borayl terpene [
acetate terpinolene grd sum
MWT  -.24 ~.30 -.62
FWT ~-.16 ns -—.24 —e45

None of the terpenes in balsam fir, in fact, were
significantly positively correlated with growth.

In the case of the white spruce, five different
compounds were significantly negatively correlated
(p < .05) with growth except where noted (ns) as
shown in the following tabulation:

Sesquiterpenes & monoterpene alcoho

camphor Y 72 #14 #35
MWT =.33 ns -.69 -.19 qus -.32 ns ~.57 ns
FWT ~-.71 - .64 ~.66 -.68 ~.65

Only one terpene showed a positive relation to
growth. The fact that white spruce and balsam may
have different terpenes regulating budworm
performance is not extraordinary because the two
trees have different kinds as well as amounts of
the individual terpenes. For exawple, balsam at
mid-June had 8 terpene grand sum of about 6,700 ppt
fwt vs. 836 ppm for white spruce. In other words,
balsam has roughly 8-fold more terpenes. Black
spruce was similarly terpene-rich having about
6,200 ppu fwt in mid-June. This suggests that if
it's the total amount of terpenes that are



deterent, then budworm performance should be hetter
ou white spruce than on either balsam fir or black
spruce, all other things being equal. The data,
however, show the contrary. What is the
explanation? Particular speciles-unique terpene
compounds may be especially deterent at low levels
in white spruce (e.g., camphor). On the other
hand, all other things are not equal. For example,
lower plant nitrogen levels may make white spruce
significantly less suitable than fir in spite of
its lower terpeune levels. White spruce, for
example, had 20 percent less N in mid-June than did
balsam fir (e.g., 1981: 1.24 percent vs. 1.52
percent). We know that this is due to the fact
that white spruce grows faster than balsam fir and
thereby dilutes its foliar nutrient levels
similarly faster (Fig. 1).

Going back to the hypothesis of the effects of
terpene grand sums on budworm growth leads us to
differences between small and medium/large balsans,
As we sald earlier, small trees produced 10 to 20
percent smaller insects than did medium/large
trees. This may have been due to the fact that
small trees had 42 percent more terpenes than did
medium/large trees at mid-June when larvae were in
the 5th/6th instars (9,347 ppm fwt vs. 6,700 ppm).
The ¥ levels in these two age classes were nearly
identical (e.g., 1981: 1.50 vs. 1.55), so this is
not a large potential source of variation. We also
know that mineral element differences are not a
likely explanation of the difference because they
appeared to be available in sufficient amounts in
both age classes, barring any negative interactions
with tanning and phenolics. Similarly, there were
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Figure 1.--Seasonal change in foliar nitrogen content (percent dwt) of three balsam and three white spruce
with respect to degree day accumulations (2.8°C as base), and the phenology of the spruce budworm

60



no significant differences between the two groups
for total phenols (2.64 percent vs. 2.59) or
tannins (3.8 vs. 4.5 percent). Therefore, until
the final analyses are complete, wWe suggest that
the budworm growth difference between balsam age
classes is due in large part to their terpene
differeunces.

Small white spruce also had smaller insects and
more total terpenes than did large white spruce
(994 ppm fwt vs. 667 ppm). But, in this case, male
and female weights were not correlated with terpene
grand sums. The most likely explanation for
differences in insect weight gain between white
spruce age classes is the difference in levels of
the one or more of individual terpene compounds
listed above. There were no significant
differences in tannins, total phenolics, and N
levels between the two age classes just as was the
case for balsam.

Phenolics—-tannins

Incorporating phenolic and tamnin estimates
along with the mineral element data in the multiple
regressions did not change any earlier couclusions
for balsam fir but did in the case of male weight
gain on white spruce. 1In this case, tannin was the
only variable significantly correlated with male
weight (r = —.46). This reflects the fact that no
other variables were previously related to male
weight gains.

The simple correlation coefficients between
phenolics, tannins and weight gains ou fir and
spruce were not significant in all but two cases
(*) as shown below:

Balsam White Spruce

FWT  MWT FWT MUT
Phenolics L 2G% .00 19 0z
Tannins -.06 .13 ~.20 -.46%

In general, levels of tannins and phenolics
were negatively correlated with nearly all mineral
elements in fir and white spruce. In the case of
spruce, however, only one of the correlations was
significant. This is in striking contrast to
balsam where only five out of elghteen negative
correlations were not significant in both 1979 and
1981, 2 years for which we have substantial data
sets. The following tabulation shows the
significant (p £ .05) tannin and phenolic
correlations with N in balsam fir foliage:

N-79 N-81
Phenolics - 62 - 45
Tannins na - 42

palmer {(1982) found the same negative relationship
between phenolics and N in Populus tremuloides

foliage.

Previous studies on the effects of phenclics
and tannins on the growth performance (via lowered
protein utilization) of folivorous insects have
almost unanimously come to the same general
conclusion: there seems to be little or no
measurable deleterious effect, except perhaps at
extraordinarily high tannin concentratioits (Lawson
et al. 1982, Bernays 1981, Fox and McCauley 1977).

While our analyses are too preliminary to come to
any firm conclusions, we believe that there may
also be long-term, subtle effects that have been
overlooked in the typical growth bicassays which
usually measure insect performance (nutritionally
and behaviorally) for only one or two instars, or
at most for the whole feeding period of ome
generation. Tamnins and/or phenols could have some
chronic, subtle effects, such as through the
chelation of micro-nutrients like Cu, Zn, and
Fe--which then renders them less available to the
insects. Such effects would have to be monitored
over two or more successive generations to see the
impacts of chronic micronutrient deficiencies. The
chelation of such micronutrients may also be an
important plant defense against microorganisms and
could also thereby affect essential gut microbes or
pathogens in those consumers having such
microsymbionts (Swinburne 1981, Radhakrishmnan and
Sivaprasod 1980, Roy and Mukherjee 1979, Shieh et
al. 1968, Emery 1982). o

Budworm Growth Response to N Levels

The analyses have indicated that budworm weight
gains are consistently but not exclusively linked
to varfations in plant foliar N levels. In those
cases where N was not implicated, there was usually
only very little variation in N levels among
plants, Therefore, to add strength to the N
hypothesis, we plauned two experiments to raise the
level of nitrogen offered to larvae, thereby hoping
to elicit increased growth. The first experiment
was designed to raise dietary N for just the first
three instars (2, 3, and 4), whereas the second was
designed to raise N for the whole larval life span,
but particularly for late stage (5, 6) larvae.

Diet/Foliage Transfer Experiment

In the early spring before budbreak occurs,
second stage budwoerm larvae mine l-year-old or
sometimes 2-year—-old needles for 1 to 2 weeks
(Blais 1979, McGugan 1954). After molting to the
third instar, larvae then move to the newly opening
buds or male flowers for feeding. During the
needle mining period budworm subsist on very little
N, such needles, usually having between 0.95 and
1.1 percent N. The newly flushed foliage, on the
other hand, is very N rich (as high as 8 percent)
but very emphemeral hecause shoots and needles are
rapidly expanding thereby causing a precipitous
decline in most foliar elements (Fig. 1), probably
owing to a dilution effect. The decline, takes the
form of a negative exponential (4N = aX ") as has
also been reported by Shaw and Little (1977). By
the fifth larval stage N levels are < 1.5 percent
in balsam, and somewhat less in white spruce owing
to ite faster development and nutrient dilution
(Fig. 1). Since the fifth and sixth larval stages
eat about 95 percent of the whole food bhudget for
the larval period, (Retnakaran 1983, Miller 1977)
we asked whether a consistently high N diet for the
first three feeding stages (2, 3, 4) would have any
enhancing effect on ultimate weight gain if these
larvae were then transferred at the 5th instar to a
low N foliage diet. To test this hypothesis we
simultanecusly grew insects on meridic diet
(McMorran 1965) having about 4.4 percent N and also
on the natural hosts, balsam and white spruce. At
the fifth larval stage, ten females were
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fir
transferred from the diet to each of 48 balsam

and 20 white spruce trees for completion of
feeding. At pzpation all insects were removed azﬁ
later weighed for adult body gize. The results o
balsam showed that diet/foliage reared larvae were
significantly larger (9 percent) than 87
folisge/follage reared ingects (20.51 vs. 18. .
mg). Furthermore, plotting mean female weights ©
esch group from a tree agalnst the folinr N values
they experienced as fifth and sixth stage larvae
gave nearly ifdentlcal regressions except for the
intercepts which reflect their mean differeuces in
body size:

diet/follage

b4
FWT = 12.06 + 5.62%N Ty = .19
foliage/foliage + 5

FWT = 10.37 GBI T = W22

Thus the early diet ration seems lto have “bumped
up” final adult weights.

on the other hand, the same experiment on white
apruce gave opposite results; diet/foliage insects
were about 9 percent smaller (14.18 vs. 15,50 mg
where .1 < p <.N5). There was no significant
regreanton of elther group ou foliar N values but
the two groups nevertheless performed gimilarly on
the set of 20 gpruce as cvidenced by the
atpnlficant regresstion between thelr reagpective
mean adult weights:

)
FWT (d/f) = h.72 + L4BL  PWT (£/) r© o= 30

These reayles are In direct contrast with those
reported by Thomas (this proceedings) who found
that diet to current white spruce folisge trausfers
(at the 6th larval stage) produced larger insects
{ca. 21 op) than similar transfers to balsam fir
{(rae 1% mpg). The explanation for this divergence
from sur results could be due to several factors:
different populations of insects, different
phyatcal euvironments, and different host
saterfala. The latter one entalls at least two
variahles. Thomas used excised branches of both
fir and apruce whereas we used intact branches.
Perhaps even more Important 1s the fact that the
eantern papulations of white spruce and fir are
known to differ (phytochemfcally) from the mora
weatory populations such as the one we studied in
northern Minnesota (Wilkinson et al. 1971, von
Rudioff 1975, Zavarfun and Snajgzéi—)972, and Lester
1974).  FPor example, von Rudloff (1975) reported
thar camphor levels are wearly twice as high {n
aome western populations of white spruce than in
castern ones.  However, until more is also known
aboat rthe nutrient levels of the eastern host
materials, {t's fmpossihle to explain the causes of
the apparent differences {n budworm performance.

To recapttalate, the balsam fir trangfer
experiment sugpested that giving young larvae a
high protein dlet eunhanced thete perférmance by an
amonnt that was consrant, when the N effect on late
inrvae wan accounted for. On the other hang the
spruce transfer experiment sugpested that thé
high protein diet wan not evhanctog, for these
Tarvae attained smaller size than thage havin
speat thefr early f{ustars on spruce. Neverthil
both diet and tree insecr groups performed ess
similarly with respect to the trees they were
The followlug tabulation summarfzes the transfo".
effects on pdult female dry weights relative t:rthe

early

[

meridic diet control:

diet/wsp wsp/wsp bfir/bfir
Mean female
welght (mg) 14,18 15,50 18.87
diet/bfir diet/diet
Mean female
welght (mg) 20.51 26-31

Obviously, feeding for the fifth and sixth
larval stage on a tree was not as good as feeding
on the diet. White spruce insects achieved about
half, and balsam insects about two-thirds of their
potential size. Why the meridic diet experience
enhanced growth on fir but disenhanced it on spruce
is an enigma. Perhaps early season spruce follage
is superior to the artificial diet. On the othex
hand, later in the season, it is plainly inferiox.
One can sgpeculate that there must have been
significant transfer shock going from dlet to
trees, especially in the case of white spruce.
Perhaps the shock was due to higher metabolic costs
to operate the budworm's mizxed-function oxidase
system on spruce than on fir (Brattsden 1983).
This assumes, of course, that there were
allelochemics that elicited higher MFO activity on
spruce than on fir or that there were present
significant MFO inhibitors in the spruce foliage
which may have rendered spruce allelochemics more
deleterious. On the other hand, the effect may
have occurted at the behavioral level, for spruce
foliage seems to harden off faster than balsam, and
it might also possess important feeding deterrents
(e.g., pungenin) (Heron 1965).

Fertilization Study

To elucidate the budworm growth response [AWT)
to changes in follar W (AN), we first regressed
budworm weight gains in 1981 on foliar N levels.
Secondly, we fertilized our most N~impoverished
trees, the lowland black spruce (3-5 m tall and
30-45 years old) and half of the small balsam which
are comparable to trees used in two earlier
fertilization studies (Shaw et al. 1978, Shaw and
Little 1972). 1In each case we had 15 treated and
15 control trees. We applied 600 1bs. N/acre
(urea) around the root zone of each tree during the
first week of May 1982.

Male and female weight gains (MWT, FWT) in 1981
were clearly linear functions of foliar N (using
all tree specles and age classes):

#

.54 n = 114

r2
2 LA4 n = 113,

W45 4+ 9,844 (IN)
13 + 3.959 (IN) ¢

FWT = 3
MWT = 3.

"

Scatter plots of the data revealed that female
weight gains showed a clear positive trend over the
full vange of N values (0.47-2.05Z). Furthermore,
female weights Increased with even higher N levels
(2-4%) administered in the form of casein and
wheatgerm in artificial diets. Male weights, cu
the other hand, showed little tendency to increase
with foliar N levels above 1.5%. Moreover,
administering even higher levels of N (2-4%) in the
artificial diet brought about a weak response,

1~2 mg, suggesting that above 1.5% N males have a
shallow respouse potential if any.
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The linear regressions imply that the wr "
gain response of budworms to an increment or N is
constant, e.g., 4FWI/AN = 9.84, the slope of the
regression line. In other words, for each unit
increase in foliar N there is a concomitant 9.8 mg
increase in female weight. In the case of the
fertilization study, our treatment of 600 lbs.
N/acre elevated foliar N levels by 0.40 and 0.45%
for the black spruce and balsam fir trees,
respectively. These N changes both elicited 1.38 mg
changes in female mean weights as shown in the
in the following tabulation:

FWT  AFWT MWT  AMWT  IN AN

BfirCk  18.78 10.8% 1.31
>1.38 >o.37 0.45

BfirF 20.16 11.24 1.76

BSprCk 11.10 6.73 0.8
V1.3 »0.96 0.40

BSprF  12.48 7.69 1.25

The urea treatment caused significant (p £ .05)
increases in female weights on both tree species
but significaut increases in male weights ouly on
black spruce. The fact that the males did not
respond to urea fertilization on balsam lends
support to our suspicion that males have a low
optimal dietary N requirement (perhaps about 1.5%)
and that near this level their response is nearly
flat.

Using the fertilization data for females only,
we calculate that AFWT/AN for balsam and black
spruce are 3.07 and 3.45, respectively. These
values are not much different from those derived
from the fertilization experiments of Shaw et al.
(1978). They reported that high and low urea
treatments raised foliar N values {on June 23) by
0.8 and 0.4%, respectively. These increments in
turn elicited female adult dry weight gains (using
formula of Mattson et al., 1982) of 3.33 and
1.13 mg. Thus AFWT/AN was 4.16 and 2.83 for the
high and low urea treatments, respectively. Shaw
et al.'s high calcium nitrate treatment gave a
AFWT/AN value of 2.86. Therefore, pooling Shaw et
al.'s and our values suggests that A FWT/AN avera_g:s
about 3.27 and ranges from 2.83-4.16. 1In other
words, FWT = a + 3.27 (%N). This implies that for
every 1% increment in foliar N, there will be a
corresponding 3.27 mg dwt increment {n adult female
weights.

On the other hand, our earlier regression
analysis suggested that AFWT/AN should be about 9
instead of 3. What's the explanation for this
discrepancy? The explanation might lie in the fact
that changing foliar N through fertilization
results in many other changes in foliar chemistry
that are not all enhancing. For example,
fertilization is also known to raise the levels of
mono—~ and sesqui—terpenes. Moreover, the
fertilization studies reported herein (Shaw et al.
and ours) were done on young balsam fir which we
have already shown to have significantly higher
terpene levels than older trees. Thus the budworm
responses (AFWT) on small trees might be
significantly less than on older trees which have
lower levels of terpemes., Similarly, the lowland
black spruce which we fertilized probably has

levels of terpenes at least as high and total
phenolics levels that are higher than the small
fir. Thus the overall 1981 regression may have a
higher slope or predicted welght increment per unit
of N because the pooled data consists of such
species as white spruce and medium/large balsam
which may have higher levels of N relative to
terpenes, thereby giving higher weight gains per
unit N increment than would small balsams and
lowland black spruce.

Changes in Fecundity

In order to obtain some idea of the potential
impact of different dietary regimes on budworm
population dynamics, we used the fecumdity/pupal
size equation of Miller (1963) and the adult dry
welght/pupal size equation of Mattson et al. (1982)
to project changes in female dry weight into
changes in egg output. The resulting formula for
fecundity fn relation to body size 1s as follows:

.37

F = -442.1 + 216.7 (FWT)

H

AT = 8L.04 (Fwr "S3yaruT

The second equation says that changes in egg output
(AF) increase directly with changes in body slze
(AFWT). In other words, a 2 mg change in body size
elicits exactly twice the output of a 1 mg change
and so on, holding inltial body size (FWT)
constant.

The question yet to be answered is how large
are the differences in fecundity between insects
having different sizes. For example, female
budworms from small balsam averaged 32 less eggs
than similar females on medium balsam (187 vs. 219)
(Table 6). Similarly insects from small white
spruce averaged 26 less eggs than females from
large white spruce (148 vs. 174). 1In the case of
black spruce, females from the lowland trees
averaged 117 fewer eggs than those from upland
trees (32 vs. 149).

In the case of the fertilization experiments,
we estimated that increasing foliar nitrogen levels
by 1.0% would result in roughly a 3 mg increment in
female weight. This translates into 41 more eggs
for females that weighed 17 mg before fertiliza-
tion., 1If foliar N increased only 0.5%, the result
would be about half as many eggs, i.e., 20 more per
female.

The significance such differences in egg output
have on the insect's population dynamics cannot, of
course, be answered. These are questions that must
be addressed through an ecosystem level model which
incorporates all of the major factors regulating
budworm natality and mortality.

CONCLUSIONS
Although the study is not yet completed, there

are some consistencies that seem substantial enough
to warrant recapitulation.
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There are clear differences in budworm growth
between small and large tree classes, larger trees
producing larger and hence more fecund insects.
Fyrthermore, there are differences hetvee“
gpecieg—-balsan giving rise to larger insects than
white spruce. This pattern seems not to hold in
eagtern North America where the reverse is true.
The explanation for this inconsistency may reside
in the fact that the phytochemistry of the eastern
and western tree populations are different owing to
limited gene exchange, different geological
histories, and different enviromments. There is
algo, of course, the possibility that the insect
populations are substantially different as well.

Budworm survival rates did not vary amoung tree
sizefage classes and appeared to be highest om
balsam and lowest on black spruce. Survival rates
and budworm weight galin per tree were not
correlated except in the case of black gpruce where
the associati{on was negative. This implies that
the plant traits which affect weight gain are
{ndependent of those that affect survival except
perhaps v black spruce where they could be
negatively liunked. Budworm survival rates were not
congistently linked to any varlables that were
measured.

Inscct weight gains per tree were consistently,
positively linked to folisr N and negatively to Fe
and/or K. The negative associations with Fe and K
are surprising because neither element occurs at
levels high enough to be minimally optimal much
leas toxic or noxious. Nevertheless, iron levels
in the insect body show a tendency to decrease with
fncreasing Tevels in the diet. Iron, in fact, is
the only element showing this fuverse behavior.
Mereover, iron conceutratlons in the insect are
#lno nepatively correlated with insect size. What
this fmplies s nor clear. 1t may mean that
tnsects sequenter less Pe per unit body welght when
dietn are better for growth. Fe concentration is
also poritively correlated with (1/N) of the dier.
Since total consumption is usually positively
Tinked to (1/N), Pe uptake by the insect may be
related to the total amount of Fe passing through
the dipest{ve syatem,

Potunsium levels by themselves may not be
tahibitory to hudwornm growth but K {g linked
panftively to folfar terpene levels which
apparent 1y are inhibitory.

Terpene levels were negatively linked to
budworm weight gains both on balsam and on white
apruce. v the case of balsam, terpene prand sums
(all molecnlar species pooled) showed the strongest
earrelations whereag in vhite spruce individual
compounds not the grand sumg had the highest linkage
to welght gatn. DMfference {n bhudworm performance
herween tree age classes may be largely due to
hipher levels of terpenes in the younger trees.
Becaune plant terpene profiles aré kuéw“ to exhibit
signtflcant east~wese variation across North

Americn, 1 (g Hkely that budworm performance on
thease frees will simi!ar}y VArY.

The stgnificance of phenoliecs and taunnins in
the performance of spruce budworm is still
uncertain.  The early daeg suggest little effect on
efther survival or weight gain. However, the

“Wh

spectrum of phenolic compounds in balsam and the
two spruces has not yet been examined so it is
entirely possible that one or more of them coulq
have significant behavioral or physiological
effects. Pungenin, for example, in white Spruce
could be an important feeding deterent.

Finally, it is clear that changing insect ¥
intake through artificial diet to foliage transferg
and fertilization results in enhanced imsect
growth, at least on balsam fir. The data suggest
that growth increment per unit nitrogen increment
(AFWT/AN) is about 3, as long as the minimally
optimal level of N in the diet has not yet been
reached. We suspect that the growth increment per
unit nitrogen increment (AFWT/oN) will vary with
different host species and age classes owing to
different background levels of murrients and
allelochemics.
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