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ABSTRACT
STUDIES RELATED TO THE CONCEPT OF PEST-CROP SYSTEM DESIGN:
1) ADULT PARASITOID ACTIVITY AND ITS RELATION TO BIOCONTROL AND
2) FOREST HARVESTING AND THE SPRUCE BUDWORM
By

Jan Peter Nyrop

Damage to crops from pest organisms can be controlled two ways. First,
the structure of the crop production system can be accepted as is and the pest
organisms controlled in some fashion. Second, the structure of the crop
production system can be manipulated so that pest damage is minimized. In this
thesis the latter concept is explored in two studies.

In the first project, the temporal and spatial dynamics of an adult

parasitoid (Glypta fumiferanae Vierick) were assessed and related to the theory

of parasitoid-host dynamies. This was done because adult parasitoids and factors
influencing them may be objects of control for system management.

Field data on adult parasitoid activity was used to construct a model
relating activity to weather. Historical data were then examined to determine if
weather induced changes in parasitoid activity were reflected in changes in
parasitism. I concluded cool, wet weather inhibited parasitoid host seraching and
attack.

Observations of G. fumiferanae attacking hosts suggested the parasitoid
does not forage optimally. An experiment was conducted to determine whether
light and/or temperature influenced parasitoid foraging behavior. The

experiment indicated this was the case.



The empirical studies were related to parasitoid-host theory which was
then revised. This revision consisted of redefining the attributes of a successful
biocontrol agent to be one which has a high searching efficiency but need not
aggregate in areas of high host density.

In the second project, the use of forest harvesting was explored as a way to
change the structure of the spruce budworm/forest system and thereby improve
system control. A theoretical basis for the strategy was developed, an economic
analysis was made and the strategy was field tested. Results from the field test
did not substantiate the theory on the effect of partial harvesting on budworm

dynamics. As a result, the test was inconclusive.
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INTRODUCTION

An inherent aspect of most crop production systems is the necessity to take
into account the influence of crop damaging organisms. Two different, though not
mutually exclusive, approaches can be adopted. First, the structure of the crop
production system can be accepted as is and pests can be controlled in some
fashion. The structure of a system refers to the physical and institutional
properties of the system and policies which, once implemented, usually cannot be
changed. The structure of crop production systems involves a number of diverse
factors such as crop variety, crop spacing and mixing, the genetic makeup of plants
and pests, crop markets, and society's expectations of crop consumption. With the
first approach, chemical toxicants are most often used to either drive a pest
species as close to extinction as possible or preserve the integrity of the host plant.

Increasing social and economic costs of chemical pesticides, reports of their
deleterious effects, and the significant rate at which they fail to prevent crop
damage make it apparent that the application of pesticides can no longer be an
exclusive pest control policy. With the advent of integrated pest management,
inputs of pesticides have been reduced in some crop production systems. For the
most part, however, this has been accomplished by improving the decision making
process of when and how much of a pesticide to apply as opposed to reducing
reliance on pesticides as a control tool.

The second approach, which might also be considered the second phase of
pest management, is to consider pests and factors which influence pest dynamics as
an integral part of the crop production system and design a system structure so

that the effects of pest organisms are minimized (Haynes et al. 1980). This will be



a formidable task. As in the design of an electronic amplifier, it will necessitate
the wedding of theory (often couched in terms of mathematics) and empirical
observations. However, unlike the amplifier, pest crop systems are "badly defined
systems" (Beck 1981, Young 1978). With such systems, a priori theory usually
cannot predict the nature of the system and design cannot come about from theory
alone. Furthermore, planned experiments with these systems are often difficult
and may at times be impossible to implement. Even in situ data of the "normal
operation" of the system may be difficult to acquire.

Although the obstacles to this approach seem insurmountable, it must be
pursued vigorously if pest management is to become what the name implies. In this
thesis, I present the results of two projects which were motivated by the concept
of design. In both, an effort is made to make use of theory and empirical data in
an effort to propagate the concept of system design and to develop principles
appropriate to each area of study. In the first project, the temporal and spatial
dynamics of an adult parasitoid of the spruce budworm were investigated. This was
done to develop methods for sampling this important life stage of parasitoids and
to develop concepts appropriate to design-mediated biological control. In the
second project, the use of forest harvesting was explored as a way to change the
structure of the spruce budworm/spruce fir forest system and thereby improve
system control. No pretense existed of actually being able to meet this entire
objective. However, the project was pursued in hopes of establishing a basis for

further study in this area.



Adult Parasitoid Activity and

Its Relation to Biocontrol



Introduction

Actions taken to achieve or improve control of crop damaging insects using
parasitoids fall into three endeavors: importation of exotic parasitoids, augmen-
tation of established exotic or endemic parasitoids, or management of existing
parasitic insects. Management entails any action taken to improve the effec-
tiveness of a parasitoid as a control agent. When applicable, management should
be the first action taken. Furthermore, when management can be implemented,
it will likely be more cost effective than importation or augmentation.

Knowledge of factors which influence the life system of a parasitic insect
and information on how these factors may be manipulated are prerequisites for
successful parasitoid management. One of the most important aspects of the
life system of parasitic insects is host searching since the maximum number of
progeny that can be produced by a generation of parasitoids is determined by
their host searching efficiency. Therefore, the adult female parasitoid and
factors which influence the number and distribution of hosts attacked by the
female may be important objects of control in any management effort.

Numerous theoretical investigations have examined the relationships be-
tween the host distribution, parasitoid host searching behavior and resultant
dynamics of parasitoid-host systems. Based on these studies, the characteristics
of successful biological control agents have been advanced (Beddington et al.
1978). In all of these studies the only factors influencing parasitoid host
searching are the density and distribution of hosts. However, factors other than
the host influence parasitoid searching behavior. Few field studies have been

undertaken to elucidate these factors. This is in part because such studies should



focus on the temporal and spatial dynamics of the adult parasitoid. These

organisms are small, highly mobile and most often few in number and as such are
difficult to sample. Even fewer studies have sought to juxtapose empirical
observations of the adult parasitoid and the theory of parasitoid-host systems.
Investigations of this type are necessary though if the chasm between empirical
observations and parasitoid-host theory is to be bridged and, concurrently, our
ability to manage parasitoids broadened.

In this paper we present the results of an investigation of the spatial and

temporal dynamies of adults of the parasitoid Glypta fumiferanae Vierick. G.

fumiferanae is a common, specific, univoltine parasitoid that attacks first and

second instar spruce budworm (Choristoneura fumiferana (Clemens)). It over-

winters in the budworm larvae and emerges from either fifth or sixth instar
hosts. It then spins a pupal case in the tree and emerges as an adult at
approximately the time when budworm eggs are eclosing. Details of the biology
of G. fumiferanae are provided by Brown 1946, Wilkes et al. 1948, Dowden et al.
1948, and Miller 1960.

The paper consists of three sections. First, information on the temporal
and spatial dynamics of adult G. fumiferanae is presented. Data was obtained
through field studies of the activity patterns of the parasitoid and through a
laboratory investigation of host searching behavior in a gradient of abiotic
environments. Second, the relationship between the temporal dynamics of the
adult parasitoid and its searching efficiency is examined using historical data of
the interaction between G. fumiferanae and its host. Finally, the general
implications of our findings are assayed. This is done by relating our observa-
tions to established parasitoid-host theory and to extensions of this theory which

we have developed.



Methods and Results
Field Studies: Data was collected on the temporal and spatial activity

patterns of adult G. fumiferanae during 1980 and 1981 in northern Michigan.
One forest stand was sampled in 1980, and two stands were sampled in 1981 (fig.
1). The study area used in 1980 was not used in 1981 because it was cut for
timber.

Based on previous sampling of adult parasitoids (Julliet 1963, Price 1971,
Reardon et al. 1977, Ticehurst and Reardon 1977, Simmons unpubl. data), malaise
traps were selected as the principal tool for measuring the activity patterns of
adult G. fumiferanae. Malaise traps are ideally suited for this task because they
are passive traps and snare actively flying insects. The traps were designed and
constructed for placement in tree crowns and on the forest floor; this way trap
catch could be easily inspected. Details of trap design and construction are
given in figure 2.

During early July 1980, 14 of these traps were placed in the mid to upper
crowns of 14 balsam fir (Abies balsamea (L.) (Miller)), and 14 were placed on the

forest floor in stand 1 (fig. 1). Traps were placed on the forest floor because it
was hypothesized that G. fumiferanae might use this habitat when foraging for
food. The forest floor provides a habitat for many plants which produce nectar
and pollen. These plant products have been cited as food for adult parasitoids by
many authors (Chermokova 1960; Leuis 1960, 1961a, 1961b, 1963, 1967; Shahja-
han 1974; Simmons et al. 1975; Syme 1966, 1975; Thorpe and Caulde 1938).

Stand 1 consisted of ca. 60% mature balsam fir. Trees in which traps were
placed were selected on the basis of ease of access for trap placement and good

crown condition. Traps were positioned in the trees so that one open side of the



‘eTnsutuag 1addn s,ue3rydT ur s3jold £pnis jo uol3Ied07] ‘T @2an3tyg

]
14 b 2 0
-5 S e——

e p.w Z sn $10}0WO|) U} 8|8oS

uojdweig

19MY pidey

poomajdep

vi-l 0O

uediydiw “0D eyPg woij 1diadx]




Figure 2.

A MODIFIED MALAISE TRAP

FOR PLACEMENT IN
TREE CROWNS

Details of a malaise trap designed for placement in tree crowns.
Trap volume is 1 m3. The frame is constructed of PVC pipe and
the screening of Saran 20 mesh screening. The intermediate
and final collection jars and the face plate are plastic. The
final collection jar is affixed to a nylon cord which passes
through a threaded pipe which is in .turn attached to the inter-
mediate collection jar. Trap catch is inspected by lowering the
final collection jar.



trap was tangent to the tree crown. G. fumiferanae pupal density per m2 balsam
fir foliage was 7.61 (s=10.02, n=48). Traps were emptied each morning between
10 July and 10 August. In total, 39 females were trapped in the trees (fig. 3),
and none were caught on the forest floor.

We felt that the low trap catch in 1980 may have been due to the
orientation of the traps in the tree crowns. Therefore, in 1981 the traps were
oriented so that the open sides were perpendicular to the crown. Thirteen traps
were located in balsam fir and 13 on the forest floor in stands 2 and 3 (fig. 1).
Stand 2 was 100% mature balsam fir and stand 3 ca. 50% mature balsam fir. The
density of G. fumiferanae pupae per m2 balsam fir in stands 2 and 3 was 10.45
(s=11.28, n=40) and 9.87 (s=9.03, n=40). Traps were emptied each morning
between 2 July and 15 August. During the peak flight of females, traps in stand
2 were emptied bi-hourly from 800 to 2200 hours for 3 days. In total, 125 males
and 294 females were trapped in trees in stand 2, and 72 males and 182 females
were trapped in trees in stand 3 (fig. 4). Clearly, the orientation of the traps in
the trees during 1981 was superior and indeed necessary for capturing significant
numbers of G. fumiferanae. No parasitoids were trapped on the ground.

The flight activity as measured by trap catch of both males and females in
stands 2 and 3 during 1981 are remarkably similar (fig. 4). Hence, we
hypothesized that weather was a major determinant of flight activity. This
hypothesis was supported by the bi-hourly trap catch data for females in stand 2
(fig. 5). This data indicated that parasitoid flight activity was strongly depressed
by rain. On 17 July rain began ca. 1500 hours resulting in a decline in female
activity as measured by trap catch. Activity also followed the daily temperature

profile.
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Figure 4. Catch of male and female adult Glypta fumiferanae from 13
malaise traps located in balsam fir trees in stands 2 and
3 during 1981.
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In order to examine the influence of rainfall and other possible weather
factors more extensively, a model was constructed so that the relationship
between weather and the time series of trap catches could be examined. A
modelling approach was adopted because conventional statistical methods could
not be used in analyzing this relationship. This is because trap catch in the
absence of any other influencing factors would be proportional to the density of
adult parasitoids. This density was unknown. However, with the assumptions
outlined below, an index of this density could be derived from the trap catch
data.

In the model, predicted trap catch (TC) of G. fumiferanae was expressed as
a function of adult density (Ad) and adult activity (Aa). In addition, the activity
of the adults was related to a set of weather variables (W). These relationships
are concisely written as:

TC =f(Ad, Aa) (1)

Aa = f(W)

The time-specific adult density, Ad(t), is not known. However, it is a
function of the emergence, dispersal and death processes operating until time t.
With the assumptions that dispersal into and out of an area balance and that
either a constant or no external mortality operates on the adult population, Ad(t)
is a function of the emergence rate and physiological time interval between
emergence and death. With these assumptions, our modelling methodology can
be outlined as follows: 1) specify a function for the change in adult density
through physiological time, 2) specify a function relating trap catch to adult
density and weather, 3) parameterize a8 model based on these functions through

the use of a nonlinear optimization algorithm, and 4) evaluate model fit by
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comparing predicted trap catch to the data with which the model was

parameterized and to an independent data set. Physiological time was
approximated with degree days (DD) (base 8.89°C), and the model was
parameterized with the data collected from stand 2.

The general structure of the model is given in figure 6. Ad(t) is the
integral of the difference between the emergence and adult mortality rates.
Each of these rates was modelled as a distributed delay. These delays can be
used to model aggregate processes which are made up of entities in which each
entity has an output related to its input via a pure time delay. In this case the
emergence of a parasitoid is related to some initial time point and its death is
related to its emergence via two physiological time delays (PTD).

For a population of parasitoids, a PTD is a random variable. It can be
shown that the distributed delay is based on the probability density function (pdf)
of a PTD (appendix 1). If f(t) is the pdf of the physiological time delay between
emergence and death, and p(t) and m(t) are the emergence and mortality rates,
then:

m(t) = fé p(v)f(t-v)dv where t = physiological time.

The adult density is given by:

Ad(t) = [§ p(v)-m(v)av

The parameters for the emergence rate were estimated from data on the
cumulative emergence of G. fumiferanae collected in stand 2. Those for
mortality were estimated jointly with other model parameters from the trap
catch data. The gamma density function with an integer shape parameter (k)
was used for f(t). The shape parameter was determined by initially selecting a
value based on the shape of the distribution of p(t) and Ad(t) and then adjusting it
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Figure 6.

General structure of the model used to analyze the temporal
distribution of malaise trap catches of Glypta fumiferanae.
W is a vector of weather variables and a is a proportionality

constant.
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prior to determining the other model parameters until a best fit was obtained. k
was estimated independent of the optimization because it must be an integer and
the optimization algorithm used requires continuous decision variables. The
mean of PTD (PTD) and k are sufficient statisties for f(PTD).

Variables in the set W included rainfall, relative humidity, temperature,
and barometric pressure. Hourly measures of these variables were averaged over
800 to 2200 hours, which was the period G. fumiferanae was active. The values
of W and TC used in the model are constant for a given day while Ad changes
continuously according to the degree days accumulated on that date. Therefore,
the value of Ad midway through a day was used in the function TC = f(Ad, Aa).

To estimate model parameters, a linear form of (1) was adopted. Predicted
trap catch is therefore given by:

TCp = (a + bW) (/. é" pv) - [ ;rf(tn—z)p(z)dzdv)
where: n is a daily index, t, are degree days accumulated on day n, and
underlined variables denote vectors. The parameters a, b and PTD of the
mortality rate were estimated using the complex nonlinear optimization algo-
rithm due to Box (Kuester and Mize 1973). The objective function for the
optimization is given by:

Minimize F = r}::'l | (T~ TCp)?

With this objective function, the value assigned to the parameters of a particular
model minimizes a sum of squares about the observed trap catch.

Owing to the importance of the female parasitoid, the model was parame-
terized for female trap catch only. To initiate parameter estimation, the initial
input (i.e., total number of pupal female parasitoids) was arbitrarily selected.

This was done for two reasons. First, the absolute number of pupal G.
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fumiferanae in the trapping area was not known. Second, we were interested in
the qualitative aspects of the model, and knowing this value was therefore
unnecessary. As a result, model parameters except PTD are scaled by the initial
input.

As stated previously, the emergence rate p(t) was determined from emer-
gence data. The rate of adult female emergence was separated from the male
emergence rate by assuming that the initial trap catch of females indicated the
onset of female emergence and that the shape of the female emergence curve
was similar to the joint male and female emergence curve. The first assumption
is based on the fact that G. fumiferanae was not collected in any habitat other
than the forest canopy. Hence, it is unlikely that females emerged at the same
time as males but initially used a habitat other than the trees containing
budworm in order to find food or alternative hosts. Parameters for the
distributed delay used to describe female emergence were selected so that
predicted emergence resembled the combined male and female curve but was
appropriately delayed in time (fig. 7).

Results of the parameter estimation are given in table 1. Only models
which had some ability to predict trap catch are presented. Since the objective
funetion for the optimization process can be thought of as a residual sum of
squares, an R2 was computed for each model. A test of significance cannot be
made, though, due to correlation among variables within the model and because
the distribution of the various sum of squares is unknown. The best prediction of
trap catch was achieved with precipitation and temperature as independent
variables. Wet and cool weather was associated with declines in trap catch.

Reasonably large changes in the residual sum of squares associated with the
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‘Figure 7. Observed combined emergence of adult male and female Glypta
fumiferanae in stand 2 and predicted emergence of female G.
fumiferanae as a function of degree days base 8.89 °C.
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Models used to predict the temporal distribution of malaise trap
catch of female Glypta fumiferanae. Variables used are:
TCn = predicted trap catch

T = average temperature between 800 and 2200 hours on day n

Rﬂn = average relative humidity between 800 and 2200 hours on
day n

R = rainfall in inches between 800 and 2200 hours on day n

Ad = a measure of adult female density on day n

P = expected number of degree days for emergence from pupae
P from an initial time point t

PTD = expected adult temale life span in degree days
K, _— shape parameters of gamma density function used to

P describe PTD

In all models the emergence rate is given by a distributed delay
with PTD = 55.5, k_ = 4 and t, = 388 degree days base 8.89°C.
The value of km was 8.

— — ————
e ————— —

Residual Sum

MODEL PTDm of Squares R

1 TC_ = .605 Ad 81 1300 .51
n n

2 TC = (.012 + .852 T ) Ad 84 1117 .58
n n n

3TC_ = (1.24 - .892 RH_) Ad 76 1046 .61
n n n

4 TC_ = (154.6 - 1.89 R ) Ad 86 708 74
n n n

5TC_ = (.662 - .714 RH_+ .599 T ) Ad 87 982 .63
n n n n

6 TC_ = (.029 - 1.232 R_+ .9553 T ) Ad 87 546 .80
n n n n
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stepwise inclusion of each variable in this model ensured that the model was not
over-parameterized. The predicted trap catch and predicted temporal distribu-
tion of adult females using this model and actual trap catch for stand 2 are
shown in figure 8. The predicted temporal distribution of adults corresponds to
the index of adult density.

As stated above, it was not possible to evaluate the statistical significance
of the relationship. between wet and cool weather and diminished trap catch.
Nonetheless, one is led to the conclusion that the relationship is not spurious for
two reasons. First, the probability of obtaining the relationship by chance is
very small. Based on the model-generated population index, adult female G.
fumiferanae were most abundant between 450 DD and 560 DD. At the same
time, there were 3 days when trap catch was greatly reduced (517 DD, 522 DD,
560 DD) and 1 day when trap catch was somewhat reduced (484 DD).

The trap catch at 528 DD was not considered a reduced level even though
in stand 2 the number caught on this day (18) was approximately the same as that
caught at 484 DD (16). The reasons for excluding this date are twofold. First, in
stand 3 the number caught on this date is close to the average number trapped
during what we assume to be favorable weather conditions. Second, the trap
catch on this date followed a period of extremely depressed parasitoid activity
and the resumption of higher levels of activity may not occur immediately after
the restoration of favorable environmental conditions.

During the four days of reduced trap catch and only during these days was
precipitation recorded. In addition, for the three days with greatly reduced trap
catch the temperature was lower than the average for the 12-day period. For

the purpose at hand, these weather conditions will be classified as wet and cool.
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Figure 8. Predicted and actual malaise trap catch of adult female

Glypta fumiferanae in stand 2 and the theoretical, relative

temporal distribution of adult females. Malaise traps
were located singly in 13 balsam fir trees.



A measure of the likelihood that no relationship exists between trap catch and
wet, cool weather can be computed by determining the probability that these
two sets of events occurred on the same days by chance.

The number of ways in which 4 depressed trap catches can be distributed
among 12 days without respect to order is given by the binomial coefficient (IZ).
Suppose only the 3 days with greatly reduced trap catch are classified as low
catch days and the other as a normal catch day. There then occurred 3 wet and
cool days during which trap catech was reduced and 1 wet and cool day during
which no reduction in trap catch occurred. The probability of this happening by
chance is given by (g) (?)/(li) =.065. The probability of either this event or the
more extreme event that all 4 days are classified as reduced is realized is then
given by .065 + (2) (g)/(li) = .067. In contrast, the most likely single outcome
would be for 1 reduced trap catch day to occur during the 4 wet and cool days
and the rest to occur during the other 8 days (p=.453). Clearly, the probability
that the partitioning of wet and cool days with reduced trap catch occurred by
chance is very low. It is therefore likely that a relationship does exist.

The second reason for believing that the relationship between weather and
trap catch is not spurious is that the model closely predicts the actual trap catch
in stand 3 (fig. 9). Recall that the data from this stand was not used to
parameterize the model. In this case, the initial input of pupal parasitoids was
set equal to the input from stand 2 scaled by the ratio of estimated pupal
densities in stands 3 and 2. The close fit of the model is not surprising
considering the similarity in the trap catch from stands 2 and 3. What the
relationship between the model and data from stand 3 does is reinforce the
important fact that the trap catch from structurally different and spatially

separated forest stands was strongly influenced by the same weather patterns.
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temporal distribution of adult females. Malaise traps were
located singly in 13 balsam fir trees.
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We have established the fact that rainfall and cool temperatures reduce
the malaise trap catch of G. fumiferanae. An important question is whether the
reduced trap catch is indicative of a reduction or cessation of host searching.
Based on observations of G. fumiferanae's host searching behavior made in 1981,
the answer is yes. These observations will be discussed more fully later;
however, two aspects are relevant here. First, very few G. fumiferanae were
observed attacking hosts on cool, wet days. Second, the parasitoid frequently
flew from one part of the tree to another when searching for hosts. This was
especially evident when the parasitoids failed to discover hosts in a particular
location. Since malaise traps are passive traps, trap catch will increase with
activity of the parasitoid; in this case, activity is closely tied to host searching.

The estimated mean and variance of the lifespan of adult G. fumiferanae is
given by the mean and variance of the gamma density function used to desecribe
the physiological time delay between pupation and death of the adult parasitoid.
The mean is PTD = 87 DD and the variance is (PTD)?/k = 946 DD. The mean
corresponds to ca. 10.5 days in 1981. A similar lifespan was evident in 1980.
This conclusion is based on the fact that the degree day interval during which
female parasitoids were trapped in 1980 is approximately the same as that in
1981.

In the laboratory, we found that adult female G. fumiferanae died within 3
days if they were not fed. This implies that in the natural environment, adult G.
fumiferanae do indeed feed. They do not, however, use the vegetation on the
forest floor as a food source. This assertion is based on two observations. First,
although many parasitoids were caught in malaise traps on the forest floor, no G.

fumiferanae were snared. Second, extensive sweep-netting of the ground
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vegetation failed to reveal the presence of G. fumiferanae. While it is evident
that the adult parasitoids do feed, they apparently do so in the forest canopy.
Futhermore, forest composition appears to have no influence on the parasitoids’
ability to secure food. This is founded on the equivalence of the parasitoid
lifespans in stands 2 and 3, and the fact that stand 2 was exclusively balsam fir
and stand 3 a mixture of balsam fir and other coniferous and deciduous trees.

Laboratory Study: In the laboratory, we sought to elucidate whether a

temperature and light intensity gradient influenced G. fumiferanae's host search-
ing behavior. The study was catalyzed by the theory of optimal foraging and
information which indicated that G. fumiferanae searched for hosts in what
would appear to be a non-optimal fashion.

It is realistic to assume that parasitoids adopt host searching behaviors
which maximize the number of hosts parasitized at the end of their lifetime.
Natural selection will favor those strategies which result in a reproductively
efficient distribution of the parasitoids' offspring among available hosts. Most
hosts of parasitoids are distributed in a non-random fashion and often in patches
of variable density. Theoretical and laboratory investigations of parasitoid host
searching (Royama 1970, Cook and Hubbard 1977, Hubbard and Cook 1978,
Waage 1979, Nachman 1981) and general foraging strategies (Charnov 1976;
Parker and Stuart 1976; Pyke, Pullman and Charnov 1977) have led to the
principle of optimal patch use. Briefly, this means that all patches of the
resource are reduced to some common harvesting rate. Thus, if a parasitoid's
rate of encounter with healthy hosts is to be maximized over the period of time
during which hosts are available, then the optimal solution requires that when
presented with host patches of d_ifferent density, the parasitoid will reduce all

the areas it uses to the same rate of encounter between itself and healthy hosts.
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The distribution of 159 attacks by G. fumiferanae on budworm observed in

the field is given in table 2. Observations were made by individuals positioned in
tree crowns who recorded the activity of individual female G. fumiferanae. The
length of time that a particular parasitoid was observed varied from 30 seconds
to over 45 minutes. More attacks were observed in the outer portion of the tree
crown than on the interior. This distribution may be biased since parasitoids in
different parts of the trees may be more easily detected. However, because the
observer was positioned within the tree crown, this bias should have deflated the
number of attacks observed in the exterior part of the crown.

According to an optimal foraging strategy, an approximately equal distri-
bution of attacks between the exterior and interior portions of the crown would
be expected if the hosts were equally distributed in these two areas. This is not
the case, though. Lewis (1960) found that only 25% of the hibernating budworm
population were found on the terminal 15-inch twigs of whole branches sampled
from balsam fir. He also found a trend of increasing parasitism by G.
fumiferanae on the exterior of the crown. Obviously, G. fumiferanae responds to
factors other than the host distribution when searching for hosts. The following
experiment was conducted to determine if physical factors associated with the
interior and exterior of the tree crown influenced the parasitoids' host searching
behavior.

A chamber was constructed in which: (1) a temperature and light gradient
could be generated and (2) parasitoids would be free to range over this
environmental spectrum for hosts. The chamber was a rectangular tube of
dimensions 80 x 10 x 10 ecm and was manufactured from plexiglass 1.2 em thick.
On the outside walls of the chamber, 5 series of two 25 watt, 725 ohm heat

dissipating resistors were mounted and wired in parallel. A controller, which
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Distribution of attacks by Glypta fumiferanae on spruce budworm
larvae in balsam fir trees (n = 16). The exterior of the tree

denotes the first 18 inches of the canopy.

Location of Attack

EXTERIOR INTERIOR
Bud Lichen Bark Flower Bud Lichen Bark Flower
Tip Scale Bract Tip Scale Bract
or or or or
Branch Needle Branch Needle
Fork Base Fork Base
ATTACKS
39 13 14 27 3 21 35 10
Total 93 69



produced pulses of electricity whose duration were regulated by potentiometers,

was connected to each set of resistors. Pulses of different durations were
distributed among the five sets of resistors, resulting in differential warming of
the chamber. A circuit diagram for the controller is provided in appendix 2.

The chamber was placed in a constantly cooled (10°C) and darkened room
and illuminated from above by two 30 watt flourescent bulbs. The experiments
were conducted in the cooled room in order to obtain the desired temperatures
within the chamber and so that the chamber would not have to be recalibrated
due to changes in room temperature. The light intensity in selected portions of
the chamber was regulated by placing a piece of Saran® 20-mesh screening over
these sections.

G. fumiferanae pupae were collected and males and females reared at
22°C and a 14 hour light/8 hour dark photoperiod. To provide hosts for G.
fumiferanae, budworm pupae were collected and reared, and adult males and
females were placed in small paper bags on which the females oviposited. Eggs
were collected and placed in a petri dish which was then covered with gauze and
Parafilm®. The dishes were placed in a paper sleeve in which an opening was cut
to allow light to pass through the gauze and Parafilm. When the eggs hatched,
the photopositive larvae crawled onto the gauze and spun hibernaculae.

Parasitoids used in the experiment were between 3 and 6 days old. This
age range was imposed to avoid confounding results with age-dependent behav-
ior. In addition, all experiments were conducted between 1100 and 1400 hours to
eliminate the possibility of diel periodicity as a source of variation. Ideally, the
influence of temperature and light on the behavior of female G. fumiferanae
should have been studied independently and then jointly. However, the short

time in which adult G. fumiferanae were available precluded such an approach.
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A temperature and light gradient was arranged so that there was a fully
illuminated warm environment, a shaded cool environment, and a spectrum
between these limits (table 3). Four patches of gauze, each with five budworm
hibernaculae, were placed in two warm and light regions and two cool and shaded
regions. No hibernaculae were placed in the center cell into which female
parasitoids were introduced. After the parasitoids moved at least one cell away
from the entry point, their behavior was recorded for 1 to 1-1/2 hours. This
consisted of recording the time intervals each parasitoid spent in each environ-
ment searching for hosts, attacking hosts, and resting. The number of oviposi-
tions in each cell was also recorded. Searching behavior consisted of G.
fumiferanae probing and examining the gauze and surrounding areas with its
antennae in an effort to locate hosts. Attack behavior consisted of probing with
the ovipositor and oviposition. It was possible to determine when oviposition
occurred, as the females, upon inserting the ovipositor in the host, remained
completely motionless for ca. 15 seconds. Resting behavior consisted of
immobility, preening, and non-directed movement.

The average total time spent, average time spent attacking hosts, and
average time spent not attacking hosts in each of the different environmental
conditions is given in table 3. Attack time consisted of both attack and
searching behavior, when searching behavior occurred between attacks separated
by a short time interval. Attack time for the two warm-light and cool-shaded
environments were summed. This was done because few attacks occurred in the
cells at the extreme end of the chamber and this result cannot be attributed to
environmental conditions. It is just as likely that most attacks occurred in the

cells closest to the entry because this is where hosts were first encountered.
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Total time and time spent in attack and non-attack behavior by
Glypta fumiferanae in different environmental regimes. Time is

in minutes and tenths of minutes. The variable W is the number
of cases (C,) in which time spent in cell 4 is greater than that
in cell 2 wﬁen parasitoids were observed in either of these
cells. ¢ is the probability that w = W given that w/zcy = 0.50.
Attack times in cells 1 and 2 and in 4 and 5 are summed.

Environmental Conditions

Cell 1 2 3 4 5
Temperature °c 31 27 22 19 15

Lighting FULL / PARTTIAL

Hosts present yes yes no yes yes DCi ¢
Total time n = 23

Mean 8.29 26.76 11.49 7.24 5.16

Std. Dev. 13.78 21.00 12.90 17.00 13.43

W 4 23 .001
Non-attack time n = 21

Mean 7.81 13.37 11.49 1.68 2.37

Std. Dev. 13.93 12.86 12.90 3.16 7.15

W 4 21 .004
Attack time n = 14

Mean 28.05 12.77

Std. Dev. 23.05 19.53

W 5 14 .212
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Analysis of the data is confined to observations from cells 2 and 4, except
for attack time in which the data is summed for cells 1 and 2 and for cells 4 and
5. Reasons for this restriction are as follows: The center cell (3) was not
included because hosts were not placed in this region. The cells at the ends of
the chamber (1 and 5) were not included since the conditional probabilities for a
parasite to enter these cells, regardless of environmental influences, are not the
same as those for cells 2 and 4. This is a result of the linear arrangement of the
environments.

Since independence and normality assumptions could not be met, the
following method of analysis was used. Let Ti be the time a parasitoid spends in
cell i. Let v=1 ifT2>T4andv=0ifT4<T2. Define W asXv. Then W is
distributed as a binomial random variable. If the time spent in cells 2 and 4 were
the same, then the parameter p of this binomial distribution would equal 0.5.
The probabilities of obtaining the observed or more extreme values of W with the
hypothesis that p equals 0.5 are given in table 3. These probabilities are very
low for total time and non-attack time; hence, the null hypothesis is rejected.
The value of a more extreme value of W for attack time has approximately a 1 in
5 chance of occurring, given p = 0.5. Hence, the null hypothesis cannot be
outright rejected; however, there is an indication that differences exist. A more
definitive analysis of the allocation of attacks can be made by considering the
distribution of ovipositions. In cells 1 and 2, 258 ovipositions were recorded; in
cells 4 and 5, 154 were recorded. If temperature and light produced no effect on
the oviposition distribution, the proportion of attacks in cells 1 and 2 should be
0.5. The actual proportion was significantly different from this value (normal

approximation, a < .001).
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The data suggests that the distribution of attacks by G. fumiferanae
observed in the tree are a result of the light and/or temperature differential
which exists between the interior and exterior of the tree crown. If temperature
does play a role, it is due to increased radiant heat since only a very small
ambient temperature differential would exist between the interior and exterior
of the crown.

Historical Data: Based on the field studies of G. fumiferanae's activity

patterns, we concluded that wet and cool weather would inhibit the parasitoid's
searching efficiency. In this section, this relationship is explored further by
examining historical data on the interaction between the parasitoid and its host.

Extensive data on this interaction was collected from 1950 to 1958 during
the Green River Project in northwestern New Brunswick. Details of the study
can be found in Morris (1963). This data has previously been analyzed by Miller
(1960) who also thought that rainfall might influence the attack efficiency of G.
fumiferanae. He did not, however, examine this in detail. Furthermore, Miller
employed a specific model to describe the attack dynamics of the parasitoid. In
contrast, we have analyzed the Green River data without the encumbrance of a
particular parasitoid attack model by exploring the relationship between the
ratio of hosts to parasitoids (H/P), rainfall, and percentage of hosts parasitized.
In this case, this is a better approach since no a priori assumptions about
parasitoid searching behavior are necessary. The influence of temperature on
attack efficiency was not explored because the data lacked the resolution
necessary to evaluate this factor.

Original data on spruce budworm densities and on the rate of budworm

parasitism by G. fumiferanae in the years 1950 to 1958 at the Green River field
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station was obtained from the Maritime's Forest Research Center, Fredericton,
New Brunswick. The data from 3 plots (G2, G4, G5) were selected for use in the
analysis based on the plots having a data series spanning 5 or more years, having
budworm densities relatively constant, and having no appreciable tree mortality.
The latter two criteria were established to minimize the possible influence of
changes in the host's density and distribution and of changes in the forest
environment on the parasitoid's searching behavior.

Parasitism rates had been determined by dissecting samples of third and
fourth instar budworm. These rates were employed as an index of the parasitism
of second instar budworm, which is the host stage G. fumiferanae attacks. The
use of this index, however, does introduce a potentially large bias into the
estimates of parasitism. Between the second and third instars, budworm undergo
dispersal during which a large number of insects die. The propensity for
dispersal is lower for parasitized larvae than for unparasitized ones (Lewis 1960).
As a result, depending on the differences between the dispersal rates of
parasitized and unparasitized larvae, assessment of parasitism in the spring will
be inflated over the true parasitism rate. This would not be a problem if this
inflation did not vary from year to year. Unfortunately, such an assumption
cannot be met.

Two factors influence the proportion of third instars lost during dispersal:
stand composition and weather (Kemp et al. 1980). Stand composition did not
change in the plots from which the data was collected. Weather, on the other
hand, was a dynamic variable. Results from a simulation model indicate that the
proportion of third instars lost during dispersal might vary by as much as a factor
of 2 between years as a result of weather conditions during the dispersal period

(Kemp et al. 1980). The net result is that the apparent parasitism rate may
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change dramatically from one year to another while the actual rate changes
little. There is no way to determine this bias; however, one must be cognizant of
the potential error.

An index of the density per 10 m2 foliage of female G. fumiferanae was
computed by first assuming that the survival of the parasitoid from the larval
stage located in the budworm to the adult stage was time invariant and that the
sex ratio of G. fumiferanae was also time invariant. The index was then
determined by multiplying the density of third and fourth instar budworm by one-
half the parasitism rate.

The index of host density (second instars) was based on egg counts less egg
mortality and a constant dispersal loss of first instars. An assumption of a
constant first instar dispersal loss is supported by references contained in and
the simulation results obtained by Kemp et al. (1980).

To determine rainfall during the flight period of the females, the appproxi-
mate calendar dates over which this activity occurred were determined by
assuming that the occurrence of the female parasitoids flight activity with
respect to degree days would be the same in northwestern New Brunswick as it
was in Michigan. The time period of activity in Michigan was determined from
the malaise trap catches of 1980 and 1981. Minimum and maximum degree day
value<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>