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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 Digseases 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 Iinteraction. 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-ingect
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
life of the CANUSA Program, we asked each
investigator to be especially aware of the
implications of these interactions on population
dynamics of the insect in relation to forest
management potential. When possible, we also

asked that future research needs and direction be
mentioned.

As 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 Statiom

Melvin E. McKnight, Program Leader, CANUSA

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

August 1983 Robert L. Talerico, Broomall, PA

COVER SKETCH

Left, gypsy moth larva; right, spruce budworm
larva.

-
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FOLIAGE QUALITY AND ITS EFFECT ON BUDWORM
POPULATIONS: A MODELLER'S VIEWPOINT

Richard A. Fleming
Environment Canada, Canadian Forestry Service,

Forest Pest Management ILnstitute, Sault Ste.
Marie, Ontario, Canada P6A 5M7

Although it may soon be possible to alter
stand foliage quality and thus reduce budworm re-
productivity, the impact of such changes on the
budworm-forest system remains unclear. There are
currently a number of hypotheses concerning the
key biological mechanisms which drive the bud-
worm—forest system. The possible effects of
changes in foliage quality are examined for four
such alternative hypotheses. Each hypothesis
suggests that in the short-term reducing foliage
quality will lengthen the interval between out-
breaks, increase the rate of stand wood volume
production, and increase outbreak severity—-—and
overall, improve the budworm problem in economic
terms. The situation for the long-term is less
certain: in some circumstances reducing foliage
quality may even aggravate the budworm problem
from an economic viewpoint.

Introduction

The eastern spruce budworm, Choristoneura
fumiferana (Clem.), 1is a naturally outbreaking
defoliator of spruce (Picea spp.) and balsam fir
(Abies balsamea [L.] Mill.) in the boreal forests
of eastern North America. Epidemic populations
severely defoliate their host trees over wide
areas causing reduced growth, top kill, and tree
mortality which often results in considerable
economic difficulties for the forest industry
(Irland 1980),

Aerial application of insecticide has been
the principal means of controlling budworm damage
since the early 1950's. However, concerns about
environmental 1impacts and cost—effectiveness
(e.g., Swenson 1980) have motivated a search for
possible alternative control methods. It has
long been recognized that stands differ in their
likelihood of budworm damage {(Balch 1946; Morris
1963, pp. 189-292) and more recently it has been
observed that several important nutritional pa—
rameters vary with needle age, tree species,
stand maturity and other factors affecting bud~
worm development and density (Kimmins 1971; Shaw
et al. 1978; White 1974). As a consequence it
has been suggested that certain stand character—
istics could be manipulated through selective
breeding (e.g., Zobel 1982) or fertilizer
application (e.g., Shaw et al. 1978) to
“favorably” alter budworm-forest dynamics. But
before much investment in such research, it seems
prudent to anticipate how changes in stand
characteristics might affect the budworm—forest
gystem,

This paper explores the impacts that changes
in one such stand characteristic, foliage qual~-
ity, might have on budworm-forest dynamics. Here
foliage quality refers to the rate at which in~
creases In foliage consumption per budworm are
accompanied by increases inm budworm reproduct-
ivity.

Anticipation of the effects of reducing
foliage quality requires some understanding of
the biological wechanisms underlying budworm—
forest dynamics. Currently, there is consider—~
able disagreement regarding the relative import—
ance of these mechanisms., Blais (1974) concludes
that budworm outbreaks require extensive areas of
mature stands of balsam fir; Baskerville (1976)
and Jones (1979) stress the effects of background
predators; Stedinger (1977) suggests that all
outbreaks are triggered by moth invasions; and
Royama (1982) implies that a complex of numeric—
ally responding parasitoids and diseases may be a
“universal cause” of Dbudworm oscillations.
Baskerville, Blais, Jones, and Stedinger assume
that the depletion of food and ovipositing sites
resulting from defoliation and tree mortality
cause outbreak collapse.

Figure 1 1llustrates the assumed inter-—
actions between the principal components of the
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Figure 1. Hypotheses concerning the underlying
mechanics of budworm-forest dynamics.
The major components and their
interactions are shown.

budworm—foreat ecosystem for four hypothetical
outbreak generating wmechanisnms, The ‘tree
mortality' hypothesis (Blais 1974) implies
important and reciprocal impacts between budworm
and foliage, and between foliage and wood
volume. In the ‘'slow enemies' hypothesis,
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Bagkerville (1976) and Jones (1979) suggested
that polyphagous non-synchronized predators and
parasites limit the increase of low density bud-
worm populations. Between outbreaks, these back—~
ground enemies waintain their numbers by feeding
on alternate prey as well as on budworm. During
outhbreaks, the numbers of budworm enemies 1in-
crease much more slowly than budworm numbers so
'per capita' budworm losses to predation and par-
asitism decrease substantially. The lack of an
arrow polnting from budworm to its slow enemies
in Figure 1 reflects the assumed insignificance
of the slow enemy numerical response to budworm
densities.

Stedinger's (1977) moth invasion hypothesis
(Fig. 1) encapsulates the behavior of hisg large
scale simulation model of budworm-forest dynam-
ics. In contrast to Baskerville and Jones, he
concluded that the impact of natural enemies on
budworm—forest dynawuics was less important than
that of moth invasion in terms of driving the
outbreak cycle. According to his model, invasion
1s a prerequisite for cutbreak: without it, low
density wmortality factors extinguish small bud-
worm populations, Sufficient budworm invasion
raises local populations to densities where these
mortality factors are less important; population
increase then continues until outbreak levels are
reached, even in the absence of further moth
immigration.

The 'fast' enemies hypothesis of Figure 1
repregents a simplification of the conclusions
Royama (1982) reached after reanalysing the Green
River Project data (Morris 1963). According to
Royama, mortality due to the combined action of
paragitoids, pathogens, and a complex of unknown
causes "apparently associated with the oceurrence
of disease(s) of an unknown nature is the most
probable universal cause of population oscilla—
tion". The dimplication is that the mortality
associated with certain synchronized parasitoid
and pathogen populations increases quickly enough
during budworm outbresks to return budworm popu~—
lations to low densities before reasource limita-
tion necessarily becomes important. Since bud-
worm population collapse deprives these fast nat~
ural enemies of their Principal food, fast enemy
populations fall soon afterwards. A pattern of
oscillations in natural enemy ~ budworm popula-
tion sizes typical of predator-prey relationships
(e.g., Krebs 1972, pp. 247-254) ariges,

In what follows, I study the effects of re—
ducing foliage quality on budworm—forest dynamics
for each hypothesis illustrated in Figure 1., I
hope to identify the range of impacts that can be
expected on both a short and a long term basis.

A Simple Budworm-Forest Model

I begin by introducing a simple {dealized
model of the budworm—forest ecosystem., It will
provide a standard of comparison by which to con~
gider the complexity of budworm~forest dynamics
in the field. Adopting a philosophy akin to thar
of laboratory work, the model 1is deliberately
simplified so that the effects of reducing
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foliage quality on budworm—~forest dynamics cap
be examined in isolation. My approach 1is deduc-
tive: using data reported in the literature and
assumption when data 1s lacking, I mathematically
describe various aspects of the budworm-forest
ecosystem; then, using computer simulation, I de-
duce the logical consequences of these mathemagt-
ical descriptions.

The Forest Submodel

The model as a whole is intended to describe
the dynamic relationships between budworm den~
sity, B, foliage quantity, F, and wood volume, W,
in a2 representative balsam fir stand in Maine,
To simplify model development, I initially ignore
the budworm and concentrate sgsolely on stand
growth, Although the physiology of stand growth
is poorly understood, the limited evidence avail-
able suggests that the annual increments of wood
volume and foliage generally increase with the
rates of photosynthesis and growth hormone pro-
duction (Kramer and Kozlowski 1979). Since both
these physiological processes occur in the foli-
age and use light energy captured by the foliage
(Kramer and Kozlowski 1979), the model treats
foliage as the 'engine' driving stand growth.

Stands use captured light for the mainten—
ance of existing biomass as well as for the pro~
duction of new biomass. Given the lack of knowl-
edge about how captured light is partitioned be-
tween these processes, I assume a simple linear
relationship (after Smith 1963). This linearity
is evident in the following description of the
relative rate (U) at which the stand 'consumes'
captured light in year t to t + 1:

U= mF(t) + g [F*(t + 1) - F(t)] (§))

F(t + 1) is starred to 1indicate that it repre~
sents the potential stand foliage quantity in
year t + 1 in the absence of budworm. The coef-
ficlents m and g represent the respective rations
of captured light allocated to maintenance and
growth. it is implicitly assumed in this aqua—
tion that foliage quantity is linearly related to
stand blomass. The fact that the curvature of
the relationship between wood volume and foliage
quantity (Fig. 2) is small over realistic ranges
suggests that this assumption may not be an un-
reasonable approximation, (For future reference,

Table 1 alphabetically 1ligts algebraic symbols
used throughout the paper).

I also assume that 4in che absence of bud~
worm, the annual 'per capita' rate of increase of
stand foliage is proportional to A, the relative
availability of limiting factors. It follows
that the ratio of stapg foliage quantitiea in
successive years t angd t + 1 can be written

Fx(t + 1)/P(t) = R.A + | (2}

where R is the proportionality factor, the maxi-
mum annual 'per capita' rate of foliage produc—
tion possible, and F¥(t + 1) is the potential

stand foliage quantity i year t + 1 in the ab~
sence of budworm,
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Figure 2. Wood volume, W (in m3/ha) plotted
against foliage sgurface, F (in 104
m“/ha). Solid circles indicate the
means of field observations (Basker—
ville, 1965, Tables 5 and 9) averaged
over every 50 m3/ha  interval of W
starting from W = 0. The curve illue-
trates equation (6},

In light-limited conditions, A can be simply
expressed as

A=l - U/Ugax 3

where Upgy denotes the maximm rate at which the
stand uses captured light. The existence of Up,y
follows from the existence of an upper bound on
foliage quantity (Fig. 2). Hence, if Fgax repre-
sents the maximum foliage quantity a stand can
gustain, it follows from equation (1) that

Umx - m.me (4)

Substituting equations (1) and {4) into (3),
substituting the result into (2), and then re-
arranging, the ratio of stand foliage quantities
in successive years in the absence of budworm
becomes

F5(t + 1) 1 + R.(1 ~ P(t)/Pumax), (5)

F(t) 1+ Z.F(e)

where Z * R.g/(m.Fpgx). The parameter Z repre-
sents the maximum possible ration of captured
light for foliage growth relative to the maximum
for tree maintenance.

The economic value of & harvestable stand
depends on its wood volume, and its wood volume,
in turn, depends on ite foliage quantity (Fig.
2). Expressing the relationsghip shown in Figure
2 mathematically:

W(t) = 544 F(r)}/{268000 ~ ¥(t}] (6)

where wood volume, W, is measured in m3/ha. For
consistency with the rest of the paper, the units
of foliage quantity in Figure 2 have beem con-
verted from the originally reported kg/ha to nd
of foliasted branch surface per ha. This con-
version was accomplished by comparing Basker—
ville's (1965) data of F in kg/ha against W (for
immature stands) with Morris' {1955, p. 287) dats
of ¥ in ftZ/acre in stands 35 and 55 years old.
By relating stand age to W through Figure 3 and
assuming that stands of equal wood volume
generally have equal follage, it was estimated
that .193 kg of foliage are the equivalent of a
w? of foliated branch surface.

Table 1. Definitions of algebraic symbols#*

A relative availability of limiting factors
)

B budworm density (egg masses/m’ of foliated
branch surface)

By egg masses/m? deposited by invading
moths (B)

By egg masses/m? deposited in the stand by
"native' moths (B)

Cc foliage to budworm conversion efficiency
B)

D fraction of current foliage destroyed by
budworm (-}

F stand Foliage quantity (m? of foliated -

branch surface/ha)
Fyax maximum stand foliage quantity possible

(F)

Fg foliage quantity of typically susceptible
stands (F)

£ fraction of 'captured' light used for
stand growth (1/F)

L amount of defoliation (F)

M annual wood volume loss through tree wmor-
tality (-)

o fraction of ‘captured’ light used for tree
mafintenance (1/F)

n indicates the influence of follage on bud-
worm ovipositioning ()

Q foliage quality (-)

R maximum annual ‘per capita' foliage pro-—
duction (-~}

t time (years)

it relative rate by which the stand consumes

captured light {(-)
Upax maximum value U can attain (=)

W gtand wood volume (m3/ha)
Wy stand wood volume when tree mortality
begins (W)

Wpax maximm stand wood volume possible (W)
ratic of the maximum possible ratiom of
l4ght for foliage growth relative tc the
maximum for tree maintenance (1/F)

* Parentheses following definitions enclose the
dimensionality; e.g. 1/F indlcates that g {is
measured in ha/m? of foliated branch surface
and — indicates A is dimensionless.

The assumption that the data reported 1w
Figure 3 are appropriate for & representative
balsam fir stand in Mafne iz fmplicit in this
conversion of foliage wunits. The observation
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that previous budwarm outbreaks have left much of
easte?n North America's spruce/fir forest in a
rel:atlvely even—aged condition (Baskerville 1976,
P 8; Seymour 1980, PP 91-109) lends some support
to this assumption. Whether data from a fully-
stocked stand 1ig Tepresentative is less certain.

500 s
400
~4i0
300 ]
- F
200 .
15
100 ]
o )
0 20 40 60 80 100
Stand Age

Figure 3. Wood volume, W (in wl/ha), and foliage
quantity, F (in 10% m/ha), plotted
agalnet age (years) for a fully-
stocked even-aged balsam fir stand.
The observations (solid circles) were
taken from a goed site (stand height =
18.3 m at age 65) in the northeast
U.S. (Bakuzis and Hansen, 1965, Table
96). The s8olid and dashed lines show
output of the forest dynamics sub-
model, equatiens (6) and (7), in the
absence of budworm. These simulations
began at t = 20 with W = 9,1,

Together, equations (3) and (6) constitute
the foundation of the model's description of
stand growth in the absence of budworm. A more
specific description requires estimates of the
parameters Fpax, R, and Z.

Extrapolation of the f{ileld data of wood
volume against stand age in Figure 3 indicates a
maximum stand wood volume of about Wpay = 500 m3/
ha. Although the physiclogical mechanisms limit-—
ing volume growth to W S Wpax are unknown,
various observations are suggestive, First, the
ratio of respiring tissue (e.g., stem cambium) to
photosynthesizing tissue (foliage) increases with
age (Moller et al. 1954). Second, translocation
becomes more difficult as distances from the
roots to the foliage iIncrease with tree height
(e.g., Kramer & Kozlowski 1979, pp 610-611).
Third, mature stands generally exploit site
‘carrying «capacity’, as reflected 1n  light,
water, and nutrient avai tability, more fully than
very young stands (Baskerville 1965, p 2}, But
regardless of the phys%mlogicai mechanism
involved, given Wpax = 500 m3/ha, it follows from

- 2
equation (6) that . Fmax 7 128400  n®/ha.

116

To estimate the parameters R and Z, numeric—
al solutions to equation (5) with Fpgy = 128400
m/ha were computed for various combinations of R
and 7. These solutions were translated into time
series of wood volumes through equation (6) and
compared to the fileld observations of Figure 3.
A gearch for an acceptable series of standardized
residuals (Devore 1982, p. 459-464) and a low sum
of squared residuals produced estimates of R =
47 and 2 = .00005 to two and one significant
figures, regpectively; the extra significant fig-
ure reflecting the model's greater sensitivity to
R. Hence, according to equation (5), the ratio
of gross (i.e., before accounting for defolia—
tion) foliage to the previous year's net (i.e.,
after accounting for defoliation) follage is

F*(t + 1)  1.47 - 3.6 x 1076 F(¢) N

F(t) 1 + .00005 F(t)

Figure 3 shows that in the absence of bud-
worm, the forest submodel, equations (6) and (7),
can describe wood volume growth reasonably well.
However, confidence gained in the forest submodel
from the results displayed in Figure 3 is limited
because three parameters (R, Wpyy, and Z) were
estimated from these data.

Defoliation

Completion of the forest submodel requires
that the impacts of the budworm on the forest
through defoliation and tree mortality be
defined. Figure 4 illustrates the relationship
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Flgure 4. Plot of the % defoliation of new foli-
8ge against the number of new,
healthy, budworm egg-masses per m? of
folisted balsam fir branch surface,
The solid circles show Miller's (1977,
Fig. 3) data; the solid curve illus—~
trates equation (8), Current defolia~-
tion is 75% along the dashed line.
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Figure 5.
F(t), in 104 m2/ha.

for budworm densities of 0.0 and 25.8 egg-masses/m?, respectively.
The curves illustrate the system of equations:

dashed line.

between current defoliation and budworm egg mass
density reported by Miller (1977, Fig. 3). The
curve has been visually drawn to vepresent his
data and to pass through the origin (since no

defoliation is expected without budworm). The
equation

D(t + 1) = 1.82 B(t)/(B(t) + 84) (8)
describes this curve where D(t + 1) is the

fraction of current foliage destroyed in year t +
1 by budworm larvae surviving from a population
of B egg-masses/mé in year t. Taking current
foliage as F*(t + 1) - F(t), it follows from
equations (7) and (8) that the total amount of
foliage destroyed by budworm in year t + 1, L(t +
1), relative to the stand foliage in year ¢,
F(t), is

1.82 B(t) .47 - .000054 F(t)
= x €))
B(t) + B4 1 + .00005 F(t)

L(t + 1)

F(t)

Baskerville (1965, p 15) suggests .25 F*(r + 1)
as an alternative measure of the amount of cur-
rent foliage. The implications of this possi-
bility are presently under investigation.

Equation (9) completes the model's descrip~
tion of stand foliage dynamics when tree mortal-
ity is not a factor. The model computes net
foliage as a function of budworm density and net
foliage in the previous year from
F(t + 1) = F¥(t + 1) - L(x + 1) (10)
where gross foliage, F*(tr + 1), and losses to
budworm, L{t + 1), are given by equations (7) and
{9), respectively. The model then calculates W(C

F(t)

Foliage recruitment ratio, F(t + 1)/F(t), plotted against stand follage gquantity 4in year t,
The upper and lower solid curves distingulsh follage recruitment ratios

F(t + 1) = F(t) along the
(7), (9), and (10).

+ 1) from equation (8), thus reflecting Peinés’
(1980) conclusion that “balsam fir,..growth
reductions axe expressed the same year as the
first defoliation occurs”.

Figure 5 illustrates the model's description
of foliage dynamics for budworm demsities of 0
and 25.8 egg-masses/w?., This latter density
represents the borderline between the ‘moderate’
and ‘'high' infestation «classes of the Maine
Forest Service (Fleming et al. 1983); 1t cor-
responds to 43% current defoliation (Fig. 4).
The foliage recruitment ratio is a decreasing
function of both foliage and budworm density.

Tree Mortality

Tree mortality usually begins after three ta
six years of “persistent, severe defolfation”
(MacLean 1981) through some unknown physiological
mechanism (Kremer and Kozlowski 1979, pp 676-
677). Taking ‘'severe' defoliation as exceeding
75% current defoliation (after Baskerville an¢
MacLean 1979}, the model triggers the tree morx-
tality procese in the fifth consecutive year of
budworn densities above 58.9 egg-masses/m? (the
density corresponding to 75X current defoltatior
in Fig, 4).

Once tree mortality begins, foliage is n
longer the ‘engine' driving wood production
Rather, the model reduces total stand foliag
roughly in proportion to, and as a consequenc
of, losses in W, the wood volume contributed b
live trees. (Sioce W excludes wood volume con
tributed by dead trees, using W to indicate stan
value ignores any possible profit from salvag
operations.)



If M is the fractional loss of wood due to
Eree mortality in any year while tree mortality
is eccurring, then the fractional survival rate
is  1-m. Therefore, since tree mortality con-
tinues for six consecutive years in a representa-
tive stand (MaclLean 198}, Fig, 1), stand wood
volume at rhe completion of tree mortality is

Wity + 6) = (-0 wlty)

where ty is the vyear when mortslity began.

Algebraic wmanipulation of this equation shows
that

M = 1 — exp €.167 InlW(ty + 6)/Wity)]).

MacLean (1981, Fig. 1) suggests that once
triggered, cumulative tree mortality (in number
of stems) reachas about 99% in mature stands and
55%Z in {immature stands after six years. Since
mortality fin number of stems generally provides a
reasounable approximation to mortality in wood
volume (MacLean [980), it follows f{rom the equa~
tion above that M = .54 and .12 for mature and
lomature stands, respectively. Wood volumes cor-
responding to mature and {mmature atands were
estimated from Baskerville and MacLean (1979,
Table 7) ag 450 m3/ba and 135 m3/ha, respective=-
ly. Thus the model can use stand weed volume at
the onset of tree wmortality, Wy, as an indi-
cator of stand age. A simple expression fitting
these observations and the constraint that M «
when Wy = 0 is

M o= 1070 wy? + .00075 Wy. ()

Summarizing, the model's tree mortality pro-
cess baegins in the fifth consecutive year of bud-
worm densities exceeding 58.9 egg-—maeaes/mz and
continues for six years causing an annanl volume
logs of M x W. The model treats the fractional
ioan of wood volume due to troe mortality, M, as
a Function of the atand's wood volume when tree
mortality started, Wy. While tree mortality is
occurring, follage {s calculated through the
inverse of cquation (6).

The Budworm Submodel

Although the spruce budworm - forest system
has periodically been the object of fntensive
{nvestigation, many questions remain to be
answered regarding the reciprocal impacts between
the budworm and its hosts. These uncertainties
are neceasarily reflected fn the following
submodel of budwarm dysamics. This submodel {is
meant to provide a simple gqualitative description
of budworm populatien dynamfcs: 1t can claim to
he neither definftive noyr quantitatively
accurate. Nonetheless, it will provide a useful
basis for discussing the qualitative impacts of
changes in follage quality.

The development of  the budwerm  submodel
beginsg by distioguishing between the eggy latd by
moths jnvading the stand and those ‘native' to
the stand. 1f B is the budworm density {in cgg
masses/mz of foliated branch surface} then the
annual change in budworm density is
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B(t + 1) - B(r) =By * B ~ B(t) (12)
are the egg masses/n?
by budworm which developed
within and outside the stand, rESPEC\?iVely. Thus
By and By represent the egg deposition in the
stand by ‘'native’ and invading moths., The last
term on the right side of equation (12) repre-
gants budworm mortality. Its form reflects the
maximum budworm longevity of about 13 months:
local extinction must exist, at least tempor-
arily, following a complete lack of ovipositing
within the stand (i.e., when By = By = 0).

where By and Bl
deposited in the stand

indirect evidence (Greenbank et al. 1980;
Miller 1979; Morris 1963) suggests that dis-
persing moths favor stands with many large,
mature, well-foliated balsam fir trees for ovi-
position, Miller et al. (1978) estimated that
moths lnvading a heavily sprayed test block from
the surrounding infested forest deposited about
10 masses/m?, But budworm are reportedly rare
between outbreaks (Baskerville 1976; Morris et al
1958) so By 4is likely small in most stands
lacking suitable foliage. Accommodating these
assumptions and observations, the budworm immi-
gration density can be expressed as an expo-
nentially increasing function of foliage quan-~
tity:

Bi{t) = 10[F(t)/Fu]n

where ¥, represents the foliage quantity in a
typical susceptible stand and n 1is a yet to be
determined cxponent indicating how abruptly immi-
sration increases with increases 1in stand foli-
age.

Balch (1946) reports that moderately and
highly susceptible stands generally exceed 40 and
60 years of age, respectively, Accepting the
mean ae ot S0 years, the model assigns typically
sugceptible stands an average foliage quantity of
Fy = 109 m2/ba in accordance with Figure 3.
Then, given respective Eractical maximums for F
and By of 1.2 x 10° n®/ha (Fig. 2) and 20-30
egy masses/me (Miller et al, 1978), n = 5 to the
nearest integer satisfies the expression for By

above. Hence, the annual egg mass deposition by
invading moths becomes

By (£) = 10 [F()/105}3 (13)

The dr’nsitx of egg masses deposited by
native moths, AyN(t), also depends on stand
foliage, ¥(t). Assuming the total number of eggs
depasited by native moths in year t, By(t) x

zgt;. i3 proportional to the foliage consumed,
t ’

By(t) = C,L{e)/F(t)

where € is the foliage to
efficfency (i.e., the C#g masses produced per m
of faliated branch surface destroyed). Since
larval survival and moth fecundity reportedly
increase as stand maturity increases (Morris et
al. 1938; Morris 1963, p 189-~202), and since moth
tgcundicy declines exponentially ’as the duration
of sustalned severe defoliatiog increases (Morris

budworm conversion



1963, pp 85-87), C 1is likely an increasing
function of foliage. A simple possibility is

€ = Q[F(t)/Fg]n

where () represents foliage quality in terms of
budworm reproductivity and n is an unspecified
exponent determining how sharply C accelerates as
F(t) 1increases. Combining the last two equa-
tions, and recalling that the amount of foliage
of typical susceptible stands is Fg = 10° m?/ha,
the annual egg mass deposit by native moths
becomes

Bn(t) = Q.L(t).F(x)n~1 1050 (14)

E?uation (14) completes the model: equa-
tions (12), (13), and (14) constitute the budworm
dynamics submodel; equation (1l) describes the
tree mortality process; equations (7), (8), and
(9) link the budworm and forest submodels through
defoliation, and equations (5) and (6) comprise
the forest growth submodel.

Values for n and Q, however, remain undeter-
mined in equation (14). Simulations of the gom~
plete model with initial conditions W = 9.1 m3/ha
{Fig. 3), F = 4409 w?/ha [equation (6)], and B =
B{ = 1.7 x 1070 masses/m? [equation (13)] and
with various values of n and Q displayed a
variety of different outbreak cycles. Realistic
cycles are generally 26~40 years in length
(Royama 1982) with outbreaks lasting 6-15 years

in relatively unmanaged forests (Baskerville
1976; Stedinger 1977) and with budworm densities
varying over four orders of magnitude ({(Basker—
ville 1976). Since § = .06 and n = 5 produced
the c¢ycles which best met these ecriteria and
which had a realistic range (c.f. Fleming et al.
1983) of budworm egg mass densities, these values
were adopted as reference points for other simu-

lations.

Model behavior, however, may also be accept-
able for very different values of n and Q. None~
theless, this is unlikely to affect the range of
qualitative behavior exhibited by the model as Q
varies: the model is behaviorally consistent for
changee in n (excluding n values which do not
admit acceptable outbreak behavior). Therefore,
since this paper deals only with the qualitative
behavior of the model, such behavior will be dis-
cussed only for n = 5 below.

A final comment on the form of equation (14)
~ the function By(t) represents the product of
the survival of the local population from eggs in
year t~1 to moths in year t times the local re~
productivity of those moths. Moreaver, the
(generationg survival component of By(t) is it-
self the product of the survival rates for each
of the six larval instars, Hence, since many of
these 1ipstar survival rates probably increase
with foliage (Thomson 1979), there is some theor-
etical basis for writing By{t) as a function of
F(t) raised as high as the fourth power.
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Figure 6. The 33-year outbreak cycle produced by the full model under ’'natural’ foliage quality cond:
tions (i.e., Q = .06). Wood volume, W, and budworm density, B, are shown for years 265~300 «
a numerical solution to equations (5)~(9), (11)~(14) with n = 5. The simulation began in ye
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Model Behavior

FPigure 6 illustrates the behavior of the
model through a typical outbreak cycle. Begln~
ning at t = 265, both budworm density (B) and
foliage increase with time, changes in foliage
being reflected (through Fig. 2) by the wood
volume (W) curve in Figure 6. Foliage increases
favor the budworm population [cf. equations (12)-
(14)} which grows in response. But as it grows
it destroys more foliage (Fig. 4}, thus reducing
the foliage and volume increments. By t = 280
the budworm population has become so large (over
58.9 masses/mZ) that current defollation exceeds
752 lequation (8)]. Tree mortality, equation
(11), begins in the fifth consecutive year (t =
284) of such severe defoliation and decimates the
wood volume and foliage during the next gix
years. The budworm population crashes in re-
sponse to the consequent loss of feeding and ovi-
position sites. By t = 289 most of the overstory
has been destroyed (low W) and the immature,
relatively less wvulnersble understory trees are
beginning stand regeneration.

When foliage quality, Q, is reduced 507 from
its value of .06 in Figure 6, (and nothing else
is changed), the model exhibits a very different
behavior: the outbreak cycles are replaced by a
state of apparent equilibrium with the budworm
density, B, stable at 35 masses/m? and the wood
volume stable at its maximum of 500 m3/ha.
Curfously, this reduction of follage qualicy
allows both the budworm and the wood volume to
maintain greater long term averages than they did
in Figure 6: the budworm density does not get
high enough for long enough to trigger the tree
mortality process, The reduction in foliage
quality acts to slow budworm increase during 1fts
population growth phase (265 < t < 280 in Fig. 6)
and this prevents prolonged aevere defolistion
bafore the budworm population declines in re-
sponse to reduced follage levels. Hence, tree
mortality seems necessary for the model to
exhibit outbreak cycles; this is the basis of the
tree mortality hypothesis of outbresk generation.

The foregoing analyeis deserves two qualifi-
cations, First, stands don't last forever even
without budworm: they deteriorate with age and
become auascaptible to fire, disecases, and other
pests. Hence, the ‘apparent equilibrium' is more
properly viewed as a long—term regeneration
cycle; bdudworm—caused tree mortality short-cir-
cuita the cycle, Second, model behavior is not
independent of ita starting point: for particu-
lar values of Q (n = 5) the model could exhibit
both outbreak cycles and apparesnt equilibria
depending on the inftial conditionas, These qual-
ificarfons also apply to Table 2.

Fable 2 gummarirzes the results of model
simulations beginning at t = 20 with W = 9.1 w3/
ha and B = By = 1.7 x 1076 masses/w? for vari-
ous values of Q. (Figs. 3 and 6 correspond to
the runs for @ =~ .03 and .06, respectively.} Re~
ducing foliage quality (Q) has a number of bene-
fits for the forest manager: Increasing peak wood
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Table 2. The effect of foliage quality on model

behavior.
Qutbreak

Foliage Cycle

Quality Period Bl wl
Q) (years) (masses/m?) (m3/ha)
.6 19 225.1 163.1
.1 27 98.46 236.6
.065 32 78.55 267.9
.06 33 75.00 274.5
055 35 72.81 283.4
.05 37 69.79 293.3
045 40 67.25 306.0
.04 44 64 41 322.1
.035 52 62.43 347.1
.03 552 58.66 398.2
.01 552 32.31 449.,1
.0 552 27,71 458.7
.03 552 03 484.63

18 and W columns 1ist the outbreak cycle maximums

when Q 2 ,035 and the 90-year values when
€ .03,

Quasi steady state behavior — no outbreaks.

3No budworm immigration (i.e., By = 0).

volume, decreasing peak budworm densities, and
lengthening the outbreak cycle period (realistic-—
ally, steady states represent long-term regenera—
tion cycles). Reducing foliage quality can also
have detrimental effects. First, it lengthens
outbresk duration (defined as the perlod duriag
which B > 25,8 masgses/m?) although this effect is
usually small and not in proportion to the period
lengthening. Second, tree wmortality is more
severe a8 a consequence of the greater maximum
wood volumes [equation (11)]. However, further
reductions of follsge quality (e.g., Q@ < .03 in
Table 1) can prevent budworm outbreaks from
occurring at all. Hence, the major consistent
effects of reducing follage quality in this model
are 1increases in maximum wood volume and
decreases in budworm outbreak frequency.

Other Hypotheses of Outbreak Generation

The models underlying various outbreak hypo—
theses are conveniently compared in terms of
recruitment ratios, the ratios of budworm den—
sities in successive years in the absence of moth
immigration, For instance, according to equa-—
tions (12)-(14), Byn{t)/B(t) approximates the
recruitment ratio for the tree mortality model,
Curves a and b of Figure 7 show that this ratio
increases with stand foliage and decreases with
budworm density. Curve b shows that when the
stand is immature (F = 70000 m2/ha), B(t +
1)/8(t) <1 so the native budworm population de—
clines steadily. But as the stand matures (F in-~
creases) the recruitment rate rises uantil B(t +
1} >B(t) at small densities (e.g., curve a). The
native population can then incresse up to itg
equilibrium density (the density at which the
recruitment curve crosses the dashed line); for
curve a, 68 masses/wl, At densities above and
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Pigure 7. Budworm recruitment ratios, B(t + 1)/
B(t), when immigration is negligible
plotted against budworm density in
year t, B(t), 1in eggmsses/mz.
Curves a and b distinguish ratioes for
foliage quantities of 90000 and 70000
wml/ha, respectively, 1in the model
developed above. Curves J and § re-
spectively represent ratios for Jones'
(1979) and Stedinger's (1977) models.
Equilibria occur wherever the curves
cross the dashed line, B(r + 1) =
B(t).

below this equilibrium the population decreases
and increases, respectively. Hence, the equilib-
rium is stable: any slight deviation from the
equilibrium density will be followed by a return
to it.

Curve S in Fig. 7 typifies recruitment
ratios for Stedinger's (1977) model; equilibria
occur at 6 masses/m¢ and 74 masses/wZ. The lower
one is ungtable: slightly smaller densities lead
to continued decrease, slightly larger ones to
continued increase. Hence, in Stedinger's model,
a sparse population cannot grow of {its own
accord: moth invasion 1is needed to raise the tud-
worm density above the unstable equilibrium den—
sity, in which case, an outbreak is inevitable.

Curve J in Figure 7 illustrates the budworm
recruitment curve in a stand with moderately
favorable conditions in Jomes' (1979} wmodel.
Stable equilibria occur at 1 and 118 masses/mZ
and an unstable equilibrium occurs at 5 masses/
mé, However, as in the tree mortality model,
stand conditions determine the elevation of the
entire curve. VWhen the dip in the recruitment
curve at low densities eventually clears the
dashed line in response to improved stand condi-
tions, the two lower equilibria vanish allowing
the budworm to increase qulckly to outbreak
densities. The resulting forest destruction is
reflected in the drop of the entire curve below
the dashed equilibrium line and this signals the
ensuing collapse of the budworm population.
Subsequent stand regeneration causes the slow

elevation of the budworm recruitment curve but
the next outbreak does not occur until the dip at
low densities has again cleared the dashed
equilibrium line.

Although  stochasticities  introduced by
weather and moth invasion alsc play a role, it is
clear that the low density dip, the so~called
‘predator pit’, dominates the behavior of Jones'
model. The predator pit tepresents the assumed
effect of a group of background natural enemies
{principally birds) whose relatively small
reproductive potential prevents their populatione
from keeping pace with budworm increases during
outbreaks. This predator pit is the basis for
the slow enemies hypothesis of outbreak
generation attributed to Baskerville (1976) and
Jones (1979) in Figure 1.

Reducing foliage quality has similar effects
on the qualitative dynamics of each of the models
discusased in detalil above. Equation (14) shows
that foliage quality, Q, determines the height of
the recruitment curve, By/B(t), at any given
budworm density for the tree mortality model.
Hence, for given forest conditions and budworm
densities, decreasing foliage quality lowers the
height of rhe recruitment curve and hence reduces
the propensity for budworm increase. The result
is a reduction of the frequency and severity of
outbreaks (Table 2), Analogously, reducing
foliage quality can be expected to lower
recrultment curves (Fig, 7) for both Stedingers’
model and Jones' wmodel. Consequently, more
immigrant wmoths would be needed to trigger an
outbreak in Stedingers' model and greater satand
maturity (larger F values) would be needed to
overcome the effect of the predator pit and
initiate an outbreak in Jones' model. Hence, for
both these models, reducing foliage gquality csn
be expected to reduce budworm outbreak frequen—
ciegs and increase maximum wood volumes. But,
since tree mortality increases with maximum wood
volume, reducing foliage quality and thus extend-
ing the period between outbreaks results in
greater gtand destruction when outbreaks do occur
(see also Casti, 1982).

The effects of reducing foliage qualiry
are less certain for the fast enemies hypothesis
of budworm outbreak generation. According to
this hypothesis, certain budworm parasitoid and
pathogen populations increase so fast in response
to increased budworm densities during outbreaks
that they subsequently decimate the budworm popu-
lations, thus ending the ocutbreaks. The complex-
ity of such a system and the uncertaintiss re-
garding the attributes of the mortality factors
make it particularly difficult to predict how it
will respond to reductions inm follage quality.
Nonetheless, given these vreservations, longer
intervals between outbreaks, greater wood sup~
plies, and more severe outbreaks can be expected
in the short-term., However;, in the long-term,
reducing foliage quality may have some undesir-
able effects., For instance, parasitoid and
pathogen populations which lack sufficient alter—
nate hosts and are unable to maintain their popu-—
lations on low budworm populations during the
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longer intervals between outbreaks may become ex-
ceedingly rare, Thus freed of these parasitolds
and pathogens, the budworm might become an even
greater pest than it had been before foliage
quality was reduced.

Summary and Conclusions

The consequences of reducing foliage quality
on spruce budworm dynamics have been discussed
for four hypotheses of outbreak generation (Fig.
1). These hypotheses differed with respect to
the principle bilological mechanism underlying
budworm outbreaks: tree mortality (Blais, 1974),
slow natural enemies (Baskerville 1976; Jones
1979), fast natural e¢nemies (adapted from Royama
1982), and moth invasion (Stedinger 1977). Des~
pite these differences, the analysis indicated
that the immediate consequences of reducing foli-
age quality should be similar for each hypothe-
sis: increasing maximum wood volume, decreasing
outbreak frequency, and increasing outbreak
severfty. The first two consequences offer ben-
efits for forest management: increasing maximum
wood volume implies an ifucrease in the economic
value of the stand at cutting time; decreasing
outbreak frequency implies that a stand need be
cut less often to preclude budworm—caused tree
mortality, and therefore that the economic costs
of harvesting could be reduced.

In the long~term it is clear that the bud-
worm would face extinction given sufficient re-
duction of foliage quality. More modest and more
realistic expectations for foliage quality reduc—
tions would have the budworm always present. The
long~term consequences should then be similar to
the short-term consequences for each hypothesis
with twoe possible exceptions. First, if some of
the fast natural enemfes cannot maintain viable
populations durlng the longer intervals between
budworm outbreaks, short-term 'improvement' of
the budworm problem may be followed by its long-
rerm  'agpravation': greater outbreak frequency
and smaller maximum wood volumes. Second, the
posalbility of genetic adaptation by the budworm
to changes {n follage quality has not been con—
sidered, Suffice it to say that the budworm,
with a one year generation time, appears to have
the potential to adapt quickly enough to cause
problems. Perhaps agricultuyre can suggest a sol-
ution to this potential problem: cultivar mix~
tures, multilines, and horizontal resistance
(e.g., Fleming and Person 1978, 1982) have each
been propused as means of incorporating crop re-
sistance agsinst shorc-generation plant patho-
gons,
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